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Editorial on the Research Topic 


Systemic inflammation in severe infectious diseases





Introduction

Systemic inflammation is a double-edged sword in the context of severe infectious diseases. While it is a critical component of the body’s defense mechanism, its dysregulation can lead to severe complications, including multi-organ failure and death. The research compiled in this Research Topic “Systemic Inflammation in Severe Infectious Diseases” provides an in-depth examination of the mechanisms, biomarkers, and therapeutic strategies aimed at understanding and mitigating the detrimental effects of systemic inflammation. This editorial aims to weave these contributions into a cohesive narrative, highlighting their interconnectedness and overall impact on the field.





The underlying mechanisms of systemic inflammation

At the heart of systemic inflammation is the intricate dance between the host’s immune response and the invading pathogens. This complex interplay is vividly illustrated in the work of Calvier et al., who explored the role of circulating Reelin in COVID-19. Their study revealed that elevated levels of Reelin correlate with increased disease severity, suggesting that Reelin not only serves as a biomarker but also a potential therapeutic target. This finding underscores the broader theme that biomarkers of inflammation are not merely indicators of disease but active participants in the pathogenic process.

Building on this theme, Wang and He delve into the role of Gasdermins in sepsis. Gasdermins, as pore-forming proteins, are pivotal in the release of pro-inflammatory mediators and the execution of inflammatory cell death. Their review highlights the therapeutic potential of targeting Gasdermins to control the systemic inflammatory response, thereby preventing multi-organ dysfunction—a common thread in the pathogenesis of severe infections like sepsis and COVID-19.





Biomarkers as predictive tools and therapeutic targets

A recurrent theme in this Research Topic is the identification and validation of biomarkers that can predict disease severity and guide therapeutic interventions. The work by Mangoni and Zinellu on the systemic inflammation index (SII) exemplifies this approach. Their meta-analysis demonstrated that higher SII values are significantly associated with severe COVID-19 and mortality, positioning SII as a crucial tool for early risk stratification. This concept is further enriched by the study of Zhang et al., who identified key RNA methylation-associated genes (RMGs) that classify sepsis into distinct subtypes, offering new avenues for diagnosis and treatment.

The exploration of biomarkers extends beyond their predictive value. Bourcier et al. investigated the role of beta1-adrenergic blockers in systemic inflammation, showing that these blockers can inhibit extracellular trap formation and preserve neuromuscular function. Their findings suggest that targeting biomarkers and their associated pathways can not only predict disease outcomes but also serve as therapeutic interventions.

In the context of distinguishing sepsis from trauma-induced sterile inflammation, Papareddy et al. identified a panel of biomarkers that can effectively differentiate between these conditions. Their study uncovered distinct protein patterns associated with early trauma-induced sterile inflammation and sepsis, with SYT13 and IL1F10 emerging as potential early sepsis biomarkers. This research highlights the importance of accurate differentiation in clinical settings to ensure appropriate treatment strategies.





Therapeutic strategies to mitigate inflammation

Moving from biomarkers to therapeutic strategies, the research highlights several innovative approaches to modulate the inflammatory response. Zemtsovski et al. demonstrated that alpha1-antitrypsin (AAT) treatment improves survival in a murine model of abdominal sepsis by reducing inflammation and sequestering free heme. Their findings not only highlight the protective effects of AAT but also suggest its potential as a therapeutic agent in sepsis, where uncontrolled inflammation is a major driver of morbidity and mortality.

Another promising therapeutic strategy is illustrated by Ghimire et al., who investigated the role of NLRP6 in polymicrobial sepsis. They found that NLRP6 knockout mice exhibited enhanced survival and reduced bacterial burden, suggesting that NLRP6 may act as a negative regulator of host defense. This discovery opens up new possibilities for developing therapies that target specific components of the inflammatory response to improve outcomes in sepsis patients.





Future directions and emerging concepts

The quest to understand and manage systemic inflammation in severe infectious diseases is ongoing, with new concepts continuously emerging. Song et al. provide a comprehensive review of the immune reconstitution inflammatory syndrome (IRIS) in Whipple disease, emphasizing the exaggerated inflammatory responses that occur during immune reconstitution. Their insights into the pathogenesis of IRIS and potential monitoring tools highlight the complexity of managing systemic inflammation in the context of immune reconstitution.

Moreover, the study by Wu et al. on the neutrophil-to-lymphocyte ratio (NLR) reinforces the utility of this biomarker in predicting prognosis and mortality in sepsis patients. Their meta-analysis supports the notion that simple, readily available biomarkers can have profound implications for clinical decision-making and patient outcomes.

The emerging role of lipid metabolism in systemic inflammation is another fascinating area explored in this Research Topic. Muniz-Santos et al. discuss how lipid oxidation dysregulation contributes to the pathophysiology of sepsis. They suggest that fatty acid mobilization and oxidation changes can serve as valuable markers for sepsis diagnosis and prognosis, providing new insights into the metabolic aspects of inflammatory responses.





Conclusion

The articles in this Research Topic collectively advance our understanding of systemic inflammation in severe infectious diseases. They highlight significant mechanisms, identify crucial biomarkers, and explore innovative therapeutic strategies. This cohesive narrative underscores the interconnectedness of these studies and their collective impact on improving the diagnosis, management, and treatment of systemic inflammation in severe infectious diseases. The ongoing research and emerging concepts presented here lay a robust foundation for future studies aimed at mitigating the adverse effects of systemic inflammation and enhancing patient outcomes in this challenging field.

By weaving together the threads of mechanistic insights, biomarker discovery, and therapeutic innovation, this Research Topic provides a comprehensive and forward-looking perspective on systemic inflammation in severe infectious diseases. We hope these contributions will spur further research and clinical applications, ultimately leading to better strategies for managing and treating these complex conditions.
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Introduction

An excessive systemic pro-inflammatory state increases the risk of severe disease and mortality in patients with coronavirus disease 2019 (COVID-19). However, there is uncertainty regarding whether specific biomarkers of inflammation can enhance risk stratification in this group. We conducted a systematic review and meta-analysis to investigate an emerging biomarker of systemic inflammation derived from routine hematological parameters, the systemic inflammation index (SII), in COVID-19 patients with different disease severity and survival status.





Methods

A systematic literature search was conducted in PubMed, Web of Science, and Scopus, between the 1st of December 2019 and the 15th of March 2023. Risk of bias and certainty of evidence were assessed using the Joanna Briggs Institute Critical Appraisal Checklist and the Grades of Recommendation, Assessment, Development and Evaluation, respectively (PROSPERO registration number: CRD42023420517).





Results

In 39 studies, patients with a severe disease or non-survivor status had significantly higher SII values on admission compared to patients with a non-severe disease or survivor status (standard mean difference (SMD)=0.91, 95% CI 0.75 to 1.06, p<0.001; moderate certainty of evidence). The SII was also significantly associated with the risk of severe disease or death in 10 studies reporting odds ratios (1.007, 95% CI 1.001 to 1.014, p=0.032; very low certainty of evidence) and in six studies reporting hazard ratios (1.99, 95% CI 1.01 to 3.92, p=0.047; very low certainty of evidence). Pooled sensitivity, specificity, and area under the curve for severe disease or mortality were 0.71 (95% CI 0.67 to 0.75), 0.71 (95% CI 0.64 to 0.77), and 0.77 (95% CI 0.73 to 0.80), respectively. In meta-regression, significant correlations were observed between the SMD and albumin, lactate dehydrogenase, creatinine, and D-dimer.





Discussion

Our systematic review and meta-analysis has shown that the SII on admission is significantly associated with severe disease and mortality in patients with COVID-19. Therefore, this inflammatory biomarker derived from routine haematological parameters can be helpful for early risk stratification in this group.





Systematic review registration

https://www.crd.york.ac.uk/PROSPERO, identifier CRD42023420517.
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Introduction

Coronavirus disease 2019 (COVID-19) is characterized, particularly in severe cases, by a state of excessive systemic inflammation which, in turn, promotes the dysregulation of specific pathways within the immune, hemostasis and coagulation systems (1–9). Such abnormalities are critical in disrupting several molecular and cellular homeostatic mechanisms, favoring toxicity and dysfunction in different organs and systems (10–12).

Several circulating molecules have been investigated in the quest for markers of excessive inflammatory response to guide early risk stratification and management in patients with COVID-19, including C-reactive protein, pre-albumin, albumin, lactate dehydrogenase, hydroxybutyrate dehydrogenase, and D-dimer (8, 13–15). At the same time, abnormalities in the count of specific blood cell types during the early stages of COVID-19, e.g., neutrophilia, lymphopenia, and thrombocytopenia, and associated haematological indexes, particularly the neutrophil-to-lymphocyte ratio (NLR), have also been shown to be associated with excessive inflammation and to predict severe disease and mortality in this patient group (16–19). Another haematological index, the systemic inflammation index (SII, calculated using the following formula: (neutrophils x platelets)/lymphocytes), investigated for the first time in 2014 in cancer patients (20), has been shown to have a superior predictive capacity for adverse outcomes when compared to other haematological indexes, including the NLR, in patients with COVID-19 (21).

Given the rapidly evolving clinical scenario since the beginning of the COVID-19 pandemic, with the occurrence of novel variants of the causative agent, the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the introduction of anti-inflammatory and immunomodulatory treatments, and the roll-out of vaccination programs, we conducted a systematic review and meta-analysis of the association between the SII and severe disease and mortality in patients with COVID-19. We speculated that patients with a severe disease or succumbing from the disease had higher SII values than patients with a non-severe disease or survivor status. Where possible, we performed meta-regression and subgroup analyses to investigate possible associations between the effect size of the between-group differences in the SII and pre-specified study and patient characteristics.





Methods




Literature search and study selection

We conducted a systematic literature search for articles published in the electronic databases PubMed, Web of Science, and Scopus, between the 1st of December 2019 and the 15th of March 2023, using the following terms (and their combination): “SII” or “Systemic Inflammation Index” and “COVID 19” or “2019-nCoV” or “SARS-CoV-2” or “coronavirus disease 2019”. We also hand-searched the reference lists of individual articles to identify additional studies. The criteria for inclusion were: (a) investigation of COVID-19 patients with different disease severity or survival status; (b) reporting of the SII as a continuous variable in COVID-19 patients; (c) reporting of odds ratio (OR) or hazard ratio (HR) with 95% confidence intervals (CIs) for measures of severe disease and/or survival using multivariate analysis; (d) reporting of the prognostic accuracy of the SII using the area under the receiver operating characteristic curve (AUROC) with 95% CIs; (e) full-text available, and (f) English language used. Abstracts and, if relevant, full articles were independently reviewed by two investigators, with a third involved in case of disagreement.

Data extracted from each study included age, sex, year of publication, study design (prospective or retrospective), geographic area where the study was performed, sample size, the clinical endpoint studied (measures of disease severity and/or mortality), markers of inflammation (albumin, lactate dehydrogenase, C-reactive protein, ferritin), markers of renal function (creatinine), markers of coagulation (D-dimer), a history of diabetes, hypertension, and cardiovascular disease, the area under the receiver operating characteristic curve (AUROC) with 95% CIs, sensitivity, specificity, and cut-off values used for the SII. True positive (TP), false positive (FP), false negative (FN), and true negative (TN) values were either extracted or calculated by generating 2 × 2 tables from each study. Sensitivity and specificity were derived from the following formulas: Sensitivity = TP/(TP + FN); Specificity = TN/(FP + TN).

We assessed the risk of bias using the Joanna Briggs Institute Critical Appraisal Checklist for case-control studies. Studies addressing ≥75% of the checklist items were considered as having a low risk (22). The certainty of evidence was assessed using the Grades of Recommendation, Assessment, Development and Evaluation (GRADE) Working Group system (23). The study was conducted per the PRISMA 2020 statement on reporting systematic reviews and meta-analyses (Supplementary Tables 1, 2) (24). The protocol was registered in the International Prospective Register of Systematic Reviews (PROSPERO, CRD42023420517).





Statistical analysis

We generated forest plots of continuous variables, using standardized mean differences (SMDs), to assess differences in the SII between patients with a non-severe disease or survivor status and those with a severe disease or non-survivor status (p<0.05 for statistical significance). Data regarding the associations between the SII and disease severity and mortality, expressed either as odds ratio (OR) or hazard ratio (HR), adjusted for confounding variables, and 95% CIs were also extracted. The ORs were then transformed into log ORs, and the standard error was calculated based on the corresponding 95% CI. We assessed heterogeneity using the Q statistic (p<0.10 for statistical significance). A random-effect model was used in the presence of significant heterogeneity (25). Sensitivity analyses were conducted to investigate the effect of sequentially removing individual studies on the overall risk estimate (26). The presence of publication bias was assessed by investigating the associations between the study size and the magnitude of effect using the Begg’s adjusted rank correlation test and the Egger’s regression asymmetry test (p<0.05 for statistical significance) (27, 28), and the Duval and Tweedie “trim-and-fill” procedure (29). Univariate meta-regression analyses were conducted to investigate associations between the effect size and the following parameters: age, sex, year of publication, study design, sample size, albumin, lactate dehydrogenase, creatinine, D-dimer, C-reactive protein, ferritin, and history of diabetes, hypertension, and cardiovascular disease. Sub-group analyses were also conducted to investigate possible differences in effect size according to specific endpoint studied (disease severity vs. mortality) and the continent where the study was conducted.

We used relevant commands (metandi, midas, mylabels) to evaluate the performance of the SII in predicting severe disease and mortality. A summary receiver operating characteristic (SROC) curve was generated using the hierarchical summary receiving operator characteristic (HSROC) model (30). This was complemented by empirical Bayes estimates that closely agree with those of a full Bayesian analysis. The pooled sensitivity and specificity values were calculated, and the corresponding forest plot was generated. The HSROC model also allowed controlling for heterogeneity across the studies, as determined by i) the correlation coefficient between logit transformed sensitivity and specificity [Corr(logits)] in the HSROC analysis using a bivariate model (31) and ii) the asymmetry parameter β. A positive correlation coefficient (>0) and a β value with p<0.05 indicated the presence of heterogeneity between studies (30, 32). We also explored heterogeneity across studies through visually examining the HSROC curve and using a bivariate boxplot (by midas). The Cook’s distance measurement was performed to estimate the influence of each data point on the overall results of the meta-analysis and identify outliers (33). Publication bias was assessed using the Deeks’ method (34). The relationship between the prior probability, the likelihood ratio, and the posterior test probability was assessed using the Fagan’s Nomogram plot (35). All analyses were performed using Stata 14 (StataCorp LLC, College Station, TX, USA) except for those involving prognostic accuracy, performed using MedCalc for Windows, version 20.109 bit (MedCalc Software, Ostend, Belgium).






Results




Study selection

We initially identified 285 articles. Of them, 235 were excluded because they were either duplicates or irrelevant. Following a full-text review of the remaining 50 articles, a further ten were excluded because they did not meet the inclusion criteria, leaving 40 articles for analysis (Figure 1) (21, 36–74). The study design was prospective in three studies (50, 67, 68), unclear in one (66), and retrospective in the remaining 36 (21, 36–49, 51–65, 69–74). The clinical endpoints included mortality in 19 studies (36, 37, 39, 41, 43, 45, 48, 49, 51, 52, 55, 56, 58, 60, 61, 65, 66, 68, 73), and measures of severe disease as follows: disease severity based on existing guidelines in eight (42, 44, 63, 64, 67, 70, 72, 74), transfer to the intensive care unit (ICU) in eight (38, 40, 45, 50, 53, 62, 68, 69), invasive mechanical ventilation in two (46, 52), disease progression in two (57, 71), prolonged hospital stay in one (21), intubation in one (37), deep vein thrombosis in one (54), acute pulmonary embolism in one (54), and acute limb ischemia in one (39). All studies reported the SII on hospital admission.




Figure 1 | PRISMA 2020 flow chart of study selection.







Pooled standardized mean differences




Study characteristics

Thirty-nine studies (with 45 patient groups) reported the SII in 19,352 patients (mean age 61 years, 55% males) with a non-severe disease/survivor status and 5,524 patients (mean age 69 years, 60% males) with a severe disease/non-survivor status. Twenty-three studies were conducted in Asia (36, 38, 40–42, 48–51, 57, 59, 62–68, 70–74), eleven in Europe (21, 39, 43, 44, 47, 55, 56, 58, 60, 61, 69), four in America (37, 45, 46, 52), and one in Africa (53) (Table 1).


Table 1 | Characteristics of the studies reporting the systemic inflammation index in COVID-19 patients with non-severe disease/survivor status and severe disease/non-survivor status.







Risk of bias

The risk of bias was low in 29 studies (21, 36, 37, 39–41, 43–45, 47, 49, 51–53, 55–61, 64, 65, 67, 69, 71–74) and high in the remaining ten (38, 42, 46, 48, 50, 62, 63, 66, 68, 70) (Supplementary Table 3).





Results of individual studies and syntheses

The forest plot of SII values in patients with a non-severe disease/survivor status and patients with a severe disease/non-survivor status is shown in Figure 2. Random-effects models were used because of the extreme heterogeneity observed (I2 = 94.9%, p<0.001). Pooled results showed that patients with a severe disease/non-survivor status had significantly higher SII values than patients with a non-severe disease/survivor status (SMD=0.91, 95% CI 0.75 to 1.06, p<0.001). In sensitivity analysis, the corresponding pooled SMD values were not substantially altered when individual studies were sequentially omitted (effect size ranged between 0.87 and 0.93, Supplementary Figure 1).




Figure 2 | Forest plot of studies reporting SII values in COVID-19 patients with different disease severity and survival status.







Publication bias

There was no publication bias according to the Begg’s (p=0.87) and the Egger’s (p=0.18) test. However, the “trim-and-fill” method identified one missing study to be added to the left side of the funnel plot to ensure symmetry (Supplementary Figure 2). The resulting effect size, however, was similar to the primary analysis (SMD=0.87, 95% CI 0.71 to 1.03, p<0.001).





Sub-group and meta-regression analysis

In meta-regression, significant correlations were observed between the SMD and albumin (t=-3.96, p=0.002), lactate dehydrogenase (t=2.16, p=0.048), creatinine (t=2.53 p=0.02), and D-dimer (t=2.62, p=0.017). By contrast, no significant correlations were observed with age (t=​0.66, p​=0.51), sex (t​=​-1.26, p=0.21), publication year (t=0.35, p​= 0.73), study design (t​=0.04, p=​0.97), sample size (t=1.11, 0.27), C-reactive protein (t=1.73, p​=0.10), ferritin (t=0.87, p=0.41), and history of diabetes (t​=​-0.16, p=0.88), hypertension (t​=0.12, p​=0.90), or cardiovascular disease (t​=-0.33, p=0.74).

In sub-group analysis, there were no significant differences in the pooled SMD between studies reporting disease severity (SMD=0.91, 95% CI 0.74 to 1.07, p<0.001; I2 = 96.6%, p<0.001), survival status (SMD=0.88, 95% CI 0.61 to 1.14, p<0.001; I2 = 56.5%, p=0.023), and ICU admission (SMD= 0.76, 95% CI 0.64 to 0.89, p<0.001; I2 = 63.3%, p=0.008; Supplementary Figure 3). However, the between-study variance was relatively lower in studies reporting severity and ICU admission (I2 = 56.5% and 63.3%, respectively). Similarly, there were no significant differences in the pooled SMD between studies performed in Europe (SMD=0.94, 95% CI 0.56 to 1.31, p<0.001; I2 = 96.6%, p<0.001), Asia (SMD=0.89, 95% CI 0.69 to 1.10, p<0.001; I2 = 93.5%, p<0.001) and America (SMD=0.92, 95% CI 0.56 to 1.28, p<0.001; I2 = 96.3%, p<0.001; Supplementary Figure 4).





Certainty of evidence

The initial level of certainty was considered low because of the cross-sectional nature of the studies (rating 2, ⊕⊕⊝⊝). After taking into account the low risk of bias in the majority of studies (no rating change), the substantial but partly explainable heterogeneity (no rating change), the lack of indirectness (no rating change), the relatively low imprecision (confidence intervals not crossing the threshold, no rating change), the relatively large effect size (SMD=0.91, upgrade one level), and the absence of publication bias (no rating change), the overall level of certainty was upgraded to moderate (rating 3, ⊕⊕⊕⊝).






Pooled odds ratios




Study characteristics

Ten studies (13 patient groups) in 9,851 COVID-19 patients (56% males, mean age 67 years), all retrospective, reported associations between the SII and disease severity or survival status expressed as ORs in multivariate logistic regression analysis (36, 44, 52–54, 58, 61, 69, 72, 74). The study endpoint was mortality in five studies (36, 52, 54, 58, 61), disease severity based on existing clinical guidelines in three (44, 72, 74), transfer to ICU in two (53, 69), invasive mechanical ventilation in one (52), deep vein thrombosis in one (61), and acute pulmonary embolism in one (61). Four studies were conducted in Europe (44, 58, 61, 69), four in Asia (36, 54, 72, 74), one in America (52), and one in Africa (53) (Table 2).


Table 2 | Studies investigating the association between the systemic inflammation index and disease severity or mortality in COVID-19 patients using odds ratios.







Risk of bias

The risk of bias was low in all studies (36, 44, 52–54, 58, 61, 69, 72, 74) (Supplementary Table 3).





Results of individual studies and syntheses

The extreme between-study heterogeneity observed (I2 = 96.7%, p<0.001) required the use of random-effects models. Pooled results showed that a higher SII was significantly associated with severe disease or mortality (OR=1.007, 95% CI 1.001 to 1.014, p=0.032; Figure 3). In sensitivity analysis, the corresponding pooled ORs were influenced by two studies (44, 72) (Supplementary Figure 5). Their removal was associated with a slight increase in the effect size (OR=1.14, 95% CI 1.08-1.20, p=0.001; I2 = 97%, p<0.001; Supplementary Figure 6).




Figure 3 | Forest plot of studies examining the association between the SII and disease severity or survival status in patients with COVID-19 by means of odds ratio.







Publication bias

There was evidence of publication bias according to the Egger’s (p=0.004) but not the Begg’s (p=0.213) test.





Sub-group and meta-regression analysis

In meta-regression analysis, there were no significant correlations between the OR and age (t=0.54, p=0.60), sex (t=0.17, p=0.87), publication year (t=-0.34, p=0.74), or sample size (t=0.61, p=0.56). Meta-regression of other parameters could not be conducted because of the limited information available.

In sub-group analysis, the SII was significantly associated with mortality (OR=1.08, 95% CI 1.02 to 1.15, p=0.013; I2 = 96.6%, p<0.001) but not measures of disease severity (OR=1.00, 95% CI 1.00 to 1.01, p=0.243; I2 = 97.5%, p<0.001; Supplementary Figure 7). Furthermore, the effect size was significant in European (OR=1.10, 95% CI 1.04 to 1.16, p<0.001; I2 = 98.3%, p<0.001) and American (OR=1.40, 95% CI 1.11 to 1.77, p=0.005; I2 = 0.0%, p=0.529), but not in Asian studies (OR=1.00, 95% CI 1.00 to 1.01, p=0.52; I2 = 92.1%, p<0.001; Supplementary Figure 8). Notably, the heterogeneity was virtually absent in American studies (I2 = 0.0%).





Certainty of evidence

The initial level of certainty was considered low because of the cross-sectional nature of the studies (rating 2, ⊕⊕⊝⊝). After taking into account the low risk of bias in all studies (no rating change), the substantial but partly explainable heterogeneity (no rating change), the lack of indirectness (no rating change), the relatively low imprecision (confidence intervals not crossing the threshold, no rating change), the relatively small effect size (OR=1.007, no rating change), and the presence of publication bias (downgrade by one level), the overall level of certainty was downgraded to very low (rating 1, ⊕⊝⊝⊝).






Pooled hazard ratios




Study characteristics

Six studies (with seven patient groups) in 5,100 COVID-19 patients (58% males, mean age 66 years), all retrospective, reported associations between the SII and disease severity or survival status as HRs using multivariate logistic regression analysis (47, 48, 56, 60, 65, 74). The studied endpoint was mortality in five studies (47, 48, 56, 60, 65) and severity in the remaining one (74). Three studies were conducted in Asia (48, 65, 74) and three in Europe (47, 56, 60) (Table 3).


Table 3 | Studies investigating the association between the systemic inflammation index and disease severity or mortality in COVID-19 patients using hazard ratio.







Risk of bias

The risk of bias was low in all studies, barring one (48) (Supplementary Table 3).





Results of individual studies and syntheses

Due to the extreme heterogeneity between studies (I2 = 96.4%, p<0.001), random-effects models were used. Pooled results showed that a higher SII was significantly associated with severe disease and mortality (HR=1.99, 95% CI 1.01 to 3.92, p=0.047; Figure 4). In sensitivity analysis, the corresponding pooled HRs were not substantially altered when individual studies were removed, suggesting that the results of the meta-analysis were stable (HR ranged between 1.70 and 2.43) (Supplementary Figure 9).




Figure 4 | Forest plot of studies examining association between SII and disease severity or survival status in patients with COVID-19 through HR.







Publication bias

Assessment of publication bias was not possible because of the relatively small number of studies.





Sub-group and meta-regression analysis

Meta-regression analysis was not possible because of the relatively small number of studies. In sub-group analysis, the effect size was significant in Asian (HR=3.52, 95% CI 2.41 to 5.12, p<0.001; I2 = 63.7%, p=0.043), but not European studies (HR=1.01, 95% CI 0.39 to 2.59, p=0.986; I2 = 82.7%, p<0.001; Supplementary Figure 10), with a lower between-studies variance in the former.





Certainty of evidence

The initial level of certainty was considered low because of the cross-sectional nature of the studies (rating 2, ⊕⊕⊝⊝). After taking into account the low risk of bias in the majority of studies (no rating change), the substantial but partly explainable heterogeneity (no rating change), the lack of indirectness (no rating change), the relatively low imprecision (confidence intervals not crossing the threshold, no rating change), the moderate effect size (HR=1.99, no rating change), and the presence of publication bias (downgrade by one level), the overall level of certainty was downgraded to very low (rating 1, ⊕⊝⊝⊝).






Accuracy of the SII in predicting severe disease or mortality




Study characteristics

Twenty-one studies (28 patient groups) in 17,863 COVID-19 patients (60% males, mean age 66 years), all retrospective, reported sensitivity and specificity of the ability of the SII to predict severe disease or mortality (36–40, 42, 45, 47, 48, 51, 53, 54, 56, 58, 61, 64, 68–70, 72, 74). Twelve studies were performed in Asia (36, 38, 40, 42, 48, 51, 54, 64, 68, 70, 72, 74), six in Europe (39, 47, 56, 58, 61, 69), two in America (37, 45), and one in Africa (53). The studied endpoint was mortality in 12 studies (36, 37, 39, 45, 47, 48, 51, 54, 56, 58, 61, 68), ICU admission in seven (38–40, 45, 53, 68, 69), disease severity based on existing guidelines in five (42, 64, 70, 72, 74), acute pulmonary embolism in one (61), acute limb ischemia in one (39), and deep vein thrombosis in one (61) (Table 4).


Table 4 | Studies investigating the accuracy of the systemic inflammation index in predicting severe disease and mortality in COVID-19 patients.







Risk of bias

The risk of bias was low in all studies, barring five (38, 42, 48, 68, 70) (Supplementary Table 3).





Results of individual studies and syntheses

After creating forest plots for pooled sensitivity and specificity, a summary receiver operating characteristic (SROC) curve was generated using the HSROC model (midas or metandi command). The pooled sensitivity and specificity for the SII towards severe disease or mortality was 0.71 (95% CI 0.67 to 0.75) and 0.71 (95% CI 0.64 to 0.77), respectively (Figure 5). The SROC curve with 95% confidence region and prediction region is described in Figure 6. The AUC value was 0.77 (95% CI 0.73 to 0.80), with the summary operating point at a sensitivity of 0.71 and a specificity of 0.71. We also generated empirical Bayes estimates in HSROC analysis, which provide the best estimates of the true sensitivity and specificity in each study (Figure 7). The midas command was used to evaluate the quantile plot of residual based goodness-of fit, the Chi-squared probability plot of squared Mahalanobis distances for the assessment of the bivariate normality assumption, the spikeplot for assessing particularly influential observations using Cook’s distance, and a scatter plot to check for outliers using standardized predicted random effects (Figure 8). The analysis identified two outliers (53, 64). However, their removal did not exert tangible effects on the results, with AUC of 0.77, sensitivity of 0.72, and specificity of 0.71.




Figure 5 | Forest plot for the pooled estimates of sensitivity and specificity of the SII towards disease severity or mortality.






Figure 6 | SROC curve with 95% confidence region and prediction region for the SII towards prediction of severe disease or mortality.






Figure 7 | Empirical Bayes (posterior prediction) estimates hierarchical receiving operating characteristic (HSROC) curve with 95% confidence region and prediction region for SII towards prediction of severe disease or mortality.






Figure 8 | Graphical illustration of residual-based goodness-of-fit (A), bivariate normality (B), influence (C), and outlier detection (D) analyses.



The clinical utility of the SII at the population level was assessed by generating the Fagan’s nomogram (Figure 9). Assuming a 25% prevalence of adverse outcomes (pre-test probability), the nomogram showed that the posterior (post-test) probability of adverse outcome was 45% in patients with a relatively high SII and 12% in patients with a relatively low SII.




Figure 9 | Fagan’s nomogram for the SII towards prediction of severe disease or mortality.







Publication bias

No significant publication bias (p=0.687) was observed in the Deeks’ funnel plot asymmetry test (Supplementary Figure 11).





Heterogeneity, sub-group, and meta-regression analysis

The presence of heterogeneity across the studies was investigated using different approaches. First, the HSROC curve was shown to be symmetric, based on the correlation coefficient between logit transformed sensitivity and specificity (HSROC model), which was negative (-0.277, 95% CI -0.616 to -0.149). However, the symmetry parameter β (0.587, 95% CI 0.169 to 1.00) showed a significant p-value (0.006), suggesting an elevated between-study variance (data not reported). In addition, the visual representation of the HSROC suggested a moderate degree of heterogeneity (95% CI 0.73 to 0.80; Figure 7). In midas, the pooled sensitivity and specificity showed an inconsistency (I2) of 88.04% and 98.23%, respectively (Figure 5). Using the bivariate boxplot with logit_Se and logit_Sp, four studies (42, 45, 53, 64) fell outside the circles, which also indicates heterogeneity (Supplementary Figure 12). The sources of heterogeneity were further explored using univariate meta-regression analysis. Age and sex were significantly associated with the effect size for sensitivity (p=0.02 and p=0.01, respectively) whereas no parameter was significantly associated with the effect size for specificity (Supplementary Figure 13).







Discussion

Our systematic review and meta-analysis has shown that the SII on admission was significantly higher in hospitalized patients with COVID-19 with a severe disease or non-survivor status when compared to patients with a non-severe disease or survivor status. Notably, the between-group differences in the SII were statistically significant using either SMDs, ORs, or HRs. Furthermore, the capacity of the SII to discriminate between the two patient groups was considered good, with an overall AUC value of 0.77. Sensitivity analysis confirmed the stability of the results of the meta-analysis. In meta-regression, the effect size was significantly associated with some markers of inflammation (e.g., albumin and lactate dehydrogenase) but not others (e.g., C-reactive protein and ferritin). Furthermore, no significant associations were observed with known risk factors for adverse outcomes in COVID-19, such as diabetes, hypertension, and cardiovascular disease (75–77). This supports the proposition that the SII may provide additional information regarding the extent of systemic inflammation in COVID-19 and could therefore be helpful in enhancing the capacity to identify those patients at risk of severe disease or death early after hospital admission. Furthermore, the lack of significant associations between the effect size and the year of publication suggests that the capacity of the SII to discriminate between patients with severe disease/non-survivor status and patients with non-severe disease/survivor status was maintained through the first three years of the COVID-19 pandemic and was not influenced by different vaccination status and vaccine dose, new SARS-CoV-2 variants, and the progressive introduction of anti-inflammatory and immunomodulatory treatment strategies. Interestingly, subgroup analysis identified differences in effect size associated with the specific study continent, particularly for studies reporting ORs and HRs, indicating a possible role of ethnicity in influencing the association between the SII and COVID-19.

The SII was initially investigated in 2014 as an inflammatory biomarker to predict clinical outcomes in cancer patients (20). Since then, an increasing number of studies, including systematic reviews and meta-analyses, have reported that the SII is significantly associated with a reduced overall survival and/or progression-free survival in several types of cancer, e.g., carcinoma patients receiving immune checkpoint inhibitors (78), prostate cancer (79), gynaecological and breast cancer (80), lung cancer (81), urinary tract cancer (82, 83), and several cancers of the gastrointestinal tract (84–87). Furthermore, relatively high SII values at baseline have been shown to be significantly associated with adverse clinical outcomes in other disease states characterised by a systemic pro-inflammatory state, e.g., stroke (88), non-alcoholic fatty liver disease (89), and ischaemic heart disease (90). Notably, in patients with coronary heart disease undergoing revascularisation the predictive capacity of the SII for adverse clinical outcomes was superior to that of traditional cardiovascular risk factors, further supporting the potential clinical utility of this index in routine practice (91). The COVID-19 pandemic has provided further impetus to investigate the potential clinical use of the SII, given the established role of a state of excess systemic inflammation in the pathophysiology of the disease and the related risk of complications and adverse outcomes (92, 93). Compared to other indexes investigated in patients with COVID-19 that are derived from routine haematological parameters, e.g., NLR and the platelet-to-lymphocyte ratio (PLR), the SII captures information from three key blood cell types involved in the pathophysiology of inflammation, i.e., neutrophils, platelets, and lymphocytes. The potential superiority of the SII over other indices in COVID-19 was initially reported by Fois et al. (47). In their study, multivariate analysis showed that the SII, but not other indices such as the aggregate index of systemic inflammation, NLR, monocyte-to-lymphocyte ratio, PLR, and systemic inflammation response index, was independently associated with the primary endpoint, hospital mortality (47).

The comprehensive appraisal of the published literature in our study provides robust evidence of the potential clinical utility of the SII in COVID-19 patients. This is further supported by the observed pooled AUC value and the results of the Fagan’s nomogram, which indicated that the post-test probability of severe disease/mortality was significantly different from the pre-test probability (94). However, before its introduction in clinical practice, further research is warranted to justify the use of the SII for the routine assessment of patients with COVID-19. In particular, appropriately designed prospective studies should investigate the predictive capacity of the SII singly or in combination with other biomarkers of inflammation and to determine the influence of specific patient characteristics. For example, in addition to the potential effects of ethnicity previously described, recent epidemiological studies have reported that age and sex can also influence the SII (95, 96).

The observed moderate-substantial between-study heterogeneity is a significant limitation of our study. However, subgroup analysis identified specific sources of heterogeneity when the effect size was expressed as SMD (study endpoint), OR (study continent), and HR (study continent). Furthermore, there was significant publication bias in studies reporting the OR whereas no assessment could be performed in studies reporting the HR because of their limited number. As discussed, a significant strength of our systematic review and meta-analysis was the comprehensive assessment of the clinical significance of the SII by means of meta-regression and subgroup analysis, SROC, and Fagan’s nomogram.

In conclusion, our systematic review and meta-analysis has shown that higher SII values on admission are significantly associated with severe clinical manifestations and the risk of mortality in hospitalized COVID-19 patients. Further prospective studies are warranted to determine whether this haematologically derived inflammatory biomarker can further enhance, singly or in combination with other inflammatory, demographic, or clinical parameters, the prognosis and management of a wide range of COVID-19 patient populations, including patients of different ethnicity.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.





Author contributions

Study conception: AZ, AM. Data collection and analysis: AZ. Data interpretation: AZ, AM. Writing - first draft: AM. Writing - Review and Editing, AZ, AM. All authors contributed to the article and approved the submitted version.





Conflict of interest

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





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.1212998/full#supplementary-material

Supplementary Figure 1 | Sensitivity analysis of the association between the SII and COVID-19. The middle vertical axis indicates the overall standardized mean difference, and the two vertical axes indicate the 95% confidence intervals. The hollow circles represent the pooled standardized mean difference when the remaining study is omitted from the meta-analysis. The two ends of each broken line represent the 95% confidence intervals.

Supplementary Figure 2 | Funnel plot of studies reporting SII values in COVID-19 patients with different disease severity and survival status after “trimming-and-filling.” Dummy studies and genuine studies are represented by enclosed circles and free circles, respectively.

Supplementary Figure 3 | Forest plot of studies examining the SII in patients with COVID-19 according to specific endpoint.

Supplementary Figure 4 | Forest plot of studies examining SII in patients with COVID-19 according to specific geographic area.

Supplementary Figure 5 | Sensitivity analysis of the association between the SII and COVID-19 disease. The influence of individual studies on the overall odds ratio (OR) is shown. The middle vertical axis indicates the overall OR and the two vertical axes indicate the 95% confidence intervals (CI). Hollow circles represent the pooled OR when the remaining study is omitted from the meta-analysis. The two ends of each broken line represent the 95% CI.

Supplementary Figure 6 | Forest plot of studies examining the association between the SII and disease severity or survival status in patients with COVID-19 by means of odds ratio, after removing the studies of Xue et al and Cocos et al (44, 72).

Supplementary Figure 7 | Forest plot of studies examining the SII in patients with COVID-19 by means of odds ratio, according to specific endpoint.

Supplementary Figure 8 | Forest plot of studies examining the SII in patients with COVID-19 by means of odds ratio, according to the study continent.

Supplementary Figure 9 | Sensitivity analysis of the association between SII and COVID-19 disease using hazard ratio (HR). The middle vertical axis indicates the overall HR, and the two vertical axes indicate the 95% confidence intervals (CI). The hollow circles represent the pooled HR when the remaining study is omitted from the meta-analysis. The two ends of each broken line represent the 95% CI.

Supplementary Figure 10 | Forest plot of studies examining the SII in patients with COVID-19 by means of hazard ratio, according to the study continent.

Supplementary Figure 11 | Deeks’ funnel plot asymmetry test for the assessment of publication bias.

Supplementary Figure 12 | The bivariate boxplot exploring heterogeneity across the studies.

Supplementary Figure 13 | Forest plots of sensitivity and specificity for the study level covariates included in the univariate meta-regression model.
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Thromboembolic complications and excessive inflammation are frequent in severe COVID-19, potentially leading to long COVID. In non-COVID studies, we and others demonstrated that circulating Reelin promotes leukocyte infiltration and thrombosis. Thus, we hypothesized that Reelin participates in endothelial dysfunction and hyperinflammation during COVID-19. We showed that Reelin was increased in COVID-19 patients and correlated with the disease activity. In the severe COVID-19 group, we observed a hyperinflammatory state, as judged by increased concentration of cytokines (IL-1α, IL-4, IL-6, IL-10 and IL-17A), chemokines (IP-10 and MIP-1β), and adhesion markers (E-selectin and ICAM-1). Reelin level was correlated with IL-1α, IL-4, IP-10, MIP-1β, and ICAM-1, suggesting a specific role for Reelin in COVID-19 progression. Furthermore, Reelin and all of the inflammatory markers aforementioned returned to normal in a long COVID cohort, showing that the hyperinflammatory state was resolved. Finally, we tested Reelin inhibition with the anti-Reelin antibody CR-50 in hACE2 transgenic mice infected with SARS-CoV-2. CR-50 prophylactic treatment decreased mortality and disease severity in this model. These results demonstrate a direct proinflammatory function for Reelin in COVID-19 and identify it as a drug target. This work opens translational clinical applications in severe SARS-CoV-2 infection and beyond in auto-inflammatory diseases.
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Introduction

Substantial knowledge has been gained in a short period about COVID-19, due to this disease’s propagation and economic burden worldwide. Owing to intense research efforts, the major pathophysiological mechanisms are fairly well understood. The main causes of death from acute SARS-Cov-2 infection are adult respiratory distress syndrome (ARDS) and thromboembolic complications (1–3). ARDS is characterized by acute and diffuse inflammatory damage into the alveolar-capillary barrier associated with vascular dysfunction marked by increased permeability, reduced compliance, and intracapillary thrombosis (4). This adverse condition compromises gas exchange, causing hypoxemia, and damages organs due to a lack of oxygen. In the most severe cases, this infection and inflammatory environment progress to a hyperinflammatory state or a cytokine storm. It manifests itself by an overproduction of inflammatory molecules, such as interleukin (IL) -6 and -10, tumor necrosis factor α (TNF-α), or interferon γ (IFN-γ) for example (5–7).

Following initial SARS-Cov-2 infection, approximately 3/4 of the hospitalized patients and 1/3 of the out-of-hospital patients experience persistent symptoms for several weeks or months, regardless of their viral status (8). These persistent symptoms are known as post-acute sequelae of COVID-19 (PASC), or long- COVID, which is defined as a variety of new, returning, or ongoing health problems people can experience for four or more weeks following initial SARS-CoV-2 infection (Centers for Disease Control and Prevention, 2021)(9). Although most PASC patients no longer have a viral load, they suffer from various persistent disorders such as cardiovascular, respiratory, articular, neurologic, and psychiatric. Symptoms vary between individuals and include fatigue, hair loss, cough, shortness of breath, dyspnea, joint pain, loss of smell and taste, attention disorder, headache, memory loss, gastrointestinal distress, cerebrovascular disorders, dysrhythmias, pericarditis, myocarditis, heart failure, and thromboembolic disease (8–13). Long COVID risk increases with age and has been associated with acute disease severity (14), but the exact mechanism behind the prolonged symptoms still needs to be identified. One hypothesis posits that the transition from acute to long COVID may be due to endothelial injury and dysfunction, cytokine storm, dysregulation of the immune response, and the ability of coronavirus or fragments of the virus to evade the immune system (8–13).

We have previously identified a circulating protein, Reelin, that is central in the initiation and propagation of endothelial dysfunction with additional prothrombotic function (15, 16). These two mechanisms are key in acute and long COVID (4), suggesting a role for Reelin in this infection. In endothelial cells, adhesion and permeability to leukocytes are greatly regulated via the NF-κB pathway (17). NF-κB target genes include “rolling” molecules such as E-selectin and adhesion molecules such as intercellular adhesion molecule 1 (ICAM-1) or vascular cell adhesion protein 1 (VCAM-1), but also cytokines such as IL-1, -6, TNFα, and chemokines such as C-C motif chemokine ligand (CCL)-2, -8, C-X-C motif chemokine ligand (CXCL)-2, and C-X3-C motif chemokine ligand (CX3CL)-1. Endothelial adhesion followed by endothelial transmigration are primarily regulated by NF-κB target genes (17). However, NF-κB has major additional functions and direct obliteration of this pathway would result in severe side effects. We have identified a regulator, Reelin, that controls NF-κB activation and the expression of its target genes required for efficient endothelial-leukocyte adhesion and endothelial permeability. In atherosclerosis (18, 19) or multiple sclerosis (20, 21), Reelin promotes inflammatory cell recruitment and inflammation by increasing the expression of leukocyte-endothelial adhesion markers (E-selectin, ICAM-1, and VCAM-1) on endothelial cells. Expression of these inflammatory mediators is increased by Reelin via NF-κB signaling through its receptor, the apolipoprotein E receptor 2 (ApoER2 or LRP8) which is a member of the low-density lipoprotein receptor (LDLR) family (22). In addition to this proinflammatory function, some studies suggest that reelin may have a role in thrombosis by affecting platelet function and blood coagulation (23–26). It has been reported that Reelin can interact with platelets through different receptors (including ApoER2) and enhance platelet spreading and aggregation to form a blood clot. These studies support an additional function for plasma Reelin as a pro-thromboembolic factor. However, a role for Reelin in COVID-19 remains yet to be determined.

In this study, we hypothesized that Reelin promotes endothelial dysfunction and participates in the propagation of hyperinflammation during COVID-19. To this end, we have investigated the inflammatory response in acute and long COVID patients, correlated inflammatory markers with Reelin levels, and tested Reelin inhibition in SARS-CoV-2-infected hACE2 transgenic mice.





Material and methods




Study populations

Serum from the acute COVID cohort was obtained from the UT Southwestern SARS-CoV-2 Biorepository and the long COVID cohort from Dr. Avindra Nath. The study involves only secondary research using data or biospecimens not collected specially for this study and the specimens or data were provided without identifiable information. Thus, it is considered as “Not Human Research,” which does not require institutional review board approval. Detailed characteristics of each cohort can be found in Tables 1 and 2.


Table 1 | Biomarker concentrations in serum from patients a with mild or severe form of Covid-19.




Table 2 | Biomarker concentrations in serum from patients with a long form of Covid-19.







Biomarker assays

Reelin ELISA was performed on human serum samples diluted at 1:30 and run according to the manufacturer’s instructions (LSBio, N-Terminal part: LS-F7023). The inflammatory multiplexing panel was performed on human serum samples using the Inflammation 20-Plex Human ProcartaPlex™ Panel (Thermo Fisher Scientific, Catalog number: EPX200-12185-901) according to the manufacturer’s instructions. All protein markers for which more than 50% of the measurements fell into the detection range of the standard curves were considered valid.





SARS-CoV-2 infection models

All experiments involving infectious viruses were carried out at the University of Texas Medical Branch (UTMB), Galveston, TX, under an animal use and care protocol approved by the UTMB IACUC in AALAC-accredited animal biosafety level 3 and biosafety level 3 laboratories. The effect of anti-Reelin treatment for inhibiting SARS-CoV-2 infection in vivo was determined using transgenic mice globally expressing human angiotensin-converting enzyme 2 (hACE2 Tg), AC70 line (Taconic Biosciences). Briefly, Tg mice were separated into two groups, the controls injected with unspecific mouse IgG 100µg/mouse and the treated injected with anti-Reelin mouse antibody (CR-50, prepared in our laboratory) 100µg/mouse. Injections were done via the intraperitoneal (i.p.) route 72 hours before and at day 0, 3 and 6 after challenge intranasally (i.n.) with ~5 TCID50 (~1.56 LD50) of SARS-CoV-2 (US_WA-1/2020 isolate) in 60µl of Eagle’s Minimum Essential Medium (EMEM) supplemented with 2% heated-inactivated fetal bovine serum (FBS) (M-2). Animals were monitored daily for body weight changes and clinical signs until they met the criteria for euthanasia using a scoring system as described before (27). To compare plasma Reelin expression, we also employed a hamster model. Briefly, hamsters (8-10-week old) obtained from Charles River (Houston, Texas), were challenged i.n. with ~10^5 TCID50 of SARS-CoV-2 in 100µl of M-2.





Western blot

An equal volume of plasma (diluted 1/10 in PBS) was loaded into each lane of a 4-12% Tris gel (BioRad) and subjected to electrophoresis followed by transfer on nitrocellulose-membranes (BioRad). The membranes were stained with Ponceau S to ensure equal loading, blocked for 1h (milk powder 5% in TBS/tween 0.1- 0.2%), and incubated with primary antibodies (G10 anti-Reelin, made in-house). Secondary HRP-antibody binding was visualized by ECL or ECL plus chemiluminescent (Amersham). After densitometric analyses with ImageJ, optical density values were expressed as arbitrary units (28–30).





Statistical analysis

The n values are specified in each legend. The GraphPad Prism software was used to run all the statistical analyses. Values from multiple experiments are expressed as means ± SEM. Normality was tested using the Kolmogorov-Smirnov test. Statistical significance was determined for multiple comparisons using one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparisons (for normal distribution) or Kruskal-Wallis (for non-normal distribution) test. Student’s t-test (for normal distribution) or Mann-Whitney (for non-normal distribution) were used for comparisons of two groups. The correlations were calculated by linear regression (Pearson’s r). The survival curves were tested with log-rank (Mantel-Cox test). P < 0.05 was considered significant, with: * p < 0.05; ** p < 0.01; p < 0.001 and lower are not marked specifically and included in ** p < 0.01.






Results




Circulating Reelin is increased and correlates with disease severity in patients with acute COVID-19

Initially discovered for its role in brain development, the glycoprotein Reelin is also recognized as a synaptic homeostatic regulator (31–34). We and others have established that Reelin deficiencies in the brain are correlated to higher cognitive decline in AD patients (35) as well as AD mouse models (35, 36), indicating essential functions in neurons. Surprisingly, we have discovered a completely different and unexpected role for this protein in the systemic circulation, where its expression in the blood increases with inflammation (20). To confirm this observation in COVID-19 patients, we tested Reelin concentration in serum from healthy subjects, COVID-19 patients with a mild form (hospitalization with no ventilation), and COVID-19 patients with a severe form (hospitalization with ventilation). The average Reelin concentration was increased two-fold in the serum of the mild COVID group and five-fold in the severe COVID group, suggesting that Reelin expression increases with the severity of the infection (Figure 1A and Table 1).




Figure 1 | COVID-19 is associated with increased expression of Reelin and inflammatory markers. (A-D) Biomarker concentrations were measured in serum from patients with a mild (hospitalized but not ventilated) or severe (hospitalized and ventilated) form of COVID-19. (A) Reelin concentration was evaluated by singleplex ELISA. Significant variations from multiplex ELISA are reported for (B) adhesion markers, (C) cytokines, and (D) chemokines. CT, Control healthy patients (age- and gender-matched); *p<0.05, **p<0.01; n=15 per group; detailed cohort is presented in Table 1.







Circulating Reelin correlates with inflammatory markers in patients with acute COVID-19

Severe COVID-19 reaction is accompanied by the overactivation of inflammatory signals, also known as cytokine storm (5, 7). Therefore, we have measured a large panel of cytokines, chemokines, and adhesion markers to evaluate this dysregulated inflammatory response (Table 1, with detailed p values provided in Supplementary Table 1). We have also correlated the activation of significant markers with increased Reelin expression. Strikingly, the expression of IL-6 was below the detection limit in control and mild COVID, but increased in the severe group, confirming previous studies (5, 7). TNF-α and IFN-γ were also expected to be elevated during severe COVID (5, 7) but failed to reach a statistically significant increase in our settings. However, a significant elevation of the cytokines IL-1α, IL-4, IL-17A, the chemokines IP-10 (CXCL10), MIP-1β (CCL4), and the adhesion markers E-selectin, ICAM-1 was measured in patients with severe COVID (Figure 1). Next, we searched for correlations between Reelin and inflammatory marker concentrations (Figure 2). Reelin was significantly associated with IL-1α, IL-4, IP-10, MIP-1β and ICAM-1. Although Reelin is not recognized as an inflammatory marker but rather as a guidance protein or an endothelial activation marker, our results suggest that this circulating protein mirrors the expression of several cytokines, chemokines, and adhesion proteins.




Figure 2 | Reelin correlates with inflammatory markers in COVID-19 patients. Significant correlations between Reelin and inflammatory marker concentrations in control and COVID-19 patients. n=15 per group for a total of 45 samples and the detailed cohort is presented in Table 1.







Long COVID patients do not have residual signs of inflammation

Following SARS-CoV-2-infection, some patients will suffer from PASC that may be due to endothelial injury and dysfunction, cytokine storm, dysregulation of the immune response, or the ability of coronavirus or fragments of it to evade the immune system (8–13). To study the expression of Reelin and inflammatory proteins in these patients, we have used a previously characterized cohort of patients affected by neurological post-acute sequelae of SARS-CoV2 infection (37). Briefly, the cohort presented with symptoms similar to those described in reports of larger cohorts and surveys. Fatigue and cognitive impairment were the most common and debilitating symptoms, with a high prevalence of psychological symptoms and a substantial adverse impact on quality of life. During the acute phase of COVID-19, participants mostly experienced a typical mild disease, except for a relatively high frequency of neurological or psychiatric symptoms.

In PASC patients, all measured parameters were not significantly different from controls, including the markers elevated in severe COVID-19. Of note, only IL-17A and IP-10 showed a trend toward a decline with p=0.06 and p=0.07 respectively, which would be worth investigating further in a larger cohort. This result suggests that there are no longer signs of inflammation or damaged endothelium in long COVID patients.





Anti-Reelin treatment dampens the disease severity in SARS-CoV-2-infected hACE2 transgenic mice

We observed increased Reelin expression in COVID-19 patients and accordingly, we sought to explore a causal link between this circulating protein and disease severity. For this purpose, we first measured Reelin expression in two COVID-19 rodent models, hamsters and hACE2 transgenic mice that were infected with SARS-CoV-2 (Figures 3A, B). In accordance with the human data, plasma Reelin expression started to increase around days 3-4 of infection and remained elevated during the course of the experiment. This increase appears to be associated with the progression of infection in these models. To test whether Reelin depletion might be beneficial, hACE2 transgenic mice were treated with control mouse IgG or anti-Reelin monoclonal mouse antibody (CR-50) at 100µg by intraperitoneal injection twice per week (19–21). This treatment started 3 days before the SARS-CoV-2 infection and clinical parameters were followed for 8 days (Figure 3C). CR-50 injections reduced mortality, weight loss, and disease severity as judged by the clinical score. This score is based on a daily clinical assessment of a mouse’s health status, ranging from 1 to 4 as follow: 1 - healthy; 2 - ruffled fur and lethargic behavior; 3 - a score of 2 plus one additional clinical sign such as hunched posture, orbital tightening, increased respiratory rate, and/or > 15% weight loss; 4 - dyspnea and/or cyanosis, reluctance to move when stimulated. These results suggest that CR-50 dampens the severity of SARS-CoV-2 infection and that Reelin has a direct role in the progression of the disease.




Figure 3 | Reelin expression is increased in COVID-19 rodent models and its inhibition dampens the disease severity. (A) Plasma Reelin expression was measured over time by western blotting (A) in hamsters infected by SARS-CoV-2 (n≥6 per time point) and (B) in hACE2 transgenic mice infected by SARS-CoV-2 (n≥3 per time point). (C) hACE2 transgenic mice were injected intraperitoneally with an anti-Reelin antibody (CR-50, 100µg, n=5) or a control IgG (100µg, n=10) twice per week, starting 3 days before infection with SARS-CoV-2. Survival, weight loss, and clinical score from 1 (healthy) to 4 (dead) were recorded every day. *p<0.05, **p<0.01.








Discussion

In this study, we hypothesized that Reelin promotes endothelial dysfunction and participates in the propagation of hyperinflammation during COVID-19. To address this question, we have shown that this protein is increased in COVID-19 patients and correlates with disease activity, with higher levels in hospitalized individuals with severe respiratory symptoms. In this latter group, we observed a hyperinflammatory state or a cytokine storm, as judged by an increased concentration of serum inflammatory factors, such as cytokines (IL-1α, IL-4, IL-6, IL-10, and IL-17A), chemokines (IP-10, and MIP-1β), and adhesion proteins (E-selectin, and ICAM-1). Reelin level was highly correlated with IL-1α, IL-4, IP-10, MIP-1β, and ICAM-1, suggesting a specific role for Reelin in COVID-19 progression. Furthermore, in a long COVID cohort, Reelin and all the inflammatory mediators above returned to control levels. This shows that the hyperinflammatory state was resolved in these patients. Finally, to establish causality we have tested Reelin inhibition with the anti-Reelin antibody CR-50 in a COVID-19 mouse model. CR-50 prophylactic treatment was able to decrease the mortality and the disease severity in hACE2 transgenic mice infected with SARS-CoV-2. Taken together, these results demonstrate a direct pro-inflammatory function for Reelin in COVID-19 and identify this circulating protein as a potential biomarker and a drug target.

Remarkably, mild COVID and long COVID patients had no significant variation in the expression of inflammatory mediators compared to their controls, and only the severe COVID group showed large changes. In contrast, there was no evidence for an increase in inflammatory factors in the patients with long COVID. This observation is consistent with the description of a cytokine storm, with accumulating studies suggesting that high levels of cytokines are associated with COVID-19 morbidity and mortality in the acute phase of the illness (5–7). When looking specifically at the mild COVID group in our cohort, Reelin stands out as the only marker that is significantly increased (by two-fold). Furthermore, Reelin is increased (by five-fold) in severe COVID, while returning to normal in long COVID cases. This circulating protein appears to be more sensitive than other biomarkers during the low inflammatory state. The singular Reelin expression profile should be further explored in larger cohorts to test its usefulness as a prognostic biomarker.

For the first time, our study connects circulating Reelin with inflammatory mediators, as demonstrated for IL-1α, IL-4, IP-10 (also known as CXCL10), MIP-1β (also known as CCL4), and possibly IL-6. It suggests that Reelin is altered during inflammation and might regulate or be itself regulated by some inflammatory signals (Figure 4). To test this hypothesis, the source of Reelin secretion during inflammation needs to be identified. Candidate sites of expression are hepatic stellate cells (18, 38), kidney, adrenal medulla, vessels, small intestine, submandibular gland, cartilage, and bone (39–41). Besides cytokines and chemokines, Reelin expression also correlated with the adhesion protein ICAM-1, which is consistent with our previous findings. Indeed, several adhesion molecules expressed on the endothelium, including ICAM-1, are regulated by the Reelin/Apoer2/NK-κB axis (18–21). Taken together, these results suggest Reelin as a promoter and biomarker of endothelial dysfunction and potentially of inflammation, which is activated during inflammatory diseases such as atherosclerosis, multiple sclerosis, and now COVID-19. However, it appears that endothelial dysfunction and inflammation no longer persist in long COVID, as the levels of Reelin and inflammatory mediators in these PACS patients are not different from controls. This suggests that this specific pathology is triggered by the acute infection phase and not by chronic systemic inflammation.




Figure 4 | Proposed Reelin mechanism in COVID-19. This representation is based on the literature and the findings presented in this study to illustrate the two functions hypothesized for Reelin in the COVID-19 progression.



Reelin is found in platelets and a role for Reelin in thrombosis has also been established by two independent groups (23–26). Using genetic or antibody-mediated (CR-50) depletion of Reelin in mouse models, these groups demonstrated that Reelin interacts with platelets. This interaction occurs through different receptors and mechanisms such as Glycoprotein VI, α2β3 integrin, phospholipids, thrombin, or FXα. Thereby, Reelin promotes platelet activation leading to thrombin generation and the formation of a fibrin clot. Since Reelin greatly increases with the severity of the infection, its prothrombotic function may participate in or aggravate the thromboembolic complications seen in COVID-19 patients (1–3), and may reflect an extensive platelet activation as seen in the severe forms (42) (Figure 4). We have shown previously that Reelin promotes vascular adhesion and permeability to leukocytes, and in this article that Reelin expression in plasma is greatly elevated by ongoing inflammation anywhere in the body. In light of the activity Reelin has on coagulation, this increase in Reelin levels promotes a general prothrombotic state, which, with the initial formation and subsequent expansion of the clot, might lead to further local Reelin release from the aggregated platelets. This in turn would further promote local clotting and thus consolidate the thrombus. Therefore, Reelin functions in a dual capacity, as both a pre-thrombotic clotting facilitator and as a potentiator once an initial clot has formed. Both scenarios are reflected in Figure 4.

As discussed above, Reelin promotes vascular adhesion, permeability, and coagulation, which are all clinical hallmarks of severe COVID-19. Moreover, the increase in serum concentration of this protein correlates with the disease severity in infected patients. Therefore, to establish a causal relationship with this pathology, we depleted Reelin using the monoclonal mouse antibody CR-50 in hACE2 transgenic mice infected with SARS-CoV-2. This prophylactic treatment dampens the severity of the infection, as judged by mortality, weight loss, and clinical score. Thus, it demonstrates a direct role for Reelin in the progression to severe COVID-19, potentially through the promotion of endothelial dysfunction and coagulation. In our previous publications on various inflammatory models (atherosclerosis or multiple sclerosis), CR-50 treatment was able to deplete Reelin from the circulation, normalize the expression of endothelial adhesion proteins, decrease the rolling/adhesion/infiltration of leukocytes, and reduce the inflammation (19, 20). Moreover, it is important to note that Reelin is essential for synaptic plasticity (43, 44), migration of neuroblasts (45), as well as dendrite (46) and dendritic spine (47) formation. Therefore, preserving Reelin in the brain is crucial and in our previous studies, we have reported that Reelin expression and function in the brain were not affected by peripheral Reelin depletion. Taken together, these results suggest that the anti-Reelin strategy is relevant in humans and effective in preventing the progression from mild to severe COVID-19, which is characterized by a transition to a hyperinflammatory state (5–7).

This work was designed as a proof-of-concept study to test the relevance of Reelin as a biomarker and biotarget in COVID-19-related pathologies. Thus, it contains some limitations, due to the limited size of human and animal cohorts, as well as the use of animals to model a human disease. For example, a larger cohort might reach a statistically significant variation for IL-17A and IP-10 in the long COVID group, although there was no evidence for overwhelming ongoing inflammation in this group. It would also be more informative in a future study to follow the same patients during the acute phase of the infection and the post-COVID condition. Moreover, the multiplex inflammatory assay selected for this study contains a selection bias and it would be interesting to measure different inflammatory biomarkers commonly used in cardiovascular diseases, such as Galectin-3 (48–56). Finally, the severity of the infection in hACE2 transgenic mice led to a high mortality rate, with the number of animals reaching the endpoint too small for consistent histological and mechanistical analysis. Therefore, future studies should be designed to overcome these limitations and explore in-depth the mechanism by which Reelin contributes to the hyperinflammatory state during COVID-19 infection, where the current literature on Reelin implicates a role in endothelial activation, leukocyte recruitment, and thrombosis.





Conclusion

In conclusion, this report shows that Reelin expression in plasma is increased during COVID-19 and correlates with disease activity. This large circulating protein is known to regulate endothelial adhesion and permeability to leukocytes, as well as coagulation (Figure 4). These two mechanisms are important for COVID-19 progression to a hyperinflammatory state. Furthermore, this study demonstrates that anti-Reelin treatment dampens the severity of the infection in a preclinical model. A panel of cytokines, chemokines, and endothelial dysfunction biomarkers were also examined in mild, severe, and long COVID patients. The results confirm previous findings on the cytokine storm and endothelial dysfunction that occur only in the most severe cases and showed that systemic inflammation is resolved in post-COVID conditions, despite persistent symptoms.
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Background

Influenza virus is responsible for a large global burden of disease, especially in children. Multiple Organ Dysfunction Syndrome (MODS) is a life-threatening and fatal complication of severe influenza infection.





Methods

We measured RNA expression of 469 biologically plausible candidate genes in children admitted to North American pediatric intensive care units with severe influenza virus infection with and without MODS. Whole blood samples from 191 influenza-infected children (median age 6.4 years, IQR: 2.2, 11) were collected a median of 27 hours following admission; for 45 children a second blood sample was collected approximately seven days later. Extracted RNA was hybridized to NanoString mRNA probes, counts normalized, and analyzed using linear models controlling for age and bacterial co-infections (FDR q<0.05).





Results

Comparing pediatric samples collected near admission, children with Prolonged MODS for ≥7 days (n=38; 9 deaths) had significant upregulation of nine mRNA transcripts associated with neutrophil degranulation (RETN, TCN1, OLFM4, MMP8, LCN2, BPI, LTF, S100A12, GUSB) compared to those who recovered more rapidly from MODS (n=27). These neutrophil transcripts present in early samples predicted Prolonged MODS or death when compared to patients who recovered, however in paired longitudinal samples, they were not differentially expressed over time. Instead, five genes involved in protein metabolism and/or adaptive immunity signaling pathways (RPL3, MRPL3, HLA-DMB, EEF1G, CD8A) were associated with MODS recovery within a week.





Conclusion

Thus, early increased expression of neutrophil degranulation genes indicated worse clinical outcomes in children with influenza infection, consistent with reports in adult cohorts with influenza, sepsis, and acute respiratory distress syndrome.





Keywords: influenza, sepsis, organ failure, pediatric intensive care, neutrophil degranulation, MODS, neutrophil transcripts, critical care





Introduction

Severe lower respiratory tract infections (LRTI) are a leading cause of hospitalization and preventable death in children worldwide (1). In the US alone, from 2010-2020, an average of one in 4,000 children under 18 years old were hospitalized with severe influenza virus infection and 1,327 influenza-related deaths were reported (2, 3). Multiple organ dysfunction syndrome (MODS) is an uncommon but life-threatening and sometimes fatal complication of severe influenza infection in children (4). MODS is a heterogeneous syndrome with established clinical criteria but poorly defined pathophysiology. Therefore, a better understanding of the immunobiology of influenza-related pediatric MODS, including its development, persistence, and recovery, could lead to improved therapeutic interventions and prognostic stratification.

In this multicenter cohort of children with influenza-related critical illness, we previously reported that patients with MODS had a higher frequency of immunosuppression, as measured by reduced responsiveness to ex-vivo stimulation of whole blood using toll-like receptor 4 (TLR4) and retinoic acid-inducible gene I (RIG-I) pathway agonists compared to those who did not develop MODS (5, 6). They also, somewhat paradoxically, had evidence of greater systemic inflammation across multiple biomarkers (7). In this same cohort, we now evaluate whole blood messenger RNA (mRNA) gene expression profiles of a curated list of genes involved in immune response, inflammation, and metabolism among other functions using NanoString. We sought to identify genes predicting patients with Prolonged MODS and/or death compared to those that recovered from or never developed MODS. We also used available longitudinal data to provide insight into differences in gene expression over time associated with recovery from organ dysfunction.





Materials and methods

Biological samples for this study came from children previously enrolled in the Pediatric Intensive Care Influenza (PICFLU) Genetic Epidemiology and Immune Response Study (https://picflu.org) from sites across the Pediatric Acute Lung Injury and Sepsis Investigators (PALISI) network (www.palisi.org). The study was approved by the Institutional Review Boards at each hospital site, and informed consent was obtained from at least one parent or guardian prior to participation. The PICFLU patients included in this investigation had laboratory confirmed community-acquired influenza lower respiratory tract infection and had been admitted to one of the 30 different Pediatric Intensive Care Units (PICU) between March 2010 and March 2017. Inclusion criteria required support with invasive or non-invasive mechanical ventilation and/or vasoactive support. To minimize the confounding effects of comorbidities on influenza outcomes, patients with pre-existing immune suppressive conditions and other chronic cardiorespiratory and metabolic illnesses were excluded (see Supplementary Material for inclusion/exclusion criteria).

Blood (≤ 2.5 mL) from consented patients was collected in PAXgene® tubes (BD Diagnostics, PreAnalytical Systems, Franklin Lakes, NJ) as soon as possible after PICU admission. When possible, a second blood sample was collected between 6 to 8 days after the first. Samples were kept at room temperature (up to 24 hours, minimum of 2 hours) then frozen at -80°C. Sites shipped samples on dry ice to Boston Children’s Hospital for analysis. The Supplementary Material details the RNA extraction procedures.




NanoString custom gene panel

A custom NanoString gene panel was designed for 469 mRNA targets incorporating genes known for moderating inflammation, cytokines, purinergic signaling, or those specifically shown to be associated with acute respiratory distress syndrome (ARDS), sepsis, or influenza from previous publications (See Supplemental Material, Table S1 Gene Source). Seven housekeeping (HK) genes were included based on similar studies (8–10). Samples were prepared using Reporter and Capture ProbeSets (see Supplemental Methods) for details then loaded individually onto the NanoString cartridge. Non-amplified mRNA was quantified using the nCounter® SPRINT Profiler (NanoString Technologies, Inc., Seattle, WA) in batches of 12.





Organ dysfunction assessment

The Pediatric Sequential Organ Failure Assessment (pSOFA) score, is a validated measure of organ failure over time (maximum score of 24) that is positively correlated with mortality (11). It was used to determine each patient’s MODS status at the time of sample collection. MODS was defined as pSOFA ≥ 2 in at least two organ systems. See pSOFA Scoring in Supplementary Material for details. Each PICU patient was assigned to one of four MODS groups (Figure 1). “Prolonged MODS/Died” (subsequently referred to as “Prolonged MODS”) was defined as having MODS at the time of first blood collection plus one of the following: (a) MODS on/after PICU Day 7, and/or (b) ECMO on/after PICU Day 7, or (c) death while in hospital. Note only one death occurred on PICU Day 4; all others were after PICU Day 7. “Recovered MODS” was defined as having MODS at the time of first blood collection but survived with resolution of MODS by PICU Day 7. Patients who newly developed MODS within the first week after the first sample was collected were deemed as “Developed MODS”. Patients who never had MODS were assigned to the “Never MODS” control group. A subgroup of the Prolonged MODS and Recovered MODS patients had a second blood sample collected approximately seven days after their initial sample. Their MODS status was again determined on the day the samples were collected. Figure 1 summarizes the cohort groups and definitions.




Figure 1 | Children with influenza critical illness were stratified by their multiple organ dysfunction syndrome (MODS) status during blood collection and final outcome. Grey boxes indicate that patient groups were excluded from analysis. Longitudinal blood samples were collected from a subgroup of Prolonged and Recovered MODS patients in which a second blood sample was collected approximately 7 days after the first while still in hospital. PICU, Pediatric Intensive Care Unit. ECMO, Extracorporeal Membrane Support.







Gene expression analyses

NanoString data were assessed for common quality control measures using the NACHO R package (12). Seven a priori defined housekeeping genes were assessed for frequency and degree of expression, and five of those were subsequently used to normalize the data with the geometric mean method (B2M, DECR1, HPRT1, POLG, PPIB). To identify potential genes that might distinguish the MODS patient groups, we utilized linear models as implemented by the limma package in R (13) and included log10 age and bacterial co-infections as covariates in each model. False Discovery Rate (FDR) was used to correct for multiple comparisons, with adjusted p-values <0.05 (or q values) considered significant. Paired longitudinal samples were analyzed using a linear model comparing Prolonged MODS vs Recovered MODS correcting for log10 age using FDR <0.05. The latter statistical approach was recently published (14) and is further outlined in the Supplementary Material.






Results

We had high quality PAXgene RNA extracts from samples collected early in the PICU course on 191 pediatric patients (Figure 1). Of the final 191 patients included in the analysis, 38 had Prolonged MODS or died, 27 Recovered from MODS, 3 Developed MODS and 126 Never had MODS. Because only 3 patients Developed MODS, we excluded them from further analyses. Patients’ demographics and their clinical course are detailed in Table 1 stratified by MODS category.


Table 1 | Demographics and clinical course for severe pediatric influenza patient cohort.



We compared the clinical characteristics and mRNA expression in blood collected during MODS from patients in the Prolonged MODS and Recovered MODS groups. They were also compared against Never MODS patients as a control group (Table 1). Patients with Prolonged MODS were older with a median age of 11.3 years (IQR 6.2, 14.3 years) and had a higher percent of bacterial co-infections (Table S2); therefore, we statistically adjusted analyses for these two variables. All three groups had a similar percentage of patients who were previously healthy, received steroids, and had other viruses co-detected in respiratory samples. Across cohorts, the first blood sample was obtained within a median of 27.1 hours of PICU admission (IQR 18.4, 44.8 hours). The time difference between collection of Prolonged MODS and Recovered MODS patients’ blood samples was not significantly different (p=0.2). For those who were not previously healthy, the most common pre-existing conditions were asthma (23% of n=191 cohort), neurological or neuromuscular developmental delay (5.8%), and seizure disorder not including simple febrile seizures (4.2%). Notably, 8 of 9 Prolonged MODS patients who died had no underlying conditions, and one had mild asthma. The Prolonged MODS group had a longer duration of PICU stay, higher incidence of invasive mechanical ventilation and shock requiring vasopressors, and increased frequency of ARDS diagnosis and/or ECMO support. Influenza B was also more common in this group. White blood cells and neutrophil counts were significantly lower in Prolonged MODS patients compared to Recovered MODS patients. The numbers of monocyte and lymphocytes were not significantly different.

The six organ systems identified as dysfunctional in patients with either Prolonged MODS or Recovered MODS are listed in Table 2. These patients had very similar percentages of their respiratory, cardiovascular, and neurologic systems affected at the time of the first blood collection. Prolonged MODS patients sustained a higher percent of cases with coagulation, hepatic, and renal dysfunction. The majority of the Recovered MODS patients (85.2%) only had two of the six organ systems affected while 68.4% of Prolonged MODS patients had three or more affected.


Table 2 | Number of dysfunctional organ systems in patients with Prolonged MODS/Died or Recovered MODS at the time of the first blood collection.






Neutrophil degranulation is significantly associated with Prolonged MODS and/or death in pediatric severe influenza LRTI

Comparison of the quantity of mRNA transcripts (interpreted as mRNA expression levels) between patients with Prolonged MODS (n=38) and Recovered MODS (n=27) identified 17 genes with significantly increased expression in those with Prolonged MODS patients. Nine of these genes are involved specifically with neutrophil degranulation (RETN, TCN1, OLFM4, LCN2, BPI, MMP8, LTF, S100A12, GUSB) (Figure 2 and Table 3), whereas the other eight genes (MS4A4A CLEC1B, GAPDH, LGALS1, ESPL1, GNA15, DUSP4, and TWISTNB) are involved in various cellular functions: metabolism, cell proliferation and differentiation, blood coagulation, and/or cell cycling (Figure 3 and Table 4). Three of the genes involved in neutrophil degranulation, RETN, TCN1, and OLFM4, had the largest differences among all 17 genes (q ≤ 0.001). Absolute neutrophil counts from Prolonged MODS and Recovered MODS patients showed a significant inverse relationship with all neutrophil degranulation mRNA transcript levels except for OLFM4 and BPI, respectively (Figure S1). There was no correlation between neutrophil counts and Never MODS patients’ mRNA levels.




Figure 2 | Whole blood collected during MODS revealed significantly increased mRNA expression of nine genes associated with neutrophil degranulation in pediatric patients who had Prolonged MODS or Died (n=38) compared to patients that Recovered from MODS (n=27). Never MODS was included as an influenza positive PICU control (n=126). After adjustment for multiple comparisons, transcription levels between Recovered vs Never MODS did not have any statistically differences. Note the different y-axis for H and I. ****q<0.0001, ***q ≤ 0.001, **q ≤ 0.01, *q<0.05. All Tukey box plots represent the median (center line of the box), 25% IQR (Q1, bottom line of the box), 75% IQR (Q3, top line of the box), error bars are the minimum and maximum values within 1.5x the Q1 and Q3 quadrants, outliers indicated by circles. MODS, Multiple Organ Dysfunction Syndrome. (A) RETN, Resistin. (B) TCN1, Haptocorin. (C) OLFM4, Olfactomedin 4. (D) LCN2, Lipocalin 2. (E) BPI, Bactericidal Permeability Increasing Protein. (F) MMP8, Matrix Metallopeptidase 8. (G) LTF, Lactotransferrin. (H) S100A12, S100 Calcium Binding Protein A12. (I) GUSB, Glucuronidase Beta.




Table 3 | Nine genes associated with neutrophil degranulation that had significantly increased mRNA levels in patients with Prolonged MODS/Died compared to Recovered MODS.






Figure 3 | Whole blood collected during MODS showed significantly increased mRNA expression of eight genes not directly associated with neutrophil degranulation in patients that had Prolonged MODS or Died (n=38) compared to those that who recovered from MODS (n=27). Never MODS was included as an influenza positive PICU control (n=126). After adjustment for multiple comparisons, transcription levels between Recovered vs Never MODS did not have any statistically differences. ****q<0.0001, **q ≤ 0.01, *q<0.05. MODS, Multiple Organ Dysfunction Syndrome. (A) MS4A4A, Membrane Spanning 4-Domains A4A. (B) GAPDH, Glyceraldehyde-3-Phosphate Dehydrogenase. (C) LGALS1, Galectin 1. (D) CLEC1B, C-Type Lectin Domain Family 1 Member B. (E) ESPL1, Separin. (F) GNA15, G protein subunit alpha 15. (G) DUSP4, Dual specificity phosphatase 4. (H) TWISTNB, RNA polymerase I subunit F.




Table 4 | Eight genes not associated with neutrophil degranulation that had significantly increased mRNA levels in patients with Prolonged MODS/Died compared to Recovered MODS.



In children who never had MODS, all were admitted to the PICU due to influenza-related respiratory system involvement. Differentially expressed genes between the Recovered MODS and Never MODS patients were not significant after adjustment for multiple comparisons. Never MODS patients showed significant gene expression differences compared with Prolonged MODS in 94 genes (Table S3A); these included the 17 genes in Figures 1, 2 differentially expressed between the Prolonged and Recovered MODS groups. Nine genes are listed in Table S3B that were most similar between the Prolonged and Never MODS groups.





Although neutrophil degranulation transcripts were associated with a Prolonged MODS outcome, differential expression over time of multilineage immune cell activation-related genes were associated with clinical recovery

A second PAXgene sample was collected from 81 patients a median of 6.9 days (IQR 6.8, 7.1) after the first sample collection. The Never MODS subgroup was excluded as the focus was to compare biological mRNA levels in those that had MODS at one time. We were able to collect a second sample from 23 patients who still had Prolonged MODS and compare them to 22 patients who had Recovered from MODS (which included seven previous Prolonged MODS patients who had recovered by their second sample). The mRNA expression in early versus later samples was analyzed (Table 5). Five genes (RPL3, EEF1G, HLA-DMB, MRPL3 and CD8A) exhibited significant differences in gene expression when comparing paired longitudinal samples collected approximately one week apart from Recovered MODS patients and those with Prolonged MODS. To visualize the change of expression in each of these genes in the Prolonged MODS and Recovery groups, Figure 4 shows the trajectory of each of these gene products between sample 1 (the first, earliest PAXgene blood RNA sample) and sample 2 (PAXgene blood RNA collection obtained approximately seven days after the first) (q<0.05). The proportion of patients in each MODS phenotype with increased or decreased mRNA expression is shown in Figure S2. RPL3, MRPL3, and HLA-DMB expression increased in 78.3% of Prolonged MODS patients, while EEF1G and CD8A decreased in nearly a third of the group. HLA-DMB and CD8A increased in nearly all (95.4%) Recovered MODS patients. RPL3, MRPL3, and EEF1G also increased in the majority (90.9%) of the Recovered MODS group.


Table 5 | Five genes showed significantly different mRNA expression in longitudinal paired samples when comparing Prolonged MODS and Recovered MODS over time.






Figure 4 | Longitudinal, paired blood samples from Prolonged MODS/Died versus Recovered MODS patients: Five genes whose mRNA expression significantly differed between their first and second samples obtained approximately 7 days apart. Median normalized mRNA levels are plotted for each subgroup with 95% confidence intervals of the median. These genes showed a differential change over time between the first, early blood collection, Sample 1, and Sample 2 collected approximately 7 days later from Prolonged MODS/Died patients (n=23, staggered line, ◊ median expression) and Recovered MODS patients (n=22, solid line, ● median expression), FDR q<0.05. Note: for each graph, y-axis linear scales vary. RPL3, Ribosomal protein L3. EEF1G, Eukaryotic Translation Elongation Factor 1 Gamma protein. HLA-DMB, Major histocompatibility complex, class II, DM beta. MRPL3, Mitochondrial Ribosomal Protein L3. CD8A, T-cell surface glycoprotein CD8 alpha chain.








Discussion

In this national cohort of over 200 children with severe influenza LRTI admitted to the PICU, development of prolonged MODS was a life-threatening and sometimes fatal complication associated with high morbidity (4). Using a targeted gene panel of 469 mRNA transcripts on whole blood samples collected from these severely ill patients early in their PICU course, we identified increased expression of multiple genes in the neutrophil degranulation pathway in children that went on to have poor clinical outcomes. These transcripts (including RETN, TCN1, OLFM4, LCN2, BPI, MMP8, LTF, S100A12, and GUSB) distinguished children with Prolonged MODS (and those who later died) from those who had MODS at the time of sample collection but recovered within 7 days and from those who never developed MODS. Serial samples collected approximately a week later did not show major differential changes over time in these same genes between the Prolonged MODS and Recovered MODS groups. Instead, results showed increased longitudinal differential expression levels in the Recovered MODS subgroup of gene transcripts known to be involved in adaptive immunity, the innate-adaptive immune interface, or ribosome activation.

Despite significant differences in the immunological development and correlates of risk and protection between children and adults, our neutrophil degranulation signature is consistent with the findings of prior studies in adult patients with severe LRTI or sepsis with ARDS. Some of the genes from these publications were incorporated into our mRNA panel and revealed a similar upregulation in our Prolonged MODS group. In 2018, Dunning and colleagues (15) using a custom microarray on samples collected within approximately four days of symptom onset in 31 mechanically ventilated UK adults hospitalized for severe influenza with and without bacterial coinfection, reported increased expression of seven of these same neutrophil degranulation genes (RETN, TCN1, OLFM4, LCN2, BPI, MMP8, and LTF). In our cohort, we statistically adjusted for the presence of confirmed bacterial coinfections and did not report them separately. Kangelaris and colleagues (8) previously reported that RETN, TCN1, OLFM4, LCN2, BPI, and MMP8 neutrophil degranulation genes were upregulated in the peripheral blood of 28 older adults during sepsis-related ARDS (72% due to pneumonia/lung aspiration) compared to those with sepsis without lung involvement. Similarly, over 92% of our Prolonged MODS cohort also suffered with acute lung injury (ALI) or ARDS. Liu and colleagues also identified these same six genes in a Chinese cohort as potential biomarkers for severe influenza LRTI in adults (40). Another study reported that the upregulation of neutrophil mRNA transcripts were strongly associated with adverse outcomes from severe influenza virus LRTI in critically ill adults admitted to the ICU of which 32% had MODS, 16% had a bacterial co-infection, and 20% died (41). The same adult cohort was further validated by Zerbib, et al, who found that severe influenza was associated with various neutrophil pathways, including degranulation (42).

Additional publications describe some of the same genes, albeit individually, as being associated with illness severity. In a recent report, adults hospitalized with coronavirus disease 2019 (COVID-19), had increased serum resistin protein levels (derived from RETN) associated with invasive ventilation and poor prognosis (16). A different study also confirmed increased GUSB in adult ICU sepsis patients (19). Of note, although GUSB has been used as a housekeeping gene in expression studies (43), we and others show that it can function as a measure of disease severity for influenza and sepsis. In our study, GUSB ultimately showed significantly different expression levels in the Prolonged MODS compared to Recovered MODS groups and was therefore excluded as a housekeeping gene.

The Prolonged MODS cohort overall had lower neutrophil counts, therefore the increase of neutrophil degranulation mRNA transcripts in this cohort is not explained by increased neutrophil counts. This inverse relationship between higher expression of neutrophil degranulation genes with lower neutrophil counts in more severely ill patients was also reported in severe sepsis/ARDS patients (8). Neutropenia in a critically ill patient could be explained by lack of neutrophil production, sequestration, or activation induced cell death (44–46). Our finding that 8 of 9 neutrophil degranulation genes were negatively correlated with neutrophil count identifies a potential gene signature that may be useful for characterizing the latter cause of neutropenia in infected patients with Prolonged MODS.

Although these nine neutrophil degranulation mRNA transcripts have various end-point functions, collectively, they support a strong association of active neutrophil degranulation pathways with prolonged disease severity evidenced by multiorgan dysfunction. In our study, over 92% of patients with MODS had respiratory dysfunction. Other affected organs were highly variable per patient making difficult to speculate the involvement of each. The consistency of this neutrophil signature in adult influenza cohorts and our own data suggests it may represent an initial key pathway for severe outcomes particularly in respiratory disease.

Previous findings suggest that obtaining specimens within 24 hours of admission is necessary to predict outcomes based on neutrophil-mediated expression (8); however, the general timeframe between illness onset and PICU admission is largely variable. Our results of influenza-infected children with Prolonged MODS revealed that neutrophil-related mRNA transcription remained upregulated for a median of 37.3 hours (IQR 23, 63.4 hours), similar to what Dunning, et al, and Tang, et al, discovered in adults (15, 41). However, there was no significant difference in the change in expression of the neutrophil gene signature over time (i.e. a week later).

To further differentiate gene expression in blood collected during MODS, there were eight additional genes not directly related to neutrophils that were upregulated early on in the Prolonged MODS versus Recovered MODS groups. The first, MS4A4A, codes for a novel cell surface marker for alternatively activated macrophages and plasma cells (20) and was previously reported as being significantly increased in pediatric sepsis (21). ESPL1, encodes a key protease needed to initiate anaphase, and has not been previously reported as being elevated in influenza or MODS; however, there are studies suggesting a role in cell cycle dysregulation during influenza infections (25). In blood immune cells from healthy adults, ESPL1 mRNA is transcribed in low quantities in T- and B-cells but largely stems from short-lived plasma cell precursors (26). Its increase in the Prolonged MODS group could indicate an attempt at proliferation by adaptive immune cells to help fight infection. Similarly, CLEC1B encodes for a transmembrane protein on platelets, granulocytes, and myeloid cells and has an anti-inflammatory role during bacterial-induced ARDS in mice (23). CLEC1B was also shown to be increased in asymptomatic SARS-CoV-2 adults approximately two weeks after their exposure, suggestive of a role in viral infection recovery (24). Although LGALS1, GNA15, DUSP4, and TWISTNB were also upregulated in the Prolonged MODS versus Recovered MODS groups, their differentiation was less pronounced. However, they may have prognostic value deserving of further study. They are explored further in the Supplementary Material.

In the subset of children with MODS with longitudinal samples, five mRNA transcripts RPL3, EEF1G, HLA-DMB, MRPL3, and CD8A, differed in expression between those with Prolonged MODS and Recovered MODS. RPL3 and EEF1G, which enable different ribosomal-related enzyme functions, are commonly downregulated during initial acute influenza infection (33). Likewise, we also found that they were similarly downregulated in early samples compared to later ones. In a separate pediatric study, EEF1G mRNA expression and specifically RPL31, were reported to be decreased in PBMCs from influenza-infected children following hospitalization and could be used to distinguish between influenza and bacterial infections (with and without lung involvement) (34). In our longitudinal cohort, >90% of the Recovered MODS subgroup showed increased RPL3 and EEF1G expression at their second time point suggesting a return to normal cellular function since these genes are vital transcriptional components of ribosome function and protein synthesis. Another ribosome associated gene, MRPL3, which encodes a mitochondrial ribosomal protein, facilitates the synthesis of mitochondrial proteins needed for oxidative phosphorylation (35), an essential metabolic process for the development and function of effector CD8+ T cells (36, 37). Interestingly, it has also been associated with high altitude hypoxia (38) suggesting its upregulation in the Recovered MODS group may be helping increase oxygenation utilization. Finally, two genes important in either directly or indirectly activating the adaptive immune response, CD8A and HLA-DMB, showed increased expression in 95% of the Recovered MODS subgroup at their second time point, suggesting the importance of increased recovery of the function of the innate-adaptive immune interface may be key for recovery of organ function. It could also represent an expansion of CD8+ T cells in the blood, indicating a rebound from the lymphopenia that characterizes many severe viral and bacterial infections. In a separate study, a 14-dataset analysis of adult and pediatric sepsis spanning 8 different countries, the decrease of HLA-DMB expression in whole blood was observed soon after a sepsis diagnosis in the most severe cases (32). This was also true in our study in the first blood sample from children with Prolonged MODS and Recovered MODS. However, at their second timepoint, those who recovered from MODS demonstrated significantly increased HLA-DMB, potentially signifying an enhanced ability of those subjects’ innate immune cells to perform MHC class II-mediated antigen presentation.

We have previously shown that functional impairment of circulating leukocytes, as measured by reduced ability to produce pro-inflammatory cytokines when whole blood is stimulated ex vivo using lipopolysaccharide or poly (I:C), was associated with increased risks for mortality, prolonged organ dysfunction, and prolonged hypoxemic respiratory failure in critically ill children with influenza (6). Of note, in this study, all influenza-positive children admitted to the PICU, regardless of MODS status, had similar, abundant interferon receptor expression levels (IFNαR1, IFNγR1) at their first time point (data not shown). Many of the other interferon transcripts, such as IFNα2, IFN1/13, and IFNγ, had very low mRNA counts suggesting these particular influenza viral responses had likely diminished but not before they induced a high level of IFITM1 (47) which was equally maintained in the Prolonged MODS and Never MODS groups despite the variable complications. The results of the current study suggest that phenomena such as neutrophil degranulation may occur concurrently with down-regulation of innate immune responsiveness.





Study strengths and limitations

The strengths of this study included multicenter enrollment across the U.S. and extensive phenotyping of patients over eight influenza seasons. The study’s longevity (and therefore familiarity at PICU sites) has enabled the cohesive capture of numerous MODS cases at early time points. Also, capturing two sample time points seven days apart provided an insight to the transcriptional activity trend over time and differentiated patients that recovered faster. Our study also has some limitations. First, this study is prognostic and only establishes associations and not causality. Second, the protein level produced and/or released into the extracellular environment was not evaluated in this study, as our evaluation of samples was limited to mRNA expression based on a priori selection of genes. As is the case with any gene expression study of whole blood, highly expressed target genes, such as S100A12, may obscure quantification. Third, although WBC counts were determined for most of the cohort, the information was reliant on hospital site clinical sample lab results, which were obtained at variable times – many were one day prior to the research sample being obtained. We were unable to measure WBC on the research samples due to limitations on how much blood could be obtained from children and appropriate instrumentation/staff for conducting differential counts at multiple locations. Therefore, neither WBC or neutrophil counts were statistically controlled for as confounders as not all data points were available. However, for all samples, RNA content from whole blood is derived almost entirely from white blood cells. Thus, gene expression was normalized by (1): standardizing the amount of RNA tested and (2) normalizing all expression data to the same housekeeping genes. Fourth, vaccination status was self-reported in this cohort and therefore not verified. However, an average of 36% of the parents interviewed responded that their child had received the seasonal influenza vaccine prior to hospital admission, which was similar for all MODS groups. Fifth, our multicenter cohort included only three children who developed MODS after blood was collected. To be able to analyze this patient group, it would help to broaden the influenza cohort by preemptively collecting blood samples while in the emergency room or ward.





Conclusion

In conclusion, children with influenza critical illness who endured prolonged MODS or died had multiple blood mRNA transcripts associated with neutrophil degranulation shortly after PICU admission compared to those that recovered from MODS. We show similar findings that were reported in prior transcriptional studies on sepsis and/or influenza-infected hospitalized adults. Although prognostic, neutrophil pathways did not change differentially across the Prolonged versus Recovered MODS groups in the subset of children whose samples were obtained a week later. Instead, genes involved with adaptive immunity and ribosomal protein synthesis were higher in those who recovered from MODS. Cumulatively, these data aid in understanding the pathophysiology of children with concurrent severe influenza LRTIs and MODS. Importantly, it provides gene expression data that may help to develop prognostic approaches to improve monitoring and prompt intervention for these complex cases and, based on prior studies, may be applicable across multiple age cohorts. These findings require validation in other cohorts of critically ill children.
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Sepsis is a life-threatening organ dysfunction caused by abnormal host response to infection. Millions of people are affected annually worldwide. Derangement of the inflammatory response is crucial in sepsis pathogenesis. However, metabolic, coagulation, and thermoregulatory alterations also occur in patients with sepsis. Fatty acid mobilization and oxidation changes may assume the role of a protagonist in sepsis pathogenesis. Lipid oxidation and free fatty acids (FFAs) are potentially valuable markers for sepsis diagnosis and prognosis. Herein, we discuss inflammatory and metabolic dysfunction during sepsis, focusing on fatty acid oxidation (FAO) alterations in the liver and muscle (skeletal and cardiac) and their implications in sepsis development.
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1 Introduction

Sepsis is a Greek-derived term that initially meant “decomposition of animal or vegetable organic matter in the presence of bacteria.” This has been documented in Homer’s Iliad and Corpus Hippocraticum (1). Over the last 120 years, sepsis has received different modern definitions, most related to the interaction between pathogenic microorganisms and immune host defenses (2–5). Sepsis is defined “as life-threatening organ dysfunction caused by a dysregulated host response to infection” (6).

Sepsis is the most common cause of death by multiple organ dysfunction in critically ill patients, and, as an infectious condition, sepsis can be bacterial, viral, or fungal (7–9). Sepsis affects 1.7 million adults annually in the United States, and half of all sepsis cases are caused by gram-negative bacteria, making septic shock a common complication (10, 11). In addition, gram-positive bacteria cause septic shock. We also must consider that many studies use lipopolysaccharide (LPS), a component of gram-negative bacteria, which causes endotoxemia, but not sepsis, but can be biased considering gram-negative sepsis. More than 40 million annual cases are estimated to occur worldwide (12). Detecting the origin of sepsis is crucial in clinical practice because it presents different pathophysiologies, clinical patterns, and treatment approaches (13, 14).

To assess sepsis severity, the Sequential Organ Failure Assessment (SOFA) score evaluates six organ systems: the respiratory, cardiovascular, hepatic, coagulation, renal, and neurological systems (15, 16). Dysregulation of lipid oxidation plays a significant role in organ damage during sepsis, and studies have indicated a positive correlation between markers of lipid oxidation dysfunction and SOFA score. Serum malondialdehyde (MDA) and free fatty acids (FFA) levels also correlated with higher SOFA scores (17). For example, serum MDA is a marker of lipid peroxidation and oxidative stress that correlates with SOFA score and lactatemia (18). Recent research has also shown connections between MDA levels and SOFA score, as well as with APACHE-II and coagulation indices (19). In addition, a correlation between higher FFA levels and patient SOFA scores has been reported (20). Recent research has identified a correlation between SOFA score and various lipid metabolites involved in different pathways (21). Lipid metabolism dysfunction can cause muscle and liver damage but can also affect other systems evaluated by the SOFA score.

Inflammation is fundamental to sepsis pathogenesis but does not fully explain progressive organ dysfunction (22). In addition to inflammation, there are also reported impairments in metabolism, coagulation, and thermoregulation have also been reported (23). Mild alterations in metabolic pathways can be beneficial for regulating the immune response to infection and minimizing tissue damage (24). In sepsis, there is an interplay between inflammatory and metabolic changes, where the host response to infection plays a crucial role, potentially contributing to multiple organ dysfunction and, in severe cases, death (25). Recognizing the interdependency of inflammation and metabolism can be vital, as exploring metabolic alterations and inflammation may unveil new targets for sepsis treatment, which are currently primarily supportive rather than curative (26).

Mitochondrial or energetic dysfunction is among the most widely acknowledged metabolic impairments in sepsis and contributes to organ dysfunction and mortality (27, 28). As fatty acid oxidation (FAO) and the Krebs cycle are intramitochondrial events, a thorough exploration of lipid metabolism in sepsis has been conducted (29). As changes in fatty acid mobilization and oxidation are thought to play a role in the complex pathogenesis of sepsis, they hold significant promise for supporting the development of novel prognostic, therapeutic, and diagnostic tools (30).

Several investigations, including “-omics” and “multi-omics” analyses, have been performed to understand sepsis-induced FAO impairment, analyzing its consequences, predictive tools, and new therapeutic target compounds (31–36). Diverse metabolic adaptations occur in different organs during sepsis and some events can hamper these adaptations (22). For example, sepsis disturbances in lipid metabolism impair β-oxidation, which can lead to lipotoxicity, worsening the clinical status of these patients (37). To explore recent developments in our understanding of lipid metabolism in sepsis, we discuss the impairment of FFA metabolism induced by bacterial sepsis in the liver and muscles, including the skeletal and cardiac systems.




2 Sepsis inflammatory response

The latest international consensus (Sepsis-3) defines sepsis as life-threatening organ dysfunction caused by an abnormal host response to an infectious insult (6). Dysfunctional inflammatory and anti-inflammatory responses in sepsis may cause self-damage to the host organs (38). This is often observed in septic patients with acute respiratory failure, renal failure, or circulatory shock (39).

Sepsis can result from systemic inflammatory response syndrome (SIRS), which is caused by the release of pathogen-associated molecular patterns (PAMPs), such as LPS, peptidoglycans, viral ss/dsRNA, and bacterial DNA (40, 41). These molecules are recognized by pattern recognition receptors (PRRs) such as C-type lectin receptors (CLRs), NOD-like receptors (NLRs), and Toll-like receptors (TLRs) (42). To date, 13 TLRs have been described in mammals; ten are expressed in human cells. The activation of this receptor by its ligands triggers intracellular signaling by adaptor proteins; for instance, the MyD88-dependent pathway triggers several kinase proteins, such as p38 MAP kinase, JNK, ERK1, and ERK2, through phosphorylation. It culminates in activating transcription factors (e.g., NF-κB and AP-1) and the production of proinflammatory cytokines such as TNF-α, IL-6, IFN-γ, and enzymes such as cyclooxygenase-2 (COX-2) (43–45). Indeed, using the cecal ligation and puncture (CLP) sepsis model, TLR4 activation increased TNF-α serum levels as early as 4 h after surgery (46).

NOD-like receptors (NLRs) are important PRRs involved in sepsis caused by bacterial infections. They can detect PAMPs and DAMPs (41). NLR proteins form inflammasomes, which are multiprotein complexes (47, 48). Inflammasomes consist of NLR, the adaptor protein apoptosis-associated speck-like protein with a CARD domain (ASC), and pro-caspase-1, which activates caspase-1 and releases IL-1β and IL-18 (47).

The NLRP3 inflammasome modulates responses to sepsis by activation when cells are primed with cytokines or LPS and then stimulated with ATP, reactive oxygen species (ROS), mitochondrial dysfunction, or K+ efflux (49). Inhibition of the NLRP3 inflammasome during sepsis can improve survival and bacterial clearance (50), and alleviate acute lung injury. However, it may impair the immune response of monocytes, leading to higher mortality (51, 52). Higher levels of NLRP3, caspase-1, and IL-1 β in the bloodstream of patients with sepsis increase the risk of mortality (53–55).

PRRs activate cytokines that regulate the immune system and contribute to inflammatory responses (56). Although the expression of cytokines is beneficial in the inflammatory response and is necessary for pathogen clearance, excessive cytokine production during sepsis can cause harm, known as a cytokine storm (CS) or cytokine release syndrome (CRS). High levels can lead to organ failure, blood clotting, and even death. (57, 58). For example, in sepsis, cytokines such as IL-6, TNF-α, IL-1β, and CXCL8 increase antibody production, vascular permeability, and neutrophil recruitment (57, 59).

The altered state of endothelial cells, leukocytes, and platelets caused by cytokine production may cause sepsis-induced coagulopathy (SIC), which is linked to a poor outcome (60, 61). During sepsis, monocytes/macrophages express tissue factor and factor VII, activating the extrinsic coagulation pathway. Platelets are also activated, contributing to inflammation and thrombosis. Activated platelets can interact with leukocytes, promoting cytokine release and the neutrophils’ extracellular traps (NETs) (61–64).

Sepsis affects endothelial cells, causing an increase in vascular permeability and the expression of adhesion molecules such as E- and P-selectins, vascular adhesion molecule (VCAM)-1, and intracellular adhesion molecule (ICAM)-1, fostering leucocyte rolling and crawling. Damage to endothelial cells also impairs vascular tonus due to dysregulated NO production. These changes can lead to edema and impaired vascular tonus, compromising organ perfusion and metabolic function (65–69).

Under homeostatic conditions, the ATP demands of immune cells are regulated by the tricarboxylic acid (TCA) cycle (70). Sepsis rapidly increases ATP burning as immune cells prompt the fight against infection. Thus, these cells switch to aerobic glycolysis, quickly producing lactate and ATP but less efficiently. Interestingly, lactate is elevated in sepsis, showing a metabolic turnover in these patients (71), and has also been suggested to be a reliable prognostic tool that helps in the clinical management of patients (71). During sepsis, macrophages produce NO, which inhibits succinate dehydrogenase, a crucial enzyme in the TCA cycle (72). Also in sepsis, M2 macrophages increase lipid β-oxidation and upregulate IL-4 and peroxisome proliferator-activator receptor-γ (PPAR-γ) (72, 73).




3 Stressful state of sepsis

Sepsis is a sustained and extreme example of a stressful situation. Stress is “a state of homeostasis being challenged” (74). The stress system has two types of effectors: central and peripheral. The central system corresponds to the hypothalamic hormones arginine vasopressin (AVP), corticotropin-releasing hormone (CRH), pro­opiomelanocortin-derived peptides, and norepinephrine. The peripheral system includes glucocorticoids (the hypothalamic–pituitary–adrenal axis) and catecholamines (the sympathetic–adrenal–medullar axis). All these stress mediators reach the CNS and peripheral functions commanded by the gastrointestinal, cardiorespiratory, metabolic, and immune systems (75). PAMPs and DAMPs excessively activate PPRs, which activate proinflammatory signaling pathways, leading to the release of proinflammatory chemokines, cytokines, and the expression of endothelial adhesion molecules (76). Proinflammatory cytokines, such as TNF-α, IL-1-β, and IL-6, activate the hypothalamic–pituitary–adrenal (HPA) and sympathetic–adrenal–medullar axes (SAM) (77, 78). Activating these axes enhances the synthesis and release of glucocorticoids and catecholamines, thereby promoting metabolic alterations.

The HPA axis controls glucocorticoid and mineralocorticoid syntheses. Glucocorticoids (GCs) are steroid hormones that exert widespread hormone-physiological effects on homeostasis (79). Under internal and external signals, the hypothalamus secretes corticotropin-releasing hormone (CRH) and arginine vasopressin (AVP) (80). CRH is released into the hypophyseal portal circulation and stimulates the anterior pituitary to produce and secrete adrenocorticotropic hormone (ACTH). Consequently, glucocorticoids (cortisol in humans and corticosterone in rodents) are released from the zona fasciculata of the adrenal cortex (81). GCs are transported through the globulin-glucocorticoid protein in the blood. The glucocorticoid receptor (GR), which is ubiquitously expressed throughout the organism, mediates the glucocorticoid effects. The GC–GR complex translocates into the nucleus and modulates target gene expression through glucocorticoid-responsive elements (GREs) (82). Owing to hyperglucocorticoidemia, the HPA axis is controlled by negative feedback. During sepsis, immune cell-derived cytokines such as TNF-α, IL-IL-1-β, IL-6, and IL-10 activate the HPA axis (77). In experimental sepsis, adrenalectomized GRdim/dim mice treated with UX38, a GR blocker, showed poor outcomes (83). Thus, the disruption of the HPA axis plays a vital role in sepsis. Moreover, as in sepsis, higher vascular inflammation results in adrenal and HPA axis dysfunctions (84). Some studies showed that compared to a healthy state, plasma concentrations of total cortisol/corticosterone (CORT) rose in intensive care unit (ICU) septic patients and male mice and rats compared to a control group. However, they also observed reduced serum ACTH levels (85–88). This has been called “ACTH-cortisol disruption.” Likewise, Téblick et al. noticed that pro-opiomelanocortin gene expression was augmented more than usual. However, markers of processing POMC into ACTH and ACTH secretion were downregulated by glucocorticoid receptor–ligand binding. This could explain the low plasma ACTH and high POMC levels (88). Thus, impaired adrenal response during sepsis improves the circulation of FFA, triglycerides, glycerol, gluconeogenic amino acids, and glucose, guiding a starvation response (89, 90).

In conclusion, sepsis triggers a severe stress response that affects both central and peripheral systems, leading to hormonal and metabolic alterations. Disruption of the HPA axis and impaired adrenal response are crucial in sepsis pathophysiology and associated metabolic changes.




4 Alterations in lipid metabolism during sepsis

Lipids are the most significant energy reserves in the body, and FAO provides the most ATP total balance, becoming an essential energy source in high metabolic demand scenarios, such as sepsis. Lipids are usually conserved as triglycerides (TGs) in the cytoplasm of adipocytes. In order to be used as energy substrate, TGs suffer lipolysis to form fatty acids and glycerol, a reaction mediated by hormone-sensitive lipase (HSL). (91). Inflammatory stimuli trigger lipolysis via IRE1 kinase (92). Acyl-CoA synthase activates lipids and enters the mitochondria as carnitine derivatives through membrane transporters such as carnitine palmitoyltransferase 1 (CPT1), which is regulated by the nuclear receptors PGC-1α and PPAR-α (93). It has been reported that LPS suppresses FAO by reducing the expression of genes related to essential enzymes in lipid metabolism, including CPT-1, PGC-1α, and PPAR-α (94). Also, in an LPS-induced model, Li and coworkers 2021 (95) showed that CPT-1 and PGC-1α expression were reduced in cardiomyocytes and suggested a strong dependency of Nrf2 as a co-factor of PGC-1α. In addition, CPT1A inhibition is associated with a higher risk of infection and impairment of neutrophil response (96).

Elevated serum glucocorticoid levels promote endocrine and metabolic alterations, leading to a catabolic state, peripheral FAO, and ketogenesis (89, 97). Lpin1, Fabp4, Gpat4, Angptl4, Dgat1, Dgat2, PNPLA2, and LIPE are glucocorticoid-responsive genes that enhance adipose tissue lipolysis (98, 99). In patients with sepsis and sepsis animal models, FFA serum levels are high, and peripheral organs utilize these FFAs to produce energy. FFA also activates and upregulates the expression of PPAR-α, the central transcription factor responsible for inducing the β‐oxidation of FA and the production of ketone bodies (22). However, according to several studies, including human and animal models, PPAR-α levels are downregulated in sepsis, and β‐oxidation is compromised, causing FFA to accumulate in the liver, heart, kidney, and blood (20, 100–102).

Lipotoxicity occurs when lipids accumulate intra- or extracellularly, beyond physiological levels (103). In sepsis, mitochondrial oxidative phosphorylation is affected by the inflammatory state of the host (104). Therefore, this deficit in FFA breakdown during sepsis causes energy shortage, lipotoxicity, and mitochondrial damage due to FFA accumulation. Supplementation with oleic acid increases FAO and protects septic mice from organ dysfunction and mortality (105). On the other hand, FFA can trigger acute respiratory distress syndrome (ARDS) by inhibiting Na/K-ATPase in the lungs, causing tissue damage, edema, and inflammation (106–108).

Additionally, GR promotes the transcription of gluconeogenic genes such as Pck1, Pck2, Pcx, Pfkfb3, Mpc1, Mpc2, and G6Pc (99) by diminishing glucose uptake by suppressing GLUT4 translocation (109) and by reducing glucose utilization in skeletal muscle and white adipose tissue through the upregulation of PDK1 to PDK4 (22, 110). Hence, septic animal models and patients present with hyperglycemia during the acute phase of sepsis (111). Interestingly, patients with sepsis show insulin resistance, which causes an increase in lipid mobilization. In addition, inflammatory signaling elicited by LPS can induce lipolysis (92), further increasing FFA levels. Hyperglycemia, increased FFA levels, and insulin resistance are associated with worse outcomes in sepsis (112) (Figure 1).




Figure 1 | Activation of the HPA axis in sepsis and its effects on lipid metabolism. The hypothalamic–pituitary–adrenal (HPA) axis is an endocrine system that responds to stressful situations. Hormones produced by the HPA axis regulate cell metabolism and immune system functions. In sepsis, an imbalanced immune response leads to an increase in the production and release of various proinflammatory molecules, including tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), and interleukin-6 (IL-6). These cytokines stimulate the HPA axis by activating the hypothalamus to secrete corticotropin-releasing hormone (CRH), which in turn stimulates the anterior pituitary gland to produce adrenocorticotropic hormone (ACTH) and arginine vasopressin (AVP). ACTH then promotes the production of glucocorticoids (GCs) in the zona fasciculata of the adrenal cortex. GCs are released into the bloodstream, reaching various tissues, particularly the liver, muscles, and adipose tissues. When coupled with glucocorticoid receptors (GRs), GCs induce transcription of GC-responsive genes. In sepsis, the expression of lipolysis-associated genes (Lpin1, Fabp4, Gpat4, Angptl4, Dgat1, Dgat2, PNPLA2, and LIPE) is upregulated. This upregulation increases the breakdown of fatty acids, resulting in the accumulation of free fatty acids (FFAs) in tissues and the bloodstream, indicating lipotoxicity during sepsis (Section 4). Genes associated with gluconeogenesis (Pck1, Pck2, Pcx, Pfkfb3, Mpc1, Mpc2, and G6Pc) were also upregulated, along with the increased expression of PDK1–4. These changes contribute to reduced glucose uptake and the hyperglycemia development. Hence, the HPA axis stress response system regulates the host response to internal and external signals, such as the intense inflammatory state observed in patients with sepsis. Consequently, it has a decisive impact on sepsis because hyperglycemia, accumulation of FFAs, and elevated GC levels are associated with poor patient outcomes.



Saturated fatty acids (SFA) activate the TLR4/MyD88/NF-kB pathway leading to endothelial inflammation in vitro upon FFA stimuli, with increased levels of CCL5, IL-6, IL-8, ROS, metalloproteinases (MMP-2 and MMP-9), and adhesion molecules (VCAM-1 and ICAM-1) (113). FFA uptake by cells is mediated by membrane receptors such as cluster of differentiation 36 (CD36), which is a transmembrane glycoprotein and a class B scavenger receptor (SR-B2) widely expressed throughout mammalian tissues (114). FFA can cause kidney lipotoxicity through the PPARγ/CD36 pathway in mice fed a high-fat diet. CD36 was found to be upregulated in the kidneys of obese mice alongside PPARγ, which is a crucial CD36 transcription factor, and inflammatory cytokines such as IL-6 and IL-18 (115). In addition, CD36 has been associated with metabolic diseases that present alterations in lipid metabolism (116) and is upregulated in septic patients (117) and sepsis animal models (118). Furthermore, CD36 deficiency improved sepsis outcomes in mice (119). CD36 plays a rate-limiting role in fatty acid uptake, making it a key regulator of cell lipid utilization.

Cell lipids can be used as substrates to generate oxylipins and other lipid mediators that act on immune cell signaling during inflammation. CPT1 also plays an essential role in transporting oxylipins to the mitochondria during infection, as evidenced by the accumulation of oxylipins in the peritoneal lavage of animals challenged with LPS and CPT1 inhibitors. Similarly, CPT1 controls COX/LOX-derived oxylipin secretion by increasing its uptake into the mitochondria. The authors suggested that CTP1 inhibition dampens the inflammatory response by increasing PGE2 and PGI2 levels (120).

In the face of sepsis, the body’s tissues confront a dire state of reduced oxygen supply, instigating a decline in FAO within the muscles. The liver tries to adapt swiftly by augmenting gluconeogenesis and FAO for energy production (22). However, intensified FAO by the liver can ultimately produce ketonic bodies (121). Moreover, the critical interplay between dwindling oxygen levels and the potential upsurge in FAO applies an unwavering pressure on the respiratory chain, culminating in a cascade of ROS generation (122, 123). Such intricate metabolic changes may have far-reaching implications for the pathogenesis of sepsis and clinical outcomes of affected patients.

Alterations in lipid metabolism are critical contributors to sepsis outcome. Despite being an important energy source, the accumulation of lipids in both the tissue and blood circulation can have harmful effects. In sepsis, the uptake of FFA by cells increases, but its oxidation by mitochondria is impaired, leading to lipotoxicity. FFA originating from augmented lipolysis activates inflammatory signaling pathways, thereby increasing the imbalanced host immune response. The endocrine system also plays a role in lipid metabolism by regulating the expression of lipid utilization genes through the activation of the HPA axis.




5 Heart and skeletal muscle metabolism during sepsis

Sepsis-induced myocardial injury is an acute type of cardiomyopathy that is a common complication of sepsis (124, 125). Bacterial exotoxins are primary triggers of the septic heart immune response (126). The pathogenesis of septic cardiomyopathy (SCM) is complex and involves both myocardial and peripheral vascular dysfunctions (124). Heart damage is associated with the left ventricle, particularly reducing systolic and diastolic function and ejection fraction (124, 125). Peripheral vascular injury is associated with endothelial dysfunction, resulting in leukocyte retention and ROS production (124).

The molecular mechanisms responsible for SCM include different pathways, most of which are related to inflammation. PAMP and DAMPs can activate cardiomyocyte TLR, fostering a septic inflammatory response (124, 125). TLRs play crucial roles in the pathophysiology of myocardial sepsis. For instance, a study using post-mortem myocardial cell lines found that TLR2, TLR4, and TLR5 stimulation increased inflammatory cytokines, especially IL-6 (127). In addition, an increased inflammatory response is related to worse ventricular function in a cell model (127). Furthermore, knockout of TLR4 results in decreased mortality and expression of IL-6 and TNF-α, with better global ventricular function in a sepsis animal model (128). Moreover, bacterial toxins are responsible for direct endothelial damage, causing microcirculation impairment (129, 130).

Once PAMPs prompt TLRs, they trigger intracellular signaling resulting in the release of cytokines, including TNF-α and interleukins, with a unique role in IL-1β and IL-18 (124, 125). A significant association between elevated plasma levels of interleukin-8 (IL-8) and cardiac dysfunction was observed in individuals with sepsis-induced myocardial dysfunction (131). TNF-α is also associated with depressed myocardial tissues (132). In addition, SFA can bind and activate TLR to promote tissue inflammation (133, 134).

Nitric oxide (NO) is also associated with cardiac dysfunction in sepsis. Initially, NO helps maintain hemostasis and hemodynamics. However, increased concentrations contribute to the deterioration of heart function, which may contribute to acute heart failure and dysfunction in sepsis (135, 136). Higher levels of NO induce decreased left ventricular contractility in animals treated with exotoxins (137). In addition, a previous study suggested that endothelial dysfunction could be responsible for leukocyte retention in the coronary vasculature (138). This increased leukocyte activity also increases inflammatory cytokine production and contributes to LV dysfunction.

In SCM, myocardial metabolism is impaired. Under physiological conditions, FFA is the preferential energy source of the myocardium. FAO generates approximately 70% of the heart’s adenosine triphosphate (ATP) (139), followed by carbohydrates (140). Cells can also generate ATP from amino acids and ketone bodies (140). However, the ability of heart cells to store high-energy phosphate is poor. Thus, mitochondria play a fundamental role in cellular and energy homeostasis (140).

In sepsis, cardiac metabolism is more dependent on glycolysis and lactate metabolism, and FFA and ketone bodies are reduced (141, 142). Under healthy conditions, FAO is the primary energy source for cardiomyocytes (142). However, a septic heart downregulates FAO and relies on other energy sources (143). The FAO is reduced for the following reasons as follows. FFA uptake by CD36 is impaired because IL-1β downregulates the expression of very-low-density proteins (VLDLs) receptors in cardiomyocytes (142). In addition, TLR-mediated inflammation is responsible for reducing the expression of FFA-binding proteins, acyl-CoA reductase, and FAO-associated transcription factors (142). Among the transcription factors, PPAR and its coactivator are the most essential. In sepsis, reduced expression of PPAR-γ in cardiomyocytes and adipose tissue was associated with lower levels of FAO and ATP production, as well as an increase in triglyceride accumulation, contributing to a general impairment in the heart’s metabolism (105, 139, 142, 144). Other molecular factors associated with decreased intracellular FAO include carnitine palmitoyl transferase-1 and acyl-CoA synthase (145).

Studies suggest that the oxygen supply to the heart is not generally affected during sepsis (142). Hence, it is hypothesized that metabolic changes, especially a reduction in FAO, are related to the genetic background (145). In inflammation, lipoprotein lipase (LpL) activity is markedly reduced, possibly due to the increased expression of Angptl4 (146), an LpL inhibitor. The expression of VLDL and CD36 receptors also decreases (142), compromising lipid uptake by the heart. Even though this causes a negative metabolic response, it is possible that the increased lipid clearance acts as a defense response since bacterial capsules are mainly composed of lipoproteins. The more these structures are removed from the organism, the less toxic the effects they exert (145).

Reduced PPAR expression in sepsis is associated with worse outcomes (147). A previous study by our group discussed the relationship between PPARγ and FAO (148). PPAR plays a significant role in modulating the immune response by regulating and controlling cytokine release (68). The higher the expression of PPARγ, the higher the immune response and its negative impacts. This is true not only for the myocardium but also for other organs. The effects of reduced FAO go further. Decreased oxidation leads to increased levels of non-esterified fatty acids (NEFA), which are also associated with a poorer prognosis in sepsis (105). In addition, increased circulating NEFA levels are associated with hypoalbuminemia and liver failure, which occurs during sepsis (134).

Metabolic changes in SCM also result from mitochondrial dysfunction because the heart is highly dependent on oxygen production (149). After endothelial injury, leukocytes are chemoattracted, increasing ROS production and causing organelle injury, including the mitochondria (150). Harmed mitochondria activate cAMP/protein kinase A signaling and produce more ROS by inhibiting the oxidative phosphorylation complex and lowering oxygen consumption (149). Consequently, this pathway triggers oxidative stress and apoptosis (124). In addition, mitochondrial DN (mtDNA) is essential for regulating immune responses. Studies have shown that individuals with an increased inflammatory response may present with increased mtDNA in their cytoplasm, related to mtDNA release from the organelle (149). Cardiolipin is one of the most critical targets of ROS damage in mitochondria. Cardiolipin causes structural damage to the mitochondria and impairs oxidative phosphorylation (151). Another possible target of ROS damage is poly(ADP-ribose) polymerase (PARP) enzyme, which is involved in DNA repair. This enzyme is upregulated in sepsis and may be associated with mitochondrial structural damage (151).

The Complement System is also linked to ROS damage in SCM, specifically C5a pathway (152, 153). Complement C5a can be activated early in sepsis and contributes to a robust inflammatory response (154). An imbalance in calcium homeostasis, caused by complement C5a and mediated by ROS, can harm cardiomyocytes (155). The activation of MAPks and Akt, which contributes to heart dysfunction in bacterial sepsis, has been linked to complement C5a (153). In addition, the complement system affects coagulation hemostasis, contributing to disseminated intravascular coagulation (DIC) during sepsis (154, 156).

In addition to causing damage to the myocardial muscle, sepsis affects the skeletal muscle, causing fiber wasting and sarcopenia. A meta-analysis by Liu et al. (157) suggested that sarcopenia may predict mortality risk in patients with sepsis. Muscle atrophy is a consequence of increased degradation and decreased repair of skeletal muscle. In addition, the increased secretion of cytokines causes increased activation of proteolytic enzymes, resulting in muscle loss.

The muscle structure and function are based on thinned-regulated homeostasis. Sepsis disrupts skeletal fiber homeostasis. Muscular homeostasis is a complex balance between muscle inflammation, degeneration, fibrosis, repair, and regeneration (158). However, literature suggests that muscle injury promoting regeneration and growth involves a pathophysiological process other than inflammatory wasting (158). Muscle injury and its repair mechanisms are mainly mediated by neutrophils and macrophages (158). After injury, neutrophils migrate to the tissue, and there is an increase in the production of inflammatory cytokines, including TNF-α, IL-1, and INF-γ (159). Specifically, TNF-α activates NF-kB, which causes muscle protein destruction (160). Nitric oxide secretion mediates macrophage degradation (158).

One of the apoptopic mechanisms seen in septic muscle wasting is related to the overwhelming endoplasmic reticulum (ER). In skeletal fibers, the ER, also called the sarcoplasmic reticulum, balances intracellular calcium according to the cell’s needs. ER is also involved in a protein-folding regulation mechanism that activates apoptosis-triggering pathways (161). Overstressed ER accumulates excess folded proteins, which activate three key molecules that participate in the unfolding process: protein kinase R-like endoplasmic reticulum kinase (PERK), inositol requiring protein 1a (IRE1a), and activating transcription factor 6 (ATF6) (161). If this process fails or the cell remains under stress, apoptosis pathways are activated (161). This process activates the ubiquitin–proteasome system and autophagy–lysosomal pathway, triggering cell death via proteases and caspases (161).

During muscle atrophy, contractile proteins are degraded by the ubiquitin-proteasome system (UPS), autophagy–lysosomal pathway (ALP), and proteases such as calpains and caspases (149). Studies suggest that muscle protein degradation follows a two-step pathway in which calpains and caspases first disassemble skeletal fibers, and then, proteases and other proteins from the ubiquitin complex act on the degradation of actin fibers (162). UPS-mediated protein degradation is regulated by a specific group of ubiquitin ligases including atrogin-1 and MuRF1. These enzymes target muscular proteins for ubiquitin-mediated degradation (162). However, this process is controversial because it has not yet been demonstrated in vivo (162).

Irisin is an essential protein related to muscle waste. Irisin was first discovered in 2012, and studies have shown that the expression of irisin and its precursors is related to muscular tissues (163). Irisin levels may be depleted during sepsis because of a cytokine storm (164). This is true because irisin modulation chemicals (TLRs, MAPK, NF-kB) are increased in a pro-inflammatory response, such as sepsis or COVID-19. This could explain the role of muscle waste in inflammation-related diseases (164).

Overall, an increased inflammatory response, lower oxygen supply, loss of tissue homeostasis, and cell destruction in the muscle result in decreased FAO and an increase in FFA/NEFA circulating levels.




6 Hepatic dysfunction during sepsis

The liver is central to human metabolism in health and disease states. The liver is pivotal in orchestrating the acute phase response (APR) in critical illness and systemic inflammation. It releases proteins that participate in essential activities such as coagulation, transport, and immunological functions. (165, 166). In clinical practice, preventing bacterial translocation in the gut is crucial because it can lead to bacteremia and sepsis (167). During translocation, the bacteria enter the hepatic sinusoids through the portal vein. The liver acts as the second line of defense, constituting the gut–liver axis and promoting bacterial clearance (168, 169). Sepsis is a hypermetabolic state wherein the patient’s feeding is often limited and does not supply daily energy requirements; therefore, metabolism mimics a starvation state (170). Thus, the liver promotes metabolic adaptations to sepsis, including alterations in glucose and fatty acid metabolism (Figure 2).




Figure 2 | Sepsis induces a hypermetabolic state that triggers a complex interplay between inflammatory and metabolic changes. The bidirectional relationship between inflammation and metabolism plays a pivotal role in the development of sepsis. Inflammation triggers metabolic alterations and vice-versa. Inflammatory mediators, such as free fatty acids, can trigger insulin resistance, which is crucial for subsequent metabolic alterations. Conversely, hyperglycemia may elicit significant effects on immune cell activity, including the Warburg Effect. These multifaceted adaptations and dysfunctional PPAR-α levels contribute to increased oxidative stress, lipotoxicity, and elevated lactate levels, ultimately contributing to progressive organ failure.



Investigating the interplay between metabolic and inflammatory alterations is crucial for understanding the inflammatory conditions (171). The role of inflammation in insulin resistance has been widely accepted in critically ill patients (172) (Figure 2). Cytokine signaling may stimulate the inhibitory phosphorylation of insulin receptor substrate 1 (IRS-1) by stress kinases such as JNK1 and IKKb (173). Cytokines may also enhance hepatocyte ceramide production, thereby increasing their production in sepsis (174, 175). Ceramide biosynthesis appears to be involved in insulin resistance (Figure 2), and TLR4 stimulation by SFA increase enzymes in this pathway (176–178). Supported mainly by the insulin resistance response, sympathetic stimulation, and limited oral starvation, the liver increases glucose production through gluconeogenesis and glycogenolysis during sepsis. However, glucocorticoid resistance and iron‐driven oxidative inhibition of glucose‐6‐phosphatase may hinder gluconeogenesis in the liver (179, 180). It usually leads to stress hyperglycemia during the acute phase of sepsis and in other critically ill patients, even in non-diabetic patients (181). Extremely high glycemic levels in these patients are associated with poor outcomes and an increased risk of developing type II diabetes (182, 183). However, hyperglycemia may be an adaptive mechanism to sustain immune cell activity because these cells shift their metabolism based primarily on glycolysis with lactate formation, even in an aerobic environment. This phenomenon is known as the Warburg effect, and it was first described in cancer cells; however, it similarly occurs in monocytes, dendritic cells, and T cells during their activation, mediated by increased succinate release into the cytoplasm and Akt-mTOR-HIF-1α (184–186). This metabolic shift may support the elimination of ROS and development of trained immunity (187, 188). However, in tissue ischemia, this phenomenon leads to an increased release of lactate. Lactate levels are correlated with adverse outcomes in patients with sepsis. They can activate TLR4, promoting the activation of the NF-kB pathway and release of inflammatory mediators (189). In addition, the increased accumulation of succinate may trigger inflammation via ROS generation mediated by succinate dehydrogenase (190, 191).

In addition, adipose tissue provides energy storage in mammals, releasing fatty acids that can be oxidized to produce ATP and maintain cell activities. It has been reported that lipolysis is upregulated during sepsis, increasing plasma levels of fatty acids and triglycerides (192). LPS challenge induces the enzymatic activation of hormone-sensitive lipase (HSL) by phosphorylation at Ser650 and an increase in perilipin-1 phosphorylation by protein kinase A (193). Insulin resistance in these patients also supports lipolysis and an increase in catabolic hormones, such as adrenaline, GH, and glucagon (194–196). Depressed lipoprotein lipase activity has also been postulated to cause hypertriglyceridemia, occurring not necessarily in sepsis but in endotoxemic and bacteremic states (197). It is worth highlighting that the shift in lipid metabolism can support even the conceptualization of new prognostic tools. Modified hepatic levels of selected phospholipids have been linked to impaired energy metabolism and the progression of sepsis (198). A recent metabolomic study has suggested differences in plasma lipid concentrations between survivors and non-survivors, medium/short-chain hydroxy acyl-CoA dehydrogenase (elevated in survivors), and crotonase (elevated in non-survivors). Hence, there is a future perspective for monitoring cellular energy beyond the currently established methods (199).

Unfavorable outcomes in sepsis are related to impaired metabolic adaptation in the liver (200). PPAR-α (encoded by the NR1C1 gene) is a crucial transcription factor that regulates gene transcription (e.g., CPT1A and FABP1) of proteins involved in β-oxidation (201, 202). During sepsis and other inflammatory conditions, PPAR-α expression is downregulated in the liver, thereby diminishing lipid oxidation in this organ (20). Malnourishment, which is common in patients with sepsis, is also associated with decreased PPAR-α levels (203). In addition, the entry of fatty acids into mitochondria is partially hindered by the increased concentration of malonyl-CoA generated from glucose, especially in the heart, muscles, and liver (204). In this context, if unable to capture and oxidize lipids, the liver does not shift to a starvation response properly, resulting in adverse outcomes for the patients. A recent transcriptomic study found that PPAR-α-deficient mice presented more severe glycemic disturbances and increased steatosis than control mice (205). Ketogenesis may also be impaired, which can be fatal after LPS-induced endotoxemia (206). Ketone bodies can protect against ROS and provide energy to extrahepatic tissues (207). Ultimately, downregulation of PPAR-α-dependent genes impairs liver metabolic adaptation in sepsis (205). Conversely, PPAR-α agonists may benefit septic patients (20, 208, 209).

Potential therapeutic approaches for dysfunctional lipid metabolism during sepsis, agonists of peroxisome proliferator-activated receptors α and γ, and omega-3 fatty acid supplementation have shown promise (210, 211). Saroglitazar (SAR), a dual PPAR-α/γ agonist, has anti-inflammatory and antioxidant effects that mitigate LPS-induced liver and kidney injury during sepsis (212). PPAR-α activation counters lipogenesis, endotoxemia, and dysbiosis, ameliorating the intestinal barrier structure and reducing TLR4 expression in the livers of high-fructose-fed C57BL/6 mice (213). In addition, PPAR activation by fenofibrate showed protective effects against cardiac damage in septic mice by reducing troponin-T, ROS, and IL-6 TNF-α (214). Rosiglitazone, another PPARγ agonist, mitigated apoptosis, and pro-inflammatory responses in LPS-stimulated myocardial cells (215). PPAR agonists improve sepsis-related conditions beyond the muscles and liver (216). A meta-analysis conducted in 2020 with 1,514 patients suggested that omega-3 fatty acid, a PPAR agonist, might be associated with decreased mortality in individuals with sepsis (217). Likewise, omega-3 fatty acids in severe COVID-19 patients with sepsis showed potential benefits, including reduced procalcitonin and IL-6 levels (218). Finally, intravenous omega-3 fatty acid lipid emulsion reduces systemic inflammation, endotoxemia, and sepsis in patients with acute liver failure (219).

In addition, liver metabolic adaptation is hindered by microcirculatory failure. Liver sinusoid endothelial capillaries (LSECs) regulate the immune response and blood flow (220). However, LSEC may be damaged during sepsis, contributing to liver failure. The architecture of LSECs is susceptible to LPS injection, leading to reduced flow velocity, increased heterogeneity, and blood perfusion deficits (221). In mice, toxin levels have been shown to alter the LSEC fenestrae diameter, and the direct effects of LPS and TNF-α can induce hepatocyte damage (222). Different substances have been linked to impaired liver microcirculation, including endothelin-1, carbon monoxide, and nitric oxide (223). In addition, hyperactivation of Kupffer cells (liver-resident macrophages) during sepsis may play a role in hepatic dysfunction and LSEC damage. Kupffer cells can intensely release ROS, TNFα, and IL-1β, leading to oxidative stress and damage to cellular structures, while recruiting other immune cells to the liver (224). Additionally, Kupffer cells can stimulate coagulation, forming microthrombi that further exacerbate LSEC damage (225). A mouse model has revealed that Kupffer cells can contribute to the onset of intrasinusoidal thrombosis, leading to acute liver failure (226). Therefore, oxygen supply mismatch in hepatocytes can impair aerobic energy production, leading to cell damage or death.

As described, sepsis patients present with increased lipid levels in the plasma and tissues due to stimulated lipolysis, impaired beta-oxidation, and hampered transport into the mitochondria. In addition, LPS and cytokines such as IL-6 and TNF-α may induce de novo synthesis of lipids, regulated by sterol regulatory element-binding proteins (SREBP) (227). High levels of insulinemia seem to increase SREBP expression in the hepatocytes. A recent transcriptomic investigation found upregulation of ERLIN1 (gene regulating SREBP) during sepsis (228, 229). In addition, LPS administration in murine livers upregulates SREBP-1 (230). Because of the production of toxic metabolites, mainly through lipid peroxidation, increased lipid levels can harm patients, causing cell damage and apoptosis, a phenomenon known as lipotoxicity (37). The double bonds of polyunsaturated fatty acids are major substrates for oxidization by free radicals. Sepsis induces the formation of many peroxidation products such as malondialdehyde (MDA) and 4‐hydroxynonenal (4‐HNE), which lead to toxicity by interacting with amino acids and nucleosides (231, 232). Additionally, diacylglycerol, ceramide, palmitate, and other SFA can be upregulated in sepsis, resulting in lipotoxic effects (233–236). SFA can promote inflammation mediated by TLR-4, while TLR-4 knockout mice may not suffer from SFA signaling (237). Possible therapeutic targets to prevent lipid peroxidation and lipotoxic effects in patients have been investigated. Administration of C75, a fatty acid synthase inhibitor, reduces inflammation and organ injury in sepsis (238). In addition, mitochondrial uncoupling proteins, such as UCP3, have been postulated to function in the defense against lipid-induced oxidative muscle damage (239, 240). Moreover, propofol, a common drug used to manage critically ill ICU patients, may protect against hepatic lipid peroxidation, oxidative stress, and inflammation (241–243).

In addition, albumin synthesis in the liver is decreased by sepsis-related liver failure and general inflammation, making albumin a negative acute-phase protein (244, 245). Serum albumin levels are decreased in most patients with sepsis, although it remains unclear whether this is due to suppressed albumin production or increased albumin clearance (246). Albumin is a crucial fatty acid transporter in systemic circulation. This decrease also favors increased plasma levels of fatty acids (247, 248). In addition, NEFA can activate toll-like receptors and inhibit Na+/K+-ATPase, causing lung injury and edema (249, 250). Our group showed a relationship between the oleic acid/albumin molar ratio and clinical outcomes in critically ill patients, with a higher ratio indicating higher mortality in these patients (251). Omega-9 treatment increases CPT1A mRNA in the livers of septic mice, reduces plasma NEFA levels, and improves survival and clinical status (105). CPT1A plays a crucial role in importing fatty acids into the mitochondrion, delivering them to their final destination oxidation, thus pointing out a possible therapeutic target related to ß-oxidation.




7 Study limitations

Sepsis can originate from different microbes, with infections originating in different organs. Here, we focused on bacterial infections and multiple foci of infection. Sepsis severity can influence lipid metabolism. Sex, age, metabolic status, pathological background, and alimentary status may influence lipid metabolism and sepsis outcomes. However, altered lipid metabolism in patients with sepsis has been described, regardless of different conditions. FFA will affect inflammatory and metabolic conditions, which may lead to poor outcomes.




8 Concluding remarks

Sepsis is a complex syndrome with a high morbidity and mortality rate. Sepsis pathogenesis disrupts metabolic and inflammatory systems. Derangement of the inflammatory response and metabolic alterations have been identified as targets for the diagnosis and treatment of patients with sepsis. We suggest a new protagonist in sepsis physiopathology, fatty acid oxidation, because FAO in the tissues is reduced and fatty acid blood levels are high. In addition, increased FFA levels are associated with poor prognosis in patients with sepsis. Different mechanisms account for alterations in lipid metabolism during sepsis, such as increased gluconeogenesis and lipolysis, lower oxygen supply to the tissues, increased inflammation, and worsening lipid oxidation. Hence, FAO and FFA can be potentially valuable markers for sepsis diagnosis and prognosis because alterations in their circulating levels and metabolism have a life-threatening impact on critically ill patients.
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The steady rise of sepsis globally has reached almost 49 million cases in 2017, and 11 million sepsis-related deaths. The genomic response to sepsis comprising multi-system stage of raging microbial inflammation has been reported in the whole blood, while effective treatment is lacking besides anti-microbial therapy and supportive measures. Here we show that, astoundingly, 6,237 significantly expressed genes in sepsis are increased or decreased in the lungs, the site of acute respiratory distress syndrome (ARDS). Moreover, 5,483 significantly expressed genes in sepsis are increased or decreased in the kidneys, the site of acute injury (AKI). This massive genomic response to polymicrobial sepsis is countered by the selective nuclear blockade with the cell-penetrating Nuclear Transport Checkpoint Inhibitor (NTCI). It controlled 3,735 sepsis-induced genes in the lungs and 1,951 sepsis-induced genes in the kidneys. The NTCI also reduced without antimicrobial therapy the bacterial dissemination: 18-fold in the blood, 11-fold in the lungs, and 9-fold in the spleen. This enhancement of bacterial clearance was not significant in the kidneys. Cumulatively, identification of the sepsis-responsive host’s genes and their control by the selective nuclear blockade advances a better understanding of the multi-system mechanism of sepsis. Moreover, it spurs much-needed new diagnostic, therapeutic, and preventive approaches.
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1 Introduction

Sepsis, a life-threatening complication of out-of-control infections, is rising globally (1). This overwhelming microbial inflammation encompassing multiple systems is caused by viruses (e.g., influenza, Ebola, Dengue, and SARS Coronavirus 2), Gram-positive and negative bacteria (e.g., Staphylococci, Streptococci, E. coli, Pseudomonas, and those causing wound infections in the battlefield), yeasts (e.g., Candida), and protozoa (e.g., Malaria). Severe infections evolving into sepsis, and then into septic shock, have become a pressing, worldwide public health problem that continues to grow in magnitude as the global population ages (1, 2). In the US, at least 1.7 million adults develop sepsis each year and 350,000 dies of the illness [CDC data (3)]. While one in three patients who died in the U.S. hospitals had sepsis, its mortality approaches that of heart attacks and exceeds the number of deaths from stroke (4). Neonates and the elderly constitute the most vulnerable to sepsis patients (5, 6), with a 28-days mortality rate exceeding 40% (7, 8). Thus, the prevention and very early control of severe viral, bacterial, fungal, and protozoal infections remains crucial for taming their progression into sepsis. Survivors suffer moderate to severe cognitive impairment as compared to other patients discharged from Intensive Care Units (8). In addition to the human cost of sepsis, its expenses rank highest among admissions for all diseases in the U.S. hospitals (9). They do not include expenses for the long-term care of survivors who suffer persistent developmental abnormalities (after neonatal sepsis) (2, 10) and incapacitating cognitive decline (after adult sepsis) (5). Thus, new approaches to the adjunctive therapy of sepsis are needed while sepsis-causing infections are increasingly difficult to control due to the growing multi-drug resistance (5).

The response to the sepsis-causing infections begins when the pattern-recognition receptors, Toll-like Receptors (TLRs), detect pathogen-associated molecular patterns, such as endotoxic lipopolysaccharide (LPS), the constituent of Gram-negative bacteria, the cause of the two-thirds of sepsis cases (11). Intracellular NOD-like receptor family senses conserved bacterial peptidoglycans (12). The innate immunity receptors, e.g., TLRs, are displayed in immune and non-immune cells, including microvascular endothelial cells and epithelial cells (13). Therein, they activate nuclear signaling pathways that mobilize families of the stress-responsive transcription factors, SRTFs (e.g., NF-κB, cFos, cJun, STAT1 and STAT3, NFAT, and Nrf2), and Metabolic Transcription Factors, MTFs (SREBPs and ChREBPs) (14–18). Their access to the inflammatory and metabolic regulomes in the cell’s nucleus is controlled by the nuclear transport checkpoint comprising Importin α5 and Importin β1, among others (19). Importin α5, aka karyopherin α1, is one of the six members of the importin α family (20). Importin α5 recognizes Nuclear Localization Sequence (NLS) on multiple proinflammatory SRTFs and metabolic transactivators, ChREBPs (21). Importin β1 selectively recognizes SREBPs (22). These proinflammatory and metabolic transcription factors activate a myriad of genes that encode mediators of microbial and metabolic inflammation (19).

Life-threatening sepsis progression is linked to the endothelial cells’ activation and subsequent injury in the small blood vessels (<100 μm diameter) supplying all organs (5). Microvascular endothelial activation and injury promote extravasation of leukocytes and lymphocytes and leakiness of small blood vessels. They contribute to the acute respiratory distress syndrome (ARDS) (23, 24) and the acute kidney injury (AKI) (25). These failing organs comprise the major therapeutic challenges in sepsis. In turn, Septic Shock, manifested by hypotension that is nonresponsive to fluid resuscitation or vasopressors, culminates sepsis (7). Until now, the genomic response to sepsis in the major organs other than blood has not been reported (26–28).

Herein, we submit that the expression of thousands of genes in the lungs (prone to ARDS) and kidneys (succumbing to AKI) was increased or decreased in experimental sepsis evolving from polymicrobial peritonitis. We also found that this genomic response to polymicrobial sepsis was countered by the selective nuclear blockade with the Nuclear Transport Checkpoint Inhibitor (NTCI), aka Nuclear Transport Modifier (NTM). Short (6 hours) treatment with the NTCI changed the expression of a multitude of organ-specific and shared genes in the lungs and kidneys responding to the experimental sepsis. Since humans and mice show on average 85% similarity of their DNA sequences that code for proteins (National Human Genome Research Institute) (29), our data provide relevant evidence that the major organs-based genomic response to sepsis is an important mechanism in its initiation, progression, and potential resolution.

The NTCIs are cell-penetrating anti-inflammatory and anti-metabolic peptides rapidly reaching immune cells in the blood and major organs e.g., lungs (15, 19). Moreover, they enter non-immune cells (e.g., endothelial cells lining blood vessels), as well as other cells (e.g., epithelial cells) in the major organs, attacked by sepsis-causing microbial agents (15, 18, 19). The NTCIs cross the cell membrane of immune and non-immune cells through the phospholipid bilayer without involving the chirally-specific receptor or transporter. Importantly, the NTCIs bypass the endosomal compartment thereby avoiding the potential intracellular degradation by lysosomal proteases (30). In the cytoplasm, the NTCIs simultaneously target the two nuclear import adaptor proteins, importin α5 and importin β1 (16, 19, 20) required for the nuclear translocation of proinflammatory SRTFs and MTFs (21). Thus, the NTCIs impede the nuclear entry of the key transcription factors, SRTFs and MTFs, thereby preventing their activation of the inflammatory and metabolic regulomes, respectively.

Astoundingly, we found that the selective nuclear blockade by NTCI resulted in reprogramming of 3,735 sepsis-induced genes in the lungs and 1,951 sepsis-induced genes in the kidneys. Moreover, the NTCI increased microbial clearance by reducing the sepsis-causing bacterial dissemination 18-fold in the blood, 9-fold in the spleen, and 11-fold in the lungs after the 12-hour treatment.




2 Materials and methods



2.1 Synthesis and purification of the cell-penetrating nuclear transport checkpoint inhibitor (NTCI)

The cell-penetrating NTCI peptide, cSN50.1 (AAVALLPAVLLALLAPCVQRKRQKLMPC, 2986 Da) and its FITC-labeled derivative (AAVALLPAVLLALLAGGK(FITC)GGPCVQRKRQKLMPC, 3,713 Da) were synthesized as described elsewhere (31). Briefly, the peptide chain was assembled through Solid Phase Peptide Synthesis (SPPS) according to standard Fmoc chemistry protocols using an automated peptide synthesizer FOCUS XC (AAPPTec, Louisville, KY). Crude peptides were removed from the resin with a TFA cleavage cocktail and purified by dialysis against double-distilled water in 1 kDa membrane (Spectra/Por 7; Spectrum Laboratories, Rancho Dominguez, CA). The purity and structure of the final products were verified respectively by an analytical C18 RP HPLC (Beckman Coulter GOLD System, Brea, CA) and MALDI mass spectroscopy (Voyager Elite; PerSeptive Biosystems, Framingham, MA). Before treatment, NTCIs (cSN50.1 and FITC-cSN50.1 peptides) were solubilized in sterile water (half the final volume) and diluted with sterile saline to a final concentration of 3.3 mg/ml (cSN50.1) and 4.1 mg/ml (FITC-cSN50.1).




2.2 Preparation of cecal microbiome (CM) stock

8 – 10-week-old C57BL/6 mice (Jackson Laboratories, Bar Harbor, ME) were euthanized by over inhalation of isoflurane followed by cervical dislocation. The cecum was removed, and the gut microbiome content was extruded into a separate pre-weighed vial according to the published method (18, 32) modified as follows. The collected cecal contents were weighed, and mixed with 5% dextrose (D5W) to final concentration of 80 mg/ml. The cecal content was strained through a 70 μm mesh strainer (VWR, Radnor, PA). The filtered cecal microbiome (~250 µl/vial) was frozen at -80°C as CM stock. To determine the stock’s bacterial count (CFU/ml), 20 µl of fresh CM stock from each tube was diluted 1:100 with sterile PBS, and 100 µl of diluted stock mixture was cultured on Tryptic Soy Agar (TSA) + 5% sheep blood plates (Thermo Fisher Scientific, Hampton, NH) and incubated overnight at 37 ˚C for the count of non-viridans bacterial colonies. For experimental consistency, the tubes with bacterial count ranging from 4.0×104 to 5.0×104 CFU/ml were kept stocked. Before each intraperitoneal injection, several vials were combined to suffice injection of 4.5×105 CFUs/kg. In parallel, a sample of 20 µl from pooled CM stock was tested for quality control, as described above.




2.3 Animal studies

Animal experiments were carried out in compliance with the ARRIVE guidelines and in strict conformity with the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The submitted protocols were approved by the Vanderbilt University Institutional Animal Care and Use Committee. In all animal assays, an adapted model of nonsurgical polymicrobial peritonitis was used (18, 32). During the course of experiments, mice were closely monitored and euthanized by isoflurane over inhalation followed by cervical dislocation upon expression of the signs of moribund state. Survivors were euthanized at the experimental end point. The experimental groups were selected using a double blinded randomization method (21). Each experiment was performed at least twice to assure statistical significance and experimental reproducibility. Blood was collected from retroorbital plexus under isoflurane anesthesia shortly before euthanasia.



2.3.1 Infection and treatment

The experimental groups (Sham Control + Saline, n = 5; CM-Challenged + Saline, n = 5; and CM-Challenged + NTCI, n = 5) were comprised of randomly assigned 8 – 10-week-old female C57Bl/6J mice (The Jackson Laboratory, Bar Harbor, ME). The mice were infected by single intraperitoneal (i.p.) injection of a CM stock corresponding to 4.5×105 CFU/kg (between 9 - 11.5 µl/g of CM stock). For NGS, qRT PCR, and cytokines analyses, mice were treated with the i.p. injection of NTCI (cSN50.1 peptide, 33 μg/g/injection in 200 μl 0.45% NaCl) or 0.45% NaCl (200 μl) as vehicle control, at 30 min before and 30 min, 1.5h, 2.5h, 3.5h, and 5h after CM challenge. To determine the direct effect of NTCI treatment on gene expression in lungs and kidneys uninfected, mice were treated with NTCI or vehicle control, following the same injection schedule. For determination of bacterial dissemination in the blood, lungs, spleen, and kidneys, the NTCI and saline treatments were adjusted as follows: 30 min before and 30 min, 1.5h, 2.5h, 3.5h, 6h, and 9h after CM challenge. Mice were euthanized at 6h for genomic analysis and at 12h post-CM challenge for bacterial dissemination study.




2.3.2 Determination of LD50 for cecal microbiome (CM)

Randomly grouped (n = 6) 8-10-week-old female C57Bl/6J mice (The Jackson Laboratory, Bar Harbor, ME) were infected by single i.p. injection of a CM stock corresponding to 7.5×105, 9.0×105, 1.05×106 or 1.2×106 CFU/kg. Mice were closely monitored throughout the experiment and euthanized upon expression of the signs of moribund state. Survivors were euthanized at 168 h post CM challenge.





2.4 Gene expression profiling by qRT PCR

Mice were euthanized at 6 hrs. post CM challenge and isolated lungs were disrupted in lysis buffer on ice using a Dounce hand homogenizer. Total RNA was isolated using NucleoSpin RNA Plus kit (Macherey-Nagel, Germany) according to the manufacturer’s instructions. RNA concentration and purity were determined using a NanoDrop One spectrophotometer (Thermo Fisher Scientific, Hampton, NH). The 1 µg of total RNA was reverse-transcribed using iScript cDNA synthesis kit (Bio-Rad, Hercules, CA). A real-time quantitative reverse transcription PCR was carried out in a 96-well plate on a QuantStudio 3 instrument (Thermo Fisher Scientific, Hampton, NH) using Taqman Fast Advanced Master Mix (Thermo Fisher Scientific, Hampton, NH), according to the manufacturer’s protocol. FAM-labeled probes for mouse genes were obtained from Thermo Fisher Scientific. The raw Ct values were converted into relative expression levels using Livak methods (2−ΔΔCt) with 18S gene as reference and Mock Control (unchallenged and not treated mice) as calibrator (control). Converted Ct values were used for statistical analysis.




2.5 Next-generation sequencing (NGS)

Mice were euthanized at 6 hrs. post CM-challenge and the lung and kidney tissues were processed for total RNA extraction as described above. Three samples from each experimental conditions (Sham + Saline, CM + Saline, CM + cSN50.1, and cSN50.1 w/o CM) from lungs and kidneys were submitted to the Vanderbilt Technologies for Advanced Genomics (VANTAGE) Core for RNA sequencing analysis. RNA integrity numbers (RIN) were measured using TapeStation system (Agilent Technologies, Santa Clara, CA) and total RNA was processed into Stranded mRNA (NEB) Library. RNA sequencing was performed using Illumina NovaSeq6000 (San Diego, CA). The quality control of RNA preparation was analyzed by DRAGEN RNA Pipeline (v3.7.5). The differential expression of the genes was analyzed using Illumina DRAGEN Secondary Analysis software. The expressions of approximately 17 to 18 thousand genes were analyzed in each organ and condition. Number of genes considered as significantly expressed were determined by a false discovery rate (FDR) set to padj<0.05. Genes with increased/decreased expression, as compared to the experimental control group, were selected from the pool of genes significantly expressed displaying values of log2(fold change) grater/less than center of distribution ± standard deviation determined by Gaussian distribution plot (Suppl. Figure SF3). Genes with log2(FC) values located within the range established by standard deviation were considered as genes with unchanged expression.

The analyzed conditions were: CM + Saline vs. Sham + Saline to evaluate the impact of sepsis on gene expression, and CM + NTCI (cSN50.1) vs. CM + Saline to evaluate the impact of selective nuclear blockade on sepsis-induced gene expression. The condition of NTCI vs. Saline were used to determine an effect of NTCI treatment on gene expression in healthy animals without sepsis.




2.6 Determination of bacterial dissemination in blood, lungs, spleen and kidneys

Mice were euthanized 12 hours post CM challenge (see Animal Studies for treatment details) and blood, spleen, lungs, and kidneys were collected for the analysis of bacterial count. Blood (50 µl) was diluted 1:20 with sterile PBS and 200 µl of diluted blood sample was applied to TSA + 5% sheep blood agar culture dish and incubated overnight at 37 ˚C. Isolated organs were externally sterilized by brief immersion in 70% ethanol, washed with cold sterile PBS, and placed in pre-weighed vials containing 0.5 ml cold sterile PBS. Tissue samples were weighed, and net weights were recorded. Organs were homogenized with a disposable sterile plastic homogenizer and suspension passed through the 70 µm cell strainers. 50 µl of suspension was serially diluted with sterile PBS resulting in the final concentration of 1:100 (lungs), 1:10,000 (spleen), and 1:500 (kidneys). The diluted samples (200 µl) were applied to TSA + 5% sheep blood agar plate for overnight incubation at 37˚C. The colonies (non-viridans) were counted down and then converted into CFU/ml (blood) or CFU/g of a wet organ mass (lungs, spleen, and kidneys).




2.7 Cytokine assay

The proteins levels of cytokines IL-6, IL-10, TNF-α, and IFN-γ were measured in blood plasma collected postmortem from the hearts of mice euthanized at 6 hrs. post CM/Sham challenge (groups Sham + Saline, CM + Saline, and CM + cSN50.1) or 1 hr. after last NTCI treatment (cSN50.1 only). A cytometric bead array (BD Biosciences) assay was performed and analyzed in the Vanderbilt University Medical Center Flow Cytometry Shared Resource as previously described (18).




2.8 Kirby-Bauer antimicrobial susceptibility test (AST)

To determine the NTCI’s potential antibacterial activity, the indicated amounts of peptide (in 10 µl aliquots) were loaded up to the blank sterile discs (Thermo Scientific™ Oxoid™, Thermo Fisher Scientific, Hampton, NH) using 1 mM or 5 mM stock solution. To allow solvent evaporation, disks, under sterile conditions, were flipped over several times between loads until completely dry. Kirby-Bauer AST was performed using meropenem-loaded disks (10 µg and 30 µg) as positive control. CM was diluted 1:10 and 1:20 with PBS and 200 µl inoculum suspension was spread evenly on TSA + 5% sheep blood agar plates. NTCI- or meropenem-loaded discs were placed on inoculated agar plates and pressed gently down to ensure contact with the agar surface. The plates were placed in an incubator set to 37 ˚C. After 24 hours of incubation plates were examined by measuring the diameters of the complete inhibition zones.

To determine the NTCI’s diffusion zone from the disks into agar medium, a 300 nmol of FITC-labeled NTCI was loaded on the blank disc. Disc was applied to the surface of the regular agar plate for overnight incubation at 37 ˚C. FITC-labeled NTCI diffusion into the agar gel was determined by fluorescent imaging (Gel Doc EZ imaging system; Bio-Rad, Hercules, CA).




2.9 Statistical analysis

Normal distribution of data sets was verified using normal probability plot (q-q) and Kolmogorov-Smirnov Normality Test. A statistical analysis was performed using Prism 6 software (GraphPad, Boston, MA). Gene expression profile by qRT PCR of lungs total RNA samples and plasma levels of cytokines were analyzed by ordinary one-way ANOVA with an uncorrected Fisher’s LSD test for a multiple comparison. Bacterial dissemination in blood, lungs, spleen and kidneys was analyzed by nonparametric t test with Mann–Whitney rank comparison. The data is presented as a mean ± SEM. p values of < 0.05 were considered significant. The standard deviation and the center of the log2(FC) values distribution in NGS analyzed data was determined by the Gaussian plot (Suppl. Figure SF3). Log2(FC) values were rounded down to the nearest decimal point (0.1) and equal values were added up. These numbers were then plotted against log2(FC) and analyzed by a Gaussian/Lorentzian function using Prism 6 software (GraphPad, Boston, MA).





3 Results



3.1 Sepsis induces the genes encoding mediators of inflammation in the lungs while the selective nuclear blockade with the NTCI suppresses this induction as detected by the two independent methods [quantitative PCR and the next generation sequencing (NGS)]

The lungs and kidneys are the major organs that fail during sepsis (5). Therefore, we focused first on the lungs, the site of ARDS, a severe complication of infections (23, 24). In the polymicrobial sepsis, we compared the expression of the selected genes encoding mediators of inflammation analyzed by the quantitative PCR, to that determined by the NGS (Figures 1A, B). The 8 representative genes encoding cytokines and chemokines (IL-1β, IL-6, IL-10, TNF-α, IFN-γ, CXCL10, CXCL11), and ISG15 (interferon-stimulated gene 15, which encodes the ubiquitin-like modifier of intracellular signaling proteins), were consistently induced in the lungs during the experimental sepsis. The NTCI (cSN50.1 peptide) suppressed their expression, as analyzed by both genomic methods (Figures 1A, B). One notable exception was the gene encoding the pleiotropic cytokine, IL-6, which remained elevated in the NTCI-treated mice. The consistency of our results based on the two methods of genomic analysis was further supported by the proteomic analysis of the corresponding changes in the blood plasma proteins encoded by the selected genes (Figure 1C). As expected, the protein levels of IL-10, TNF-α, and IFN-γ were increased in the CM-challenged mice. The treatment with NTCI (cSN50.1 peptide) significantly reduced their concentration reflecting their cognate gene suppression in the lungs (Figures 1A, B). Contrariwise, the IL-6 protein level remained elevated in the plasma of the NTCI-treated animals (Figure 1C). Together, the concordance of the two methods of genomic analysis was also consistent with the proteomic analysis of plasma proteins. Reassured by these results, we embarked on the comparative study of the genomic response to sepsis in the two major target organs, lungs and kidneys, using the NGS.




Figure 1 | The 8 Genes Encoding Mediators of Innate Immunity and Inflammation Were Selected for the Comparison of the Two Methods of Genomic Analysis of the Lungs in Sepsis. The selected genes display strong response to sepsis as detected by the NGS (A) and verified by real-time quantitative reverse transcription PCR (Panel B). The relative levels of expression in qRT PCR (B) were established using Livak’s methods (2−ΔΔCt) with the 18S gene as a reference and the Mock Control (unchallenged and not treated mice) group as the calibrator (control). Data is presented as a mean + S.E.M. (n=3 for Mock Control, n=5 for all other conditions). (C) The level of cytokines IL-6, IL-10, TNF-α, and IFN-γ was determined in blood plasma collected postmortem from hearts of mice euthanized 6h after CM (or Sham) challenge (groups Sham + Saline, CM + Saline, and CM + cSN50.1) or 1 hr. after last NTCI treatment (cSN50.1 only). Data is presented as a mean ± SEM (n = 5). The selective nuclear blockade with the NTCI suppressed expression of 7 analyzed genes while the gene encoding IL-6 remained increased after the NTCI treatment, as determined by the two methods of genomic analysis and confirmed by proteomic analysis in blood plasma (see Materials and Methods for details). A statistical analysis in Panels B and C was performed using an ordinary one-way ANOVA with an uncorrected Fisher’s LSD test for a multiple comparison, *p < 0.05, **p < 0.005, *** p < 0.0005, ****p < 0.0001. The significance levels displayed over the error bars of CM + Saline and CM + cSN50.1 columns represent the statistical difference of each compared to Sham + Saline samples.






3.2 The sepsis-induced genes encoding mediators of inflammation in the lungs and kidneys are controlled by the selective nuclear blockade with the NTCI

The first group of the 19 genes encoding the known mediators of inflammation in the lungs and kidneys included the following: (i) genes expressing cytokines: Il1b, Tnf, Ifng, Il10; (ii) chemokines: Ccl3, Ccl4, Ccl12, Ccr2,Ccr5; (iii) hemopoietic growth factor (Csf1), also known as granulocyte/monocyte colony-stimulating factor; (iv) cell adhesion molecules: selectins (endothelial, platelet, and leucocyte); and (v) genes encoding signal transducers: cyclooxygenase-2, nitric oxide synthase-1, and cholesterol acyltransferase 3 (Acat3), the catalyst in the cholesterol esters synthesis (33). As shown in Figure 2, among these 19 representative genes in the lungs and kidneys, 12 displayed very similar pattern of expression in both organs whereas Csf1, Cx3cl1, and Ptgs2 (Prostaglandin-endoperoxide synthase 2, aka Cox2) showed higher expression in the kidneys. The treatment with the NTCI dramatically counteracted the activation of these genes in both organs. Remarkably, the six sepsis-elevated genes in the lungs (Il10, Tnf, Ccl3, Ccl4, Ccl12, and Nos1) were more susceptible to the nuclear blockade with the NTCI than their homologs in the kidneys (Figure 2). The cellular and molecular architecture of the two organs may contribute to their different genomic response to sepsis (see Discussion).




Figure 2 | Similar Expression of Genes Encoding Cytokines, Chemokines and Signaling Intermediates in the Lungs and Kidneys, and their Less Robust Decrease in the Kidneys of the NTCI-Treated Animals. The NGS analysis of total RNA samples extracted from lungs and kidneys of CM-challenged mice treated with the NTCI for 6 hours (n = 3, see Materials and Methods for details). Please note that elevated genes in the lungs were particularly susceptible to the nuclear blockade with the NTCI. ns means not significant.






3.3 Sepsis causes massive genomic response in the lungs and kidneys that is countered by the NTCI

The impact of experimental sepsis on the transcriptome in the lungs and kidneys was astounding (Figure 3). In the lungs, among the 18,148 analyzed genes comprising the lung transcriptome, 7,591 (41.8%) genes were significantly expressed during sepsis. Within this set, 3,278 genes (43.2%) displayed increased expression and 2,959 genes (39%) showed decreased expression whereas 1,354 genes (17.8%) remained unchanged. In the kidneys, among the 16,858 analyzed genes comprising the kidneys transcriptome, 6,479 (38.4%) showed significant expression. Within this set, the expression of 3,015 genes (46.5%) was increased and 2,468 genes (38.1%) was decreased in response to sepsis (Figure 3A). The expression of 996 (15.4%) genes did not show significant difference from uninfected control. The increased expression of 1,063 genes was observed in both organs whereas the expression of 757 genes was decreased in lungs and kidneys. In total, 1,897 genes shared common pattern of expression in the two organs.




Figure 3 | Genomic Response to Polymicrobial Sepsis in the Lungs and Kidneys. (A) The response of lungs and kidneys’ genome to sepsis. Red – genes with increased expression, blue – genes with decreased expression, yellow – genes with unchanged expression. Please note that the pie charts are constructed based on genes significantly expressed (padj < 0.05, see Materials and Methods for details). The 1,897 genes displayed similar pattern of expression in both organs. These genes are termed “common” or “shared” or organ-non-specific genes in the manuscript. (B) The overall view of the gene expression in the lungs and kidneys of mice following the Selective Nuclear Blockade with cell-penetrating NTCI (cSN50.1 peptide). (C) Impact of NTCI treatment on gene expression in control animals without sepsis. (D) Detailed analysis of the Selective Nuclear Blockade of the increased, decreased or unchanged pools of genes in sepsis as presented in Panel A (see text for details).



This extraordinary genomic response to sepsis in the two major organs was profoundly changed by the selective nuclear blockade with the NTCI during the 6-hour treatment (Figure 3B). Among 17,854 genes analyzed in the lungs and 16,787 genes analyzed in the kidneys, 4,027 genes were significantly expressed in the lungs and 2,039 genes in the kidneys. The impact of the NTCI treatment on the gene expression in the lungs and kidneys was bidirectional. In the lungs, 1,694 (42.1%) genes were increased and 2,041 genes (50.7%) were decreased whereas 292 genes (7.3%) were unchanged during selective nuclear blockade with NTCI. In the kidneys, the expression of 909 (44.6%) genes was increased and 1,042 (51.1%) genes were decreased while the expression of 88 (4.3%) genes remained unchanged during selective nuclear blockade with NTCI (Figure 3B).

We also considered the potential impact of NTCI on the gene expression in control mice not challenged with sepsis-producing cecal microbiome (CM) (Figure 3C). The NGS analysis of selective nuclear blockade by NTCI in control animals without sepsis showed that among 10.3% genes significantly expressed in the lungs (1,840 of 17,919 analyzed), 981 (53.3%) showed an upward and 855 (46.5%) displayed downward expression. In the kidneys, where only 7% of analyzed genes were significantly expressed (1,248 of 17,776 analyzed), the majority, 815 genes (65.2%), showed downward regulation, whereas expression of 433 genes (34.7%) was increased (Figure 3C). Genomic response in animals without sepsis treated with the multiple intraperitoneal injections of the NTCI or saline (control) could be partially attributed to the stress associated with repeated interventions.

The detailed analysis of gene expression in infected animals treated with NTCI (Figure 3D) showed that selective nuclear blockade with cSN50.1 decreased expression of 889 genes in the pool of genes increased by sepsis in the lungs (Panel A). Likewise, the NTCI treatment reduced expression of 66.7% genes in the pool of genes increased in the kidneys. In contrast, the expression of 589 lung genes and 298 kidney genes that were decreased in sepsis were strikingly increased by the NTCI (73.3% and 83.0%, respectively). These results in the animals with polymicrobial sepsis document the normalizing effect of the NTCI on genomic response to the microbial inducers and the host-produced mediators of inflammation.

Thus, we found that experimental sepsis elicits the enormous mobilization of the genome in the lungs and kidneys. The virulence factors of sepsis-causing microbial agents together with the host-produced mediators of inflammation, massively activated inflammatory and metabolic regulome in the cell nuclei of the lungs and kidneys. Our findings of this unprecedented “genomic storm” in the lungs and kidneys advance the understanding of sepsis through the identification of the genes displaying common pattern of expression, shared by both organs, and the genes displaying organ-specific expression in the lungs and kidneys involved in response to sepsis (see below). Moreover, we expanded this analysis to the genes controlled by the selective nuclear blockade with the NTCI in the lungs and kidneys of infected animals (see below).




3.4 The top 100 shared genes responding to sepsis in the lungs and kidneys that are regulated by the NTCI

The roster of the top 100 genes changed by sepsis in the lungs and kidneys as compared to the genes analyzed in the unchallenged “sham” controls treated with saline is presented in the Supplemental Table 1, ST1A. The 11 most sepsis-upregulated genes in the lungs differed in their maximal response from that of the kidneys. Nevertheless, there was a similar pattern of their inhibition by the NTCI with the notable exception of the gene encoding Colony Stimulating Factor 3 (granulocyte, Csf3), which was not suppressed by the NTCI in both organs. The gene encoding Interleukin 10 (IL10) was robustly responding to sepsis in the lungs being reduced almost 20-fold by NTCI albeit the almost 70-fold lower expression in the kidneys was unchanged by NTCI. Similarly, the highly elevated expression of the gene encoding chemokine (C-X-C motif) ligand 2 (Cxcl2) was reduced by the NTCI in the lungs but increased in the kidneys.

Strikingly, the Saa3 gene encoding the acute phase protein response biomarker (Serum Amyloid A-3), was increased by sepsis in the lungs (412-fold) as compared to the kidneys (23-fold) (Suppl. Table ST1A). Whereas the role of cytokines and chemokines in sepsis is generally known (see above), the impact of elevated serum amyloid proteins A1-A3, as acute phase proteins akin to the C-Reactive Protein in humans, came to fore recently. The serum amyloid proteins A1-A3 contribute to muscle atrophy, known as the Intensive Care Unit-Acquired Weakness (ICUAW) delaying patients’ recovery. Serum Amyloid A1 is recognized by the Toll-like Receptors 2 and 4 triggering nuclear signaling mediated by NF-κB and leading to the myotube injury (34). Importantly, the treatment with the NTCI lowered Saa3 gene expression four-fold in the lungs and two-fold in the kidneys.

The gene encoding aconitate decarboxylase (Acod1), also known as the immune responsive gene 1 (IRG1) was strikingly induced 452-fold by sepsis in the lungs whereas the NTCI attenuated its expression to the 103-fold level over the untreated control. In comparison, the same gene in the kidneys was induced by sepsis less robustly (73-fold) while the NTCI reduced its expression to 53-fold level. The product of IRG1, itaconate, suppresses succinate dehydrogenase (35) while accumulation of succinate controls adipose tissue thermogenesis (36). Moreover, itaconate causes the electrophilic stress mobilizing the transcription factors NRF2 and ATF3 (37, 38). Nuclear translocation of NRF2 is mediated by Importin α5 (39) targeted by the NTCI (20). Thus, NTCI not only suppresses the generation of itaconate but also its electrophilic stress-induced nuclear signaling mediated by NRF2 (19).

Among the analyzed “common genes” shared between the lungs and kidneys is the gene encoding Fos-like antigen (Fosl1), a component of the AP1 transcription factor complex that belongs to the Stress-Responsive Transcription Factors (19). It was upregulated by sepsis 48-fold and 11-fold in the lungs and kidneys, respectively. The NTCI treatment downregulated its expression to the 31-fold level in the lungs. Contrariwise, expression of Fosl1 gene in the kidneys was increased two-fold by NTCI. Importantly, in addition to changing the expression of Fosl1, the NTCI inhibited nuclear translocation of FOSL1 bound to cJun (AP1 protein complex) during sepsis (18). FOSL1 was also identified in transcriptomic analysis of differentially expressed genes in SARS-Co-2 infected lung epithelial cells as compared to the pancreatic islet cells (40).

Genes encoding members of the acute phase protein response, C-reactive protein (Crp), and orosomucoid 1 and 2 (Orm1, Orm2) belong to the group of genes upregulated by sepsis in both organs (41). The gene encoding Orm1 was tightly regulated by NTCI treatment, especially in the kidneys, where its expression was reduced almost to the physiologic levels. Similarly, three genes encoding fibrinogen alpha (Fga), beta (Fgb), and gamma chains (Fgg), and Coagulation Factor X (F10) were increased by sepsis in the lungs and kidneys. Coagulation Factor X and fibrinogen, the main blood clotting protein, are also elevated during the aforementioned acute phase protein response contributing to the blood hypercoagulability known as thrombophilia (42). In combination with the microvascular endothelial injury, it evolves into disseminated intravascular coagulation (DIC), one of the major hematologic complications of sepsis (5). The NTCI treatment reduced the expression of the genes encoding fibrinogen chains and Factor X in the lungs and kidneys thereby potentially reducing the risk of DIC in sepsis, and by extension, in thrombophilia. Consistent with the current findings, the NTCI reduced the signs of massive microvascular liver injury and the laboratory signs of DIC (43).

We also spotted the genes that are not controlled by the NTCI treatment among the top responders to sepsis in the lungs and kidneys. Besides Csf3, this group encompasses metallothionein 2 (Mt2), interleukin 1 receptor type II (Il1r2), neutrophilic granule protein (Ngp), matrix metallopeptidase 8 (Mmp8), interleukin 6 (Il6), chemokine (C-X-C motif) ligand 1, 2 and 3 (Cxcl1, Cxcl2, Cxcl3), and CD177 antigen (Cd177).

The most downregulated genes by sepsis in the lungs and kidneys feature anoctamin 5 encoding gene Ano5 (see Suppl. Table ST1B). Its product comprises a 913-amino acid protein of the anoctamin family that is involved in phospholipid scrambling required for the sarcolemma repairing process in the skeletal muscles. Mutations in Ano5 give rise to an autosomal dominant skeletal muscle myopathies and dystrophies (44). It is likely that the suppression of anoctamin 5 gene in sepsis may contribute to the aforementioned Intensive Care Unit-Acquired Weakness (ICUAW) linked to the elevated Amyloid A-1-3 in sepsis (34). NTCI treatment raised 5-fold the expression of Anoctamin 5 gene while reducing significantly Amyloid 1-3 genes in sepsis (see Suppl. Tables ST1A, ST2A).

The NTCI also increased the expression of the gene encoding oxytocin receptor (Oxtr), a 7-transmembrane G protein-coupled receptor that activates a set of signaling cascades, such as the MAPK, PKC, PLC, or CaMK pathways, which converge on transcription factors CREB or MEF-2 (45). OXTR regulates neurite outgrowth, cellular viability, and increased survival. NTCI partially restored the Oxtr gene expression in the lungs and kidneys (Suppl. Table ST1B). Likewise, NTCI increased another sepsis-downregulated gene encoding apelin receptor (Aplnr) in the lungs but decreased its expression in the kidneys (Suppl. Table ST1B). Significantly, in cellular signaling, apelin is an endogenous peptide ligand for the APJ receptor involved in angiogenesis, cellular homeostasis, cardiovascular maintenance, and neuroprotection. In response to apelin, the APJ receptor drives the PI3K/Akt, MAPK, and PKA signaling pathways, leading to cell proliferation and protection from excitotoxicity (46). Similarly, the gene encoding β-Klotho was downregulated by sepsis in the lungs and kidneys and increased by the NTCI. This essential component of fibroblast growth factor (FGF) receptor complexes is required for high-affinity binding of endocrine FGF19 and FGF21 to evoke the signaling cascade actively involved in homeostatic maintenance of glucose metabolism and energy expenditure that are dysregulated in sepsis (47).




3.5 The top 100 most responsive lung genes in sepsis and their regulation by the selective nuclear blockade with the NTCI

Next, we focused on the top 100 most upregulated and 100 most downregulated genes by sepsis in the lungs and determined the impact of the selective nuclear blockade with NTCI on their expression.

Among the most sepsis-upregulated genes in the lungs, we noted the top 14 genes displaying remarkable rise of 119-fold to 3,985-fold in their upward expression (the shades of red color of increased intensity up to the brown color in the heat map, respectively in response to sepsis) shown in Suppl. Table ST2A. Three of the most upregulated genes encode Saa2, Saa1, and Prok2. Whereas serum amyloid genes (Saa1, Saa2, and Saa3) were addressed earlier, Prok2 (upregulated 1,783-fold), that encodes prokineticin 2 is also noteworthy. Its deficiency is linked to the low levels of gonadotropins and testosterone with or without anosmia (48). The NTCI treatment reduced its expression to 450-fold level while the gene encoding Prok2 receptor (Prokr2) was reduced to 4.5-fold level by the NTCI. The role of prokineticin 2 and its receptor in the development of ARDS and other lesions of acute lung injury in sepsis is unknown although anosmia is a prominent feature of SARS Coronavirus-2 infections (49).

Two other genes strongly responding to sepsis are of particular interest: Tarm1 and Mrgprb2. The former encodes T cell-interacting activating receptor on myeloid cells. This novel leukocyte receptor expressed in neutrophils and macrophages plays an important role in proinflammatory response to acute bacterial infections. Simultaneous stimulation of TARM-1 and Toll-like receptor 4 enhanced the production of TNFα and IL-6 by granulocytes and macrophages (50). In turn, Mrgpra2a is the homolog to the human gene encoding MRGPRX2. This important protein mediates mast-cell activation in response to a broad array of stimuli ranging from wasp venom to several pharmaceutical compounds associated with the IgE-independent pseudo-allergic reactions in patients (51). The NTCI treatment reduced its expression in the lungs (Suppl. Table ST2A).

Among the most downregulated lung genes in sepsis, is defensin beta 42 (Defb42) displaying predominantly anti-bacterial activity against Escherichia coli and Staphylococcus aureus (52). The expression of this gene in the lungs of NTCI-treated mice was not significant.




3.6 The top 100 most responsive kidney genes in sepsis and their regulation by the selective nuclear blockade with the NTCI

Among the top 100 most upregulated genes by sepsis in the kidneys (see Suppl. Tables ST3A, ST3B), is eosinophil peroxidase (Epx) which displayed 118-fold increase. It was almost doubled by the NTCI to 231-fold level. As no clinical findings have been associated with human Epx deficiency (53), its overexpression in the kidneys during sepsis awaits further studies. In turn, G protein-coupled bile acid receptor-1 (Gpbar1 aka Takeda G protein-coupled receptor-5 [TGR5]) regulates bile acid metabolism and glucose and insulin sensitivity. TGR5 stimulates glucagon-like peptide-1 (GLP-1) secretion to improve insulin sensitivity and hepatic metabolism (54). Significantly, the treatment with the NTCI increased 4-fold the expression of the TGR5 underscoring the potential for metabolic improvement in sepsis.

Among the genes in the kidneys displaying extreme downregulation during sepsis, the two genes encoding cytochrome P450, family 11 subfamily b and a polypeptide 1 were restored by the NTCI to higher albeit still abnormal levels. Along with the genes encoding cytochrome P450 family 17 subfamily A member 1, they participate in steroidogenesis being induced by endothelin-1 (55). The profound suppression of these genes indicates potential failure of physiologic steroidogenesis in sepsis.




3.7 Enhancement of bacterial clearance in polymicrobial sepsis by the selective nuclear blockade

As indicated above, sepsis had a significant impact on the genes encoding multiple mediators of innate immunity and inflammation in the lungs and kidneys, including Solute Carrier Family 11 (Proton-Coupled Divalent Metal Ion Transporters, Member 1 (Slc11a1), aka natural resistance associated macrophage protein 1 (NRAMP). This gene is linked to the control of intracellular pathogens, and along with the gene encoding cathelicidin antimicrobial peptide (Camp) and defensins, contributes to the innate immunity-mediated bacterial clearance in the lungs and kidneys as well as blood and spleen (see below). This process depends on the phagocytic system (56).

To study bacterial clearance in sepsis, we adopted its clinically relevant experimental model evolving from polymicrobial peritonitis. This non-surgical model provides consistent results in terms of the standardized microbial challenge as compared to the alternative surgical model, the cecal ligation and puncture. The latter is subject to the uncontrolled spillage of cecal microbiome into the peritoneal cavity. The cecal microbiome (abbreviated CM) was obtained from the euthanized healthy donor mice (18). The gut microbiome of healthy C57Bl/6 mice comprises: Dorea, Actinobacteria, Bifidobacteriaceae, Turucibacteriaceae, Firmicutes, Lactobacilliaceae, and other Bacilli (57). The mice were uniformly infected with a titrated amount of gut microbiota through a single intraperitoneal injection (4.5×105 Colony Forming Units (CFU)/kg, representing half of the LD50 determined for Cecal Microbiome (CM) (Suppl. Figure SF1). We hasten to add that this microbial challenge comprises a multitude of intestinal Gram-negative bacteria expressing diverse LPS structures and additional virulence factors, Gram-positive bacteria, and other microbes residing in the gut microbiome (18, 32). Importantly, the resulting polymicrobial peritonitis is accompanied by dissemination of the infection to the blood (bacteremia), lungs, spleen, kidneys, and other organs (Figure 4), thereby producing a multi-system microbial inflammation that mediates sepsis.




Figure 4 | Selective Nuclear Blockade with the NTCI Significantly Reduced Bacterial Dissemination in Blood, Lungs, Spleen, and Kidneys. Mice with induced polymicrobial peritonitis were treated for 12 hours with the NTCI without antimicrobial therapy (see Materials and Methods for details). Blood, lungs, spleen, and kidneys were collected and processed for bacterial count (n=5). Bacterial dissemination in blood and three major organs was analyzed by nonparametric t test with Mann–Whitney rank comparison. The data is presented as a mean ± SEM. ****p < 0.0001, ns, not significant.



Strikingly, the selective nuclear blockade with the parentally administered NTCI for 12 hours (without antimicrobial therapy) reduced the detectable bacterial count in the following ways: 18-fold in the blood, 9-fold in the spleen, 11-fold in the lungs (Figure 4). The downward change of the bacterial count in the kidneys was not significant. We link these NTCI-induced gains in the bacterial clearance in the lungs, as compared to the kidneys, to the different genomic response to polymicrobial sepsis in these two target organs. We excluded the direct action of the NTCI on bacterial population comprising CM by using the Kirby-Bauer method of bacterial sensitivity testing with antibiotic meropenem as the positive control (Suppl. Figure SF4). Previously, we showed that the addition of NTCI to meropenem, a broad-spectrum β-lactam antibiotic, increased survival to 55% in a similar model of sepsis whereas meropenem alone afforded 30% survival (18).





4 Discussion

We report that polymicrobial sepsis in the preclinical model causes a massive genomic response in the two main target organs, the lungs and kidneys. This unprecedented, major organ-based genomic response is attenuated by the selective nuclear blockade with the NTCI. Astoundingly, 3,735 sepsis-induced genes in the lungs and 1,951 sepsis-induced genes in the kidneys were reprogrammed by 6-hour treatment. Moreover, the NTCI-treated animals displayed the enhancement of microbial clearance that reduced the sepsis-causing dissemination of titrated gut microbiome following its intraperitoneal injection. The bacterial clearance was increased 18-fold in the blood, 9-fold in the spleen, and 11-fold in the lungs during the 12-hour treatment with the NTCI. Importantly, the 9-fold increase in microbial clearance in the spleen is clinically relevant. Patients with hyposplenism due to celiac disease or following bone marrow transplantation are at a significant risk of fulminant sepsis (58). Thus, the data sets presented herein and their impact on bacterial clearance in experimental sepsis serve as a translational platform for future clinical studies of patients with sepsis. Ultimately, the massive genomic response to sepsis, which is treated by the selective nuclear blockade, provides a foundation for much needed new therapeutic approaches. Our data also provide a basis for evaluation of the microbial clearance in other model systems to address the host’s genomic response to the sepsis-causing viral, fungal, and protozoal pathogens. The prevention and very early control of severe viral, bacterial, fungal, and protozoal infections remains crucial for taming their progression into sepsis.

Other studies of the whole blood response to pediatric sepsis, reported over 1,000 upregulated and 1,401 downregulated genes that were expressed in blood cells based on genome-level expression profiling using the microarray technology (26, 27). The whole blood response to adult sepsis has identified two classes of genomic changes: “adaptive” and “inflammatory”. The former was dominated by T cells and natural killer (NK) cells, which displayed an upregulation of the T cell receptor signaling pathway and NK cell-mediated cytotoxicity. The “inflammatory” response displayed a preponderance of macrophages with upregulation of the Toll-like receptor signaling pathway linked to a less favorable prognosis (28). Our study of the two major organs, the lungs and kidneys, identified over 6,200 sepsis-responding genes in the lungs, and over 5,400 genes in the kidneys that were changed downward or upward during the 6-hour treatment with the selective nuclear blockade.

While comparing the genomic response to sepsis in the lungs and kidneys, we should consider structural and functional differences between them. Distinct regions of the lungs display different population of epithelial cells that function as adult stem cells. These cells are differentiated (59). Furthermore, the mature epithelium differs along the proximal-distal axis thereby determining its different potential for repair in response to injury (59). In turn, the air-blood barrier comprising alveolar-microvascular unit is particularly vulnerable to sepsis-causing microbial agents. They include viruses, such as influenza and SARS-Coronavirus 1 and 2, and LPS-bearing Gram-negative bacteria, the cause of sepsis in two-thirds of patients (11), as well as Staphylococci and Streptococci producing superantigenic immunotoxins (5, 15, 19).

The kidneys differ from the lungs in terms of their cell types and gene expression (60). In contrast to the lungs, the kidney cells are surrounded by the gradient of increasing tissue osmolality from the cortex to the medulla thereby influencing their transcriptomes. The kidney’s tubules traverse significant space from kidney’s cortex to medulla. This space is marked by steep corticomedullary gradients of tissue osmolality and oxygen tension, known to influence the gene expression of adjacent cells (61). In animal models of sepsis-caused AKI, cortical changes underlie the acute injury (25). Notwithstanding these spatial differences in the kidneys’ cellular and molecular architecture, the whole-organ gene expression profiling revealed that 33% of the 16,858 analyzed genes comprising the kidneys transcriptome were upregulated or downregulated in response to experimental sepsis (see above and Figure 3).

The selective nuclear blockade imposed by the NTCI simultaneously targets two nuclear transport shuttles, cytoplasmic adaptor proteins termed importin α5 and importin β1 (16, 19, 20). These two cytoplasmic proteins are required for the nuclear translocation of an entire set of proinflammatory SRTFs and MTFs to the cell’s nucleus. Thus, the NTCI disables the inflammatory and metabolic regulomes thereby silencing (until this study) at least 32 known genes encoding the mediators of inflammation in animal models of allergic (62), autoimmune, metabolic, microbial, and physical inflammation (19). In the experimental sepsis model studied by us herein, the number of genes regulated by the selective nuclear blockade in the lungs and kidneys exceeds 3,700 and 1,900, respectively (see the conceptual figure, Figure 5).




Figure 5 | Sepsis-Causing Microbial Agents Sensed by Toll-Like Receptors and Other Extracellular and Intracellular Detectors Activate Multiple Transcription Factors in Immune and Non-Immune Cells (e.g., Endothelial and Epithelial Cells). Signals generated by these receptors/sensors/channels activate at least 7 families of stress-responsive transcription factors (SRTFs) and metabolic transcription factors (MTFs) Please note that the AP1 complex comprises two distinct transcription factors, cFos and cJun. Transcription factors are ferried to the inflammatory and/or metabolic regulomes in the nucleus by nuclear transport shuttles (importin α5 and importin β1) that are selectively controlled by the Nuclear Transport Checkpoint Inhibitors (NTCIs) (see text for details). Thus, selective nuclear blockade shields the inflammatory and metabolic regulomes in the nucleus thereby reducing the activation of a myriad (in thousands) of genes responding to sepsis. NPC, Nuclear Pore Complex.



The selectivity of the nuclear blockade imposed by disabling importin α5- and importin β1-based nuclear transport of SRTFs and MTFs allows other members of importins α family to continue their nuclear translocation function. Moreover, the potential adverse impact of inhibiting importin α5 was allied by the report that mice with an importin α5 deficiency are viable and fertile and do not display any apparent morphological and behavioral defects (63). Significantly, the NTCI inhibits the nuclear translocation of larger transcription factors (MW>45 kDa), such as SRTFs and MTFs by targeting the Imp α5/Imp β1 complex (16, 62). Therefore, in the presence of the NTCI, the smaller transcription factors (MW<45 kDa), which are essential to cell survival and maintenance, can freely translocate to the nucleus and contribute to the homeostasis and lifespan of cells treated with the NTCI (16). We found previously that the NTCI treatment did not alter the expression of the five housekeeping genes (Gusb, Hprt1, Hsp90ab1, Gapdh, and Actb) (17).

The new generation cell-penetrating NTCI, the cSN50.1 peptide, regulated the massive genomic response to sepsis and enhanced bacterial clearance without institution of antimicrobial therapy, as documented here. Previously, in the experimental model of sepsis, the same NTCI increased the survival of mice from 30% in the antibiotic-treated control group to 55% in the group treated with the NTCI combined with antimicrobial therapy (18). Another experimental sepsis study using a cecal ligation and puncture model, independently showed that the first generation NTCI (SN50 peptide), combined with antimicrobial therapy, also improved survival (64). Moreover, the innate immunity reprogramming action of the NTCI (SN50 peptide) was subsequently showed by others in the adjuvant-mediated enhancement of response to the viral and bacterial vaccines (65). Notably, a new generation NTCI (the cSN50.1 peptide) used herein is 8 times more water soluble and bioavailable than the first generation NTCI (SN50 peptide) used in most of the studies (17).

The NTCI reported in this and earlier reports, represents a new class of broad-spectrum anti-inflammatory agents for topical (localized) genomic control of inflammation (62) and, if needed, systemic therapy of sepsis and related diseases mediated by microbial inflammation (19). Other broad-spectrum anti-inflammatory agents, the glucocorticoids, e.g., dexamethasone, target the inflammatory regulome via the action of the cognate nuclear receptor, which functions as a transcription factor, inducing genomic response (66–68). Inadvertently, this response causes immunosuppression and dysregulated metabolism (hyperglycemia, hyperlipidemia) as well as skin atrophy, osteoporosis (19) and atherosclerosis (69). In striking contrast, the NTCI reduces blood glucose, cholesterol, and triglycerides, and atherosclerosis (16) while increasing the innate immunity-mediated clearance of bacteria in the blood, spleen, and lungs (Figure 4).

The microbial clearance, operational in the blood, spleen, lungs, and other organs, reduces the dissemination of bacteria from an initial site of sepsis-causing infection. This primarily phagocytic process, mediated by circulating myelomonocytic cells (granulocytes and monocytes) and tissue macrophages (56), also depends on well-functioning small blood vessels (<100 µm diameter). Their normal function in the lungs, heart, kidneys, and other organs is essential for trafficking and extravasation of phagocytic and non-phagocytic immune cells (5). Microbial agents, joined by the host-produced mediators of innate immunity and inflammation, damage the small blood vessels (5).

These considerations are important as the wide-spread emergence of microbes that can escape antimicrobial therapy calls for new approaches to cytoprotective treatments of severe infections evolving into sepsis. Among the cytoprotective approaches, pathogen-directed monoclonal antibodies tested in Ebola virus-associated sepsis (70) and other viral infections (71), recombinant SLIT protein (72), and NTCIs (19), await further preclinical and clinical studies. Frustratingly, over 100 published clinical trials in sepsis targeting microbial factors, cytokines (including anti-TNF-alpha and anti-IL-1 beta monoclonal antibodies), and blood coagulation regulators have thus far failed (73). A follow-up review analyzed more than 200 unique putative biomarkers of sepsis that have been proposed and concluded that none of these is used to guide therapies that target the host response (74).

The selective nuclear blockade that impedes the access of at least 7 families of transcription factors to the inflammatory and metabolic regulomes in the cell’s nucleus (Figure 5) controls cumulatively the expression of over 4,200 genes in the two major target organs in sepsis as documented herein. Moreover, it enhances the innate immunity-mediated bacterial clearance in the blood, spleen, and lungs (Figure 4) and increases survival when combined with anti-microbial therapy (18). These gains are imperative as sepsis-causing infections are increasingly difficult to control due to growing multi-drug resistance (5). For example, community-acquired Methicillin-Resistant Staphylococcus aureus (MRSA) almost doubled the number of influenza deaths (75).

The upregulated and downregulated genes in sepsis can be categorized in the following functional groups: A. The mediators of innate immunity and inflammation (cytokines, chemokines, growth factors, cell-adhesion molecules, intracellular signaling intermediates, microbicidal peptides). This set also encompasses genes responsible for the inborn errors of immunity based on the 320 different gene defects underlying 330 distinct disorders as reported in 2018 (76). B. The genes involved in the metabolism of cholesterol, triglycerides, fatty acids, and carbohydrates. C. The genes encoding transcription factors (19), including those participating in the feed-forward proinflammatory loop (e.g., cFOS), and metabolic signaling loops (e.g., SREBPs). D. The genes encoding physiologic suppressors of inflammation (e.g., SOCS1, SOCS3, CRADD, and A20) (19). Since microvascular endothelial cells are dysfunctional during sepsis (25), we emphasize a separate category (E) for the genes encoding the endothelial regulatory signaling axis comprising angiopoietin-1(angpt-1) and Tie2 and others (77). Microvascular endothelial injury plays a critically important role in the sepsis-induced dysfunction of the lungs, kidneys, and other organs.

Our genomic findings in experimental sepsis controlled by the selective nuclear blockade have significant translational implications for the mechanism of human sepsis and related complications. For example, the Intensive Care Unit-Acquired Weakness (ICUAW), that delays patients’ recovery is mediated by Saa1 gene-encoded Serum Amyloid A1 contributing to the myotube injury (34). In addition, we identified in experimental sepsis another sepsis-suppressed gene linked to muscle dystrophy, anoctamin 5 (Ano5), and discovered its potentially beneficial regulation by the NTCI, Importantly, the treatment with the NTCI lowered the expression of Saa1 in the lungs by 2.7-fold. Furthermore, it lowered Saa3 gene expression four-fold in the lungs and two-fold in the kidneys and raised 5-fold the expression of Anoctamin 5 gene (see Suppl. Tables ST1A, ST2A).

Disseminated intravascular coagulation (DIC), is one of the major hematologic complications of sepsis (5).The NTCI treatment reduced the expression of the genes encoding fibrinogen chains and Factor X in the lungs and kidneys potentially reducing the risk of DIC in sepsis.

Metabolic derangements in human sepsis exemplified by elevated lactate level in blood and alteration in fatty acid metabolism were increased in non-survivors of Septic Shock (78). Our study found strikingly profound changes in genes encoding endocrine and metabolic regulators. Hence, the G protein-coupled bile acid receptor-1 (Gpbar1 aka Takeda G protein-coupled receptor-5 [TGR5]) was downregulated in experimental sepsis. TGR5 stimulates glucagon-like peptide-1 (GLP-1) secretion to improve insulin sensitivity and hepatic metabolism (54). Significantly, the treatment with the NTCI increased 4-fold the expression of the Gpbar1. This underscores the NTCI’s potential for metabolic improvement in sepsis and other severe infectious diseases. The two genes encoding cytochrome P450, family 11 subfamily b and a polypeptide 1, were most profoundly suppressed in experimental sepsis. The cytochrome P450 family 17 subfamily A member 1 participates in steroidogenesis induced by endothelin-1 (55). Sepsis-induced suppression of these genes heralds potential failure of physiologic steroidogenesis. The NTCI partially reversed precipitous decline of these metabolic genes. The last but not least example of potential translational value emerging from our study is the gene encoding β-Klotho. It was downregulated by sepsis in the lungs and kidneys and increased by the NTCI. The β-Klotho is the essential component of fibroblast growth factor (FGF) receptor complexes required for high-affinity binding of endocrine FGF19 and FGF21. They evoke the signaling cascade actively involved in homeostatic maintenance of glucose metabolism and energy expenditure that are dysregulated in sepsis (47).

In summary, we uncovered the hitherto unreported induction of thousands of genes by experimental sepsis in the lungs and kidneys, the two major organs, which are the sites of ARDS and AKI, respectively. We also found that this genomic response to sepsis is regulated by the selective nuclear blockade with the NTCI. The resulting reprogramming of the genes in the lungs, spleen, and blood contributes to the increased bacterial clearance reducing the dissemination of polymicrobial infection (see above Figure 4) and increasing survival in sepsis (18). Therefore, the selective nuclear blockade counteracts the action of the microbial virulence factors combined with the host’s produced mediators of inflammation thereby protecting the major organs from potentially lethal septic injury.

Altogether, our results are of significant relevance to millions of individuals in all age groups threatened by sepsis. We submit that the NTCI-based approach paves the way for the potentially effective treatment of sepsis, one of the most prevailing and challenging complication of severe infections worldwide (1). Our findings of robust genomic response to experimental sepsis and its successful control in the two major organs, lungs and kidneys, by the NTCI could be valuable for further medical use. The NTCI (cSN50.1 aka. AMTX-100 CF) is in the ongoing Phase 2 clinical trial for mild to moderate Atopic Dermatitis (NCT04313400), the most common skin disease (62).
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Background

Peri-implantitis is an infectious/inflammatory disease with similar clinical and radiographic features to periodontitis. Overwhelming evidence confirmed that periodontitis causes elevations in systemic inflammatory mediators; this is unclear for peri-implantitis. Hence, this study aimed to appraise all available evidence linking peri-implantitis with systemic inflammation.





Methods

A systematic review was completed according to Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines. Eight electronic databases (Cochrane Central Register of Controlled Trials, MEDLINE, EMBASE, Web of Science, Dentistry & Oral Sciences Source, Scopus, LILACS, and China Online), ClinicalTrials.gov, WHO International Clinical Trials Registry Platform (ICTRP), and gray literature were searched up to February 9, 2023. Human studies of randomized controlled trials, non-randomized intervention studies, cohort studies, case–control, and cross-sectional studies were eligible for inclusion. Quantitative analyses were performed using random effects models.





Results

A total of 27 full-text articles were retrieved, and 11 clinical studies were included in the final analyses. All evidence gathered demonstrated a consistent association between peri-implantitis and systemic inflammation. Patients with peri-implantitis exhibited higher levels of serum C-reactive protein (CRP) (standard mean difference (SMD): 4.68, 98.7% CI: 2.12 to 7.25), interleukin-6 (IL-6) (weighted mean difference (WMD): 6.27 pg/mL, 0% CI: 5.01 to 7.54), and white blood cell counts (WMD: 1.16 * 103/μL, 0% CI: 0.61 to 1.70) when compared to participants without peri-implantitis.





Conclusion

Peri-implantitis is associated with higher systemic inflammation as assessed by serum CRP, IL-6, and white blood cell counts. Further research is needed to clarify the nature of this association.





Systematic review registration

https://www.crd.york.ac.uk/prospero/display_record.php?RecordID=246837, identifier CRD42021246837.





Keywords: systemic inflammation, inflammation, C-reactive protein, peri-implantitis, biomarker, immunity





Introduction

Over the last three decades, dental implants have been proven to be an effective treatment for replacing teeth. A study reported that the survival rates of dental implants exceeded 85% after 25 years of follow-up (1), but they are not free from complications (2). The prevalence of peri-implant diseases is increasing. Evidence proved that the development and progression of peri-implant disease can result in the eventual loss of dental implants (3), while the definition of peri-implantitis continues to be a controversial issue due to the various case definitions of the disease reported (4). The 2017 International Classification of Periodontal and Peri-Implant Diseases and Conditions defined peri-implantitis as the presence of bleeding and/or suppuration on gentle probing combined with more than 6-mm probing depths and bone loss ≥3 mm (5). Peri-implant diseases display some unique features; the amount of surface area and inflammatory cell composition differentiate peri-implant lesions from periodontal pockets (4, 5).

However, periodontitis not only is linked to local inflammation but also triggers a systemic host response (6). This is usually assessed by serological biomarkers including C-reactive protein (CRP) and interleukin (IL)-6 (7). A raised systemic inflammatory state has been advocated as a potential mechanism linking periodontitis to a variety of systemic diseases including cardiovascular and metabolic diseases (8, 9). Some evidence also suggests that peri-implantitis with its local pathogen and inflammatory burden could be an unrecognized trigger of systemic inflammation (10). With the increasing use of dental implants including in patients with existing co-morbidities, it is therefore unclear what systemic impact peri-implant disease/infection might have.

We therefore aimed to conduct a systematic appraisal of all published evidence evaluating the association between peri-implantitis and its treatment and systemic inflammation.





Materials and methods

A systematic review was conducted according to the Cochrane Handbook and Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (11), and the protocol was registered in the PROSPERO register (reference no: CRD42021246837). The focused research questions were “Is there an association between peri-implantitis and systemic inflammation in adults?” and “Is there an association between the treatments of peri-implantitis and systemic inflammation in adults?”, using the PECOS/PICOS.




PECOS

P (Patients): Adult population. Studies that recruited participants who were under 18 years old, pregnant, lactating, or taking antibiotics for purposes other than an intervention to treat peri-implantitis were excluded.

E (Exposure): Diagnosis of peri-implantitis according to respective definitions in their studies.

C (Comparison): Individuals without peri-implantitis.

O (Outcome): Systemic inflammation assessed by

	serum CRP level (primary), and

	any other biomarkers (such as white blood cell (WBC) counts, interleukin-6, interleukin-10, necrosis factor-α, interleukin-1β, neutrophils, hemoglobin (Hb), platelets (PLT), and lymphocytes) in peripheral blood (secondary).



S (Study designs): Human studies including randomized controlled trials, non-randomized intervention studies, cohort studies, case–control, and cross-sectional studies. However, case reports and series, reviews, and animal studies were excluded.





PICOS

P (Patients): Adult population. Studies that recruited participants who were under 18 years old, pregnant, lactating, or taking antibiotics for purposes other than an intervention to treat peri-implantitis were excluded.

I (intervention): Peri-implantitis treatments including non-surgical or surgical implant decontamination with or without other adjunctive therapies.

C (Comparison): No treatment or control intervention (supra-mucosal cleaning, oral hygiene instructions, and/or community dental treatment).

O (Outcome): Systemic inflammation assessed by

	serum CRP level reduction (primary) at 3 and 6 months of follow-up, and

	any other biomarkers (such as white blood cell counts, interleukin-6, interleukin-10, necrosis factor-α, interleukin-1β, neutrophils, hemoglobin, platelets, and lymphocytes) in peripheral blood (secondary) at 3 and 6 months of follow-up.



S (Study designs): Human studies including randomized controlled trials.





Information sources and searches

Broad and inclusive electronic search strategies were designed and conducted to include citations until February 9, 2023. The following electronic databases were searched without language limitation using medical subject headings and free-text terms: Cochrane Central Register of Controlled Trials (CENTRAL), MEDLINE, EMBASE, Web of Science, Dentistry & Oral Sciences Source, Scopus, LILACS, and China Online (example-Medline search Supplementary Table 1). Further, SIGLE was used to search for gray literature. The following journals were searched by hand since 2002: Journal of Periodontology, Journal of Clinical Periodontology, and Clinical Oral Implants Research. Registered studies were searched from ClinicalTrials.gov and WHO International Clinical Trials Registry Platform (ICTRP). Resulting hits from the application of the search strategies were imported into a reference manager software (EndNote, version 20).





Study selection and data extraction

The titles and abstracts (when available) identified through the search were screened independently by two reviewers (YY and MO) based on the inclusion and exclusion criteria. Any disagreement was resolved by discussion. Full reports were assessed  for studies which there was insufficient information in the title and abstract to make a clear decision. The full reports were assessed independently, in duplicate, by the same reviewers to establish eligibility for inclusion. If necessary, a third reviewer was consulted (FD). Data extracted and collated in evidence tables included study characteristics, population, exposure, intervention, outcomes, and author conclusions.





Quality assessment of selected studies

Descriptive analysis was performed to determine the quality of data, checking further for study variations, in terms of study characteristics, and results and assessing suitability for inclusion in meta-analysis. Quality assessment of included studies was undertaken independently by two reviewers (YY and MO). Quality assessment and risk of bias in observational studies, randomized controlled trials, and non-randomized studies of interventions were determined using the Newcastle-Ottawa Scale (NOS) (12), the revised Cochrane tool (RoB 2) (13), and the ROBINS-I tool (14), respectively.





Analyses

Qualitative analyses for all included studies were completed and reported in evidence tables. Further quantitative analyses were performed on all available evidence retrieved using Stata/MP 17.0 (StataCorp, College Station, TX, USA). Weighted mean differences (WMDs) with a 95% confidence interval (CI) were calculated for parameters reported and assessed using similar methods, while for those assessed and reported with different methods/units, standard mean difference (SMD) was applied.

The heterogeneity of the data was assessed using the c2-based Q-statistic method and considered significant if p < 0.05 and quantified with the I-squared statistic. Pooled estimates were calculated using random effects models when at least two studies with the data were available. Potential inter-study heterogeneity was considered to adopt more conservative analyses. The pooled effect was considered significant if p < 0.05. Publication bias was examined using a funnel plot and Egger’s test (15). Sensitivity analyses were defined a priori to understand the influence of individual studies on the aggregate estimates. Meta-analyses of different inflammatory biomarkers/outcomes were evaluated based on the Grading of Recommendations Assessment, Development, and Evaluations (GRADE) approach (16).






Results




Selection and characteristics of included studies

The electronic search identified 1,208 articles of potential relevance. After the removal of duplicates, 827 citations remained. After title and abstract screening, 26 articles were retrieved for full-text assessment from databases and registers, and one record was identified by hand searching. Finally, a total of 11 articles were eligible for inclusion in the review, among which seven were case–control studies (17–23), and four were cross-sectional studies (24–27) (Table 1; Figure 1). Five studies (17, 19, 22, 25, 26) compared participants with healthy implants. Another four studies only mentioned that participants from comparison groups were with healthy oral conditions (18, 20, 21, 24) and did not specify whether dental implants existed or not. Two studies (23, 26) divided the comparison groups into two groups, which were participants with healthy dental implants, or without dental implants but with healthy periodontium. Two studies defined the inclusion criteria in their studies as the presence of at least one implant diagnosed with peri-implantitis (17, 27), and another study divided peri-implantitis patients into different groups based on dental implant numbers and severity of peri-implantitis (24). Other included studies did not clearly illustrate the number of implants that were diagnosed with peri-implantitis. No randomized controlled trials were retrieved. A total of 32 blood parameters were measured to investigate the association between peri-implantitis and systemic inflammation (Supplementary Table 2). After the assessment of available data, one study was not eligible to be included in the meta-analysis due to a lack of standard deviation (20), and another article presented the data only as medians (25). Finally, nine articles were included in the quantitative analysis.


Table 1 | Evidence table for included studies.






Figure 1 | PRISMA flowchart. Flowchart of this study shows the process that we followed to identify and select studies. The original databases and registers retrieved 1,208 records. A total of 827 citations remained after removal of duplicates; 26 articles were retrieved for full-text assessment databases and registers. Another record was identified by hand search. A total of 11 articles were eligible after the application of inclusion and exclusion criteria.







Risk of bias

Risk of bias assessment of observational studies, evaluated using the Newcastle-Ottawa Scale, was based on a) the selection and definition of controls, b) hospital controls rather than community population, c) ambiguous definitions and descriptions of the history of peri-implantitis, and d) non-response rate. The majority of observational studies were considered at low risk of bias (17, 19, 21–27), while only two studies were at high risk of bias (18, 20). The most common sources of bias among included articles were non-response rate and selection of controls (Supplementary Table 3). Publication bias analysis could not be conducted due to the limited number of studies retrieved/available. Due to the limited number of included articles and small sample size, the outcomes could be influenced by inconsistency and imprecision (Supplementary Figure 1). Sensitive analysis was conducted by omitting one article each time (Supplementary Figure 2).





CRP

Eight articles assessed CRP levels, while one of the studies lacked standard deviation, and one study only presented CRP as medians in their article. Meta-analysis of six articles confirmed a statistically significant higher level of CRP in patients with peri-implantitis (n = 182) compared to patients without peri-implantitis (n = 318); SMD of 4.68 [2.12, 7.25], with high level of heterogeneity (I2 = 98.7%), was detected, which means higher levels of CRP in patients with peri-implantitis (Supplementary Table 4; Figure 2A).




Figure 2 | Forest plot for C-reactive protein (CRP) between cases (peri-implantitis) and controls (without peri-implantitis). Forest plot for standard mean difference (SMD) and weight mean difference (WMD) (95% confidence interval [CI]). Random effects model was used. The squares represent the relative effect of studies; the diamond represents the overall effect of all the studies. (A) Peri-implantitis patients (n = 182) showed higher serum CRP levels than controls (n = 318), SMD of 4.68 [2.12, 7.25], with high level of heterogeneity (I2 = 98.4%). (B) Healthy implants: subgroup analysis of patients in control groups of participants with healthy implants. Forest plots indicated higher serum CRP levels in patients with peri-implantitis (n = 62) than the controls (n = 172), WMD of 7.87 mg/L [0.83, 14.9]. (B) Case definition: subgroup analysis of the studies that defined peri-implantitis as gingival crevicular bleeding index >1 and periodontal probing depth ≥5 mm. Results showed significantly higher serum CRP levels in peri-implantitis patients than those without peri-implantitis.







Subgroup analysis for control groups of patients with healthy implants

Analyses were conducted for the studies that specified that their controls were patients with healthy implants, and results showed WMD of 7.87 mg/L [0.83,14.90], with a heterogeneity of 97.2%, which shows mean CPR levels in patients with peri-implantitis of 7.87 mg/L higher than that of patients without peri-implantitis (Figure 2B, Healthy implants).





Subgroup analysis based on the case definition of peri-implantitis

Subgroup analysis based on the case definitions was also performed. Included studies have different definitions according to probing depth, bone loss, bleeding on probing, or swelling/suppuration. Two studies (22, 23), which defined peri-implantitis as gingival crevicular bleeding index >1 and periodontal probing depth ≥5 mm, revealed a significantly lower level of CRP in patients without peri-implantitis compared to patients with peri-implantitis (Table 1; Figure 2B, Case definition). Two studies (25, 26) defined peri-implantitis following the guidelines of consensus reports of the 2017 World Workshop. No significant difference in CRP levels was discovered between patients with peri-implantitis and without.





WBC

Three articles (17, 19, 27) assessed WBC levels, and data from two articles were eligible to be included in a meta-analysis. Results from the meta-analysis confirmed statistically significant higher leucocyte counts in patients with peri-implantitis (n = 75) compared to those without peri-implantitis (n = 68), with a low level of heterogeneity (0%) (Figure 3A). Although results from Blanco et al. cannot be included in quantitative analysis, they also reported a significantly lower level of WBC in patients without peri-implantitis than in peri-implantitis patients (27).




Figure 3 | Forest plot for white blood cell (WBC) count interleukin-6 (IL-6) between cases (peri-implantitis) and controls (without peri-implantitis). Forest plot for mean difference (95% confidence interval [CI]). Random effects model was used for weight mean difference (WMD). The squares represent the relative effect of studies; the diamond represents the overall effect of all the studies. Higher levels of WBC (A) and IL-6 (B) in peri-implantitis groups compared with controls were revealed.







Cytokines

Two studies that assessed serum IL-6 and were included in the meta-analysis showed significant differences between patients with peri-implantitis and without (Figure 3B). Regarding IL-1β, a study by Mustafaev et al. confirmed a significantly lower level of serum IL-1β in patients with healthy periodontium/implants than in patients with peri-implantitis (24). Blanco also announced that patients with peri-implantitis had a significantly higher level of TNF-α than patients with healthy implants (27).





Other biomarkers

Meta-analyses for neutrophils, hemoglobin, platelets, and lymphocytes were also conducted, while no significant differences were observed in these mediators for patients with peri-implantitis versus those without peri-implantitis (Supplementary Figure 3).






Discussion

This systematic review and meta-analysis indicates that peri-implantitis is not only associated with local mucosal inflammation but rather accompanied by a systemic host response. It is the first critical appraisal of the limited but consistent evidence suggesting that peri-implantitis could have systemic implications (i.e., patients with existing co-morbidities linked to systemic inflammation).

A recent review discussed the relationship between peri-implantitis and systemic diseases pointing at a possible role of body response to peri-implantitis, but due to the limited evidence, authors urged caution to avoid overinterpretation of the data available (10). Hultin et al. first reported a not statistically significant trend of higher serum CRP levels in patients with peri-implantitis (17). More recently, reports confirmed that higher serum CRP levels are associated with peri-implantitis (18, 20–23, 26). Moreover, two studies revealed that serum CRP significantly decreased after treating peri-implantitis with local metronidazole gel (22, 23). The main limitation of the evidence reported so far, however, is that most of the clinical trials performed were not primarily designed to test the impact of peri-implantitis on systemic inflammation. CRP has been used as a marker of systemic inflammation in these studies, and overwhelming evidence justifies this choice (28). Although CRP can be generated in reconstituted human gingival epithelia (29), which may explain the systemic inflammation induced by pathological periodontal tissues, it can also be released directly by the liver as part of the common acute phase response (30). Systemic inflammatory changes could impact the onset and progression of other systemic disorders (i.e., cardiometabolic diseases), and recent evidence points toward specific immune alterations (trained myelopoiesis) as potential common mechanisms (31, 32). It is plausible that peri-implantitis as periodontitis could represent an enhanced inflammatory stimulus with systemic implications, and we could speculate that the mechanism of CRP release due to periodontal inflammation is similar to that observed in patients with peri-implantitis.

There is plenty of evidence about the role of early inflammatory markers during the development of the host inflammatory response (i.e., cytokines) (33). This review included all reported inflammatory biomarkers rather than CRP, which have been measured in patients with peri-implant disease. As a multifunctional cytokine, IL-6 is secreted by several types of cells and is active in both innate and adaptive immune responses (34). Studies have reported that periodontitis is accompanied by increased production of proinflammatory cytokines (35, 36). Moreover, it has been demonstrated that proinflammatory cytokines in peri-implantitis crevicular fluid are increased (37) and anti-inflammatory cytokines are decreased (38). In this review, two studies (21, 24) also demonstrated higher concentrations of IL-6 in patients with peri-implantitis than without. Among other pro-inflammatory markers, IL-1β, TNF-α, and IL-17 have been extensively studied in the context of the generation of local and systemic inflammation and in particular relevant to periodontal inflammation and later tissue destruction (39, 40). There is currently evidence linking peri-implantitis to increased local production of TNF-α and IL-17 (41, 42). Evidence on the increased levels systemically of these markers in patients with dental implants and related diseases is limited. Higher serum concentrations of IL-1β and TNF-α were detected in patients with peri-implantitis compared to those without peri-implantitis (24, 27). Inconclusive evidence exists on the levels of IL-10 in patients with peri-implantitis (24, 27). Hematological changes were reported to be associated with peri-implantitis. In an experimental animal study, substantial differences in WBC, Hb, red blood cells (RBC), mean corpuscular hemoglobin (MCH), mean corpuscular hemoglobin concentration (MCHC), PLT, and mean corpuscular volume (MCV) were observed subsequent to the onset of experimental peri-implantitis (43). This review confirmed that peri-implantitis is associated with higher WBC count (a crude measure of systemic inflammation). These results are consistent with the evidence retrieved in patients with periodontitis (44), which reflect the inflammatory response of human body to peri-implantitis.

The exact mechanism behind the systemic impact of peri-implantitis remains unclear. Blanco et al. suggested that peri-implantitis subgingival pathogens induce a local inflammatory response followed by local exaggerated production of pro-inflammatory cytokines and prostaglandins (27). Histological evidence confirmed the greater inflammatory infiltrate within the peri-implant mucosa when peri-implantitis is diagnosed (45). Thus, it is reasonable to hypothesize that peri-implantitis could induce a systemic inflammatory response in a similar fashion to periodontitis (46) (Figure 4). A recent report confirmed indeed that when contrasting the host response of patients with periodontitis and peri-implantitis, the former represented a greater stimulus/trigger (47). This could be explained by the disproportionate number of inflamed sites often identified in patients with periodontitis as opposed to most reports describing the host response in patients with peri-implantitis referring to the single-digit number of implants affected. The main difference between these two conditions would therefore be the relative amount of inflamed surface area. Indeed, it is accepted that the periodontal inflamed surface area could extend up to 40 cm2 (48), while it is unclear how peri-implant inflamed mucosa would differ or be similar. The lack of reliable measures of the amount of gingival inflammation/cellular infiltrate within the peri-implant tissue could influence an accurate evaluation of the local and systemic impact of peri-implantitis.




Figure 4 | Hypothetical pathways linking peri-implantitis/periodontitis to systemic inflammation. Periodontitis can increase the risk of systemic inflammation and boost the C-reactive protein (CRP) levels with full mouth inflammation. Peri-implantitis always occur as single site, while a more heterogeneous bacterial flora and complex immune-inflammatory products could induce greater systemic inflammation. These two pathways add to systemic health risks.



Finally, there is a lack of randomized controlled trials on the topic. This would represent the highest level of evidence and address the issue of causality when studying the association between peri-implantitis and systemic inflammation/host response. We urge researcher colleagues therefore to focus on designing adequately powered clinical trials to address this question and ascertain the potential systemic implications of peri-implant diseases.

We should acknowledge some limitations of this review such as the high risk of bias of some trials included in our analysis and the differences in the definition of peri-implantitis as well as in the laboratory assessment of CRP. We strongly believe that these factors might have contributed to the high level of heterogeneity detected. Caution in interpreting these data conservatively should be exerted, and further and better-designed observational studies should be reported. In contrast, our systematic review methodology was based on a preregistered protocol, with a strict methodology and detailed process, including all possible confounding factors when assessing the available evidence, and could give confidence when interpreting the quantitative analyses.

In conclusion, our analysis supports an association between peri-implantitis and systemic inflammation as assessed by serum CRP levels. Although the mechanisms behind this association are still unclear, our findings are relevant when exploring potential systemic implications of overlooked sources of systemic inflammation from the oral cavity (i.e., peri-implantitis), especially in patients with other co-morbidities.
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Background

RNA methylation is closely involved in immune regulation, but its role in sepsis remains unknown. Here, we aim to investigate the role of RNA methylation-associated genes (RMGs) in classifying and diagnosing of sepsis.





Methods

Five types of RMGs (m1A, m5C, m6Am, m7G and Ψ) were used to identify sepsis subgroups based on gene expression profile data obtained from the GEO database (GSE57065, GSE65682, and GSE95233). Unsupervised clustering analysis was used to identify distinct RNA modification subtypes. The CIBERSORT, WGCNA, GO and KEGG analysis were performed to explore immune infiltration pattern and biological function of each cluster. RF, SVM, XGB, and GLM algorithm were applied to identify the diagnostic RMGs in sepsis. Finally, the expression levels of the five key RMGs were verified by collecting PBMCs from septic patients using qRT-PCR, and their diagnostic efficacy for sepsis was verified in combination with clinical data using ROC analysis.





Results

Sepsis was divided into three subtypes (cluster 1 to 3). Cluster 1 highly expressed NSUN7 and TRMT6, with the characteristic of neutrophil activation and upregulation of MAPK signaling pathways. Cluster 2 highly expressed NSUN3, and was featured by the regulation of mRNA stability and amino acid metabolism. NSUN5 and NSUN6 were upregulated in cluster 3 which was involved in ribonucleoprotein complex biogenesis and carbohydrate metabolism pathways. In addition, we identified that five RMGs (NSUN7, NOP2, PUS1, PUS3 and FTO) could function as biomarkers for clinic diagnose of sepsis. For validation, we determined that the relative expressions of NSUN7, NOP2, PUS1 and PUS3 were upregulated, while FTO was downregulated in septic patients. The area under the ROC curve (AUC) of NSUN7, NOP2, PUS1, PUS3 and FTO was 0.828, 0.707, 0.846, 0.834 and 0.976, respectively.





Conclusions

Our study uncovered that dysregulation of RNA methylation genes (m1A, m5C, m6Am, m7G and Ψ) was closely involved in the pathogenesis of sepsis, providing new insights into the classification of sepsis endotypes. We also revealed that five hub RMGs could function as novel diagnostic biomarkers and potential targets for treatment.





Keywords: sepsis, RNA methylation, machine learning, unsupervised clustering, biomarkers




1 Introduction

Sepsis is defined as life-threatening organ dysfunction caused by a dysregulated host response to infection (1). Although huge advance has been made in the treatment of sepsis, the mortality rate remains high, amounting to about 30% to 50% (2). According to the Surviving Sepsis Campaign International Guidelines, antibiotic treatment should be initiated within one hour after sepsis onset, delay in antibiotic therapy is closely associated with mortality (3). However, early recognition of sepsis remains a big clinical challenge due to its heterogeneity and complexity in terms of manifestations and populations (4, 5). Therefore, developing new biomarkers and classifying sepsis are critical for its early diagnosis and treatment.

The identification and classification of sepsis was previously based on clinical features or biomarkers. An increasing number of biomarkers for sepsis have been revealed in different independent studies including inflammatory cytokines, chemokines, complement system, metabolic genes, damage associated molecular patterns (DAMPs), non-coding RNAs, cell membrane receptors and proteins which facilitate sepsis diagnosis, and allow an early intervention (6, 7). However, due to the individual differences and pathophysiological complexity of sepsis, using a single biomarker in clinical settings does not achieve efficient diagnosis. Therefore, exploring a panel of specific and sensitive biomarkers or models combining biomarkers and clinical data to augment diagnosis and stratify sepsis patients is an urgent need.

RNA methylation is a reversible chemical modification by adding or removing methyl group on adenosine (A) or cytosine(C). It is the most abundant RNA modification in eukaryotes and prokaryotes (8, 9). More than 100 types of RNA methylation modifications have been identified in messenger RNA (mRNA) and noncoding RNA (ncRNA), including N6-methyladenosine (m6A), N1-methyladenosine (m1A), 5-methylcytidine (m5C), N7-methylguanosine (m7G), 2’-O-dimethyladenosine (m6Am), Pseudouridine (Ψ) and so on (9–11). This dynamic process is regulated by various enzymes and binding proteins including methyltransferases, demethylases and modified RNA binding proteins which are known as “writers”, “erasers” and “readers”, respectively. RNA methylation was revealed to be closely associated with clustering of various diseases (12) and acts as the potential biomarker for diagnosis or treatment in cancers, autoimmune diseases, cardiovascular diseases, and viral infections (13–16). Recently, sepsis was classified into three different subtypes with different prognostic outcomes according to the expression of m6A RNA methylation regulatory genes (17). Methyltransferase-like 3 (METTL3), one of the key m6A RNA methylation writers, could work as a potential therapeutic target for LPS-induced endotoxemia (18).

Peripheral blood mononuclear cells (PBMCs), including lymphocytes, macrophages, dendritic cell, monocytes and so on (19), play a crucial role in sepsis. Pathogens can rapidly induce inflammatory response by activating PBMCs to produce substantial pro-inflammatory mediators, while excessive inflammatory response in turn disrupts the function of PBMCs (20). Meanwhile, the upregulation of anti-inflammatory mediators and immunosuppressive factors can induce apoptosis and pyroptosis of PBMCs (21). Epigenetic modifications, particularly RNA methylations are important for regulating the function of immune cells in sepsis. ALKBH5, a m6A erase, was significantly downregulated in sepsis, and ALKBH5 deficiency would suppress the expression of the chemokine receptor CXCR2, which inhibited neutrophil migration and inflammation during bacterial infection (22). Overexpression of YTHDF1 in macrophages could upregulate WW domain containing E3 Ubiquitin protein ligase 1 (WWP1) and thereby alleviate sepsis through promoting NLRP3 ubiquitination and inhibiting caspase-1-dependent pyroptosis (23).However, the systemic investigation of the role of RNA methylation including m1A/m6Am/m5C/m7G/Ψ in sepsis is lacking. The important role of RNA methylation in pathogenesis of various diseases indicates the possibility to evaluate whether RNA methylation (m1A, m5C, m6Am, m7G and Ψ) associated genes could work as biomarkers for sepsis classification and early diagnosis.

In this study, by integrated analysis of the expression of RNA methylation-associated genes (RMGs) from public datasets, we divided sepsis into three subclusters, and each cluster displayed distinct immune cells infiltration and physiological functions. In addition, through machine learning, we identified five hub RMGs that were closely related to the diagnosis of sepsis. Finally, we validated the mRNA levels of five hub RMGs in PBMCs of septic patients and assessed their diagnostic value for sepsis in clinical settings. These findings elucidate the important role of RNA methylation in the diagnosis of sepsis and provide a theoretical and clinical foundation for further investigation into the role of RMGs in sepsis.




2 Methods



2.1 Data sources and study selection

The research strategy is presented in Figure 1. We conducted a search of the GEO database (http://www.ncbi.nlm.nih.gov/geo/) (24) for expression microarrays related to sepsis. We included datasets from clinical studies of sepsis in adults using peripheral blood samples. Retrieved gene expression profile data for sepsis patients (GSE57065, GSE65682 and GSE95233) using the R package GEOquery, merged the gene expression groups, and split them into sepsis and healthy control groups. Details of the datasets are shown in Table S1.




Figure 1 | Workflow of the research. GEO Gene Expression Omnibus, m5C 5-methylcytosine, m6Am 2’-O-dimethyladenosine, m1A N1-methyladenosine, m7G N7-methylguanosine, Ψ Pseudouridine, PPI protein-protein interaction, DEG Differentially expressed gene, PCA Principal Component Analysis, GSVA Gene Set Variation Analysis, WGCNA Weighted gene co-expression network analysis, GO Gene Ontology, KEGG Kyoto Encyclopedia of Genes and Genomes, ROC receiver operating characteristic curve, qRT-PCR Quantitative reverse-transcription polymerase chain reaction, PBMCs peripheral blood mononuclear cells.






2.2 Collecting RMGs via systematic review

We first compiled a list of 40 RNA methylation regulators in 5 categories (including m5C, m6Am, m1A, m7G and Ψ) from published research (25–27), which included writers, readers, and erasers, showed in Table S2. We then obtained a total of 34 RMGs by screening gene expression with detectable expression in the GEO datasets.




2.3 Acquisition of data and differentially expressed genes

All datasets were downloaded and outputs from mRNA array were normal-exponential background corrected and quantile normalized between arrays using the limma R package (28). Expression was normalized using a weighted linear regression, and precision weights were multiplied with corresponding log2 values to yield final gene expression values. Genes with an absolute log fold change (log2FC) > 1 and adjusted p-value < 0.05 were considered up-regulated, and those with log2FC < - 1 and adjusted p-value < 0.05 were considered down-regulated. We also performed Spearman correlation analysis to investigate the relationship between each gene. Functional interactions of the RMGs were explored using the Search Tool for Retrieval of Interacting Genes (STRING 11.0, http://string-db.org/cgi/input.pl), and a Protein-protein interaction (PPI) network was constructed. We visualized the chromosomal localization of RMGs using the R circos package (29).




2.4 Exploration of RMGs induced molecular subtypes of sepsis

The consensus clustering algorithm works by performing clustering on the same dataset multiple times, using various clustering methods or different parameter settings. The next step is to create a consensus matrix or a consensus function that measures the degree of agreement among the individual clustering solutions. This consensus matrix represents the overall consensus for each sample across different clustering methods, and is used to identify robust and stable clusters. We used consensus k means clustering to identify highly heterogeneous RNA methylation subtypes in sepsis based on RNA methylation regulator expression profiles. Clustering was performed using 100 iterations, with each iteration containing 80% of samples. We determined the optimal number of clusters using CDF curves of the consensus score, clear separation of the consensus matrix heatmaps, characteristics of the consensus cumulative distribution function plots, and adequate pairwise-consensus values between cluster members. To assess the expression distribution of RNA methylation regulators in different subtypes, we utilized moderated t-tests.




2.5 Analysis of immune infiltrating cells among subtypes in sepsis

To better understand the situation of infiltrating immune cells in C1-C3 subtypes, we used the CIBERSORT algorithm. CIBERSORT is a bioinformatics tool used to deconvolute relative cell type proportions and gene expression profiles from bulk RNA sequencing datasets. The Gene Set Variation Analysis (GSVA) R software package was downloaded from http://www.bioconductor.org, and the pathway with differential enrichment in the three groups was obtained. GSVA is used to evaluate the activity or enrichment of biological pathways, gene sets, or functional signatures in individual samples from high-throughput gene expression data, such as RNA-Seq. The analysis quantifies the degree to which a specific gene set is upregulated or downregulated in each individual sample, generating a continuous enrichment score for each sample-gene set pair.




2.6 Assessing the heterogeneity of biological function among subtypes

To find gene-sets significantly correlated to RNA methylation subtypes, we used weighted correlation network analysis (WGCNA) with the WGCNA R package (30). WGCNA is a powerful bioinformatics method used to analyze gene expression data and identify co-expression patterns among genes. Genes from modules highly associated with RNA methylation subtypes (the maximum correlation coefficient and P < 0.05) were selected for further Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis, to investigate the biological functions and signaling pathways involved in sepsis.




2.7 Construction and assessment of RF, GLM, SVM and XGB model

We created Random forest model (RF), support vector machine model (SVM), eXtreme Gradient Boosting (XGB) and generalized linear model (GLM) using the integrated dataset based on RMGs. The RF, GLM, SVM and XGB models all belong to machine learning model which is used to assess the importance of variables. Here, we applied them in screening of diagnostic genes for sepsis. The different classes of sepsis were utilized as the response variable, and the RMGs were used as explanatory variables. We then used the explain feature of the “DALEX” package in R to analyze the aforementioned four models and residual distribution, and the receiver operating characteristics (ROC) was plotted to select the best model using the integrated dataset. Finally, to evaluate the diagnostic efficacy of the five most important explanatory variables in the best model, we calculated ROC curve using the ‘survivalROC’ package in the three databases respectively. The AUC was used to evaluate the diagnostic genes: 0.5-0.7 (moderate), 0.7-0.8 (good), and >0.9 (excellent).




2.8 Construction and validation of a nomogram model for sepsis diagnosis

Nomogram model is a visual aid that combines multiple variables and assigns them a weighted score to estimate the likelihood of a specific outcome. Using the “rms” package, we established a nomogram model to predict the occurrence of sepsis. “Points” indicate the score of the corresponding factor below, and “Total Points” indicate the summation of all the scores of factors above. We then used calibration curves to assess the predictive power of the nomogram model. Finally, we evaluated the clinical value of the model using decision curve analysis.




2.9 Construction of hub RMGs co-expression and miRNA network

The co-expressed gene network of hub RMGs was constructed using COEXPEDIA (https://www.coexpedia.org). The potential miRNAs targeting key RMGs were downloaded from miRanda (https://www.cs.kent.ac.uk/people/staff/dat/miranda/) and miRDB (http://mirdb.org/) databases, and overlapping miRNAs were selected to depict network. The final gene-miRNA and the co-expression network associated with sepsis were visualized using Cytoscape software.




2.10 Septic patients and controls

This study included 39 adult patients from our hospital, consisting of 26 septic patients diagnosed with sepsis according to the Third International Consensus Definitions for Sepsis and Septic Shock (Sepsis-3) (1), and 13 healthy controls. Healthy volunteers were those who came to East Hospital for routine physical examination. Peripheral blood samples and corresponding clinical data were collected upon admission. The characteristics of the patients are shown in Table 1. PBMCs were isolated within 4 hours after collection.


Table 1 | Baseline characteristic of septic patients and healthy volunteers.



This study was approved by the Research Ethics Board of East Hospital, Tongji University (Shanghai, China). Written informed consent was obtained from all recruited patients or their authorized family members.




2.11 Isolation of PBMCs

Blood samples in EDTA-containing tubes were centrifuged at 3000 rpm for 5 min at room temperature. Serum was removed, and PBMCs were separated from the remaining blood using Ficoll-Paque density gradient centrifugation, following the instruction manual (Solarbio, Cat. NO. P8610). The PBMCs were then stored at -80°C until further testing.




2.12 Real-time quantitative PCR

RNA was extracted from cells using TRIzol (Gene Copoeia, MD, USA), and 1 µg total RNA from each sample was reverse transcribed to cDNA using PrimeScript® RT Master Mix (Takara, Cat. NO. RR036A). SYBR® Green (Applied Biosystems™, Cat. NO. 4309155) was used for qRT-PCR analysis. The ΔCt method was used to analyze mRNA levels relative to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The primer sequences were listed in Table S3.




2.13 Statistical analysis

GraphPad Prism 9.4 (GraphPad Inc, San Diego, USA) was used for statistical analyses. Normally distributed data were compared using Student’s t-test or one-way analysis of variance (one-way ANOVA), and the results were shown as the mean ± SD. Nonnormally distributed data were analyzed using the non-parametric Mann-Whitney U test, and the results were expressed as the median and interquartile range (IQR). Categorical variables were compared with the chi-square or Fisher’s exact test, and the results were shown as numbers and percentages. All statistical tests were two-sided. P < 0.05 was regarded as statistically significant.





3 Results



3.1 Overall expression patterns of RNA methylation genes in PBMCs from septic patients

The overall strategy of this study was presented in Figure 1. To analyze the expression of RMGs in PBMCs from patients with sepsis, we first performed differential expressed genes (DEGs) analysis of the integrated gene expression matrix using the limma package. DEGs in PBMCs from healthy donors and septic patients were shown in heatmap (Figure 2A). Most of the genes that mediate one certain type of RNA methylation modifications displayed a similar expression pattern. For instance, genes mediating RNA Ψ modification (TRUB1, TRUB2, PUS1, RPUSD3, RPUSD4, PUS7, RPUSD2) were mainly suppressed in sepsis (Figure 2A, Table S4).




Figure 2 | Landscape of expression and genetic variation of RNA methylation regulators in sepsis. (A) The heatmap shows the expression of RMGs obtained from integrated gene expression matrix. In the heatmap, rows represent transcripts, and columns represent samples (Medium Turquoise represents normal profiles, LightPink represents disease profiles). Red represents significantly upregulated genes and blue represents significantly downregulated genes in the samples. **P < 0.01, and ***P < 0.001 vs. The healthy group. (B) Spearman correlation analysis of the studied RMGs, the two scatter plots displayed the most positively or negatively correlated RMGs. (C) The protein-protein interaction between RMGs. (D) The chromosomal locations of RMGs across 23 chromosomes.



We then investigated the correlation among RMGs by using Spearman’s correlation analysis and found that there was a significantly close correlation among these differentially expressed RMGs. Of note, YTHDF3 expression was positively correlated with the expression of TET2, whereas PCIF1 exhibited a negative correlation with most other regulators (Figure 2B). The correlated expression among RMGs suggested their functional synergy or antagonism in the pathogenesis of sepsis. Moreover, we performed a PPI network analysis of RMGs. Proteins with an interaction score ≥0.4 were selected and visualized (Figure 2C). The network comprised 40 nodes and 257 edges, representing genes and interactions between genes, respectively (Table S5), also indicating the functional association in sepsis. The chromosomal locations of RMGs were depicted in Figure 2D.




3.2 Identification of three subtypes of sepsis based on RMGs expression characteristics

Given that the differential expression levels of RNA modification genes and clustering stability, we employed consensus clustering, an unsupervised clustering method to obtain a robust ranking for subsequent analysis, and classified sepsis into three subtypes (cluster 1 to 3). The cumulative distribution function (CDF) plot displayed the consensus distributions for each cluster (Figure 3A). The delta area plot showed the relative change in the area under the CDF curve (Figure 3B). The CDF distribution was smoother when k = 3 or 4, while the increase in area under the CDF curve was relatively less at k = 4 than that at k = 3, suggesting that k = 3 was the optimal number of clusters. As shown in the Consensus matrix heatmap (Figure 3C, S1), 3 clusters showed clear boundaries, indicating good cluster stability over repeated iterations. The principal component analysis (PCA) results also indicated the justification of the three clusters (Figure 3D).




Figure 3 | Identification of optimal sepsis subtypes based on the expression of RMGs. (A) The CDF curves based on different subtype numbers (k=2, 3, 4, 5, 6, 7, 8, 9) are represented, and each curve is associated with a unique color. CDF, cumulative distribution function curves. (B) The CDF Delta area curve of all samples. (C) Consensus heatmaps show a relativeiy stable partitioning of the samples at k = 3. (D) PCA is performed on different groups, where blue represents cluster 1, red represents cluster 2, and yellow represents cluster 3. PCA, principal component analysis. (E) The expression of RMGs among subtypes. *P < 0.05, **P < 0.01, ***P < 0.001. (F) The heatmap of the expression of RMGs between the C1, C2 and C3 groups.



In addition, the expression of RMGs in each subtype displayed distinct patterns (P < 0.05) (Figures 3E, F). In cluster 1, FTO was relatively downregulated, and of all the highly expressed genes, NSUN7 and TRMT6 were most upregulated. These genes were involved in the regulation of m6Am, m5C and m1A RNA methylation modification. NSUN3, encoding a key methyltransferase for RNA m5C modification showed a significantly increased expression in cluster 2. In cluster 3, among the relatively highly expressed regulators, NSUN5 and NSUN6 significantly increased, which were also correlated with m5C modification. Those results indicated that m5C RNA methylation may play a role in sepsis classification.

Besides, we analyzed the basic clinical characteristics of sepsis patients in GSE65682 in 3 clusters (Table S6) and found significant differences in Molecular Diagnosis and Risk Stratification of Sepsis (MARS) endotypes among the three clusters (P < 0.001). In cluster 1, MARS 2 endotypes accounted for the highest proportion (42.44%). The proportion of MARS 1 (47.12%) was significantly higher in cluster 2 than that in the other two groups (P < 0.05). Cluster 3 was dominated by MARS 3 (35.56%). Previous studies have revealed that MARS 1 was consistently correlated to a poor outcome (31). But we did not observe significant differences in mortality among the three clusters (P = 0.074) (Table S6).




3.3 Three clusters differed in immune cell landscape and molecular pathway

By using CIBERSORT and GSVA analyses, we further identified a significant heterogeneity in terms of immune cell infiltration and molecular pathways among the three subtypes. The abundance and proportions of infiltrating immune cells differed among the three types, of which neutrophils and monocytes accounted for higher proportions as compared to the other immune cells (Figure 4A). In cluster 1, the frequencies of neutrophils and gamma delta T (γδT) cells were relatively increased compared to other clusters, while CD8 T cells, regulatory T cells (Tregs), activated NK cells were down-regulated (P < 0.05). The distribution of immune cells in cluster 2 and 3 showed relatively opposed patterns as compared to that in cluster 1 (P < 0.05). In cluster 3, CD8 T cells and monocytes were relatively upregulated, while γδT cells and neutrophils were down-regulated (P < 0.05). Immune cells that were up- or down-regulated in cluster 3 showed the same trend in cluster 2 with a less degree than those in cluster 3. Collectively, these results suggested that the three clusters have different immune infiltration in septic patients.




Figure 4 | Immune cell infiltration and biological characteristics of three clusters. (A) Differences in infiltrating immune cells between the C1, C2 and C3 clusters. The upper and lower ends of the boxes indicate the interquartile range of values, with the lines in the boxes representing the median value and the dots indicating outliers. *P < 0.05; **P < 0.01; ***P < 0.001. (B–D) GSVA analysis conducted on different subtypes of sepsis. (B) Representative barplot showing the 11 relatively up-regulated and 10 down-regulated signaling pathways in C1 compared to C2 and C3. (C) Representative barplot showing the 11 relatively up-regulated and 10 down-regulated signaling pathways in C2 compared to C1 and C3. (D) Representative barplot showing the 11 relatively up-regulated and 10 down-regulated signaling pathways in C3 compared to C1 and C2.



We then evaluated the different signaling pathways in these clusters. Figures 4B–D showed relatively up-regulated (11) and down-regulated (10) signaling pathways in the three sepsis subgroups. Compared to other subtypes, cluster 1 showed enhanced inflammatory signaling pathways activation, such as the Leukocyte transendothelial migration and MAPK signaling pathway. The Down-regulated pathways in cluster 1 were involved in amino acid metabolism (Figure 4B). In cluster 2, we found that up-regulated signaling pathways were associated with amino acids, glycosphingolipids and unsaturated fatty acids metabolism. Down-regulated signaling pathways were mainly related to maintaining the stability of the genome and amino acid metabolism (Figure 4C). In cluster 3, up-regulated signaling pathways were mainly involved in carbohydrate metabolism pathways. Down-regulated signaling pathways were related to inflammatory diseases (Figure 4D). These functional analyses indicated that septic patients with different RMG expression patterns have distinct molecular pathways.




3.4 Identification of key modules in three sepsis clusters by weighted gene co-expression network analysis

Next, we performed WGCNA to analyze the gene co-expression networks and identify biologically meaningful modules that corresponded to designated phenotype-related genes. A scale free co-expression network was established with the soft threshold power as 12 (scale-free R2 = 0.90) (Figures 5A, B) and cut height as 0.25 (Figure 5C). The cluster dendrogram was displayed in Figure 5D. WGCNA identified 18 modules in the sepsis cohort (Figure 5E). Cluster 1 was positively correlated with MEblack module (containing 390 genes) (Table S7), with a correlation coefficient of 0.64 and P value of 6.00E-112 (Figure S2A). Cluster 2 was positively associated with MEblue module (containing 1510 genes) (Table S7), with a correlation coefficient of 0.58 and P value of 1.00E-84 (Figure S2B). Cluster 3 was significantly positively correlated to MEyellow (containing 547 genes) (Table S7), with a correlation coefficient of 0.62 and P value of 4.00E-100 (Figure S2C). To identify genes highly correlated with the key module in each cluster, we set module membership (MM) > 0.8 and gene significance (GS) > 0.3, and results were shown in Table S8.




Figure 5 | Identification of the key module by WGCNA. (A, B) The analysis of network topology for various soft thresholding powers of WGCNA. (C) Clustering dendrogram of module eigengenes. The red line indicates the cut height (0.25). (D) Hierarchical clustering dendrograms of co-expressed genes in identified modules are shown. Both dynamic and merged modules were identified. (E) WGCNA in the three sepsis subtypes. The 18 modules were validated and are designated by the different colors. The heatmap displays the correlation between feature vectors of 18 modules and three subtypes. The correlation coefficient in each cell represented the correlation between the gene module and the clusters, which decreases in size from red to green. The corresponding P-value is also annotated.



To further explore the biological function of each module, we conducted GO and KEGG enrichment analyses (Figures 6A–F). GO enrichment analysis demonstrated that the biological functions of MEblack module (correlated with cluster 1) were mainly enriched in Neutrophil activation (Figure 6A); the MEblue module (correlated with cluster 2) was mainly related to cellular catabolic processes and mRNA stability (Figure 6B); and the MEyellow module (correlated with cluster 3) was mainly associated with Ribonucleoprotein complex biogenesis and carbohydrate metabolism pathways (Figure 6C). KEGG enrichment analysis showed that MEblack module (correlated with cluster 1) was mainly enriched in MAPK signaling pathway and cytokine-cytokine receptor interaction signaling pathway (Figure 6D); the MEblue module (correlated with cluster 2) was mainly related to Cushing syndrome and autophagy (Figure 6E); and the MEyellow module (correlated with cluster 3) was mainly associated with ribosome and Coronavirus disease-COVID-19 (Figure 6F).




Figure 6 | GO and KEGG enrichment analysis of eigengenes from the key module in C1-C3. GO functional enrichment analysis of the intersecting genes with the top 10, including molecular functions(MF), biological processes (BP) and cellular components (CC) terms and KEGG pathways. The horizontal axis shows the number of genes and the vertical shows the GO and KEGG terms. The color depth of the barplots represents the p-value. (A, D) GO and KEGG enrichment analysis of genes from MEblack module in cluster 1. (B, E) GO and KEGG enrichment analysis of genes from the MEblue module in cluster 2. (C, F) GO and KEGG enrichment analysis of genes from the MEyellow module in cluster 3.






3.5 Five hub RMGs showed diagnostic value for sepsis based on machine learning

To identify hub RMGs with diagnostic value for sepsis, firstly, we refined the selection of RMGs by four algorithms, namely the RF, SVM, XGB and GLM, and used differentially expressed RMGs in Figure 2A to construct the four diagnostic models. We further evaluated the efficiency of the four models by usage of “DALEX” R package. As shown in Figures 7A–C, SVM model was the most suitable model for its least sample residual. In addition, the performance of the four models was evaluated by using ROC curves, SVM model displayed the highest AUC value (AUC=0.998) (Figure 7D). To further assess the accuracy and reliability of the SVM model, we conducted ROC analysis of three GEO databases. The AUC amount to 0.808 in GSE57065 (Figure 8A), 0.976 in GSE65682 (Figure 8B) and 0.983 in GSE95233 (Figure 8C). Therefore, the above results indicated that the SVM diagnostic model exhibited excellent predictive efficiency.




Figure 7 | Construction and assessment of RF, GLM, SVM and XGB model. (A) Boxplots displaying the residuals of the sample, with the red dot indicating the root mean square of the residuals. (B) The feature importance of the variables in the RF, GLM, SVM and XGB model. (C) Cumulative residual distribution map of the sample. (D) ROC evaluation of the performance of the RF, GLM, SVM and XGB models. RF Random Forest, SVM Support Vector Machine, XGB eXtreme Gradient Boosting, GLM generalized linear models, ROC receiver operating characteristic.






Figure 8 | The diagnostic efficacy of hub RMGs. (A–C) The diagnostic efficacy of the SVM model in the discovery cohorts. (A) GSE57065 datasets. (B) GSE65682 datasets. (C) GSE95233 datasets. (D–F) ROC curves show the sepsis diagnostic efficacy of NSUN7, FTO, NOP2, PUS1, PUS3 respectively. (D) GSE57065 datasets. (E) GSE65682 datasets. (F) GSE95233 datasets. (G) Nomogram to predict the occurrence of sepsis. (H) Decision curve analysis was applied to evaluate the clinical value of the nomogram model. The Y-axis represents the net benefit. The black line represents the hypothesis that no patients die. The X-axis represents the threshold probability, where the expected benefit of treatment equals the expected benefit of avoiding treatment. (I) Calibration curve indicates the predictive power of the nomogram model.



Subsequently, according to the feature importance of models in Figure 6B, the top 5 genes (NSUN7, FTO, NOP2, PUS1, and PUS3) selected by SVM were used for the analysis of diagnostic performance. AUC values of the ROC of these signature genes were 0.912 for PUS1, 0.962 for NSUN7, 0.903 for NOP2, 0.688 for PUS3, and 0.966 for FTO in GSE57065 (Figure 8D). In GSE65682, the AUC values of ROC were 0.855 for PUS1, 0.983 for NSUN7, 0.950 for NOP2, 0.730 for PUS3, and 0.997 for FTO, respectively (Figure 8E). Finally, the AUC values of ROC were 0.861 for PUS1, 0.975 for NSUN7, 0.974 for NOP2, 0.484 for PUS3, and 0.998 for FTO in GSE95233 (Figure 8F). Table S9 reports the specificity, sensitivity and optimal cutoff point for discriminating between sepsis and healthy controls in GSE57065, GSE65682, and GSE95233, respectively. These results indicated that the screened signature genes particularly NSUN7 and FTO exhibited remarkable diagnostic efficiency in sepsis.

To predict the occurrence of sepsis, we constructed a nomogram model for diagnosing sepsis based on the expression levels of five hub RMGs (NSUN7, FTO, NOP2, PUS1 and PUS3) (Figure 8G). Decision curve analysis (DCA) revealed that the “nomogram model” curve was superior to the gray line, suggesting that the patients could benefit from the nomogram model at high-risk threshold from 0 to 1 and the clinical advantage of the nomogram model was higher (Figure 8H). We further assessed the predictive power of nomogram model via a calibration curve. The calibration curve showed no significant difference between the actual sepsis risk and the predicted risk, indicating that this model was accurate in predicting sepsis (Figure 8I). These findings suggested that the five hub genes are efficient for the diagnosis of sepsis.




3.6 Correlation between hub RMGs and immune cells in sepsis

We further investigated whether the hub RMGs were associated with immune cell infiltration in sepsis (Figure 9). We observed that PUS3 was negatively correlated with resting mast cells and neutrophils. PUS1 was negatively correlated with M1 macrophages, M2 macrophages, neutrophils, plasma cells and γδT cells, but positively correlated with monocytes, activated NK cells and CD8 T cells. Interestingly, similar to PUS1, NOP2 and FTO were also positively correlated with monocytes, activated NK cells and CD8 T cells. Conversely, NSUN7 displayed a negative correlation with monocytes, activated NK cells and CD8 T cells, but positive correlation with neutrophils, γδT cells and M1 macrophages. These results suggested that PUS1, NOP2, and FTO may act synergistically in sepsis, while NSUN7 may counteract the function of aforementioned three genes.




Figure 9 | The correlation between hub RMGs and infiltrating immune cells in GEO datasets. *P < 0.01, **P < 0.001 and ***P < 0.0001.



Furthermore, by determining the expression of hub genes from single-cell transcriptome in Human Protein Atlas database (https://www.proteinatlas.org ), we found that NOP2, FTO, PUS1, and PUS3 were all enriched in T cells, however, the NSUN7 gene is not expressed in any immune cells in PBMCs from healthy subjects (Figure S3). In addition, to better understand the genes and microRNA associated with key RMGs, we constructed a gene co-expression analysis and mRNA-miRNAs networks (Figure S4, Table S10-S11), suggesting that NOP2 and PUS1 may be functionally synergistic with each other. Genes associated with hub RMGs may linked to the progression of sepsis, NOP2 and NAT10 were co-expressed, and previous research reported that NAT10 improves the survival and ameliorates lung injury in septic mice by inhibiting neutrophil pyroptosis (32). We found miRNAs such as miR-21-3p (33) and miR-126-5p (34) were also crucial components in regulating the sepsis pathogenesis by interacting with key RMGs.




3.7 The validation of diagnostic value of the five hub RMGs in clinical settings

To validate the expression and diagnostic potential of the five hub RMGs in clinical samples, we prospectively recruited patients with sepsis and healthy controls. The general clinical characteristics of the patients was shown in Table 1. The cohort was comprised of 11 patients with septic shock, 15 sepsis patients without shock (sepsis), and 13 healthy volunteers. There were no significant differences in sex or age between the two (septic shock and sepsis) (P = 0.0965, P = 0.0740) or three groups (septic shock, sepsis and health) (P = 0.0501, P = 0.0772). Additionally, there were no significant differences in comorbidities or sites of infection between the two groups (septic shock and sepsis). Compared to the sepsis group, the patients in the shock groups exhibited higher Sequential Organ Failure Assessment (SOFA) and Acute Physiology and Chronic Health Evaluation (APACH) II scores (P = 0.0020, P = 0.0001), longer Mechanical ventilation time and higher mortality rate at day 7, 14 and 28 (P = 0.0177, P = 0.0020, P = 0.0038, P = 0.0008).

Firstly, we determined the genes expression in PBMCs by qRT-PCR analysis, and found the expression of NSUN7, NOP2, PUS1 and PUS3 in septic patients (septic shock and sepsis) at day 1 were significantly higher than in healthy volunteers, and FTO expression was lower in septic patients (Figure 10A). However, the expression levels of the five genes displayed no significant difference in survivors and non-survivors in septic patients at day 28 (Figure S5A). In addition, their expression did not show any significant difference between septic shock and sepsis patients (Figure S5B). Notably, the expression of NOP2 and PUS1 was concurrently increased in patients with sepsis of group C3 in the integrated gene expression matrix (Figure 2F), which was consistent with the results observed in our clinic samples.




Figure 10 | The relative expressions and ROC of hub RMGs in patients. (A) The concentrations of NSUN7, NOP2, PUS1, PUS3 and FTO mRNA in PBMCs were measured by qRT-PCR from septic patients and healthy controls at day 1 after enrollment. **P < 0.01, ***P < 0.001, and ****P < 0.0001 vs. Healthy. (B) ROC curves of NSUN7, NOP2, PUS1, PUS3 and FTO for diagnostic at admission in healthy and septic patients. (C) ROC curves illustrating the diagnostic performance of the integrated hub RMGs, Lac and PCT in sepsis and septic shock patients. Model the combined of NSUN7, NOP2, PUS1, PUS3 and FTO. Lac Lactic acid. PCT procalcitonin.



Then, we investigated the diagnostic value of hub RMGs in sepsis using ROC analysis. The AUC of NSUN7, NOP2, PUS1, PUS3 and FTO at day 1 was 0.828, 0.707, 0.846, 0.834 and 0.976 respectively (Figure 10B). Notably, FTO exhibited the highest diagnostic value among these genes, with sensitivity of 0.846 and specificity of 1 (Table S12). Furthermore, we evaluated the combined diagnostic value of NSUN7, NOP2, PUS1, PUS3 and FTO (the integrated RMGs model) among non-septic shock and septic shock patients. We compared the AUC of integrated RMGs model with Lactate (Lac) and procalcitonin (PCT) at day 1 and found that the AUC of the integrated RMGs model was not inferior to Lac and PCT (0.72 vs. 0.68, P = 0.78; 0.72 vs. 0.52, P = 0.24) (Figure 10C), with a sensitivity of 0.467 and specificity of 1 (Table S13).





4 Discussion

Sepsis is a complex and heterogenous clinical syndrome that requires extensive research to validate biomarkers, facilitate diagnosis and identify distinct molecular subtypes. By combination of bioinformatics analysis and clinical investigations, our study identified three distinct subtypes of sepsis based on the expression levels of the most significantly aberrant RMGs. Firstly, we identified genes that were characteristically expressed in each subgroup. In cluster 1, the genes NSUN7 and TRMT6 showed the highest levels of upregulation, and they were involved in the regulation of m5C and m1A RNA methylation modifications. In cluster 2, there was a significant increase in the expression of NSUN3, which plays a role in RNA m5C modification. Additionally, cluster 3 demonstrated a significant increase in the expression of NSUN5 and NSUN6, both of which were associated with m5C modification. Next, the CIBERSORT algorithm was utilized to comprehensively assess the distribution of infiltrating immune cells in distinct subtypes. In cluster 1, there was a relatively increased frequency of neutrophils and γδT cells, while CD8 T cells, Tregs and activated NK cells were down-regulated. In contrast, cluster 2 and 3 exhibited opposing immune cell distribution patterns compared to cluster 1. In cluster 3, CD8 T cells and monocytes were observed to be relatively upregulated, while γδT cells and neutrophils showed down-regulation. Then, through GSVA, GO and KEGG analyses, we explored molecular pathways among the three clusters. In Cluster 1, we observed enhanced neutrophil and inflammatory signaling pathways activation, such as the Leukocyte transendothelial migration and MAPK signaling pathway. Cluster 2 was featured by the regulation of mRNA stability and amino acid metabolism. cluster 3 was primarily associated with ribonucleoprotein complex biogenesis and carbohydrate metabolism pathways. We also identified RMGs that may have diagnostic value for sepsis. To our knowledge, this is the first study that focused on investigating the classification and diagnostic value of RNA methylation (including m5C, m6Am, m1A, m7G and Ψ) in sepsis by transcriptome-wide mapping.

To start with, we observed the expressions of various RNA methylation modifying enzymes in PBMCs from sepsis patients and found that RNA m5C modification may be involved in the pathology of sepsis. An active methyl-group from the donor, usually S-adenosyl-methionine (SAM), is added to the carbon-5 position of the cytosine base in RNA to form the m5C modification (35), which exerts biological functions including regulation of inflammatory response. In hyperhomocysteinemia, NSUN2 upregulates IL-17A expression by mediating IL-17A mRNA m5C modification in T lymphocytes to induce chronic inflammation (36). In SLE, the m5C level and NSUN2 expression are decreased in CD4+ T cells, and hypermethylated m5C is related to inflammatory pathways (37). Till now, the role of RNA m5C modification in sepsis has not been reported. Our study indicates that RNA m5C may be involved in sepsis and the underlying mechanism of this modification in the pathogenesis of sepsis still need further investigation.

We also discovered that immune-activated status and metabolic mechanisms (amino acid and carbohydrate metabolism) may be regulated by RNA methylation in sepsis. Our results showed that NSUN7 (m5C gene) and TRMT6 (m1A gene) were increased in cluster 1, accompanied by neutrophil activation and upregulation of the MAPK signaling pathway. Neutrophil activation in sepsis is a complex process, and dysregulation of MAPK signaling can contribute to excessive neutrophil activation (38). In cluster 2, the physiological function analysis demonstrated that NSUN3 may be involved in amino acid metabolism in sepsis. Untargeted metabolomics analysis revealed widespread dysregulation of amino acid metabolism in patients with sepsis, which regulates inflammation and immunity (39). In addition, NSUN3 and m5C RNA methylation modification has been established to regulate metabolism in metastasis (40), which is in consistent with our findings in sepsis. Our analysis further revealed that the cluster 3 exhibited elevated levels of NSUN5 and NSUN6, which primarily involved in carbohydrate metabolism. Recently, an increasing number of studies have indicated that glycolysis plays a crucial role in regulating both innate and adaptive inflammatory responses. Inhibition of glycolysis can reduce the levels of inflammatory cytokines and lactate expression in the myocardium of septic mice and improve cardiac function (41, 42). Furthermore, RNA methylation has been demonstrated to regulate glycolysis in tumors and immune diseases (43, 44). In summary, our study provides insights into the heterogeneity of sepsis, which is largely associated with m5C RNA methylation and involves immune and metabolic mechanisms, the underlying molecular mechanism of m5C RNA modification in regulation of sepsis needs further investigation.

Finally, by using machine learning, we identified five hub RMGs (NSUN7, FTO, NOP2, PUS1, and PUS3), which showed efficient diagnostic value of sepsis. We also evaluated the diagnostic value by combination of the five genes, and illustrated that the combined diagnostic value was not inferior to the value of classical biomarkers as Lac or PCT for septic shock. NSUN7, a member of the NSUN methyltransferase family, reduces protein activity and motility of sperms and is associated with male infertility (45). A recent study has reported that NSUN7 is up-regulated in neonatal sepsis, combined with bioinformatic analyses, NSUN7 is closely related to immune and inflammatory responses, implying its potential as a biomarker for the pathogenesis of neonatal sepsis (46). Consistently, we verified NSNU7 was highly expressed in adult septic patients compared to healthy controls. Meanwhile, our results found NSUN7 displayed a negative correlation with monocytes, activated NK cells and CD8 T cells, but a positive correlation with neutrophils, γδT cells and M1 macrophages, suggesting that NSUN7 may be related to the excessive inflammatory response in sepsis. FTO belongs to the AlkB protein family, and its expression is closely related to weight gain and obesity (47). It is well established that the expression of FTO is decreased in septic mice (48), and our results further found a low expression in septic patients. A recent investigation demonstrated that knockdown of FTO inhibited inflammatory factor secretion, improved organ damage and survival in septic mice (49), suggesting a correlation between FTO and the inflammatory response process of sepsis, implying its potential as a diagnostic or prognostic marker for sepsis. The PUS3 is a type of enzyme that catalyzes the formation of Ψ38 in the anticodon loop of certain tRNAs (50). Mutations in the PUS3 gene have been associated with intellectual disability (51). However, little is known about its expression and function in relation to infectious or inflammatory diseases. PUS1 is responsible for the isomerization of uridine to pseudouridine in RNA molecules. Mutations in the PUS1 gene have been linked to mitochondrial myopathy, encephalopathy, lactic acidosis, and stroke-like episodes (MELAS) (52). In our study, the expression of PUS1 in the clinical validation and bioinformatics analysis results was not consistent, potentially due to patient heterogeneity and sample size. NSUN1 is an RNA-binding protein that belongs to the NOP2/SUN (NSUN) RNA-methyltransferase family. Previous research suggests that NOP2 is expressed at higher levels in human malignant tumor cells and is considered as a prognostic marker for cancer aggressiveness (53). Our clinical validation results are consistent with a previous study reporting a high NOP2 expression in septic patients (54), and its role and mechanism in sepsis remain to be further explored experimentally. Overall, NSUN7, NOP2, PUS1, PUS3, and FTO were identified as important diagnostic markers for sepsis.

The present study provided possible regulatory relationships between RNA methylation regulators and sepsis. There are still some limitations to our study. First, our clinical study only included patients from a single center with a relatively small sample size. Further multi-center clinical studies with larger sample sizes are necessary to confirm the expression levels, diagnostic value for clinical use. Second, the specificity of the hub genes for diagnosing sepsis is high, but the sensitivity is relatively low. Future studies are needed by using enrolling non-septic patients with infection as control to assess the sensitivity and specificity of the diagnostic markers for sepsis. Third, in vitro and in vivo experiments are needed to explore the molecular mechanisms and identify the exact roles of the hub genes in sepsis.
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Severe inflammation via innate immune system activation causes organ dysfunction. Among these, the central nervous system (CNS) is particularly affected by encephalopathies. These symptoms are associated with the activation of microglia and a potential infiltration of leukocytes. These immune cells have recently been discovered to have the ability to produce extracellular traps (ETs). While these components capture and destroy pathogens, deleterious effects occur such as reduced neuronal excitability correlated with excessive ETs production. In this study, the objectives were to determine (1) whether immune cells form ETs in the CNS during acute inflammation (2) whether ETs produce neuromuscular disorders and (3) whether an immunomodulatory treatment such as β1-adrenergic blockers limits these effects. We observed an infiltration of neutrophils in the CNS, an activation of microglia and a production of ETs following lipopolysaccharide (LPS) administration. Atenolol, a β1-adrenergic blocker, significantly decreased the production of ETs in both microglia and neutrophils. This treatment also preserved the gastrocnemius motoneuron excitability. Similar results were observed when the production of ETs was prevented by sivelestat, an inhibitor of ET formation. In conclusion, our results demonstrate that LPS administration increases neutrophils infiltration into the CNS, activates immune cells and produces ETs that directly impair neuromuscular function. Prevention of ETs formation by β1-adrenergic blockers partly restores this function and could be a good target in order to reduce adverse effects in severe inflammation such as sepsis but also in other motor related pathologies linked to ETs production.
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1 Introduction

Inflammation is part of the innate defense mechanism of the body against infection. A dysregulated inflammation can become harmful and lead to multiple organ dysfunction. Among these, the central nervous system (CNS) is one of the first to be affected (1, 2). It displays neurotoxic processes characterized by electroencephalogram abnormalities, altered neurotransmission balance, increased excitotoxicity, impaired long-term potentiation, and neuronal apoptosis (3). Ultimately, severe inflammation leads to neurological dysfunctions (4) such as “intensive care unit-acquired weakness” (ICUAW), characterized by disorder of the neuromuscular system and a negative impact on physical function (5, 6). Many patients also develop a common complication characterized by an acutely altered mental state (from delirium to coma), a high mortality rate, and long-term cognitive impairments in surviving patients (7, 8).

These neurological dysfunctions result from CNS neuroinflammation. The generalized inflammation leads to the systemic production of pro-inflammatory cytokines that enter to the CNS and trigger glial cell activation, oxidative stress, and blood-brain barrier (BBB) permeabilization (9), resulting in peripheral immune cell infiltration (10, 11). The diverse neuroinflammatory processes then modulate neuronal activity, which contributes, at least in part, to the observed syndromes, such as reduced motoneuronal excitability in the case of ICUAW (12) and impaired somatosensory evoked potentials (2). However, the actors and pathways mediating this modulation of neuronal excitability remain to be explored.

Neuroinflammation involves diverse immune cells. The earliest recruited are microglia – resident macrophages (4, 13) and infiltrating neutrophils (14). Neutrophils are usually the first immune cells recruited following infection, and are the body’s first line of defense against bacterial infections. In CNS inflammation, they are recruited by activated astrocytes due to pro-inflammatory cytokines production (15). Neutrophils are mainly known for their innate immunity functions consisting of phagocytosis and the release of granules that contain toxic substances, allowing the elimination of extracellular microorganisms (16). However, in 2004, Brinkman et al. uncovered a new antimicrobial function of these neutrophils: extracellular trap (ET) formation (17). These neutrophil ETs (NETs) are mainly composed of chromatin, histones, and various proteins such as myeloperoxidase (MPO) and elastase. They help the organism eliminate pathogens such as bacteria (17). Dysregulation of NET formation can lead to deleterious outcomes such as vascular occlusions (18) and tissue damage (19, 20). Recently, this production of ETs by infiltrating neutrophils was shown to be involved in neuroinflammatory processes associated with CNS diseases and CNS traumatic injuries (21–23), especially in BBB disruption, spinal cord edema aggravation, and neuronal apoptosis (24). Interestingly microglia, which are the first level of defense against pathogens infection by making phagocytosis and antigen presentation in the CNS (25) have been shown to also produce extracellular traps (MiETs) in vitro (26–28) and in vivo (21, 28). However, data about this ET production in the CNS are lacking, and its potential involvement in neural dysfunction is yet to be explored.

In severe inflammation such as sepsis, drug development attempts have mainly focused on controlling inflammation or treating organ dysfunction, without significant benefit. Recently, interest has emerged in β1-adrenergic blockade due to the efficiency of β1-blockers in reducing inflammation and organ dysfunction. Clinical studies showed a reduction in patient mortality with β1-adrenergic blocker administration (29) by improving cardiovascular parameters such as heart rate (29, 30) or attenuating acute lung injury (31), probably through modulation of the immune response. Interestingly, β1-adrenergic blocker administration leads to a decrease in the production of pro-inflammatory cytokines such as TNF-α and IL-6 (31, 32). β1-adrenergic blocker also reduce the number of macrophages (33) and neutrophils (34, 35) involved in inflammatory and neuroinflammatory pathologies.

In this study, we hypothesized that (1) infiltrating neutrophils and activated microglia produce ETs in the CNS during severe inflammation, (2) these ETs are involved in the modulation of neuronal excitability and (3) based on their immunomodulatory properties, β1-blockers should reverse the adverse effect of ET formation on neuronal excitability. To address these important questions, we used a preclinical model of endotoxemic shock in mice. We evaluated motoneuronal excitability by recording gastrocnemius motor-evoked potentials, as well as ET production by neutrophils and microglia in the lumbar spinal cord where these gastrocnemius motoneurons are located.




2 Materials and methods



2.1 Ethics statement

These experiments were approved by the ethics committee of the University of Versailles Saint-Quentin-en-Yvelines (CEEA-47; APAFIS #38573-2022082610387745 v4) and complied with French and European laws regarding animal experimentation. The animals were housed in ventilated cages in a state-of-the-art animal care facility (2CARE animal facility, accreditation A78-322-3, France), with access to food and water ad libitum on a 12-hour light/dark cycle.




2.2 Experimental protocol

A total of 180 male Swiss mice (Janvier Labs, France, 25–37 g, 5–7 weeks old) were used in this study. A single intraperitoneal (i.p.) injection of LPS (22 mg/kg, from Escherichia coli O55:B5, L2880, Merck, Darmstadt, Germany) was used to create our preclinical endotoxemic shock model. Mice were divided into different groups: the LPS group (n = 49); the LPS + atenolol group: a selective β1-adrenergic blocker (atenolol, 0.1 mg/kg i.p, AstraZeneca, Courbevoie, France) was injected 6 hours post LPS injection (n = 33); and the LPS + sivelestat group: a selective ET inhibitor (sivelestat, ab14618, Abcam, Cambridge, UK) was injected 4 hours (10 mg/kg, i.p.), 8 hours (20 mg/kg, i.p.), and 12 hours (20 mg/kg, i.p.) post LPS injection (n = 16). Control groups were also used for each condition: the saline group (NaCl 0.9%, i.p.; n = 56), the atenolol group (atenolol, 0,1 mg/kg i.p., 6 hours post saline injection; n = 14), and the sivelestat group (NaCl 0.9%, i.p. + 3 sivelestat injections at 4, 8, and 12 hours post saline injection; n = 12) (Supplemental Figure 1).

Twenty-two hours post LPS injection, the mice were used for gastrocnemius MEP recordings or harvested for tissue analysis. This delay is sufficient to induce a severe inflammatory response but does not cause the death of the animals which occurs from the twenty-fourth hour.




2.3 Cell processing for flow cytometry analyses

The mice (n = 91) were first anesthetized with 5% isoflurane in 100% O2 and then maintained at 2.5% through a nose cone. The left carotid artery was cannulated. After euthanasia, the animals were perfused with ethylenediaminetetraacetic acid (EDTA, BP2482-1, Thermo Fisher Scientific, Waltham, MA, USA) in phosphate-buffered saline 1X (PBS, BP399-1, Thermo Fisher Scientific, Waltham, MA, USA) at 1 mL/g of body weight to remove blood from organs. The lumbar (L1–L6) spinal cord segment was then dissected out, cut into small pieces, and incubated in 2.5 mg/mL collagenase (11088858001, Sigma-Aldrich, Darmstadt, Germany) and RPMI solution (Roswell Park Memorial Institute, 1640 Gibco, 11875093, Thermo Fisher Scientific, Waltham, MA, USA) at 37°C for 20 minutes in 5% CO2. The tissue suspension was then passed through a 100-µm cell strainer (22-363-549, Fisher Scientific, Illkirch, France), resuspended in RPMI, and distributed in a 96-well plate (650 185, Greiner bio-one, Les Ulis, France) for staining.

To identify microglia, neutrophils, and ETs (saline: n = 16; LPS: n = 13; atenolol: n = 6; LPS + atenolol: n = 10; sivelestat: n = 6; LPS + sivelestat: n = 8), the cells were resuspended in a mix composed of cell viability marker (eBioscience™ Fixable Viability Dye eFluor™ 780, Thermo Fisher Scientific, Waltham, MA, USA) and SYTOX™ Green (Invitrogen- Thermo Fisher Scientific, Waltham, MA, USA) for 1 minute in PBS 1X. Cells were then incubated with anti-TFAM antibody (20 minutes in RPMI at 4°C), followed by secondary antibody (20 minutes in RPMI at 4°C, see Table 1 for antibody details) and an antibody mix (30 minutes at 4°C, Table 1). H3 antibody was conjugated with an antibody conjugation kit (DyLight 594, Abcam, ab201801, Paris, France) according to the manufacturer’s instructions.


Table 1 | Antibodies used for cell processing before flow cytometry analyses.



For the evaluation of β1-adrenergic receptor quantity (saline: n = 11 mice; LPS: n = 12; LPS + atenolol: n = 9), cells were incubated with the antibody mix shown in Table 2 for 30 minutes at 4°C in PBS 1X.


Table 2 | Antibodies used for β1-adrenergic receptors study before flow cytometry analysis.



The data was collected with a flow cytometer BD LSRFortessa™ III (BD Life Sciences, Franklin Lakes, NJ, USA) and analyzed using FlowJo™ v10.8.1 Software (RRID : SCR_008520, BD Life Sciences, Franklin Lakes, NJ, USA).




2.4 Immunohistochemistry and tissue processing

The animals used for immunofluorescence analysis (saline: n = 6 mice; LPS: n = 6, LPS + atenolol: n=6) were anesthetized using 5% isoflurane in 100% O2 for induction and maintained at 2.5% through a nose cone. The mice were then euthanized by intracardiac perfusion of heparinized 0.1% (Panpharma, Luitré-Dompierre, France) saline solution (NaCl 0.9%). The lumbar segments (L1–L6) of the spinal cord were collected, fixed for 24 hours at 4°C (formalin 10%, HT501128 Sigma-Aldrich, Darmstadt, Germany), and cryoprotected for 48 hours in 30% sucrose in PBS 1X (Pharmagrade, 141621, AppliChem, Darmstadt, Germany), then frozen and stored at -80°C. Transversal sections of 30 µm were obtained with a cryostat (NX70, Thermo Fisher Scientific, Waltham, MA, USA) and stored at -20°C in cryoprotectant (300 g sucrose, 300 mL ethylene glycol [BP230‐4, Fisher Scientific, Illkirch, France], and 10 g polyvinylpyrrolidone 40 [PVP40‐100G, Sigma‐Aldrich, Darmstadt, Germany]), adjusted at 1 L with PBS 1X. After washing with PBS 1X, antigen retrieval (2.94 g/L tris-sodium citrate solution at pH 6) was realized for 20 minutes at 96°C. The sections were then permeabilized (0.5% triton X-100 [X100-100ML, Sigma-Aldrich, Darmstadt, Germany]) in TBS 1X, blocked (30 minutes at room temperature) in a saturation solution (4% BSA [Bovine Serum Albumin, A0336-50ML, Sigma-Aldrich, Darmstadt, Germany], 4% NDS [Normal Donkey Serum, 566460, Sigma-Aldrich, Darmstadt, Germany], 0.05% triton X-100, 0.05% Tween 20 [BP337-100, Fisher Scientific, Illkirch, France]) in TBS 1X, and incubated overnight at room temperature with primary antibodies (Table 3). After washing, secondary antibodies (Table 3) were incubated for 2 hours at room temperature in saturation solution. Nuclei were labeled with DAPI (D1306, Thermo Fisher Scientific, Waltham, MA, USA) for 10 minutes at room temperature (0.0025 mg/mL in saturation solution) and then washed again. The sections were mounted on slides, dried, and cover-slipped with fluorescent mounting medium (fluoromount G, Invitrogen-Thermo Fisher Scientific, Waltham, MA, USA). Images of the different sections were captured with a Hamamatsu ORCA-R2 camera mounted on an Olympus IX83 P2ZF microscope (Tokyo, Japan) or with a confocal microscope (Leica TCS SP8 microscope, Wetzlar, Germany) for higher magnification. Pictures were analyzed using ImageJ 1.53n software (ImageJ, RRID : SCR_003070, National Institutes of Health, Bethesda, MD, USA).


Table 3 | Antibodies used for immunofluorescence analyses.






2.5 Electrophysiological recordings of gastrocnemius motor evoked potentials

The excitability of motoneurons associated with the gastrocnemius muscle was evaluated (saline: n = 15 mice; LPS: n = 10; atenolol: n = 8; LPS + atenolol: n = 8; sivelestat: n = 6; LPS + sivelestat: n = 8) by electrophysiological recordings of the gastrocnemius (MEP). Briefly, anesthesia was induced using isoflurane (5% in 100% O2) and maintained (1%) through a nose cone. Two microneedle electrodes were inserted in the left and right gastrocnemius. A third electrode was placed subcutaneously as a ground electrode. The electrodes were left in place for the entire duration of the experiment.

Trans-spinal magnetic stimulation, applied above CNS structures (spinal cord), is known to induce recordable MEP (36). This stimulation was performed using a magnetic stimulator MAGPRO R30 (Magventure, Farum, Denmark). The device is connected to a figure-of-eight coil (Cool-B65, Magventure, Farum, Denmark) that delivers a unique biphasic pulse with a stimulus intensity expressed as a percentage of the maximum output of the machine (%MO). Each animal was placed on a non-magnetic 3D-printed custom-made stereotaxic apparatus on the figure-of-eight coil, orientated at 90° to obtain the maximum amplitude (37), with the center of the coil under the cervical level of the animal. Each animal received five magnetic stimulation (MS) pulses, from 40% to 100% MO, with 10% increases (35 pulses in total), with an interpulse duration above 15 seconds to avoid repetitive, low-frequency MS-like effects. Gastrocnemius MEPs were amplified (gain, 1 k; A-M Systems, Everett, WA, USA) and band pass-filtered (100 Hz to 10 kHz). The signals were then digitized with an eight-channel Powerlab data acquisition device (acquisition rate: 100 k/s; AD Instruments, Dunedin, New Zealand) connected to a computer and analyzed using LabChart 8 Pro software (RRID : SCR_017551, AD Instruments, Dunedin, New Zealand).




2.6 Blood-spinal cord barrier permeability

BSCB permeability was determined using Evans blue (EB) (E2129, Sigma-Aldrich, Darmstadt, Germany) extravasation. The mice (saline: n = 8; LPS: n = 8) were anesthetized using 5% isoflurane in 100% O2 for induction and maintained at 2.5% through a nose cone. A solution of 50 mg/mL of EB in saline solution was administered intravenously by a retro-orbital route (0.1 mL/10 g body weight). After 2.5 hours, the mice were anesthetized as described previously and transcardially perfused with heparinized 0.9% NaCl after euthanasia. The spinal cord was then collected. Each spinal cord was lysed in 200 µL of a 7% perchloric acid solution (311421-50ML, Sigma-Aldrich, Darmstadt, Germany) with five Zirconium-Silicate spheres (6913500, MP Biomedicals, Illkirch, France) using a Precellys Evolution homogenizer (P000062-PEVO0-A, Bertin Technologies) and then centrifuged at 10,000 G for 30 minutes. The samples were diluted three times in ethanol, and the fluorescence intensity was measured with an Odyssey CLx Infrared Imaging System (LI-COR Biosciences). The concentration of dye/g of tissue was determined using a standard curve of EB in ethanol 100%.

To measure section fluorescence, fluorescein isothiocyanate (FITC)-albumin (A9771,Sigma-Aldrich, Darmstadt, Germany, dissolved at 20mg/mL in saline solution) was intravenously administered by a retro-orbital route (0,1 mL). The circulation period of FITC-albumin was ensured for 30 min prior to euthanasia. The mice were then anesthetized as described previously and euthanized. The spinal cord was then collected and Snap-freeze immediately in liquid nitrogen cooled isopentane. Sections of 30 µm were sliced, then mounted on slides, dried, cover-slipped with fluorescent mounting medium (fluoromount G, Invitrogen-Thermo Fisher Scientific, Waltham, MA, USA). Images were captured with a Hamamatsu ORCA-R2 camera mounted on an Olympus IX83 P2ZF microscope (Tokyo, Japan).




2.7 Data processing and statistical analysis

For gastrocnemius MEP analysis, five MEPs for each side of every animal were superimposed and averaged, and the amplitude and latency were quantified with LabChart 8 Pro software (RRID : SCR_017551, AD Instruments, Dunedin, New Zealand). Two-way ANOVA was used to compare each condition obtained with the same MO (percentage of stimulation for MEP measure from 40% to 100% MO) and animal groups.

For flow cytometry analysis, FlowJo v10.8.1 Software (RRID : SCR_008520, BD Life Sciences, Franklin Lakes, NJ, USA) was used to study cell populations and quantification of mean fluorescence intensity (MFI) for ET markers and β1-adrenergic receptor expression.

For immunohistochemistry analysis, ImageJ 1.53n software (ImageJ, RRID : SCR_003070, National Institutes of Health, Bethesda, MD, USA) was used to evaluate Iba1 labeling on the entire spinal cord section. A minimum of 5 spinal sections per animal were used to evaluate the MFI and the percentage of surface occupied by Iba1 labeling per slide for each group.

All data are presented as mean ± SD. Statistics were considered significant when p<0.05 (*p<0.05, **p<0.01, ***p<0.001). Normality was tested with the Shapiro–Wilk test. The difference between two groups was assessed with the two-tailed unpaired Student’s t-test or the non-parametric Mann–Whitney test. Between at least three groups, the difference was assessed by one-way ANOVA, followed by Fisher’s LSD post hoc or the Kruskal–Wallis test followed by Dunn’s test if normality failed. SigmaPlot 12.5 software (RRID : SCR_003210 Systat Software, San Jose, CA, USA) was used for all analyses.





3 Results



3.1 LPS injection induced microglia activation and an increase in neutrophil infiltration in the spinal cord.

We first evaluated microglia activation and the presence of neutrophils in the spinal cord 22-hours after lipopolysaccharide (LPS) injection, using immunohistochemistry and flow cytometry. Microglia were identified as CD11b+ and CD45int cells (Supplemental Figure 2). No significant change was observed between all groups in the frequency of microglia among living cells in the spinal cord (Supplemental Figure 3). Activation of these microglia was then identified by change morphology characterized by swelling of the microglial cell body, thickening of the proximal processes, and reduction of the distal branching (38), identifiable by immunolabeling microglia with Iba1 on spinal cord section. LPS injection induced morphological changes of microglia showing microglia activation (Figure 1B) compared to the saline group (Figure 1A), with a significant increase in surface occupied by Iba1 staining (Figure 1D) and in mean fluorescence intensity of Iba1 staining (Figure 1E) for the LPS group compared to the saline group. The administration of atenolol in animals injected with LPS (LPS + atenolol group) did not affect the morphology of activated microglia (Figures 1C–E).




Figure 1 | Atenolol did not change activation state of microglia. Representative pictures of ventro-lateral quadrant of the grey matter of spinal cord transversal sections (low thoracic to high lumbar segment), labeled with Iba1, for saline (A), LPS (B), and LPS + atenolol (C) groups. Quantification of surface occupied by Iba1 labeling per spinal cord section (D) and mean fluorescence intensity (MFI) of Iba1 labeling (E) for saline (blue), LPS (red) and LPS + atenolol (green) groups. Saline n=6, LPS n=6, LPS + atenolol n=6. ** p<0.01.



Neutrophils were identified as CD11b+, CD45high, and Ly6G+ cells (Supplemental Figure 2). The frequency of neutrophils in the CNS among live cells was increased in the spinal cord 22 hours after LPS injection compared to the saline group (1.19 ± 0.72% vs. 0.25 ± 0.17%, respectively, p<0.001), whereas the frequency of neutrophils was similar between the LPS group and LPS + atenolol group (Supplemental Figure 3). We confirmed the presence of infiltrated neutrophils in the spinal cords of LPS-treated animals by immunostaining of Ly6G on spinal cord sections (Supplemental Figure 3). This effect of LPS on neutrophils was correlated with an increase of Evans blue (EB) leakage into the spinal cord tissue (saline group: 27.31 ± 7.05 vs. LPS group: 81.34 ± 27.08 µg/g of spinal cord, p<0.001), (Supplemental Figure 4).




3.2 LPS increased the number of β1- adrenergic receptors on neutrophils and microglia

We observed the presence of β1-adrenergic receptors on the surfaces of neutrophils (Supplemental Figures 5D, E) and microglia (Supplemental Figure 5F). The administration of LPS induced an increase in the expression of these receptors in blood neutrophils (1,521 ± 1,201 vs. 499 ± 604.5 [mean fluorescence intensity, MFI] respectively, p<0.001) (Supplemental Figures 5A, D) and microglia (14,764 ± 2,135 vs. 1,370 ± 767.9 (MFI) respectively, p<0.001) (Supplemental Figure 5C and 4F) compared to the saline group. The administration of atenolol did not alter the expression of β1-adrenergic receptors in neutrophils (Supplemental Figures 5D, E) and microglia (Supplemental Figure 4F) in the LPS + atenolol group or atenolol group.




3.3 Atenolol decreased spinal ET production in endotoxemic mice

To determine whether these infiltrating neutrophils and resident microglia could form ETs in the spinal cord following LPS injection, we studied the expression of four individual markers of ETs: citrullinated histone H3 (H3 citr) involved in chromatin decondensation, myeloperoxidase (MPO, a granular enzyme), SYTOX (a DNA intercalant agent), and TFAM (a protein linked to mitochondrial DNA) (39, 40). Studying ETs with a combination of these markers allows for being more specific and avoiding false positives.

Expressions of MPO in neutrophils (Figures 2A, B) and microglia (Figures 3A, B), H3 citr in neutrophils (Figures 2C, D) and microglia (Figures 3C, D), SYTOX in neutrophils (Figures 2E, F) and microglia (Figures 3E, F), and TFAM in neutrophils (Figures 2G, H) and microglia (Figures 3G, H) were significantly increased 22 hours following the injection of LPS compared to saline group. The administration of atenolol in animals injected with LPS (LPS + atenolol group) led to a reduction in MPO (Figures 2A, B), H3 citr (Figures 2C, D), and TFAM (Figures 2G, H) expression in neutrophils compared to the LPS group, whereas only a tendency towards decrease could be observed for SYTOX expression (Figures 2E, F). In microglia, atenolol administration in animals treated with LPS (LPS + atenolol group) led to a reduction of the expression in SYTOX (Figures 3E, F) and TFAM (Figures 3G, H) and tended to reduce the expression of MPO (Figures 3A, B) and H3 citr (Figures 3C, D) compared to the LPS group. As expected, the administration of atenolol alone (atenolol group) had no significant effect on the expression of MPO in neutrophils (Figure 2B) and microglia (Figure 3B), H3 citr in neutrophils (Figure 2D) and microglia (Figure 3D), SYTOX in neutrophils (Figure 2F) and microglia (Figure 3F), and TFAM in neutrophils (Figure 2H) and microglia (Figure 3H) compared to the saline group.




Figure 2 | Atenolol decreased the production of NETs induced by LPS. Fluorescence intensity for a representative animal of each group for the extracellular trap markers MPO (A), H3 citr (C), Sytox (E) and TFAM (G) in saline (blue), atenolol (orange), LPS (red) and LPS + atenolol (green). Quantification of mean fluorescence intensities (MFIs) in live neutrophils for the extracellular trap markers MPO (B), H3 citr (D), Sytox (F) and TFAM (H) for saline (blue), atenolol (orange), LPS (red) and LPS + atenolol (green) groups. Representative dot plot of living neutrophils co-expressing MPO and H3 citr in saline (I), LPS (J) and LPS + atenolol (K) groups. Representative pictures of Ly6G+ neutrophils (green) labeling with citrullinated histone H3 (H3 citr) (red). The nucleus of cells was labeled with DAPI (in blue). Arrow shows a neutrophil producing an ET (L). Representative pictures of Ly6G+ neutrophils (green) labeling with myeloperoxidase (MPO) (red). The nucleus of cells was labeled with DAPI (in blue) (M). Saline n=16, atenolol n=6, LPS n=13, LPS + atenolol n=10. * p<0.05, ** p<0.01, *** p<0.001.






Figure 3 | Atenolol decreased the production of MiETs induced by LPS. Fluorescence intensity for a representative animal of each group for the extracellular trap markers MPO (A), H3 citr (C), Sytox (E) and TFAM (G) in saline (blue), atenolol (orange), LPS (red) and LPS + atenolol (green) groups. Quantification of mean fluorescence intensities (MFIs) in live microglia for the extracellular traps markers MPO (B), H3 citr (D), Sytox (F) and TFAM (H) for saline (blue), atenolol (orange), LPS (red) and LPS + atenolol (green) groups. Representative dot plot of living microglia co-expressing MPO and H3 citr in saline (I), LPS (J) and LPS + atenolol (K) groups. Representative pictures of Iba1 + microglia (green) labeling with citrullinated histone H3 (H3 citr) (red). The nucleus of cells was labeled with DAPI (in blue) for saline (L) and LPS (M) groups. Saline n=16, atenolol n=6, LPS n=13, LPS + atenolol n=10. ** p<0.01, *** p<0.001.



We also evaluated the frequency of neutrophils and microglia co-expressing H3 citr and MPO, which is a better proxy for ET formation. An increased expression of MPO alone, for instance, could reflect cell degranulation. We found an increase in the co-expression of H3 citr and MPO following LPS injection in both neutrophils and microglia (Figures 2J and 3J respectively) compared to the saline group (respectively Figures 2I and 3I). The administration of atenolol in LPS-treated animals (LPS + atenolol group) reduced the proportion of neutrophils (Figure 2K) or microglia (Figure 3K) positive for MPO and H3 citr co-labeling compared to the LPS group (respectively Figures 2J and 3J).

To deepen our analysis, we also identified ET formation in neutrophils and microglia on fixed spinal cord tissue. We visualized the intraspinal NET production using a neutrophil-specific marker (Ly6G) combined with a marker of ETs (H3 citr) in LPS-treated animals. Among the neutrophils (Ly6G+ cells), a H3 citr labeling was observed outside the cell contour (white arrow) (Figure 2L) as well as a MPO labeling (Figure 2M). A similar observation was performed for microglia (identified as Iba1+ cells) for H3 citr expression in the LPS and saline group (Figures 3L, M).




3.4 Atenolol preserved motoneuronal excitability in endotoxemic mice

β1-adrenergic blockers have a negative effect on the production of ETs. We wondered whether this antagonist could also have an impact on the motoneuronal excitability during severe inflammation. To address this question, gastrocnemius motor-evoked potentials were assessed in all groups (Figure 4). No significant difference was found in terms of latency (i.e., the delay between the stimulation artifact and the beginning of the motor-evoked potential, MEP), which represents the conduction velocity (Figure 4B). However, the administration of LPS reduced the gastrocnemius MEP amplitude 22 hours after the injection. This reduction was significant from 70% to 100% maximum output (MO) for the LPS group compared to saline-injected animals (8.15 ± 5.89 vs. 39.93 ± 15.16 mV, respectively, p<0.001). Interestingly, atenolol injection in LPS animals preserved gastrocnemius MEP amplitude (ranging from 80% to 100% MO) compared to LPS alone (Figures 4A, C, D). The administration of atenolol alone (atenolol group) had no significant effect on gastrocnemius MEP amplitude compared to the saline group (Figures 4C, D).




Figure 4 | Atenolol limited the LPS-induced decrease in MEP amplitude. Representative motor-evoked potential (MEP) recording at 100%, 70%, and 40% of the maximum capacity of the TMS coil (A). Latency (time between stimulation and recorded MEP) for saline (blue), atenolol (orange), LPS (red) and LPS+ atenolol (green) (B) groups. Quantification of MEP amplitude after stimulation from 40% to 100% of the coil’s maximum for saline (blue), atenolol (orange), LPS (red) and LPS+ atenolol (green) (C) groups. Individual values for stimulation at 100% of the coil’s capacity for saline (blue), atenolol (orange), LPS (red) and LPS+ atenolol (green) (D). Saline n=15, atenolol n=8, LPS n=10, LPS + atenolol n=8. ** p<0.01, *** p<0.001. ### p<0.001 saline vs LPS group from 70 to 100%. ## p<0.01 LPS vs LPS + atenolol group from 80 to 100%.






3.5 Sivelestat decreased spinal ET production in endotoxemic mice

β1-adrenergic blockers have overall anti-inflammatory effects. We wondered whether the decrease in gastrocnemius MEP amplitude we observed could be related to the increase in ET production by neutrophils and microglia after atenolol administration. To test this hypothesis, we used sivelestat, an inhibitor of the neutrophil elastase involved in the formation of ETs (41, 42).

We first verified the effect of sivelestat on NET and MiET production in our preclinical model of severe inflammation. As expected, the injection of sivelestat in LPS animals (LPS + sivelestat group) significantly reduced MPO (Figure 5A), H3 citr (Figure 5B), SYTOX, (Figure 5C) and TFAM (Figure 5D) expression in neutrophils compared to the saline-injected LPS group. Similar results were observed in microglia with sivelestat injection in LPS animals, i.e., a significant reduction in MPO (Figure 5E), H3 citr (Figure 5F), SYTOX, (Figure 5G) and TFAM (Figure 5H) expression compared to the saline-injected LPS group. In the same way, the injection of sivelestat in LPS-treated animals (LPS + sivelestat group) reduced the proportion of neutrophils (Figure 5K) and microglia (Figure 5N) positive cells for the combined MPO and H3 citr markers compared to the LPS group (respectively Figures 5J, M).




Figure 5 | Sivelestat decreased the production of ETs induced by LPS. Quantification of mean fluorescence intensities (MFIs) of extracellular trap markers MPO (A), H3 citr (B), Sytox (C) and TFAM (D) for saline (blue), sivelestat (turquoise), LPS (red) and LPS + sivelestat (khaki) groups in live neutrophils. Quantification of MFI of extracellular traps markers MPO (E), H3 citr (F), Sytox (G) and TFAM (H) for saline (blue), sivelestat (turquoise), LPS (red) and LPS + sivelestat (khaki) groups in live microglia. Representative dot plot of live neutrophils co-expressing MPO and H3 citr in saline (I), LPS (J) and LPS + sivelestat (K). Representative dot plot of living microglia co-expressing MPO and H3 citr in saline (L), LPS (M) and LPS + sivelestat (N) groups. Saline n=16, sivelestat n=6, LPS n=13, LPS + sivelestat n=8. * p<0.05, ** p<0.01, ***p<0.001.



The administration of sivelestat alone (sivelestat group) had no significant effects on the expression of all the ET markers in neutrophils (respectively Figures 5A–D) and microglia (respectively Figures 5E–H) compared to the saline group.




3.6 ET formation was directly involved in motoneuronal excitability

Gastrocnemius MEPs were then recorded in animals injected with sivelestat. The sivelestat administration in the LPS and saline groups had no effect on nerve conduction evaluated by latency analysis (Figures 6A, B). Interestingly, the reduction in ET formation following the sivelestat injection in LPS-treated animals (LPS + sivelestat group) preserved the gastrocnemius MEP amplitude (significant from 80% to 100% MO) compared to the LPS group (26.13 ± 5.78 vs. 8.15 ± 5.89 mV, respectively, p<0.01), (Figures 6C, D).




Figure 6 | Sivelestat limited the LPS-induced decrease MEP amplitude. Representative motor evoked potential recording at 100%, 70%, and 40% of the maximum capacity of the TMS coil (A). Latency (time between stimulation and recorded MEP) for saline (blue), sivelestat (turquoise), LPS (red) and LPS+ sivelestat (khaki) (B) groups. Quantification of amplitude after stimulation from 40% to 100% of the coil’s maximum for saline (blue), sivelestat (turquoise), LPS (red) and LPS+ sivelestat (khaki) (C) groups. Individual values for stimulation at 100% of the coil’s maximum capacity for saline (blue), sivelestat (turquoise), LPS (red) and LPS+ sivelestat (khaki) (D) groups. Saline n=15, sivelestat n=6, LPS n=10, LPS + sivelestat n=8. ** p<0.01, *** p<0.001. ### p<0.001 saline vs LPS group from 70 to 100%. ## p<0.01 LPS vs LPS + sivelestat group from 80 to 100%.







4 Discussion

In this study, we showed for the first time that infiltrating neutrophils and microglia formed ETs in the spinal cord during endotoxemic shock. This production was associated with a reduction in motoneuronal excitability. Interestingly, the inhibition of ET production by β1-adrenergic blockers or a specific ET inhibitor (sivelestat) partially preserved motoneuronal function.

Neutrophils are peripheral immune cells known to display upregulation of their activities during severe inflammation, associated with infiltration of the CNS (14, 43) as shown in Supplemental Figure 3. This infiltration is due to an increase in leukocyte diapedeses or permeabilization of the blood–spinal cord barrier (BSCB), as shown in Supplemental Figure 4, facilitating the passage of these cells into the CNS (11). Neutrophils are also known for producing ETs (17) in various infectious or autoimmune pathologies and in different organs such as spinal cord tissue (21, 24, 44). However, the formation of ETs in the CNS during severe inflammation has never been described before and is not limited to neutrophils. As observed in this study, microglia can also produce ETs, as already observed in vitro (28) and in vivo (26, 27) in other pathologies impacting CNS homeostasis.

With dysregulation of ET production, adverse effects have been observed, such as vascular occlusion (18) and organ dysfunction (19, 20). These may be due to the intrinsic properties of ETs and the future of the cells that release them. Two types of ET have been observed: vital and suicidal. The fundamental differences are the nature of the inciting stimuli and the timing of the ET release. The formation of suicidal ETs has been primarily demonstrated in the context of chemical stimulation such as PMA (Phorbol 12-myristate 13-acetate) and requires hours (45). In contrast, the formation of vital ETs has been demonstrated with microbial molecular models, particularly after LPS administration, and is achieved much faster (45). Thus, the analysis of ET formation in this present study was restricted, to the vital form with the expression of specific ET cell markers on alive cells with intact membranes. We also analyzed the combination of markers such as H3 citr and MPO, considered representative of specific vital ETs formation (46). H3 citr is involved in chromatin decondensation, and MPO, a granular enzyme, is involved in nuclear decondensation. In addition to H3 citr and MPO for ET labeling, SYTOX, a DNA intercalant agent, and TFAM, a protein associated with mitochondrial DNA (40, 47), were used. While the four markers confirmed the production of ETs during severe inflammation for neutrophils and microglia, TFAM also suggested an initial production only a few hours post infection. Vital ETs are probably formed by nuclear DNA at the initial stage, and later by mitochondrial DNA (48).

Recently, it has been demonstrated that β1-adrenergic receptors could modulate NET production (34, 49). In addition, a reduction in the production of ETs in the lung has been reported in COVID-19 patients following β1-adrenergic blocker administration (34). However, β1-adrenergic blocker administration after a massive inflammation induced by an exogenous component, such as LPS, has never been evaluated in the CNS before. This ET modulation by ß1-adrenergic blockers (Figures 2, 3) could be achieved either by a modulation of the number of immune cells infiltrated or by a modulation of the number of β1-adrenergic receptors expressed by these immune cells. The first hypothesis is not confirmed because the percentage of neutrophils or microglia among CD45 positive cells was similar between the LPS and LPS + atenolol groups (Supplemental Figure 3). Regarding the number of β1-adrenergic receptors present on immune cells, their expression at their surface has been debated. Neutrophils have long been shown to express β2-adrenergic receptors on their surface but no β1-adrenergic receptors (50), whereas recent studies have shown both receptors present on neutrophils (51). In this study, we confirmed that (1) neutrophils and microglia express β1-adrenergic receptors on their membrane surfaces, and (2) after systemic LPS administration, the number of membrane receptors is increased. Interestingly, the administration of ß1-adrenergic blockers did not significantly change the number of infiltrating neutrophils and microglia in the spinal cord (Supplemental Figure 5), whereas a reduction in ETs production was observed in the spinal cord tissue, (Figures 2, 3) as well as a beneficial effect on neuromuscular function by preserving MEP amplitude (Figure 4). This last effect suggests a modulation of reactive oxygen species production in motoneurons. This oxidative stress is a common denominator in the pathology of neurodegenerative disorders.

To determine whether a direct link exists between the decrease in ET production after β1-blocker administration and the preservation of neuromuscular excitability, we injected a specific inhibitor of ET production. Sivelestat specifically inhibits elastase, which is required during the initial step of ET formation. Following the sivelestat injection, ET production was reduced (Figure 5), and MEP amplitude preservation was observed (Figure 6). This result suggests a deleterious role of ETs on neuromuscular function in our endotoxemic mice model, similar to what has been demonstrated in other pathologies, such as spinal cord injury, when inhibitors of ETs were administered. An improvement in motor function was observed following the administration of ET inhibitors such as Cl-amidine, which inhibits the enzyme peptidylarginine deiminase 4 (PAD4), involved in histone citrullination (24), based on the Basso, Beattie, and Bresnahan test score (BBB Score), or sivelestat, based on PEM amplitude and the BBB score (52). In sepsis, a study showed positive effects on neuromuscular function following the administration of ulinastatin, an inhibitor of serine proteases including elastase, which potentially allowed inhibiting the production of ETs, without having mentioned it (13).



4.1 Limits of the study and interest for humans

The concentration of β1-blockers was determined to limit significant effects on cardiovascular parameters such as heart rate and arterial pressure in our model (heart rate: -8.7 ± 1.8% of baseline value and mean arterial pressure: -12.5 ± 4.8% of baseline value at 6 hours post LPS injection and 10 minutes post atenolol administration). Moreover, atenolol has a good β1-adrenergic receptor specificity and a sufficient half-life for our protocol (53).

Interestingly, gastrocnemius MEPs (latency and amplitude) can at least partly reflect the state of the motor neurons, the nerve conduction, the neuromuscular junction, and the state of muscular contractility. LPS model being characterized by a systemic inflammation, we cannot rule out that the observed functional effect (MEP amplitude reduction) was not also partly due to muscle inflammation through, for example, ET production by neutrophils and monocytes or monocyte-derived macrophages that infiltrate the muscles.




4.2 Conclusion

In conclusion, our results show that LPS increased neutrophil infiltration in the spinal cord, activated microglia cells, led to ET formation, and decreased neuromuscular function. Moreover, the results showed a beneficial effect of β1-adrenergic blocker administration on ET formation and neuromuscular function evaluated by MEP amplitude. The link between ETs and neuromuscular function was confirmed following the administration of a specific inhibitor of ETs. Thus, the modulation of ET formation during inflammatory-related diseases could have beneficial effects on patients to limit neuromuscular function disagreements. It could also be beneficial for other neuroinflammatory pathologies associated with motor function disorders, such as spinal cord injuries.
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Supplementary Figure 1 | Experimental protocol. A single injection of lipopolysaccharides (LPS) was used to create our preclinical endotoxemic shock model. Mice were divided in different groups: LPS group (A), LPS + atenolol (atenolol was injected 6 hours after LPS injection) (A), LPS + sivelestat group (sivelestat injected at 4 hours (10 mg/kg), 8 hours (20 mg/kg), and 12 hours (20 mg/kg) after LPS injection) (B).Controls groups were also used for each condition: saline group (NaCl 0.9%) (A), atenolol group (atenolol was injected 6 hours after the injection saline) (A), and sivelestat group (3 of sivelestat injections 4, 8, and 12 hours after saline injection) (B).

Supplementary Figure 2 | Gating strategy for neutrophils and microglia. Gating strategy used to differentiate CD11b+ and CD45int microglia and CD11b+, CD45high and Ly6G+ neutrophils for a representative animal of saline, LPS, and LPS + atenolol groups.

Supplementary Figure 3 | Frequency of neutrophils and microglia among living cells in spinal cord. Flow cytometry analysis of the frequency of neutrophils among living cells, in the saline, atenolol, LPS, and LPS + atenolol (A) groups. Flow cytometry analysis of the frequency of microglia among living cells, in saline, atenolol, LPS and LPS + atenolol groups (B) groups. Representative picture of entire spinal cord transversal section (low thoracic to high lumbar segment), labeled with Ly6G (neutrophil marker, green), for saline and LPS groups (C), counterstained with DAPI (blue). The grey matter is delimited with white dashed line. *** p<0.001.

Supplementary Figure 4 | LPS administration promoted blood–spinal cord barrier disruption. Quantification of Evans blue (EB) leakage in cervical spinal cord (A). Representative fluorescence image of FITC (green) in blood vessels in cervical ventral spinal cord for saline and LPS groups (B). White arrow show an increase in FITC leakage from blood vessel in the LPS group. *** p<0.001.

Supplementary Figure 5 | LPS increased the expression of β1-adrenergic receptors in neutrophils and microglia. Fluorescence intensity for a representative animal of each group for blood neutrophils (A), neutrophils in spinal cord (B), and microglia (C). Quantification of mean fluorescence intensity (MFI) of β1-adrenergic receptors (ADRB1) on blood neutrophils (D), spinal cord neutrophils, (E) and microglia (F). *** p<0.001.
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Introduction

Early sepsis is a life-threatening immune dysregulation believed to feature a “cytokine storm” due to activation of pattern recognition receptors by pathogen and danger associated molecular patterns. However, treatments with single toll-like receptor (TLR) blockers have shown no clinical benefit. We speculated that sepsis patients at the time of diagnosis are heterogeneous in relation to their cytokine production and its potential inhibition by a triple cocktail of TLR blockers. Accordingly, we analyzed inflammatory cytokine production in whole blood assays from early sepsis patients and determined the effects of triple TLR-blockade.





Methods

Whole blood of 51 intensive care patients sampled within 24h of meeting Sepsis-3 criteria was incubated for 6h without or with specific TLR2, 4, and 7/8 stimuli or suspensions of heat-killed S. aureus or E. coli bacteria as pan-TLR challenges, and also with a combination of monoclonal antibodies against TLR2 and 4 and chloroquine (endosomal TLR inhibition), subsequent to dose optimization. Concentrations of tumor necrosis factor (TNF), Interleukin(IL)-6, IL-8, IL-10, IL-1α and IL-1β were measured (multiplex ELISA) before and after incubation. Samples from 11 sex and age-matched healthy volunteers served as controls and for dose-finding studies.





Results

Only a fraction of sepsis patient samples revealed ongoing cytokine production ex vivo despite sampling within 24 h of first meeting Sepsis-3 criteria. In dose finding studies, inhibition of TLR2, 4 and endosomal TLRs reliably suppressed cytokine production to specific TLR agonists and added bacteria. However, inflammatory cytokine production ex vivo was only suppressed in the high cytokine producing samples but not in the majority. The suppressive response to TLR-blockade correlated both with intraassay inflammatory cytokine production (r=0.29–0.68; p<0.0001–0.04) and cytokine baseline concentrations (r=0.55; p<0.0001).





Discussion

Upon meeting Sepsis-3 criteria for less than 24 h, a mere quarter of patient samples exhibits a strong inflammatory phenotype, as characterized by increased baseline inflammatory cytokine concentrations and a stark TLR-dependent increase upon further ex vivo incubation. Thus, early sepsis patient cohorts as defined by Sepsis-3 criteria are very heterogeneous in regard to inflammation. Accordingly, proper ex vivo assays may be useful in septic individuals before embarking on immunomodulatory treatments.
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1 Introduction

Sepsis is a life-threatening immune dysregulation that damages the host and constitutes a relevant health problem worldwide (1). Early sepsis pathology has been attributed to a “cytokine storm” (2), a self-amplifying signaling loop leading to an immune cell overactivation with the production of biocides and proteases, apoptosis and necroptosis, endothelial damage and cleavage of coagulation proteins, and thus direct (e.g., cell mediated) and secondary (e.g., through microthrombosis) organ damage (3). This “unleashing of the immune system” (4) has been linked to the secretion of inflammatory cytokines in response to stimulation of Toll-like receptors (TLR) by pathogen and danger associated molecular patterns (P/DAMP) (5–8). However, this classic concept is challenged by the observation that in experiments even high dosages of exogenous inflammatory cytokines do not reproduce sepsis or septic shock to a satisfactory degree and inflammatory cytokine concentrations are often surprisingly low in clinical sepsis (9, 10). Furthermore, multiple clinical trials aimed at dampening an overshooting immune reaction have failed. Specifically, blockade of Toll-like receptor (TLR) 2 or 4, blockade of TNF or IL-1 signaling, and attempts to remove IL-6 and other proinflammatory cytokines from the blood all failed to decrease mortality (11–17). In fact, in a phase 3 clinical trial, a TLR4-blocker did not even decrease the concentration of any of the inflammatory cytokines measured including IL-6, TNF, IL-8, and IL-1β (11).

Accordingly, the merit of single TLR-blockade in sepsis stands in question. To interrogate, whether to abandon or refine this concept, i.e., whether TLR-blockade has potential as sepsis therapeutic, three questions should be addressed: 1) Are inflammatory cytokine concentrations universally increased in the hosts` blood in early sepsis, i.e., at a time when the diagnosis of sepsis is made clinically? 2) Does this translate to an ongoing inflammatory activity with cytokine production ex vivo? 3) Can this cytokine production be attenuated by a comprehensive inhibitor cocktail blocking sepsis-relevant TLR.

Consequently, we analyzed blood samples of sepsis patients within 24 h of first meeting Sepsis-3 criteria (18) for the presence of inflammatory cytokine concentrations in their blood, for ongoing cytokine production ex vivo, and, following dose finding studies, for the effects of a combined (triple) TLR blockade. In addition, we tested the reactivity of patient samples to bacterial stimuli with and without TLR blockade, to validate the system and confirm the activity of the applied blockers in patient samples. We chose blood assays rather than isolated cells as the main experimental model since these contains all elements present in the sepsis patients’ circulation at sampling including their current immune cell composition, danger associated molecular patterns (DAMPs), and possibly also bacteria or their fragments (pathogen associated molecular patterns, PAMPs), as shown previously.




2 Materials and methods



2.1 Septic patients and controls, clinical data collection, and blood sampling

This prospective observational study, addressing effects of multi Toll-like receptor (TLR) blockade in whole blood ex vivo assays is a companion study to a previous one addressing P/DAMP concentrations and effects of immune checkpoint inhibition in sepsis using the same inclusion/exclusion criteria and cohorts (5). Briefly, following ethics committee approval (Medical Faculty, #17-7330-B0), Intensive Care Unit (ICU) patients at the Universitätsklinikum Essen, Germany, were screened for early sepsis using the current Sepsis-3 criteria (18), i.e., showing an increase in the sepsis-related/sequential organ failure assessment (SOFA) score by ≥2 points and suspected or confirmed causative infection. Patients meeting Sepsis-3 criteria for over 24 hours already, those under 18 years of age, on immunosuppressive medication before sepsis onset, or with HIV infection were excluded. Immunosuppressive medication was defined as over 30 mg/d cortisol equivalent (i.e., the Cushing-threshold).

Blood from 51 sepsis patients was drawn via catheters (arterial or central venous, as available) into tubes containing unfractionated heparin (final concentration 16 IU/ml blood; 02.1064, Sarstedt, Nümbrecht, Germany) and transferred to our laboratories at room temperature within 30 minutes. Inflammatory, hemodynamic, and metabolic markers of sepsis patients and derived scores are shown in Table 1. Pneumonia was the most common causative infection (n=33), 8 patients had a urinary tract infection, 6 patients had a peritonitis, 3 patients had other foci (endocarditis, arthritis, and a soft tissue infection), 6 patients had multiple plausible infectious foci, and the focus was unclear in 7 cases. Gram-negative bacteria were the most common causative infectious etiology (Table 1), but multiple cases of mixed bacterial and fungal or viral co-infections were also recorded. The eventual fatality rate was approximately 45%.


Table 1 | Characteristics of sepsis patients just meeting sepsis-3 criteria.



Eleven healthy adults served as age and sex matched controls after ethics committee approval (#17-7869-B0) and written informed consent. While leukocyte concentrations differed between sepsis patients and controls, their monocyte concentrations and hence the major source of inflammatory cytokines did not. As dose finding studies were performed to establish proper concentrations of agonists and antagonists before the main experiments, blood from some volunteers was sampled on multiple occasions. Due to limited available sample volumes especially from sepsis patients, not all experiments could be performed on all samples.

To avoid bias, patient care and laboratory personnel were unaware of all anonymized data. Since neither patients nor volunteers underwent health-related interventions, registration as a clinical study was not applicable as confirmed before enrollment by the German clinical study register.




2.2 Whole blood assays

We chose whole blood assays as a common (19, 20) experimental model of septic immunity, as whole blood contains cells of the macrophage family, neutrophils, and lymphocytes, and unlike tissue resident immune cells, is rather easily available ex vivo. We chose 6 hours as standard incubation time to limit changes in blood cell composition and other culture artifacts during the assays. Twohundred µl per well of heparinized whole blood were distributed to 96 well polystyrene plates (Nunc 262162, Thermo Fisher Scientific, Waltham, MA). Toll-like receptor (TLR) inhibitors, specific TLR-agonists, or general immune stimulants were added subsequently, and suspensions were incubated for 6 h in standard culture conditions (37°C, humidified atmosphere, 5% CO2). To assess assay stability, aliquots were incubated for a total of 22 h with or without lipopolysaccharide Re595 (see below) added after 6 h. Of note, sepsis patients’ whole blood as an ex vivo model of inflammation remained reactive to extrinsic TLR stimulation by LPS Re595 for at least 22 hours (Figure S1), i.e., far longer than the 6 h incubation period used for the main assays. After incubation, supernatants were retrieved, and mediator concentrations were measured. Individual assays were run in biological triplicates.




2.3 Mediator concentrations in blood plasma and whole blood assay supernatants

To reliably measure cytokine concentrations over a wide concentration range, we chose Luminex assays (Luminex LXSAH-06, R&D Systems, Minneapolis, MN) with an improved sensitivity and intertest reliability over standard enzyme-linked immunosorbent assay. In brief, inflammatory immune mediators in blood plasma before and after incubation are adsorbed to antibody-coated, color-coded beads, and the signal is amplified over enzyme-coupled secondary antibodies, before measurements by flow-cytometry. Samples were prepared according to the manufacturer’s instructions and measured against a standard curve with standards provided in the sets. We chose four inflammatory cytokines commonly associated with human sepsis (TNF, IL-6, IL-1α and β), the major granulocyte attractant IL-8 (≙chemokine CXCL8), and IL-10 as an important anti-inflammatory cytokine. We limited our analyses to a set of six cytokines to reflect both “inflammatory” and “anti-inflammatory” cytokines, within economic considerations. The association of these mediators with sepsis immunity and mortality has been demonstrated (10, 21). After incubation, triplicate samples were pooled for Luminex ELISA.

For pilot experiments, we chose TNF and IL-6 as the most often used and clinically established sepsis-related cytokines. Here, cytokine concentrations were measured by standard colorimetric ELISA (DY206 & DY210, R&D Systems, Minneapolis, MN) against a standard curve according to the manufacturer’s instructions and with standards provided in the sets. Triplicate samples were measured individually with standard ELISA.




2.4 Pattern recognition receptor challenges of whole blood samples and effects of TLR-inhibitors: dose-response studies

Prior studies have established TLR2 and TLR8 as crucial for the recognition of Gram-positive bacteria, and TLR4 and TLR8 for Gram-negative bacteria, and also have established appropriate inhibitors for their use in cell cultures and animals (22–24). To assess the ability of a cocktail of TLR antagonists to block a TLR-dependent cytokine production in whole blood, doses were established in pilot studies using healthy volunteers’ samples (Figure 1). In whole blood samples from sepsis patients and controls these agonists were then titrated against monoclonal antibodies (mAb) against TLR2 and 4 and against chloroquine, a drug known to suppress endosomal TLR activity (25).




Figure 1 | Effect of specific TLR2, 4, and 7/8 agonist stimulation or of bacterial immune stimulation with and without TLR blockade: dose finding studies for TLR blockade. Supernatant TNF and IL-6 concentrations measured by ELISA after 6 h of incubation of whole blood from healthy volunteers following stimulation with TLR2, 4, or 7/8 agonists or with heat-killed bacteria with and without antibodies directed against TLR2, TLR4, or with chloroquine. Concentrations as indicated. (A) Effects of the TLR2 agonist P3C. (B) Addition of anti-TLR2 mAb T2.5 30 min prior to the addition of the TLR2 agonist P3C (10 µg/ml). (C) Effects of the TLR4 agonist LPS : Re595. (D) Addition of anti-TLR4 mAb 3C3 30 min prior to addition of TLR4 agonist LPS : Re595 (0.1 µg/ml). (E) Effects of the endosomal inhibitor chloroquine (CQ) 30 min prior to the addition of TLR7/8 agonist Resiquimod (R848). (F) Addition of the endosomal inhibitor chloroquine (CQ) 30 min prior to addition of the TLR-independent immune stimuli phorbol-12-myristate-13-acetate and Ionomycin (PMA+I) as a toxicity control for CQ; low dose of PMA+I is 0.2 + 0.14 µg/ml, high dose is 1 + 0.7 µg/ml. (G) Addition of the endosomal inhibitor chloroquine (CQ) 30 min prior to the addition of heat-killed S. aureus or E. coli. n.d., not detected. Measurements from 2-3 individuals each. (A–F) single-point graph with means, (G) means with standard deviation.



Specifically, the following TLR-ligands/stimulants were used as immune stimuli in whole blood assays: P3C [bacterial lipoprotein mimicking synthetic lipohexapeptide (26)], a TLR2 stimulant (EMC microcollections, Tübingen, Germany), lipopolysaccharide [LPS; Salmonella minnesota Re595 (27)], a LPS devoid of a long O-chain, TLR4 specific (Sigma-Aldrich, St. Louis, MO), R848 [synthetic nucleic acid analogue (28)], a TLR 7/8 stimulant (Invivogen, Toulouse, France), sterile PBS suspensions of S. aureus (29) (Deutsche Sammlung von Mikroorganismen (DSM)20231, Braunschweig, Germany), and E. coli [clinical isolate 30/185 (22)], inactivated at 96° C for 15 minutes. We chose Gram-positive S. aureus and Gram-negative E. coli as prototypical sepsis-related pathogens. The calcium ionophor ionomycin in combination with the protein kinase C agonist phorbol-12-myristate-13-acetate [PMA (30)] were used as TLR-independent stimuli of cytokine production and as a toxicity and specificity control for chloroquine.

For TLR blockade we used the anti-TLR monoclonal antibodies (mAb) T2.5 ( (23), TLR2 antagonist; Invivogen, Toulouse, France) and 3C3 ( (31), TLR4 antagonist; Hycult Biotech, Uden, Netherlands), as well as the small molecule antimalarial and endosomal TLR-inhibitor chloroquine ( (25), Sigma-Aldrich, St. Louis, MO). In dose finding experiments, these inhibitors were added 30 minutes prior to the addition of TLR-stimuli. Chloroquine is a well-established anti-malarial and has seen some use as anti-inflammatory drug in acute, as well as chronic inflammation (32). In previous studies, we had demonstrated chloroquine’s effectiveness against septic inflammation through its endosomal TLR inhibition (24). In addition, we demonstrated its specificity and non-toxicity (in the chosen doses) by titration against the non-TLR immune stimuli ionomycin and PMA (see above and Figure 1). We titrated the TLR-inhibitors against the first concentration of TLR-stimuli that elicited a saturated/plateau cytokine response. Two to three healthy volunteers’ samples were included per dose finding experiment.




2.5 Bacterial challenges of whole blood samples and effects of TLR-inhibitors: validation in patients’ samples and controls

The dose finding experiments established a concentration of 15 µg/ml for both TLR inhibitory antibodies and of 10 µg/ml for chloroquine, as appropriate for inhibition of TLR2, 4 and endosomal TLR agonist activity in human whole blood. For validation, the inhibitor combination in the established concentrations was added to healthy volunteers’ whole blood and to the whole blood of 11 sepsis patients 30 minutes prior to adding S. aureus or E. coli (Figure 2).




Figure 2 | Inhibition of supernatant inflammatory cytokine production by triple Toll-like receptor blockade upon bacterial stimulation in whole blood assays. Cytokine supernatant concentrations (ELISA) before and after incubation for 6 h of whole blood without or with heat-killed E. coli (105 cfu/ml; E.c.) or S. aureus bacteria (106 cfu/ml; S.a.) and without or with TLR blockade by 15 µg/ml monoclonal antibodies T2.5 and 3C3 directed against TLR2 (anti TLR2) and TLR4 (anti TLR4), or with 10 µg/ml chloroquine (CQ), or with a triple combination (TLR-I) when added 30 min prior to addition of bacterial stimuli. (A) Healthy volunteers (n=3). Single-point graph with means. Student’s t-test for paired samples. (B) Sepsis patients sampled within 24 h of sepsis diagnosis (n=10), multiplex (Luminex) ELISA. Tukey Boxplots. Wilcoxon matched pairs test. n.d., not detected. *one data point out of axis limits. Inc, Incubation for 6 h; Bac, added Bacteria. A combined blockade of TLR2, 4, and endosomal TLRs effectively suppresses bacteria-stimulated inflammatory cytokine production in whole blood assays both from healthy volunteers and sepsis patients.






2.6 Cytokine production in whole blood from sepsis patients and controls without and with triple TLR blockade

Whole blood of sepsis patients and controls was incubated for 6 hours without or with a triple combination of the TLR-inhibitory mAbs against TLR2 and 4 (T2.5 and 3C3, see above) and chloroquine as endosomal TLR inhibitor in the dosages established in pilot experiments. Supernatant cytokine concentrations were assessed by Luminex assays before and after incubation for 6 hours.




2.7 Statistical methods

Figures were designed and statistical analysis was performed using Graph Pad Prism (GraphPad Software, V8.4.3, San Diego, CA). Continuous clinical variables are presented as median with quartiles, discrete clinical variables as percentage of the respective cohort or median with quartiles, as appropriate. Hypotheses were set a priori, and statistical tests were two-tailed. Data were analyzed for non-normality using the Shapiro-Wilk test. Non-normally distributed datasets are presented as Tukey boxplots or median with quartiles. To increase robustness against sampling effects and random outliers, we chose to consequently use non-parametric hypothesis tests for patients’ experimental data, despite some reduction in statistical power. This includes the Mann-Whitney U test for unpaired and the Wilcoxon matched pairs signed rank test for paired data, as well as Friedman’s test with Dunn’s post-test corrected for multiple testing (Graph Pad Prism Standard Settings). For pilot assays, Student’s t-tests for paired or unpaired datasets were used, as appropriate.

Spearman’s rank-correlation coefficient (r) of changes in cytokine concentrations associated with incubation and addition of TLR-Inhibitors as well as of baseline concentrations with concentration changes due to TLR-Inhibitors were calculated using Prism standard settings, with the respective 95%-confidence interval and p-values in regard to the null-hypothesis (r=0). Additionally, the effects of the triple TLR-blockade on the change in cytokine concentrations before vs. after incubation are expressed as percentage.

Rank-sums were used to non-parametrically average baseline cytokine concentrations, ex vivo cytokine production, and the TLR-I effect over the five proinflammatory immune mediators (i.e., TNF, IL-6, IL-8, IL-1α, IL-1β). In brief, data points within one dataset were ranked from lowest to highest value of each cytokine concentration and ranks were summed over multiple datasets of one dataset family. The samples were individually ranked by their cytokine concentration of each of the five proinflammatory immune mediators (five datasets) measured at baseline or after incubation with or without TLR-inhibitors (3 dataset families), and the five ranks within one dataset family were summed to obtain a value incorporating all five mediators. To assess whether this ranking was valid, i.e., whether strong production of one cytokine correlated with strong production of another cytokine, we calculated a Spearman correlation of the individual cytokine rankings against each other, as well as against the rank-sum (r=0.60-0.73, p<0.0001, Data Table S1). In addition, we used the matching efficiency across rows, a quality control parameter of repeated-measure ANOVA’s, to assess homogeneity of ranks across different cytokines (R2 = 0.44, F=3.23, p<0.0001). The patients’ ranks were highly and significantly stable across the five proinflammatory immune mediators, i.e., strong producers of one cytokine also scored high ranks in other inflammatory cytokines and vice versa. We conclude that cytokine production is indeed significantly correlated across cytokines within the same sample and that the production of different cytokines in individual samples can be averaged using rank-sums to synthesize a meaningful overall ranking of cytokine production. For the baseline concentration (matching efficiency R2 = 0.48, F=3.7, p<0.0001; Spearman’s r 0.63 – 0.74, p<0.0001) and the strength of inhibition by TLR-Inhibitors (matching efficiency R2 = 0.56, F=5.05, p<0.0001; Spearman’s r 0.65 – 0.79, p<0.0001), correlation of ranks across cytokines was even stronger (also see Data Table S1).

Receiver-operator characteristics were prepared and the 95%-confidence interval (with a p-value regarding the null-hypothesis: area under the curve (AUC)=0.5 were calculated for the prediction whether a patient’s sample was highly reactive to the combined TLR-blockade (i.e., belonging to the fourth quartile regarding the TLR blockers’ effect) based on the paired baseline proinflammatory cytokine concentrations. Spearman’s rank correlation was performed both based on single cytokines as well as on the rank-sum average.





3 Results



3.1 Heterogeneity of supernatant inflammatory cytokine concentrations in whole blood assays from early sepsis patients

When incubated for 6 hours without extrinsic stimuli, whole blood from sepsis patients, which already contained greater inflammatory cytokine concentrations than that of healthy volunteers (Figures 3, S2), showed a significant further increase of supernatant TNF, IL-6, IL-8, IL-1α, and IL-1β concentrations (Figure 3A). When stratifying the data sets with regard to supernatant inflammatory cytokine concentrations before and after incubation, however, only about a quarter of the sepsis patients’ samples showed a substantial increase of cytokine concentrations during further incubation. This observation was surprisingly stable across the five proinflammatory cytokines measured (Figure 3B, also see ‘statistical methods’).




Figure 3 | Robust TLR-dependent inflammation only in approximately a quarter of sepsis patients. (A) Supernatant inflammatory cytokine concentrations (multiplex ELISA) before and after a 6 h incubation (“Incubation”) of whole blood from sepsis patients (n=51, shaded columns) and healthy volunteers (n=11, open columns) with or without a triple combination of TLR inhibitors (“Triple TLR-I”; anti-TLR2 mAb T2.5, anti-TLR4 mAb 3C3 (both 15 µg/ml), chloroquine 10 µg/ml). Tukey boxplots. Mann-Whitney test for unpaired and Wilcoxon matched-pairs test for paired data sets. *one data point out of axis limits. (B) Patient samples sorted by their values for intrinsic ex vivo production of IL-6, TNF, IL-10, IL-1α or β over 6 hours (ΔIncubation). Shown are the quartile-medians of ΔIncubation and the paired TLR-I effect (sorted after ΔIncubation). Values from 51 sepsis patients sorted into 4 quartiles.



The patients whose samples showed a strong further increase in inflammatory cytokine concentrations upon incubation (quartile 4 in regard to cytokine production ex vivo; “high-producers”) were significantly younger (median 53 | 65 years, p=0.0351) and had a longer ICU stay (median 28 | 10 days, p=0.0498) than the “low-producers” (quartile 1-3; also see Table S1). Other variables like SAPS or SOFA score, catecholamine dosage, markers of infection like Procalcitonin or white cell counts, or the type of infection did not reveal any association with ex vivo inflammatory cytokine production.




3.2 Dose finding studies of TLR-inhibitors against specific TLR agonists in whole blood assays

During a 6 h incubation, P3C (TLR2 ligand), bacterial Lipopolysaccharide Re595 (LPS, TLR4 ligand), and R848 (TLR7/8 ligand) evoked positively dose-dependent supernatant concentrations of tumor necrosis factor (TNF) and Interleukin (IL-) 6, reaching supernatant cytokine concentrations far higher than those observed in human sepsis (Figures 1, S2). A plateau of IL-6 concentrations was reached with 10 µg/ml P3C, 0.1 µg/ml LPS, and 5 µg/ml R848, and greater TLR-agonist concentrations did not elicit greater IL-6 concentrations.

At the latter TLR agonist concentrations, supernatant cytokine production was attenuated in a dose-dependent manner by the corresponding TLR-antagonists against TLR2 (mAb T2.5), 4 (mAb 3C3), and endosomal TLRs (chloroquine). Doses of 15 µg/ml for the mAbs and of 10 µg/ml for chloroquine substantially inhibited the stimulated cytokine production and the effect did not substantially increase with even greater blocker concentrations (Figures 1B, D, E). While a high concentration of 30 µg/ml chloroquine also suppressed cytokine production evoked by the TLR-independent immune stimuli PMA + Ionomycin, a concentration of 10 µg/ml chloroquine did not decrease the TLR-independent cytokine production (Figure 1F) but was effective against TLR-dependent stimuli.

Accordingly, monoclonal antibodies directed against TLR2 and TLR4 combined with chloroquine as endosomal TLR-inhibitor block the ex vivo cytokine production towards specific TLR-agonists even at plateau concentrations. Chloroquine alone in a non-toxic concentration inhibits the cytokine production upon immune stimulation with S. aureus in whole blood assays. The materials and the TLR-inhibitors themselves did not spark the production of cytokines without the addition of extrinsic stimuli.




3.3 Validation of triple TLR inhibition against bacterial stimulation of cytokine production in whole blood assays of volunteers and sepsis patients

At their effective concentrations, the cocktail of TLR-inhibitors blocked the cytokine productions evoked by both, Gram-positive and Gram-negative bacteria (Figure 2). In sepsis patients’ whole blood assays, the blockers significantly decreased supernatant concentrations of TNF and IL-6 in response to added heat-killed E. coli and S. aureus, and of IL-1β in response to S. aureus. Interestingly, even the supernatant concentration of the anti-inflammatory cytokine IL-10 was significantly decreased by the combined TLR-blockade.

Accordingly, the TLR blockers mitigated supernatant inflammatory cytokine concentrations even at a maximum/plateau immune stimulation, which was far beyond the inflammatory cytokine concentrations found in our sepsis patient cohort (also see Figures 1, S2).




3.4 Significant correlation of blood-intrinsic ex vivo cytokine production with effective TLR inhibition

Overall, the unstimulated increase of inflammatory cytokine concentrations upon ex vivo incubation was significantly attenuated by a combined TLR blockade (Figure 3A). However, even at a dose that had effectively suppressed far greater cytokine concentrations produced after bacterial stimulation (Figure 2), only the IL-6 production was fully suppressed, while the other cytokines were affected to a lesser degree.

When assessing the effect of triple TLR blockade with regard to the samples’ inflammatory cytokine production ex vivo, we observed a significant correlation (Figures 3B, 4). Specifically, within the group of high inflammatory cytokine producers, the combined TLR-blockade virtually abolished the ex vivo concentration increase of TNF, IL-6, IL-1α and β (i.e., median of differences ≥100%), and decreased it by 78% for IL-8 (absolute values are provided in Figure 3B). For the “low-producers”, the TLR blockade reduced the increase of TNF, IL-8, and IL-1α by a maximum of 34% while IL-6 concentrations were still diminished by 54%.




Figure 4 | The effect of a combined TLR-blockade is positively correlated with the intrinsic cytokine production ex vivo. (A) Supernatant inflammatory cytokine concentrations before and after a 6 h incubation of whole blood of sepsis patients (shaded columns) showing the greatest ex vivo production (ΔIncubation) of each cytokine after incubation for 6 h (quartile 4 of ΔIncubation) and of healthy volunteers (n=11, open columns) with or without a cocktail of TLR inhibitors (anti-TLR2 mAb T2.5, anti-TLR4 mAb 3C3 (both 15 µg/ml), and chloroquine 10 µg/ml). Data from quartile 4 (n=13 patients). Tukey boxplots. Mann-Whitney test for unpaired and Wilcoxon matched-pairs test for paired data sets. *one datapoint out of axis limits. (B) Plot and Spearman’s rank correlation of concentration changes over 6 hours of incubation (ΔIncubation) alone and with added TLR-inhibitors (TLR-I effect). n=51 patients. Negative values cannot be plotted on the logarithmic axes but are included in the analysis. Combined TLR-inhibition strongly inhibits cytokine production in those samples with a high intrinsic cytokine production. Intrinsic cytokine production and TLR-I effect correlate significantly.






3.5 Significant correlation of baseline cytokine concentrations with effect of triple TLR inhibition

The response to triple TLR blockade in vitro also significantly correlated with the baseline proinflammatory cytokine concentrations in sepsis patients` host plasma (r=0.55; 0.31 – 0.72, 95% CI; p<0.0001; Figure 5). The AUROC for predicting whether a patient’s sample was attributable to the top quartile regarding their reaction to TLR blockade (i.e., strong blockade) based on their baseline cytokine concentration was 0.79 (0.66 – 0.92, 95% CI; p=0.002). This correlation and prediction were strongest for TNF and IL-6 (Figure 5).




Figure 5 | Effects of triple TLR-blockade are correlated with and predicted by baseline IL-6 and TNF concentrations in host plasma. (A) Plot and Spearman’s rank correlations of baseline TNF and IL-6 concentrations in host plasma with the effect of triple toll-like receptor inhibition (TLR-I) on cytokine concentration changes over incubation ex vivo (expressed as difference in respective concentrations without and with triple inhibition by TLR2, 4, and endosomal TLRs). (B) Receiver operating characteristics (ROC), area under the curve (AUC), respective confidence intervals and p-values (regarding the null-hypothesis of AUC=0.5) of the prediction of a strong reaction to TLR-I (i.e., of a patient being in quartile 4 of TLR-I regarding that cytokine) by the baseline concentration of TNF and IL-6. (C) Plot and Spearman’s correlation of proinflammatory cytokine concentrations at baseline and corresponding TLR-I effect; averaged via rank-sums over the proinflammatory immune mediators TNF, IL-6, IL-8, IL1α, IL1β. (D) Receiver operator characteristic for the prediction of a strong reaction to TLR-I (i.e., being within quartile 4 regarding the TLR-I effect) from the corresponding baseline cytokine concentrations; averaged via rank-sums over the five proinflammatory mediators TNF, IL-6, IL-8, IL-1α, β.







4 Discussion

Sepsis is generally assumed to be associated with ongoing inflammatory cytokine secretion at least in its initial stages when the diagnosis is made. However, upon meeting Sepsis-3 criteria for less than 24 hours, only a quarter of our patient samples exhibited a strong inflammatory phenotype characterized by increased baseline inflammatory cytokine concentrations and a stark increase upon ex vivo incubation. It was also only in this subset of samples, that inflammatory cytokine production was significantly albeit incompletely inhibited by combined triple TLR-blockade. Thus, early sepsis patients are biologically very heterogeneous despite diagnosis and recruitment by the current Sepsis-3 criteria and strict sampling within 24 h of diagnosis. This may explain why prior treatment efforts of dampening inflammation by interfering with the TLR-system have failed overall when administered to an unselected sepsis patient cohort.

In early sepsis, we and others (5, 7, 20, 21, 33) have observed a significant increase of cytokine concentrations upon incubation in ex vivo assays and have linked this to increased concentrations of clinically relevant P/DAMPs in host blood, like bacterial and mitochondrial DNA, and TLR2 ligands. Surprisingly, it appears less well investigated whether increased cytokine concentrations in host blood and cytokine production ex vivo are uniform features when the clinical sepsis diagnosis is made along current sepsis-3 criteria. Indeed, others have reported surprisingly low average inflammatory cytokine concentrations, especially of the traditional sepsis cytokine TNF, in sepsis cohorts following the sepsis-3 definition (10). Here, we demonstrate in whole blood assays that a strong cytokine production occurs in only a quarter of patients whereas the rest of the samples reveal no such “hyperinflammation”. Post-hoc analyses using variables such as kind of infection, SOFA scores, and many others offered no clue as to why some patients` samples reacted so much stronger than others, despite a small but significant age disparity and a longer ICU stay in the high cytokine producing group, possibly suggesting a stronger inflammation. Leukocytes and specifically monocytes, which are the main producers of the cytokines measured, as well as relevant P/DAMP-concentrations (5) which might have driven the ex vivo increase also did not differ significantly. Accordingly, other issues or immune phenomena likely play a more important role.

Both in unstimulated and TLR-agonist stimulated whole blood assays of early sepsis patient samples, addition of a cocktail of TLR blockers to the assays significantly and substantially decreased the observed increase of inflammatory cytokine concentrations although only IL-6 was completely suppressed. However, not unexpectedly, this significant decrease of inflammatory cytokine concentrations by triple TLR-blocker application occurred in the same subgroup of patient samples that had shown greater inflammatory activity, i.e., in the high inflammatory cytokine producers. Here, the decrease of supernatant cytokine concentrations by a combined TLR-blockade (by 78-100%) was comparable to the effect of targeted TLR-blockade (34, 35) against its corresponding agonist stimulus both in mice and humans (≈95% reduction). It even surpassed the effect of singular and dual TLR blockade against bacterial infection in mice [25-90% decrease in cytokine concentrations (22–24)]. Triple TLR-inhibition can hence be viewed as effective in this subset of patients showing ongoing inflammatory cytokine production in ex vivo assays.

For the whole patient cohort, however, only the increase in IL-6 concentrations was abolished by triple TLR-inhibition (>100% median reduction) while the other cytokines were not or much less affected (≤29% median reduction). Due to its important role in murine sepsis, TNF is put forth by some as the key cytokine in sepsis (9, 10, 36, 37). However, it is found at rather low concentrations in more recent sepsis-3 cohorts (10, 21), whereas IL-6 appears to be more closely correlated with sepsis pathology and has been thoroughly linked to prognosis (38, 39). After IL-6 receptor blockers had successfully been applied against COVID-19 induced hyperinflammation (40), a recent large register study found a correlation of some IL-6 receptor mutations with a lower sepsis incidence and a better survival (41). This may suggest a possible generalization to septic hyperinflammation of IL-6 receptor blockade, although others fear a dangerous increase in secondary infections (42). In preclinical studies, IL-6 production and concomitant TNF-suppression have also been linked to the sepsis-typical co-stimulation of endosomal and cell surface toll-like receptors. This may explain the profound blocker effect on IL-6 as observed in the present study, although other cytokine concentrations were also significantly diminished.

That triple TLR blockade only partially mitigated ex vivo cytokine production despite the respective TLR-blockers’ efficacy against added TLR-specific agonists and bacteria as more complex TLR stimuli, may be explained by multiple reasons. First, the monoclonal antibodies used to block TLR receptors could have had a short effective duration. However, in human blood, an effective duration of about 24 hours (43) is expected for mouse IgG, like the ones used in this study, as mouse-antibody Fc-parts are not compatible with the human Brambell receptor (which facilitates IgG recycling and strongly delays antibody clearance). Since this is much longer than our 6 hour incubation time, it is however unlikely that the monoclonal antibody concentrations decreased below a critical threshold during ex vivo incubation. In fact, the antibody effect did not subside to a relevant degree in pilot experiments during 6 hours of incubation, where blockers were highly effective against their corresponding specific TLR agonists and against sepsis-relevant bacterial stimuli up to a maximum of evoked cytokine concentrations by far surpassing those measured in our sepsis patient cohort. Specifically, the greatest concentrations for TNF, IL-6, IL-8, and IL-1α measured in unstimulated patient blood were less than even the median concentrations measured in patient blood after bacterial stimulation, at which the blockers were still effective. It is hence very unlikely that greater antibody concentrations would have yielded a greater effect. The same is true for chloroquine, which in dose finding studies suppressed the reaction to Gram-positive bacteria even when applied without monoclonal antibodies while not impeding cellular functionality. This is supported by the unaltered cellular responses to ionomycin and PMA indicating preserved calcium gradients over organelle membranes as well as intact protein kinase C signaling, cytokine gene transcription, translation, and exocytosis.

Accordingly, we observed an ongoing and presumably relevant cytokine production during unstimulated ex vivo incubation despite adequate blockade to suppress inflammatory cytokine production in response to TLR stimulation. Thus, independent of the blocked TLRs, other inflammatory pathways might have partially contributed to the sustained inflammatory cytokine production ex vivo. For instance, despite the prominent role of the TLRs, there is a multitude of other cell surface (44, 45) and cytosolic (46) pattern-recognition receptors, such as the classic inflammasome to detect Gram-positive and Gram-negative bacterial cell wall components and the non-canonical inflammasome to detect LPS independently of TLRs (47–49). In addition to the recognition of PAMPs, a multitude of DAMPs activate immune cells in sepsis (50). While some of these are recognized via the toll-like receptors inhibited in this study, such as high mobility group box (HMGB)1 via TLR4, cellular RNA via TLR7, 8, and possibly TLR3 (51, 52), and mitochondrial and genomic DNA via TLR9 (25, 53), DAMPs are also recognized via non-TLR pattern-recognition receptors (46). In fact, we had found more significant and more pronounced differences in DAMP than in PAMP concentrations between sepsis patients and healthy volunteers in a companion study (5). DAMPs might accordingly have driven some ex vivo cytokine production refractory to triple TLR-blockade in samples from sepsis patients, whereas these mediators were absent in our dose finding studies.

Previous in vitro and animal studies had pointed to TLR2, 4, and endosomal TLRs as crucial receptors of early septic inflammation (22–24, 54, 55) and suggested triple blockade for maximum efficacy. Indeed, only a triple combination blocked the cytokine production to both Gram-positive and Gram-negative bacteria in dose finding studies, and they strongly diminished bacteria-stimulated inflammation in sepsis patients’ blood. Nevertheless, this effect failed to translate to the observed blood-intrinsic inflammation in the majority of patients’ samples. Accordingly, while septic inflammation of the blood compartment appears partly dependent on continued TLR2, 4, and endosomal TLR activation by corresponding PAMPs (5), even a combined blockade is not sufficient to abrogate septic hyperinflammation in the whole patient cohort. Rather, some proinflammatory cytokine production is upheld by other mechanisms like TLR-independent stimulatory pathways and cellular programming. This raises the question, whether enough proinflammatory pathways can ever reliably be blocked on the receptor level for a comprehensive effect in a diverse sepsis patient population.

In any case, our data show that sepsis patients at the time of diagnosis by Sepsis-3 criteria, are very heterogeneous with regard to inflammatory cytokine production ex vivo and that only a quarter of those is potentially amenable to suppression of inflammatory cytokine secretion even by a combined triple TLR-blockade. This finding also may help to explain why efforts in sepsis patients to dampen hyperinflammation by singular toll-like receptor blockers using small molecules (11) or monoclonal antibodies (14) have failed so far.

Another point to consider is early septic hypoinflammation or endogenous immunosuppression. Indeed, using similar assays in a previous study (5), many sepsis patients’ samples reacted to a lesser extent to added pattern-recognition receptor agonists than samples from healthy volunteers. This might also explain a (non-significant) tendency for a better hospital survival in the high cytokine producer subgroup, as the lack of TLR-dependent cytokine production in the low-producer subgroup could be understood as early hypoinflammation. All this indicates not only an important dispersal of early sepsis phenotypes despite their common definition and timepoint of just meeting Sepsis-3 criteria, but also advocates for individualized sepsis therapy, possibly even requiring novel diagnostic criteria to accommodate for the range of different immunologic sepsis phenotypes. Despite the sepsis definition as a “dysregulated host response to infection” (18), the sepsis-3 criteria focus on organ failure without any immunologic assessment. While certainly a clinically discernable anchor in time for sepsis diagnosis and well validated for predicting mortality in intensive care units (56, 57), this focus on organ failure might still delay recognition (58) and shorten the clinical window for applying proper early sepsis therapies. In fact, secondary analyses of clinical studies have suggested a benefit of anti-inflammatory treatments for those patients who display hyperinflammation at sepsis recognition. Specifically, a post-hoc analysis by Shakoory et al. (59, 60) suggests a benefit of IL-1 receptor blockade only for sepsis patients with septic macrophage activation like syndrome. Our observations are also consistent with a large register sepsis study that retrospectively characterized 4 phenotype clusters of sepsis, one of which (about 13% of patients) exhibited significantly greater cytokine concentrations than the others (61). Together, these data advocate for preselection of patients by ex vivo assays like the ones used in our study before commencing specific targeted sepsis treatments. In our study, the response to a combined TLR blockade within assays also strongly correlated both with the proinflammatory cytokine concentrations at baseline in host blood and with the further concentration increase upon ex vivo incubation. The reactivity to a combined TLR blockade hence indicates a strong proinflammatory phenotype. Preselection for immune therapies by mere cytokine concentrations in host blood has previously failed (16, 17). However, more functional assessments, similar to the ones presented in this study, might provide a more holistic view and improve preselection of future patients for specific treatments rather than applying treatments broadly to the whole and diverse sepsis cohort.



4.1 Limitations

Although whole blood assays incorporating all elements of blood, including P/DAMPs, and the host’s responses might be preferable to more reduced experimental systems or isolated cells, such assays cannot completely simulate the complex interplay with other organs and tissue immune cells, which during sepsis might behave differently from blood immune cells. Indeed, tissue resident immune cells of multiple compartments have been reported to show a stronger proinflammatory reaction than blood immune cells (62) and, therefore, an in vivo effect of the blockers used could be more pronounced or comprehensive. Furthermore, while we extensively established the TLR-blockers in their ability to suppress the response to established TLR agonists and heat-killed bacteria prototypical for sepsis in both volunteers’ and patients` blood, real sepsis likely involves more P/DAMPs acting on many other targets and pattern recognition receptors, as outlined above, accounting for remaining inflammatory activity.

Sepsis is a highly dynamic disease, and the changes of cytokine concentrations over time have been extensively reviewed elsewhere (21). We hence strictly adhered to the 24 hours timeframe after sepsis diagnosis for study inclusion, although naturally, we cannot rule varying presentations and time scales before sepsis onset as potential sources of variance. To minimize potential changes in blood composition, we limited the assay time to 6 hours. In fact, we demonstrated reactivity of the patients’ whole blood to LPS for at least 22 hours indicating that the absence of substantial cytokine production in many assays was not related to assay conditions or time. Finally, as a tertiary referral center, we cannot exclude patient selection bias and that different results might be observed in less severe sepsis or in other cohorts.




4.2 Conclusion

Surprisingly, within 24 hours of just meeting Sepsis-3 criteria, only a quarter of patients exhibited a strong inflammatory phenotype as characterized by a stark increase in supernatant proinflammatory cytokine concentrations upon whole blood incubation ex vivo. This increase in these very patients, however, was significantly albeit only partially inhibited by a combined triple TLR blockade, as established in robust dose-response studies.

This diversity of immunologic profiles with only a small fraction of patients displaying ongoing proinflammatory cytokine production ex vivo despite sampling all patients within 24 h of meeting Sepsis-3 criteria and still unblocked parallel inflammatory pathways might explain futility of previous clinical treatments with TLR-inhibitors. Accordingly, proper ex vivo assays may be useful in septic individuals before embarking on immunological treatments.
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Immune reconstitution inflammatory syndrome (IRIS) is characterized by exaggerated and dysregulated inflammatory responses that occur as a result of reconstitution of adaptive or innate immunity. A wide range of microorganisms have been found to be associated with IRIS, such as human immunodeficiency virus (HIV), Mycobacterium and actinobacteria. Whipple disease (WD) is an infectious disorder caused by the Gram-positive bacterium Tropheryma whipplei (T. whipplei) and IRIS also serves as a complication during its treament. Although many of these pathological mechanisms are shared with related inflammatory disorders, IRIS in WD exhibits distinct features and is poorly described in the medical literature. Novel investigations of the intestinal mucosal immune system have provided new insights into the pathogenesis of IRIS, elucidating the interplay between systemic and local immune responses. These insights may be used to identify monitoring tools for disease prevention and to develop treatment strategies. Therefore, this review synthesizes these new concepts in WD IRIS to approach the feasibility of manipulating host immunity and immune reconstitution of inflammatory syndromes from a newer, more comprehensive perspective and study hypothetical options for the management of WD IRIS.
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1 Introduction

Whipple disease (WD) is a rare chronic disorder, which is caused by systemic infection with Tropheryma whipplei (T. whipplei) (1, 2). Studies have revealed that both the innate and adaptive mechanisms of the immune response are affected during WD, and immunosuppression, resulting in low CD4+ levels, has been identified as a risk factor for immune reconstitution inflammatory syndrome (IRIS), a phenomenon of acute immune-mediated pathology associated with the rapid reversal of immunosuppression, which has been described in association with HIV infection (3). In WD IRIS, non-specific T-helper 1(Th1) reconstitution and the outbreak of its response cytokines have been clearly delineated, and a consensus regarding the pathological mechanisms has been reached (4). Recent research demonstrated that the increased and synergistic action of tumor necrosis factor-a (TNF-a) and interferon-γ (IFN-γ) causes changes in epithelial apoptosis and tight junction (TJ) proteins which maintain intestinal mucosal epithelial barrier function, and the above changes can be measured using serum markers of microbial translocation (MT) (5). Clinical symptoms range from fever to death (4). Corticosteroids may be effective for some symptoms and currently recommended as a first-line treatment, thalidomide is more effective than corticosteroids in managing the early exaggerated immune response in IRIS (6, 7). It is important to identify the mechanisms underlying the progression of WD IRIS in order to provide a theoretical basis for the timely detection and limitation or avoidance of immune reconstitution. This review examines the pathogenesis and clinical presentation of WD IRIS and discusses potential strategies for disease monitoring and management.




2 Prevalence and case definitions of WD

WD is a rare and multisystemic chronic infectious disease with an estimated prevalence ranging 3/1000000 in Italy to 9.8/1000000 in the United States (8, 9). Previous literature also describes an incidence rate of 1 in a million and a susceptibility of middle-aged white males (10). A large sample size in the United States study showed that: it affects males and females at similar rates and is more common in Caucasians, non-Hispanics, and people > 65 of age (9). This difference is likely due to sample size and diversity in case series design. HLA-DRB1*13 and DQB1*06 class II alleles were significantly more common in patients with WD. In particular, HLA-DRB1*13, DQB1*06, and DRB1*15 are associated with classic WD (CWD) (11). CWD is the most commonly diagnosed form of WD, with an incidence of less than 1 in a million. CWD primarily affects the gastrointestinal tract, causing primary symptoms of diarrhea in approximately 70-80% of cases (12–14). Some in-depth studies on the intestinal barrier of WD complicated with IRIS are based on this type, which will be introduced in detail in the following. Localized WD (LWD) is one or more extraintestinal organs in the absence of the gastrointestinal tract, predominantly endocarditis and encephalitis. Furthermore, the extraenteric WD variants with cardiac and neurologic spread of infection are characterized by HLA-B*51 and B*44 class I alleles (11). The acute infection is considered to be the first contact with the bacterium. It has been observed in gastroenteritis, fever, or pneumonia mainly in children. Because of its self-limiting or transient nature, it is also called “transient WD” (TWD). Asymptomatic WD (AWD) has been described to occur in healthy carriers. The prevalence of AWD varies with geographic location, ranging from 2% to 4% in Europe and up to 75% in Senegal (15–17). Human leukocyte antigen-G (HLA-G), a non-classical HLA molecule with immunotolerogenic activity, has been found to have increased transcripts in the whole blood of patients with T. whipplei infection compared to controls and asymptomatic carriers. It may play a role in the pathogenesis of T. whipplei infection by mediating immunotolerance (18).




3 Definition of IRIS

Immune reconstitution inflammatory syndrome (IRIS) was proposed by Shelburne et al. in 2002 as “a paradoxical deterioration in clinical status attributable to the recovery of the immune system during highly active antiretroviral therapy.” (19) WD can present with a broad range of signs and symptoms, often leading to misdiagnosis (20). The diagnostic criteria for WD require two out of the following three tests to yield positive results: periodic acid-Schiff (PAS) staining, detection of T. whipplei by polymerase chain reaction (PCR), or immunohistochemistry. The gold standard diagnostic test is small bowel biopsy, and the classic histological presentation is PAS-positive foamy macrophages within the lamina propria (21). In WD IRIS, because the PCR shows negative results for T. whipplei and antibiotics are usually ineffective, re-inflammation is generally a complication of WD rather than a relapse of WD itself (22, 23). A 1.4% mortality rate has been reported (19). Furthermore, when IRIS is a common complication in patients starting antiretroviral therapy, underdiagnosis in resource-limited settings would contribute to high early mortality (24). Because of the wide variation in the clinical presentation, establishing a consensus on the definition of IRIS remains challenging (25).




4 Epidemiology and clinical progression of IRIS

A cohort study published in 2010 revealed that IRIS was detected in approximately 10% of individuals with WD while the prevalence of WD IRIS was twice as high in a study conducted at a tertiary referral center for WD in northern Italy (4, 22). However, there was no evidence that the difference in the prevalence of IRIS in patients with WD was associated with ethnicity (4). Risk factors identified for the development of WD IRIS include age between 40 and 60 years, Caucasian ethnicity, and a history of treatment with immunosuppressive therapy for joint pain, which is considered an inflammatory rheumatoid disorder (26). Other significant predictors included a lower baseline CD4+ T-cell percentage (19). WD is often misdiagnosed, with up to 15% of patients with WD presenting with non-specific symptoms; thus, the diagnosis is often missed or significantly delayed (27). WD is often diagnosed at a late stage once obvious signs have appeared (26). For example, weight loss and diarrhea, which typically occur up to 6 years before a definitive diagnosis of WD is made, although this duration is shorter in cases with immunosuppression (28). Determining the onset of IRIS and establishing the course of the disease is complicated by the fact that the symptoms of IRIS may develop gradually as the clinical symptoms of WD slowly disappear during the first weeks of successful antimicrobial treatment. Therefore, there may be an interval when the symptoms of IRIS and WD overlap (4, 29). Not all case reports clearly delineate WD and IRIS, and IRIS is sometimes incorrectly interpreted as an undertreatment of the primary disease or as a relapse (30). The diagnosis of IRIS relies on clinical judgment and requires careful scrutiny of the signs and symptoms over time and a high index of suspicion for this rare complication of WD.




5 Pathogenesis of WD and IRIS



5.1 WD displays an anergic and hyporesponsive state

Infection with T. whipplei results in atypical activation of bone marrow-derived macrophages (BMDMs) with M2 polarization which associated with Th2 response and type I interferon (IFN) response (31). The impaired T. whipplei-specific Th1 reactivity also plays an important pathogenetic role (32, 33). The combined effect of the above cause persistent immunological unresponsiveness and cytokine-induced activation of regulatory cells (Tregs) which may be attributed to a peculiar genetic polymorphism in cytokine genes (34).

Macrophage polarization is a dynamic process through which macrophages acquire specific features, including M1 and M2 polarization (35). T. whipplei-stimulated macrophages and duodenal tissues acquire phenotypes of M2/alternatively activated macrophages (36) which are linked to the persistence of bacterial pathogens in tissues and the chronic evolution of infectious diseases (37). Live T. whipplei also induces a strong type I IFN response, which is essential for bacterial pathogenicity, and induces c-Jun N-terminal kinase (JNK) phosphorylation to promote macrophage apoptosis. The JNK-independent intracellular replication of T. whipplei (compatible with M2) is also associated with type I IFN response (31). The crosstalk between type I and type II IFNs affects the host susceptibility to bacterial infection, and α/β IFNs downregulate the expression of IFN-γ receptors (38). As the production of IFN-γ and interleukin-12 (IL-12) is closely related (3), the reduction in IFN-γ may also result from reduced IL-12 production from antigen-presenting cells, which reveal an immature myeloid dendritic cell (M-DC) phenotype, supporting the systemic distribution of T. whipplei and perpetuating chronic infection (39) in all relevant tissues. As a result, marked reduction in the local inflammatory response has been reported (40).

The reduced T. whipplei-specific Th1 response in patients with WD (32) also leads to reduced production of IFN-γ in both peripheral blood and the lamina propria of the duodenum (36). Imperceptive IFN-γ production is thought to be critical in the pathophysiology of WD (33). In addition to inducing T. whipplei clearance by upregulating the small GTPase activity required for phagosome conversion and inducing the formation of phagosomes into phagolysosomes, IFN-γ also suppresses the production of IL-16, which inhibits the fusion of T. whipplei phagosomes with lysosomes. This is achieved by regulating the protein level of cathepsin D in macrophages and upregulating the expression of auto- and pro-apoptotic genes and immunomodulatory genes, such as IL-10 and transforming growth factor (TGF-β) (41). In the presence of TGF-β, precursor CD4+ T-cells differentiate towards regulatory cells (Tregs) characterized by the expression of foxhead box P3+ (FOXP3+) which express specific anti-inflammatory cytokines such as IL-10 and TGF-β (42). This is consistent with the immunopathological observations in WD. Patients with CWD have higher peripheral blood Tregs activation and increased duodenal IL-10 and TGF-β secretion (43). IL-16 also induces the recruitment and differentiation of CD4-expressing cells into tolerogenic cells (3). This contribution to local immune tolerance is also enhanced by a membrane or soluble HLA-G by inhibiting TNF expression (18).




5.2 IRIS is a rapid reversal of immunosuppression

The more frequently discussed questions about the pathogenesis of IRIS focus on the degree of immunosuppression resulting from the combined effects of the underlying antigenic burden and patient drug history. IRIS is ascribed to the activation of a non-specific Th1 response underlying the lower CD4+ T cell baseline coupled with reconstituted Treg inadequacy (44). The above characteristics can lead to barrier dysfunction, which can be the cause of prolonged microbial translocation (MT). The resulting entry of endotoxin into the bloodstream can lead to immune reconstitution disorders with systemic immune activation in IRIS CWD (5).

In summary, WD induces a combined effect in which the immune system is suppressed, leading to a high antigen load in affected local tissues. Furthermore, up to 50% patients with classic Whipple’s disease are initially misdiagnosed and treated with immunosuppressive drugs, such as disease-modifying antirheumatic drugs (DMARDs), anti-necrosis factor alpha, glucocorticoids, or drugs, with potentially fatal consequences (16). When treatment with these drugs is discontinued, inflammatory signs may rebound (4), and the degree of CD4+ T cells in the peripheral blood reduction increases with the time of immunosuppressant application (44).

Tumor necrosis factor inhibitors (TNFIs) may reduce phagolysosome fusion, resulting in increased intracellular replication and macrophage apoptosis (45, 46). Susceptibility to IRIS depends primarily on the absence of TNF-signaling (47). Moreover, antimicrobials per se can act as proinflammatory stimulants or upregulate Th1 responses (48). It has been shown that IFN-γ production by CD4+ T cells in response to staphylococcal enterotoxin B (SEB) increases significantly in patients with WD developing IRIS during antibiotic treatment but remains low in treated patients without IRIS (44). Antibiotics not only induce dysfunction of the intestinal epithelial tight junction (TJ) barrier but are also associated with dysbiosis of the intestinal microbiota (49).

Crossing of the defective mucosal barrier by gut microbiota was also demonstrated in a study evaluating pathological damage to the small intestinal mucosa in patients with CWD. The study revealed that elevated levels of lipopolysaccharide-binding protein (LBP), lipopolysaccharide (LPS), and sCD14, definitive alternative markers of increased intestinal permeability and MT, provide direct and indirect evidence of this invasion (50). The link between barrier defects in the intestinal mucosa and systemic immune activation in patients with WD developing IRIS has been further investigated and characterized as a storm in TNF-a expression (25), with TNF-a triggering the NF-κB signaling pathway. This pathway is also an index of inflammation and is synergized by the expression of MLCK activated by IFN-γ, an event that is necessary to promote redistribution of tight junction proteins and paracellular permeability (51). However, the disruption of TJs often leads to increased intestinal permeability, a pathological state termed “leaky gut syndrome” (LGS) (52). The leaky intestinal barrier enhances microbial translocation, which can be predicted by markers as described above.

Moreover, very recent studies have shown that endotoxaemic episode could be a potential mediator of dysbalanced T cell reconstitution (5). The diverse reservoir of LPS is the gut microbiota, on which LPS depends as a stimulator of the host immune response and as a promoter of pro-inflammatory cytokine secretion (53). The pathologic mechanism leads to an imbalance in T-cell recruitment and inflammatory activation in CWD IRIS, with a positive correlation with sCD14 levels and a negative correlation with the antibody (EndoCAb) titre (5). Therefore, monitoring of inflammatory and microbial translocation markers in patients with WD may be helpful to identify patients who are at risk of developing IRIS and preventing misdiagnosis of treatment failure due to the recurrence of inflammation. However, this intervention needs to be investigated in future studies. Figure 1 compares the brief process of CWD with CWD IRIS.




Figure 1 | Both the innate and adaptive arms of the immune response are affected in CWD. There is also intestinal epithelial permeability caused by the Th2 cytokine IL-13 and macrophage-derived TNF-a. Increased translocation of gut microbial components across a defective mucosal barrier is an important stimulator of systemic inflammation in CWD. Systemic LPS levels indicate persistent abnormalities in CWD patients independent of active T. whipplei infection. In contrast, patients with WD IRIS had more severe damage to the intestinal mucosa, resulting in prolonged MT. Microbial products (in addition to T. whipplei) and other bacteria that enter the LP also due to impaired barrier function facilitate intestinal pathology and systemic immune response. However, the mechanism of non-specific T cell reconstitution remains unclear. Although IRIS is an immune overactivation that occurs in the context of a high bacterial load due to immunosuppression, it is driven by non-pathogens. A high systemic antigenic load may trigger inflammation in IRIS-related T cell repopulation, of which an endotoxemic episode may be a potential mediator. Recently, innate immunity has been implicated in IRIS, which may be mediated by endotoxin co-stimulation with non-specific T cell reconstitution. The coupling of innate immunity with adaptive immunity may be responsible for the reconstitution of activated T cells in patients with IRIS. CWD, Classic Whipple disease; IRIS, Immune reconstitution inflammatory syndrome; MT, microbial translocation; IFN, Interferon; TNF-a, Tumor necrosis factor-a; IL, Interleukin; TGF-β, Transforming growth factor. Created with BioRender.com.







6 Clinical and pathological manifestations

IRIS in WD usually presents as fever and arthralgia and may progress for several months. The primary pathogenic load area is the duodenal mucosa, with the organs outside of the intestines also posing a concern (44). Besides ocular and skin tissue. IRIS can also affect the lymph nodes, lungs, and central nervous system, as it gives rise to a heterogeneous range of clinical manifestations (57). A common feature when biopsies are obtained from lesions is that local CD4+ T-cell infiltration is typically observed, resulting in varying degrees of tissue destruction. A PCR for T. whipplei is usually negative, even if there might be a positive signal from remnants of dead bacteria (12). The reason is that the exaggerated immune response of WD IRIS is driven by pathogen-independent mechanisms (44). There were two articles that counted the clinical manifestations of WD IRIS. The prevalence of IRIS was not statistically different from each other and the overall mortality rate was 10.5% (4, 22).



6.1 Fever

Fever is described as a sudden inflammatory response in IRIS in non-HIV patients and can also be caused by an infectious agent (54). Fever is also a typical symptom of WD. Fever that resolves after 48 hours and does not recur is not considered to be IRIS in 80%-86.7% of cases (4, 22). The administration of oral corticosteroids for fever generally shows a response within 24 hours (4).




6.2 Arthritis

The incidence of arthritis is high, ranging from almost 93.3% to 100% (4, 22). The investigation of WD-associated arthropathy has been the focus of considerable research. In 1907, Whipple, the pathologist who first described the disease now bearing his name, noted the characteristics of joint involvement which was a part of the clinical manifestations of the first patient with the condition. In 2013, Krol and de Meijer entitled their letter to the editor “Palindromic rheumatism: consider Whipple’s disease.” (27) In 2021, logistic regression analysis was conducted to distinguish WD disease from rheumatoid arthritis, axial spondyloarthritis, psoriatic arthritis, and palindromic arthritis (55). Despite the fact that joint involvement is a general manifestation of WD IRIS, there has been limited research on this subject with some reports in the literature describing the condition as “recurrent arthritis.” (4).




6.3 Orbitopathy

Orbitopathy refers to an inflammatory orbital disease with symptoms, including orbital pain, pseudotumors of the eye socket, proptosis, diplopia, and vision loss after hormonal treatment, accounting for 26.7% (4). Unilateral and bilateral orbitopathy has also been reported but is very rare, and biopsy of the superior and lateral rectus extraocular muscles showed CD68-positive macrophages and occasional CD3-positive T cells between the muscle fibers (30). The observed ocular impairment in WD highlights the fact that antibiotics and steroids therapy should not be administered alone but in combination with other measures, such as ocular decompression to prevent ocular damage (56).




6.4 Skin disease

Skin disease occurred after WD treatment in 13.3% of cases (4). Subcutaneous erythematous nodules are the main cutaneous manifestations of IRIS in the treatment of WD; these are rare and are most commonly found on the lower limbs, but can also be found on the trunk and wrists (26, 57, 58). Inflammatory reactive dermatoses, which can occur at all stages of WD, including erythema nodosum (EN)-like lesions after antibiotic treatment, are distinct from dystrophic dermatoses, which can be improved with antibiotic treatment but occur only in the late stages of WD. EN-like lesions are a manifestation of high T. whipplei burden and have more common clinical, pathological, and immunological features than erythema nodosum leprosum (ENL) (57). IRIS in WD manifests as an ENL. The development of EN-like lesions after antibiotic therapy is also probably caused by lymphangiectasias and immune reconstitution secondary to considerable decrease in the number of viable replicating T. whipplei (59).




6.5 Small-bowel perforation

Patients with WD primarily affecting the muscular layer of the small-bowel wall may be at a risk of small-bowel perforation once IRIS develops. This incidence is the same as for skin diseases (4). This may be related to increased intestinal permeability caused by increased apoptosis of small intestinal mucosal epithelial cells and shorter villi length (5). This risk cannot be excluded with the use of oral steroid hormones. Evidence indicates that T. whipplei mainly infiltrates the submucosa or myenteric layer of the small intestine as PAS-positive material in macrophages containing T. whipplei remnants, and PCR for T. whipplei performed on biopsies shows negative results; this results in disruption to the integrity of the myenteric layer, and the infiltrate consists mainly of CD4+ T cells with a small number of CD8+ T cells (44).




6.6 Diarrhea and associated microscopic manifestations and laboratory tests

Diarrhea was not previously considered a symptom of WD IRIS (4), although some studies list diarrhea as a clinical presentation in patients with WD IRIS (4, 22, 44). Mounting evidence suggests that the reduced duodenal villus length and microbial translocation observed in patients with IRIS affect barrier dysfunction (5, 44) which may contribute to intestinal barrier leakage and gut microbiota and is another vital causative element of autoimmune disorders (60).



6.6.1 Altered epithelial barrier function

Although one hypothesis is that enteric T. whipplei does not directly cause diarrhea; rather, it might result from different sanitary and climatic conditions (61), and restrictive structural alignments of the intestinal mucosal barrier were observed. Diarrhea in patients with CWD is associated with the dysfunction and integrity of the intestinal mucosal epithelium (50). Duodenal villus length was shorter in patients with IRIS than in those with non-IRIS CWD both before and after treatment and displayed a lower regenerative potential of the small intestinal mucosa during the course of the disease, as exemplified by an increase in the number of apoptotic epithelial cells, reinforced by a persistently low proliferation rate in the crypt. This situation did not improve even after targeting with T. whipplei antimicrobials, whereas villus length was restored in patients with CWD, which seemed to be sufficient to achieve clinical remission (5).




6.6.2 The barrier dysfunction of the intestinal mucosa and systemic immune activation

The role of the inflammatory cytokines that can disrupt barrier function in IRIS was further investigated. TNF-α reduced the percentage of G2/M phase cells and IFN-γ treatment increased the apoptotic rate. Studies in cattle revealed their common role in directly disrupting the intestinal epithelial barrier (62). The intestinal mucosa of patients with CWD who later develop IRIS has a lower number of Tregs, which might involved in local inflammations. The local inflammations disrupts the integrity of the intestinal mucosal barrier and allows the translocation of luminal antigens displacement compared with patients with non-IRIS CWD (44). In a CWD research subject, gut mucosal barrier dysfunction has been shown to contribute to a systemic immune response, as reflected by an increased erythrocyte sedimentation rate, elevated C-reactive protein, and leukocytosis (50). However, the inflammatory activation observed in patients with colitis, which is accompanied by increase in IFN-γ, leads to colonic permeability, suggesting that it is only an early event that contributes to barrier dysfunction but is not sufficient to cause clinical symptoms (51). This may be one of the reasons why extraintestinal disease is prevalent and can present without any gastrointestinal signs (63).

The rates of diarrhea and weight loss differed significantly between different studies. According to the German article, the incidence of both was 33.3%, whereas the incidence in the Italian study was 100% and 80%, respectively. All participants in the Italian study had received immunosuppressive treatment, compared with 80% in the German article. Previous studies have shown that immunosuppressive therapy is associated with the emergence of diarrhea (64). Nevertheless, diarrhea in WD IRIS requires further investigation. Other clinical manifestations include pleurisy, which responds well to oral prednisone, with an incidence of approximately 13.3%. The incidence of lymphoadenopathy disease in the German and Italian studies was 46.7% and 80%, respectively. Neurological symptoms account for nearly 70% to 80% (4, 22).






7 Diagnosis of IRIS

The following criteria apply to IRIS in WD: 1) an initial clinical response of symptoms to antimicrobial treatment (cessation of diarrhea and fever, relief of arthritis, and normalization of the C-reactive protein level) within 3 weeks of treatment; 2) recurrence of systemic or local inflammation, with or without fever, lasting more than 1 week, after exclusion of hospital-related conditions; and 3) exclusion of WD recurrence based on histological examination and a negative PCR result for T. whipplei despite IRIS manifestation. A diagnosis of IRIS requires that all three criteria are met (4, 22).

PCR does not always differentiate between refractory WD and IRIS at the early stage of treatment, with a short interval between the initiation of antibiotic administration and the emergence of IRIS symptoms (26). There are no published data on the exact time interval for PCR conversion to negative findings following the initiation of antimicrobial therapy, as positive PCR outcomes may also be ascribed to the persistence of inactive pathogens (71) including dead and dying organisms and their residual antigens (12). This highlights the importance of carefully considering the clinical symptoms and signs in order to avoid delays in the management of IRIS.




8 When to suspect IRIS in WD



8.1 Previous medication regimen and clinical manifestation

As there is no established laboratory test for WD IRIS, the diagnosis is made by clinical observation (65). The immune response to WD IRIS most frequently occurs in patients previously treated with immunosuppressive drugs, such as analgesics, nonsteroidal anti-inflammatory drugs, steroid hormones, and TNFI, for misdiagnosed inflammatory rheumatism (66). Therefore, it is important to be aware of the possibility of IRIS in patients with WD and a history of any of the above medications. It is also important to consider that steroids suppress inflammatory reactions, and for all patients who present with fever or other inflammatory symptoms after the initiation of treatment for WD of no apparent origin, IRIS should be considered, and appropriate management should be instituted (67). In addition, in HIV patients treated with antiretroviral therapy (ART), ENL skin and eye socket pseudotumors that appeared during the first year of antibiotic therapy were all indications of IRIS. Despite treatment, patients with WD may still develop IRIS as the similar underlying pathology is still present. ENL skin is symbolic of a shift to Th1-mediated inflammation (57).




8.2 The levels of biomarkers or other laboratory tests

Compromised intestinal immunity with increased microbial translocation into the systemic circulation has been discussed as a mechanism of immune stimulation in IRIS. Intestinal epithelial dysfunction suggests the need for future research to investigate the length and regenerative potential of the small intestinal mucosa and to monitor inflammation and the MT markers discussed above in patients with CWD (5, 50). In CWD IRIS, reduced duodenal villus length and cytokines produced by non-specific Th1-responses lead to mucosal barrier dysfunction and leaky gut syndrome, which can be reflected by serum markers such as LBP, LPS and sCD14. Local immune activation is reflected by elevated levels of IL-6, CCL2, CCL5, CX3CL1 in the duodenal mucosa. In addition to cytokines, the combination of cerebrospinal fluid IFN-γ and TNF-α concentrations provided a predictive model for tuberculous meningitis (TBM)-IRIS, it has guiding significance for diagnosis and treatment (68). This is what WD IRIS is missing. Only when the auxiliary test is more perfect, the diagnostic prediction model is more likely to be established. In summary, further prospective studies are needed to generate robust evidence on WD IRIS.





9 Treatment

No trials have provided conclusive evidence on the optimal treatment of WD IRIS. Current management involves the empirical use of glucocorticoids, although these have been reported to be associated with a number of resistant events, and thalidomide, which is currently recommended as the first-line agent (25, 45).



9.1 Corticosteroids

The use of corticosteroids as immunosuppressants to treat seronegative arthritis in patients with no clear diagnosis of WD can exacerbate the disease and trigger progression to IRIS (69, 70). When antibiotic therapy fails or the diagnosis of IRIS is clear, oral corticosteroids are generally effective, and several case reports have indicated that oral corticosteroids can alleviate severe symptoms such as fever and subcutaneous nodules and reduce the levels of inflammatory markers such as C-reactive protein (26, 57, 71). However, with the exception of the use of corticosteroids in TB-IRIS (71), current treatment for IRIS is not evidence-based. Moreover, studies on TB-associated IRIS and IRIS associated with HIV infection have generated conflicting evidence regarding therapeutic benefits and appropriate doses of corticosteroids in terms of prevention and mortality rates (72–75). Effective treatment has been reported following the empirical administration of corticosteroids without distinguishing between refractory WD and WD IRIS (30, 56). Corticosteroid treatment for IRIS involves risks and benefits, and it is important to develop more effective and safer drugs (72).




9.2 Thalidomide and infliximab

Thalidomide has been successfully used in a case series and has been proposed as the first-line management for IRIS (76, 77) particularly in the presence of ENL reactions (25, 26). Experiments to investigate the mechanisms underlying the effectiveness of thalidomide have not been conducted, and it is speculated to achieve its effects by downregulating TNF-a expression (70). Successful cases of infliximab treatment for IRIS caused by mycobacteria have also been reported (78). However, in all cases, infliximab was used for the treatment of WD before progression to IRIS. This resulted in disease exacerbation with a negative PCR assay result for T. whipplei, which does not exclude the fact that infliximab may contribute to progression to IRIS (79, 80).





10 Discussion

WD or CWD is characterized by two stages. The first or prodromal stage is marked by protean symptoms, but notably arthralgias/arthritis and fatigue. The second or classic systemic/gastrointestinal stage is marked by diarrhea, abdominal pain, weight loss, and may include other systemic manifestations, such as fever, lymphadenopathy, anemia, skin pigmentation, and bone involvement (14). The two stages may be close, especially in cases on immunosuppressive therapy, in which aggravation occurs on an average of 26 months after immunosuppressive treatment initiation (1, 76).The clinical manifestations of unresolved WD and new-onset IRIS can overlap, and some signs and symptoms are caused by host immune responses rather than by infectious agents (81).

Although the underlying pathological mechanisms of exacerbated T-cell activation in WD IRIS remain unclear, cytokine storm and symptoms of diarrhea have been reported. WD IRIS is characterized by the overproduction of cytokines, and innate and adaptive immune reinforcement of this process enhances the persistence of LPS, sCD14, and LBP. LBP catalyzes the transfer of LPS to the membrane or soluble CD14 (sCD14), leading to NF-κB activation and cytokine release, which, in turn, promote abnormal immune activation. The pathology of MT in WD IRIS has been clearly demonstrated to be similar to IRIS in HIV. Thus, further research is warranted to determine the extent and mechanisms of MT involvement in IRIS, the probability of causing diarrhea in the course of leaky intestine, and the specific process responsible for the massive production of non-specific CD4+ T cells (82).

Regulatory T lymphocytes are essential for maintaining the homeostasis of the immune system, limiting the magnitude of effector responses and allowing the establishment of immunological tolerance (83). Therapeutic strategies aimed at reconstituting the mucosal barrier and controlling exacerbated inflammation may assist in the prevention of IRIS (5). In addition to thymic-derived Treg cells, the intestine is a preferential site for dependent induction of FOXP3+ Treg cells from naive CD4+ T-cell precursors (84). Recently, considerable efficacy has been achieved with immune tolerance therapies in animal and human models, and partial application to TB-IRIS has been reported; however, targeted experiments are required to determine whether these approaches can be replicated in non-specific T-cell-reconstituted WD IRIS (85). Promising results have been obtained in human Treg adoptive transfer therapy and in animal models of autoimmune diseases using biologicals that increase Treg numbers in vitro, including IL-2/anti-IL-2 complexes and rapamycin (86). However, the purification and expansion of Tregs remain problematic because of the lack of specific molecular markers, and Tregs employ several independent mechanisms to prevent different pathological immune responses, presenting both opportunities and challenges in the development of new therapies (87).

The body of knowledge regarding WD IRIS remains to be established, and the complete mechanism remains to be elucidated. Local intestinal responses are becoming increasingly important in systemic immune activation. We can focus on the mucosal immune system. For example, the role of gut-associated lymphoid tissue (GALT) and Peyer’s patch in the adaptive immune response; the mechanism by which T. whipplei is taken up from the intestinal lumen and whether it involves microfold cells; and the immunomodulatory role of the gut epithelium as an intestinal effector site in addition to the lamina propria. These need to be further investigated in WD IRIS. With respect to diagnosis and monitoring, a detailed analysis measuring the levels of immune response parameters in conjunction with markers of effector cell activation should be performed to more accurately predict the prevalence, severity, and prognosis of WD IRIS.
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Sepsis is a hyper-heterogeneous syndrome in which the systemic inflammatory response persists throughout the course of the disease and the inflammatory and immune responses are dynamically altered at different pathogenic stages. Gasdermins (GSDMs) proteins are pore-forming executors in the membrane, subsequently mediating the release of pro-inflammatory mediators and inflammatory cell death. With the increasing research on GSDMs proteins and sepsis, it is believed that GSDMs protein are one of the most promising therapeutic targets in sepsis in the future. A more comprehensive and in-depth understanding of the functions of GSDMs proteins in sepsis is important to alleviate the multi-organ dysfunction and reduce sepsis-induced mortality. In this review, we focus on the function of GSDMs proteins, the molecular mechanism of GSDMs involved in sepsis, and the regulatory mechanism of GSDMs-mediated signaling pathways, aiming to provide novel ideas and therapeutic strategies for the diagnosis and treatment of sepsis.
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1 Introduction

Sepsis is a life-threatening organ dysfunction due to host response disorder caused by infection (1). Septic shock is a subtype of sepsis in which severe circulatory, cellular, and metabolic abnormalities occur, resulting in a significantly higher mortality than mono sepsis (2). With high morbidity and mortality (3), sepsis is the leading cause of death in critically ill patients (4). Globally, 48.9 million incident cases of sepsis were recorded in 2017, and 11 million sepsis-related deaths, accounting for 19.7% (18.2 ~ 21.4) of all deaths (5). Moreover, the morbidity of sepsis is increasing year by year with an annual growth rate of approximately 5.7% per year from 2007 to 2013 (6). This is mainly associated with improved diagnostic sensitivity, aging populations, the emergence of antibiotic-resistant strains, and increasing immunodeficient patients. In recent years, with the development of diagnosis and treatment and the standard of intensive care, the mortality of sepsis has decreased slightly (7). However, progress in clinical treatment strategies for sepsis remains slow, mainly due to the complexity of the disease (8). Sepsis can be caused by infections anywhere in the body. Pathogens contributing to sepsis include gram-positive bacteria, gram-negative bacteria, anaerobic, fungi, etc. The pathophysiological mechanisms of sepsis are complex, including imbalance of inflammatory response, endothelial dysfunction, coagulation disorders, imbalance of immune response, etc. (9). Clarifying the pathophysiological process of sepsis is essential for exploring therapeutic approaches.

With the better understanding of sepsis, the role of the dynamic changes of inflammatory reaction and immunosuppression in sepsis progression has become increasingly important, resulting in a highly heterogeneous state (10). In sepsis, pro-inflammatory and anti-inflammatory responses are activated simultaneously. In the early stage, under the stimulation of infection, the immune system is activated and releases pro-inflammatory cytokines and chemokines, presenting hyperinflammation (11). Among them, neutrophils are the earliest innate immune cells which migrate from blood to the infected sites (12). Through phagocytosis, degranulation, and neutrophil extracellular traps (NETs), neutrophils release reactive oxygen species (ROS), proteases, chemokines, and cytokines to kill pathogens and recruit other immune cells, maximizing the host’s immune response (12, 13). GSDMs-mediated cell death and inflammatory factor release aggravated the progress of pro-inflammation (14). If the performances of inhibiting the release of pro-inflammatory factors and regulating the body’s immune system are executed in time at this stage for restoring the balance between pro-inflammation and anti-inflammation, the host may recover to normal (15). Conversely, the interaction between various inflammatory factors and immune cells leads to “cytokine storm”, in which multiple systems such as reticuloendothelial system, complement system, and coagulation system are activated, causing tissue damage, and inducing cell death and even severe immune suppression (10, 11, 15). Furthermore, immature neutrophils suppressed proliferation and cell killing of lymphocytes aggravating the immunosuppression (16). Neutrophil dysfunction is positively correlated with the severity of organ dysfunction in sepsis (17). Specifically, neutrophils over-activated by complement components accumulate extensively and produce excessive pro-inflammatory cytokines, leading to tissue damage (18). NETs produced by neutrophils can damage endothelial cells, resulting in impaired microcirculatory blood flow and procoagulant alterations (12). Additionally, neutrophils promote intravascular coagulation through the NETs-platelet-thrombin axis, leading to microcirculatory dysfunction and tissue damage (19). The formation of NETs is dependent on proteases-activated GSDMs (20). Therefore, early intervention has become the focus of research to prevent sepsis from developing into uncontrollable stages. GSDMs as an important element in the progression of pro-inflammation in sepsis, it is crucial to elucidate its influence in sepsis. GSDMs proteins were first identified as being expressed in gastrointestinal and skin tissues and were named gasdermins (21, 22). Subsequently, studies have shown that GSDMs proteins are widely expressed in various tissues (23). The GSDMs family is a class of effectors that form pores in cell or organelle membranes during cell death and may contribute to multiple physiological and pathological processes such as epithelial cell restitution in inflammatory bowel disease, intestinal epithelium development (24, 25) and inflammation, carcinogenesis, dysregulation of immune response (26, 27). GSDMs proteins are activated by the stimulation of sepsis initiating factors and then cause inflammatory mediators release or inflammatory cell death, further aggravating sepsis progression.

In this review, we summarize the role of GSDMs in sepsis. Through the pathways in which GSDMs function to understand the contribution of GSDMs in the pathogenesis and progression of sepsis, it will be helpful to suggest potentially effective therapeutic strategies for shortening the course of sepsis and improving the prognosis and survival of septic patients.




2 GSDMs

Evidence has shown that the GSDMs family is represented in fish, birds and mammals, with the most studied in humans and mice. Among the proteins encoded by the human genome, GSDMs protein have been classified into six groups: gsdermin A (GSDMA), gsdermin B (GSDMB), gsdermin C (GSDMC), gsdermin D (GSDMD), gsdermin E (GSDME), and Pejvakin (DFNB59). The GSDMs family is relatively conserved (28). Within the mouse genome, it has been divided into Gsdma1-3, Gsdmc1-4, Gsdmd, Gsdme, and Dfnb59 (29) (Figure 1). Except DFNB59, GSDMs are composed of two domains, an N-terminal with pore-forming function and a self-inhibiting C-terminal domain. The middle of the two domains is a linkage region with different lengths and sequences, which is the acting location of different enzymes to activate GSDMs proteins (28). DFNB59 contains only a truncated C-terminal domain, suggesting an entirely distinct activation mechanism from other members (30). Except DFNB59, GSDM proteins are activated for pore formation at the plasma membrane (14). Pyroptosis is the main way in which GSDMs play a role in sepsis (31). Recently, JOHNSON et al. revealed that bacterial genes produce proteins structurally similar to GSDMs proteins in mammals via X-ray crystallography. Both bacterial and human GSDMs are activated by a similar mechanism (32). This important finding revealed pyroptosis as an ancient programmed cell death common in bacteria and animals.




Figure 1 | Picture of the Gasdermin family. (A–F) The location of the Gasdermin family on human and mouse chromosomes and the similarity of amino acid sequence between species. Human GSDMA has 87%, 74%, and 73% amino acid sequence similarity with mouse Gsdma, Gsdma2, and Gsdma3 respectively. And human GSDMC has 45.49%, 46.17%, 45.97% and 44.47% amino acid sequence similarity with mouse Gsdmc, Gsdmc2, Gsdmc3 and Gsdmc4 separately, which was 57.78% in GSDMD, 72.09% in GSDME and 71.43% in DFNB59. (G) Diseases caused by abnormal condition of the gasdemin family, the thickness of the lines represents the intensity of the correlation between the gene and the disease. The thicker the line, the stronger the correlation.





2.1 GSDMA

GSDMA is localized on chromosome 17 in humans and chromosome 8 in mice, which is highly expressed in gastrointestinal epithelium, epidermis and hair follicles. Correspondingly, there are three GSDMA alleles Gsdma 1-3 in mice. Gsdma 3 is highest in the skin, Gsdma 2 is highest in the stomach, and Gsdma is abundant in both the stomach and skin (33). GSDMA has been studied in gastric cancer, alopecia and susceptibility to inflammatory diseases (21, 34, 35). In addition, Streptococcus pyogenic exotoxin B (SpeB) could cleave and activate GSDMA (22). Streptococcus pyogenes, a potent toxigenic pathogen, can also cause toxic shock and sepsis through respiratory infection (22, 36). GSDMA has been poorly studied in sepsis, and GSDMA in sepsis needs further exploration.




2.2 GSDMB

GSDMB, also known as GSDML, is present only in the mammals, except in mice (37). The gene location and function of GSDMB and GSDMA are closely correlated, suggesting that both are produced by gene duplication (29). GSDMB has been detected as highly expressed in immune cells such as T cells (38, 39). GSDMB improved cell proliferation and migration, activated immune response, and regulated the processes of cell differentiation and cell death (40). GSDMB is associated with autoimmune disease and tumor progression (24, 41). GSDMB activation is a direct response to natural killer (NK) cells recognizing pathogen-infected cells (42). IpaH7.8 secreted by Shigella flexneri ubiquitinated and targeted GSDMB for 26S proteasome destruction to protect Shigella from the bacteriocidic activity of NK cells (43–45). GSDMB can also contribute to the development of sepsis by activating GSDMD (39). In addition, GSDMB was highly expressed in leukocytes of septic shock patients (39). These indicated the role of GSDMB in sepsis.




2.3 GSDMC

GSDMC is located on chromosome 8 in humans and chromosome 15 in mice, and is mainly expressed in esophagus, trachea, intestine and spleen tissues (46). GSDMC was first found with increased expression in metastatic melanoma and as a marker of melanoma progression (46). GSDMC is mainly related to tumor progression. GSDMC promoted proliferation and migration of tumor cell (35, 47). In macrophages, nuclear programmed death ligand 1 (PD-L1) converted TNF-α-induced apoptosis into pyroptosis by activating GSDMC (48). Gsdmc is the main effector of intestinal type 2 inflammation. After worm infection, GSDMC promoted the secretion of the “alarmin” cytokine interleukin-33 (IL-33) by intestinal epithelial cells to initiate type 2 responses for worm clearance and tolerance (49). Physiologically, Gsdmc N6-adenomethylation (m6A) conserved mitochondrial homeostasis and inhibited apoptotic pathways, critical for intestinal stem cell survival and maintenance of normal colonic epithelial regeneration (50). However, the role of GSDMC in sepsis has not been studied.




2.4 GSDMD

GSDMD is consistently localized on chromosomes with GSDMC in humans and mice, highly expressed in epithelial cells of the upper gastrointestinal and small intestinal mucosa, and immune cells such as macrophages, monocytes, neutrophils, and CD8+T cells (51). GSDMD cleavage was increased in activated CD8+ T cells, and GSDMD deficiency impaired the effector capacity of CD8+T cells (52). Among the gasdermins protein family, GSDMD was the first discovered protein to be cleaved by caspases and then generated an N-terminal domain with the ability to target the cell membrane, ultimately causing pyroptosis (53). Due to its wide distribution and the earliest discovery of mechanisms in pyroptosis, GSDMD is the most extensively studied protein in the pore-forming gasdermin protein family. GSDMD promoted the secretion of intestinal cupped cell mucin and the formation of mucus layer, contributing to homeostasis of the intestinal barrier (54).

GSDMD exerts essential effects on tumors and inflammatory diseases (55). The role of GSDMD in inflammatory diseases is clearly identified, mainly exerting pro-inflammatory effects through inflammatory cell death and the release of inflammatory mediators. Hypoxia/reoxygenation caused GSDMD-mediated cardiomyocyte pyroptosis and release of IL-18 (56). GSDMD contributed to the type II inflammatory response by promoting IL-33 release in pulmonary epithelial cells (57). Many studies have shown that GSDMD may promote the progression of sepsis by inducing pyroptosis and releasing inflammatory mediators (58–60). In neutrophils, GSDMD formed pores in organelle membranes, but not in cytomembrane. For example, GSDMD forming pores in azurophilic granules, elastase was released into the cytoplasm and mediated serine protease-dependent GSDMD cleavage. And forming pores in autophagosomes, GSDMD promoted to release IL-1β through autophagy-dependent pathways (61). In addition, Gsdmd-knockout (KO) mice protected against septic myocardial dysfunction, with a high survival rate (62). Downregulated GSDMD alleviated Candida albicans-associated sepsis (63). GSDMD is regarded as a novel ideal target for sepsis treatment.




2.5 GSDME

GSDME is located on chromosome 8 in humans and chromosome 15 in mice, and is clearly expressed in multiple tissues, including the brain, endometrium, placenta, and intestine (29). GSDME was first described in familial presbycusis, also known as deafness, autosomal dominant 5 (64). GSDME is closely associated with hear impairment, autoimmune diseases, and tumorigenesis (23, 30, 65).

GSDME plays an important role in inflammatory diseases. GSDME exerted protective effects in ultraviolet B-induced skin inflammation by inhibiting neutrophil over-recruitment and activation, thereby inhibiting cutaneous barrier damage (66). Cytokine storm is responsible for high mortality in sepsis patients. The synergism of TNF-α and IFN-β triggered human airway epithelial cells death by activating GSDME-mediated pathway (67). The H7N9 virus activated GSDME-mediated alveolar epithelial cell pyroptosis and inflammatory mediators release in mouse lungs, leading to cytokine storm and mortality in mice (68). GSDME activation is a critical and unique mechanism by which infection contributes to cytokine storm and lethality in sepsis. Thus, GSDME is a potential target for sepsis therapy.




2.6 DFNB59

DFNB59 is located on chromosome 2 in humans and chromosome 2 in mice, and is expressed in inner ear hair cells and other auditory system cells (69). DFNB59 has only been shown to be associated with hearing losses (70). Due to the distinctive structure, it is uncertain whether DFNB59 has the pore-forming capability. Currently, no studies have shown a correlation between DFNB59 and sepsis.





3 GSDMs in sepsis



3.1 GSDMs-mediated pathway

GSDMs proteins are activated by either caspases or granzymes, which is the basis for studies on GSDMs-mediated pathways. However, recent research has shown that GSDMs can also be identified and cleaved by other molecules except caspases and granzymes. Based on this classification, we clarified the following.



3.1.1 GSDMs-mediated pathway including caspases or granzymes

Activated pattern recognition receptors (PRRs) on target cells combined with apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC) to form inflammasome complexes containing nucleotide-binding oligomerization domain, leucine-rich repeat and pyrin domain-containing 1 (NLRP1), NLRP3, NLRC4 and absent in melanoma 2 inflammasome (71). The latter recruited and activated pro-caspase-1 (in the GSDMD-mediated canonical pathway) (72). Pro-caspase-4/-5/-11 (in the GSDMD-mediated noncanonical pathway) (73) and pro-caspase-3 (in the GSDME-mediated pathway) (74) could be activated independently of inflammasome. Caspases can also be activated in other ways. Yersinia triggered the interaction between receptor-interacting serine-threonine protein kinase 1 (RIPK1) and caspase-8, then activated caspase-8 (75). Caspase-11 enhanced the activation of caspase-8 to amplify inflammatory signals associated with tissue damage in sepsis (76). Activated caspases not only cleaved and activated the corresponding GSDMs proteins (35), but also cleaved prototypes of pro-inflammatory factors such as pro-IL-1/-18 (53). GSDME can be activated compensatively when the GSDMD signaling pathway is defective. In Gsdmd-/- macrophages, NLRP3 inflammasome continuously induced caspase-8/-3 and GSDME cleavage and IL-1β maturation. Thus, when classical NLRP3-GSDMD signaling is blocked, the compensatory inflammatory pathway caspase-8/-3-GSDME is activated upon NLRP3 activation (77).

In addition to caspases, granzymes can also activate GSDMs proteins. In septic acute respiratory distress syndrome (ARDS), the expression of both GZMA and GZMB was upregulated (78). Specifically, GZMA secreted by NK cells and cytotoxic T lymphocytes (CTLs) directly activated GSDMB (38). GZMB secreted by CTLs or CAR-T cells could cleave GSDME directly at the site consistent with caspase-3 (79, 80). Also, GZMB cleaved caspase-3 to activate GSDME (81). In addition, GSDMs proteins can interact with each other. For example, GSDMB promotes the activity of caspase-4 by binding to the CRAD domain of caspase-4, thus cleaving GSDMD (39).




3.1.2 GSDMs-mediated pathway except caspases and granzymes

GSDMs can also be cleaved and activated by some other molecules in sepsis, except well-known caspases or granzymes. A recent study showed that SpeB directly and specifically cleaved GSDMA in the junctional region after Gln246 (22). GSDMA functions both as a receptor to recognize exogenous pathogens and as an effector to form pores in the cell membrane and release inflammatory factors to trigger pyroptosis and inflammation. In addition, it has been shown that in lipopolysaccharide (LPS)-induced septic mice, Cathepsin G (Cat G), expressed on myeloid cells, can cleave human or murine GSDMD at Leu274, an upstream site of the caspase effector site Asp276, to form GSDMD-NT distinct from the cleavage of caspase-11 (82).

GSDMs-mediated pathways are regulated by various molecules, such as miRNAs, oxidative stress, chemokines (83–86). Activated GSDMs proteins bound to the plasma membrane and formed pores (87), mediating cell death or inflammatory factors release, functional proteins, etc. (88–90) (Figure 2).




Figure 2 | The molecular mechanism of GSDMs in sepsis. Bacterial, fungal, viral or parasitic severe infections or major traumas to body can cause sepsis, which in turn leads to systemic inflammatory response and imbalanced immune regulation. The above factors, as PAMPs or DAMPs, bind to PRRs on the surface of target cells and transmit signals intracellularly, ultimately activating GSDMs-related signaling pathways. SpeB, an exotoxin of Streptococcus pyogenes, can directly act the site after Gln264 in the GSDMA linkage region, which in turn cleaves GSDMA and forms pores in the cell membrane. Perforin and granzyme released by CD8+ T cells and NK cells can also impact the target cells. Specifically, GZMA can interact directly with GSDMB, causing GSDMB to be cleaved and pore formation on the cell membrane. Meanwhile, GZMB can not only activate pro-caspase-3 which in turn activates GSDME, but also can function directly on the cleavage site of GSDME to activate GSDME and thus pore forming. Notably, GSDMD plays the most important effect in sepsis. After the target cells receive the stimulatory signal, the inflammasome complex is assembled and thus activates caspase-1 which cleaves and activates GSDMD and pro-IL-1β. Upon entry into the cytoplasm, LPS exerts on CARD domain of pro-caspase-4/5/11, resulting in activation of caspase-4/5/11, and thus cleaves GSDMD. The oxPAPCs can then compete with LPS to bind the CD14 receptor on the cytosolic membrane and bind the catalytic domain of pro-caspase-4/5/11 to form inactive caspase-4/5/11. In addition, intracellular Cat G can also act directly the site after Leu274 on the GSDMD linkage domain to cleave GSDMD. The virulence of Yersinia, acetyltransferase YopJ-induced inhibition of TAK1 or IKK could recruit the RIPK1- FADD- caspase-8 complex to the Rag-ragulator platform to activate caspase-8 which leaded to macrophages pyroptosis by activating caspase-8/GSDMD or caspase-8/GSDME pathways. Activated GSDMD can also form pores in the cytosolic membrane. GSDMs pores can cause massive H2O molecules into the cell and the ion imbalance of the cell, which in turn leads to cell death and release of cell contents. GSDMs pores can also specifically release molecules, including inflammatory cytokines IL-1β, IL-18, TNF to promote inflammatory responses, coagulation factor F3 and chemokines contributing to the coagulation responses and M1 macrophage polarization, as well as active components such as oxPAPCs, HMGB1, ATP to activate other target cells and initiate the inflammatory cascade. In partial target cells, calcium enters the cells and triggers ESCRT-III to interact with GSDMs pores, causing some GSDMs pores to detach from the cell membrane and preventing cell death while continuously releasing inflammatory substances, which eventually result in over-activation.







3.2 The activation of GSDMs-mediated pathway in sepsis

Sepsis is caused by a dysregulated inflammatory response to the presence of pathogenic microorganisms. PAMPs are highly conserved components of microorganisms’ surface and can be rapidly recognized by PRRs on the host cell surface, which in turn activate signaling pathways associated with GSDMs. PAMPs in sepsis mainly comprise surface membrane components of microorganisms (e.g., lipopolysaccharide, LPS) and microbial nucleic acids (e.g., DNA and RNA) (91). LPS, the main component of the cell wall of gram-negative bacteria, is the most important PAMP and is inextricably related to sepsis.

Clinically, the severity of sepsis has been shown to be correlated with danger-associated molecular patterns (DAMPs) (92–94). DAMPs could be released extensively via GSDMs-mediated pore-forming membrane or cell lysis, and subsequently could be recognized by PRRs and activate the GSDMs-mediated pathway (95). DAMPs are divided into many types, and sepsis-related ones include high mobility group box 1 (HMGB1), histones, ATP, uric acid, DNA, mitochondrial DAMPs, and IL-33 (96, 97). HMGB1 is the first to be identified and also the most intensively studied in sepsis by binding to receptors for advanced glycation end-products (RAGE) and toll-like receptor 2 (TLR2)/TLR4 (91). LPS induced HMGB1 release from hepatocytes into exosomes through the coordinated activities of TLR4 and caspase-11/GSDMD signaling (98). In turn, HMGB1 released from hepatocytes interacted with LPS and is internalized into the lysosomes of macrophages and endothelial cells by binding the RAGE, mediating the caspase-11/GSDMD signaling pathway (99).




3.3 The regulation of GSDMs-mediated pathway in sepsis

The GSDMs-mediated pathway plays a crucial role in sepsis. The main elements of the GSDMs signaling pathway have been well studied (88, 100). However, molecular mechanisms regulating this pathway have not been systematically summarized. In this review, regulation of the GSDMs-mediated pathway was synthesized from multiple perspectives and listed in Table 1.


Table 1 | The regulation of GSDMs-mediated pathway in sepsis.





3.3.1 Epigenetic regulation in GSDMs-mediated pathway

Among the many regulatory mechanisms, epigenetic regulation plays an important role. Epigenetic mechanisms are a major way of regulating gene expression, and their core is multiple covalent modifications of nucleic acids and histones reversibly and dynamically, mainly including DNA methylation, non-coding RNA (ncRNA) regulation and histone post-translational modifications (101, 102). Among them, ncRNA regulation and histone post-translational modifications play important roles in GSDMs-mediated signaling pathways in sepsis.

In the human genome, only about 2% of RNAs can be translated into proteins (103). The remaining RNAs are known as ncRNA, particularly long non-coding RNA (lncRNA), microRNA (miRNA) and circular RNA (circRNA) have been identified as critical for regulating the GSDMs pathway in sepsis (104). ncRNA may affect multiple components of the GSDMs pathway in sepsis. First, ncRNA could impact the inflammasome complex. In septic acute lung injury (ALI), the exosomal miR-30d-5p of neutrophils partially activated NF-κB pathway in macrophages and upregulated the expression of NLRP3 to mediate M1 macrophage polarization and pyroptosis (105). miR-21 promoted NLRP3 inflammasome activation to mediate pyroptosis and septic shock by activating NF-κB pathway (106). Circ-HIPK3 upregulated the expression of Krüppel-like factor 6 (KLF6) by competitively binding miR-124-3p. KLF6 not only directly upregulated NLPR3 (107) but also promoted NLRP3 by inhibiting miR-223-3p promoter activity (108) to activate NLRP3/Caspase-1/GSDMD pathway and accentuate septic acute kidney injury (AKI). Exosomal miR-93-5p activated NLRP3 by regulating thioredoxin-interacting protein (TXNIP), contributing to renal epithelial cell pyroptosis in septic mice (109). Downregulated miR-30c-5p triggered NLRP3/caspase-1/GSDMD pathway by promoting expression of TXNIP in septic AKI (110). Meanwhile, the lncRNA XIST/miR-150-5p/c-Fos axis exacerbated septic myocardial injury by regulating the promoter of TXNIP (111). These findings suggest that TXNIP may be a potential therapeutic target in sepsis. miR-34a upregulated expression of ASC protein to activate caspase-1/GSDMD and exacerbate septic ALI (112). In addition, ncRNA may affect the expression of GSDMs. Circ-Katnal1 promoted the expression of GSDMD by influencing miR-31-5p to enhance pyroptosis in septic liver injury (84). LncRNA MEG3 promoted renal tubular epithelial pyroptosis by regulating miR-18a-3p/GSDMD pathway in LPS-induced AKI (113). The studies showed multiple regulation of GSDMs-mediated pathway by ncRNA, suggesting that ncRNA is promising as biomarkers in sepsis.

Post-translational modifications of histones in GSDMs are essential in sepsis. YTH N6-Methyladenosine RNA Binding Protein 1 (YTHDF1), m6A reader protein, induced NLRP3 ubiquitination and inhibited caspase-1-dependent pyroptosis to alleviate sepsis (114). Histone deacetylase 11 (HDAC11) plays an important role in sepsis. In TNF-α-treated human umbilical vein endothelial cells, upregulated HDAC11 decreased the acetylation of ETS-related gene (ERG) to promote NLRP3/caspase-1/GSDMD and caspase-3/GSDME pathway (115). In myeloid cells, acetyltransferase Yersinia outer protein J (YopJ) activated GSDME but not GSDMD by promoting RIPK1/caspase-8 pathway to induce myeloid cell pyroptosis and protect host from Yersinia infection (116). Yet, in another study, YopJ-induced inhibition of TGF-α-activated kinase 1 (TAK1) or IκB kinase (IKK) could activate GSDMD and GSDME by activating caspase-8 to induce macrophages pyroptosis and exacerbate the inflammatory response (75, 117, 118). In infected macrophages, lysine acetyltransferase KAT2B and KAT3B increased the binding of the acetylation of histone H3 Lysine 27 (H3K27ac) to the promoters of caspase-11 and GSDMD to upregulate the expression of caspase-11 and GSDMD and increase caspase-11/GSDMD-mediated pyroptosis (119). Protein s-palmitoylation is a type of lipidation modification, which lipidates cysteine (Cys) residues via thioester bonds to target proteins towards organelles and plasma membranes (120). GSDMD palmitoylation at Cys191/Cys192 (human/mouse) caused GSDMD-NT membrane transposition, and only palmitoylated GSDMD-NT was enabled for membrane transposition and pore formation. GSDMD palmitoylation was modified by palmitoyl acyltransferases zinc finger DHHC domain 5 (zDHHC5) and zDHHC9, promoted by LPS-induced ROS (121, 122). At present, post-translational modifications on histones of GSDMs are still poorly studied in sepsis, and many regulatory mechanisms have yet to be discovered to enrich the role of GSDMs in sepsis.




3.3.2 The regulation of oxidative stress in GSDMs-mediated pathway

Oxidative stress can impair multiple systems in the body by affecting the GSDMs pathway, which is a significant contributor to multiple organ dysfunction in sepsis (123). In macrophages, mitochondrial ROS (mtROS) oxidized the four amino acid residues of GSDMD to promote cleavage of GSDMD (58). Phosphodiesterase 4B (PDE4B) promoted activation of ROS/nuclear factor erythroid2-related factor 2 (Nrf2)/NLRP3 to induce inflammasome activation and pyroptosis in LPS-induced ALI (59). In sepsis, DNA damage may contribute to the activation of Transmembrane protein 173 (TMEM173, also known as STING), an endoplasmic reticulum (ER) stress-associated immune adaptor protein. TMEM173 promoted calcium release from macrophages and monocytes ER, leading to activation of caspase-1/-11/-8 in a bacterial type-dependent manner (e.g., activated caspase-1/-11 in E. coli infection and activated caspase-8 in S. pneumoniae infection). Platelets play an important role in the pathogenesis of sepsis, and the expression of GSDMD in platelets is significantly upregulated in septic patients. Mechanistically, pyroptotic platelet-derived oxidized mitochondrial DNA (ox-mtDNA) promoted the release of S100A8/A9 to activate the caspase-1/GSDMD pathway, inducing pyroptosis of platelets and ultimately forming a positive feedback loop that leads to excessive release of pro-inflammatory cytokines (124). Another in vivo murine experiment demonstrated that PD-L1 knockdown inhibited the expression of caspase-3 to reduce GSMDE-induced IL-1β release and suppressed the activation of integrin αIIbβ3, contributing to alleviate platelet activation in sepsis (125).




3.3.3 Other regulation in GSDMs-mediated pathway

The interferon regulatory factor (IRF) family also had significant effects on the signaling pathway of GSDMs in sepsis. IRF2 can directly drive GSDMD transcription by engaging the promoter of GSDMD to induce pyroptosis in sepsis (126). IRF2-KO septic mice exhibited enhanced survival rates and reduced pathological manifestations (127). IRF1 enhanced caspase-3 expression by binding to its promoter, thereby inducing pyroptosis by activating the GSDME pathway (128). As regulators of the mitochondrial apoptotic pathway, members of the B-cell lymphoma-2 (Bcl-2) family influence the GSDMs pathway in sepsis. In LPS-treated macrophages, Bcl-2 recognized the BH3 domain on GSDMD-NT, promoting caspase directed cleavage of GSDMD at D87, which lacked pore-forming capability, instead of at D275. Furthermore, Bcl-2 impeded NLRP1 oligomerization by reducing the binding of ATP to NLRP, thereby inhibiting the activation of NLRP1 inflammasome (129). Immunometabolism represents a promising therapeutic target in sepsis. Activation of caspase-11 inflammasome and pyroptosis in sepsis was regulated by cAMP metabolism (130). In addition, itaconate, a unique regulatory metabolite, prevented full activation of caspase-1 and GSDMD in LPS-induced macrophages (131).

In sepsis, activation of the complement system results in the generation of membrane attack complex (MAC). MAC promoted ASC oligomerization and NLRP3 inflammasome assembly to activate caspase-1/GSDMD and induce macrophage pyroptosis (132). In addition to acting as PAMPs to initiate the GSDMs signaling pathway, LPS may also affect the expression of GSDMs proteins (133). LPS increased GSDMD expression while decreasing GSDME expression through glycolysis in RAW264.7 cells. And this transcriptional regulation suggested that LPS may contribute to pyroptosis in a GSDMD-dependent manner in high-glucose environments (134). However, the exact mechanism remains unclear and needs to be further explored. Upregulated macrophage migration inhibitory factor (MIF) increased NLRP3 inflammasome mediated cell pyroptosis and aggravated kidney damage by promoting phosphorylation of p65 in septic mice (135). Upregulated IL-6 caused by bacterial infection inhibited caspase-1/-3 activation to suppress GSDMD-/GSDME-mediated pyroptosis and played a partially protective role (136). Notably, the NF-κB signaling pathway exhibits a dual role in sepsis. On the one hand, activated NF-κB pathway reduced mortality in cecal ligation puncture (CLP)-induced septic mice by promoting M1 macrophage polarization and enhancing bacterial phagocytosis of macrophages (137). On the other hand, NF-κB signaling was required for the GSDMD-mediated pyroptosis in LPS-induced adipocytes (138). The role of NF-κB signaling pathway in sepsis remains to be investigated more deeply.





3.4 The effector of GSDMs-mediated pathway in sepsis

After GSDMs are cleaved, GSDMs-NT transfer to the membrane and perform pore-forming functions. This is mainly through selective binding of GSDMs-NT to phosphatidylinositol phosphate, phosphatidylserine and phosphatidic acid of the inner cell membrane, or to cardiolipins of damaged outer mitochondrial and bacterial membranes (28, 87), forming a 10-14 nm pore containing 24-34 symmetrical subunits (139). Cytoplasmic calcium signaling is a prerequisite for of GSDMD-NT translocation to the plasma membrane (133, 140). Mg2+ blocked Ca2+ influx by inhibiting ATP-gated Ca2+ channel P2X7 (140). And phospholipase C increased cytoplasmic calcium to affect GSDMD pore formation (133). Pore-forming cells have two outcomes and exert different effects in vivo.



3.4.1 GSDMs-induced cell death

In sepsis, the most common effect of GSDMs proteins is to induce pyroptosis, which leads to cellular rupture and non-specific release of cellular components, such as HMGB1 and pro-inflammatory cytokines such as IL-1, IL-18 and TNF-α, ultimately triggering inflammatory responses (141). Specifically, after pore formation, the cell membrane loses integrity, the cell ion gradient is depolarized, and the osmotic pressure on both sides of the membrane is imbalanced, which ultimately causes rupture of the cell membrane and release of cell components (100, 142). This result is GSDMs-mediated final effect in most conditions and has been extensively studied.




3.4.2 GSDMs-mediated cellular hyperactivation

In addition to pyroptosis, GSDMs can also cause cells to become hyperactivated (143). It has been shown that in macrophages, dendritic cells and neutrophils, GSDMD pores may induce cell hyperactivation and secrete cytokines (143, 144). This is mainly associated with endosomal sorting complexes required for transport (ESCRT)-dependent repair of plasma membrane pores (145, 146) and stimulation of oxidized phospholipids (oxPAPCs) (147). After GSDMD-NT pore formation at the plasma membrane, ESCRT, specifically ESCRT-III protein, was specifically recruited to the inner layer of the plasma membrane (148). With calcium influx as a signal, ESCRT repaired the damaged membrane region in a punctate pattern, which was verified by calcium chelation increasing macrophage pyroptosis (146). ESCRTs removed GSDMs pores from the plasma membrane by forming ectosomes. After a portion of the GSDMs pores were removed, ESCRT-III began to separate from the pore-forming regions on the plasma membrane (148). Consequently, ESCRT-mediated membrane repair not only maintained cellular activity, but also preserved part of the GSDMs pores to secrete pro-inflammatory cytokines (143, 144).

In addition, GSDMs-mediated cellular hyperactivation is also associated with oxPAPCs. oxPAPCs are components of oxidized low-density lipoprotein that are present in apoptotic cells and are LPS mimic (149). Similar to LPS, oxPAPCs could bind to CD14 on membranes. CD14 transmitted LPS and oxPAPCs to TLR4 receptors on the cell membrane, and then transported LPS and TLR4 into cytosol (150), resulting in CD14 endocytosis and depletion (147, 151). Thus, oxPAPCs competed for CD14 binding with LPS. oxPAPCs acted on the catalytic domain of caspase-11 and generated the cleavage fragment with very low activation activity different from that of LPS. In vitro experiments showed that oxPAPCs blocked LPS-induced caspase-11 cleavage in a dose-dependent manner (152). In addition to the plasma membrane, the GSDMD-NT dynamically binds to abundant intracellular organelle membranes. In neutrophils, GSDMD-NT is transported to azurophilic granules and autophagosomes, releasing IL-1β through autophagy-dependent pathways (61), which provide the rationale for neutrophil hyperactivation in sepsis. Therefore, innate immune cells can achieve different activation states to better defend against infection in sepsis.




3.4.3 Active mediator release via GSDMs pores

In hyperactivated cells, the GSDMs pore preferentially releases mature IL-1β rather than pro-IL-1β. Mature and pro-IL-1β are both significantly smaller than the pore, of size 4.5 nm, suggesting that other factors affect transportation, not size. Pro-IL-1β and GSDMD pore are negatively charged and mutually repulsive. Since caspase-1 has cleaved the acidic domain of pro-IL-1β, IL-1β is positively charged, together with the electrostatic interaction of the pore, mature IL-1β can pass through more easily (139, 153).

In addition to the well-studied pro-inflammatory cytokines IL-1β and IL-18, other active components can be released from GSDMs pores, most commonly DAMPs. DAMPs could be recognized by multiple cells. Activated by DAMPs, innate immune cells can release pro-inflammatory mediators, leading to recruitment of inflammatory cells. DAMP induced the death of non-immune cells, disrupting tissue structure and homeostasis (154, 155) (Table 2).


Table 2 | Active mediator released by GSDMs pores in sepsis.



In addition, the GSDMs pores can release other substances (Table 2). In sepsis, macrophages or monocytes released coagulation factor III (F3) via the GSDMD pore (60). F3 is an initiator of the extrinsic coagulation pathway and plays an important role in the pathophysiology of disseminated intravascular coagulation (DIC). Blocking F3 prevented endotoxemia and DIC in mice (156, 157). In LPS-induced sepsis, caspase-11/GSDMD pathway activation promoted the release of ferritin from macrophages and increased serum ferritin concentrations (89). Septic patients have a significantly poor prognosis associated with serum ferritin, which may act as a biomarker in sepsis (158). Because serum ferritin is difficult to excrete from the body, increased serum ferritin is deposited in tissues, causing tissue injury and increasing the severity of sepsis. Due to the body’s self-protective mechanisms, GSDMs pores also release some protective signals, such as potassium ion efflux before cell death (159). Although caspase-11/GSDMD activation-mediated potassium efflux is mildly responsible for triggering NLRP3 inflammasome formation and IL-1β activation (160). More importantly, cytoplasmic K+ enhanced the binding of dsDNA to the DNA sensor cyclic GMP-AMP synthase (cGAS) and induced the production of type I interferon (IFN-β) by STING pathway, ultimately causing tissue injury in sepsis. K+ efflux inhibited the generation of IFN-β and alleviated inflammatory response (161). GSDMD pores on mitochondria caused mtDNA release into the cytoplasm, and inhibited cell proliferation via cGAS/STING pathway (142).




3.4.4 The shift of the way of cell death mediated by GSDMs

GSDMs proteins could also mediate the switch between different ways of cell death. Apoptosis and pyroptosis coexist in sepsis (162, 163). Since caspase-3/-8 are both the core of apoptosis and pyroptosis, GSDMs-mediated conversion of cell death between pyroptosis and apoptosis is the most common. Caspase/granzyme-induced apoptosis can be converted to pyroptosis due to the high expression of GSDMs. When the expression of GSDMs is too poor to induce pyroptosis, activated GSDMs may induce apoptosis. AKI-induced autophagy can activate GSDME by activating the caspase-8/-9/-3 apoptotic pathway to trigger pyroptosis. By knocking down autophagy-specific genes atg5 and fip200 or using apoptosis inhibitors, GSDME cleavage was inhibited (164). This research also linked autophagy, apoptosis and pyroptosis, demonstrating the importance of GSDMs proteins in cell death. GSDMs proteins could also promote other ways of cell death. NETosis is a novel type of cell death that differs from apoptosis and necrosis, and the death of neutrophils that occur during NETs formation, including “vital NETosis” and “suicidal NETosis “ (165). The former involves plasma membrane rupture and neutrophil lysis, whereas the latter refers to NETs release from neutrophils while maintaining intact plasma membranes (166). GSDMD is an essential regulator of NETosis (20). Inhibiting GSDMD reduced the production of NETs (167). Studies showed that depletion of GSDMD only on neutrophils worsened the severity of sepsis in mice, while systemic depletion of GSDMD alleviated the severity of sepsis (167, 168), highlighting the crucial role of NETosis in sepsis. In addition, when inflammasomes are activated in macrophages, increased mtROS promoted migration of GSDMDs to the mitochondrial membrane. Mitochondria released mtROS via GSDMD pores, which promoted RIPK1/RIPK3/mixed lineage kinase domain-like-dependent necrosis. The study demonstrated that mitochondrial dysfunction can affect immune outcomes through cell death modality switching (169). Overall, as executors of multiple cell death pathways, GSDMs perform the critical function in sepsis.




3.4.5 Other effects of GSDMs-mediated pathway

Candida albicans promoted itself to escape from macrophages through GSDMD-mediated pyroptosis, which in turn released candidalysin and caused fungal sepsis (63). The GSDMs pathway may also contribute to the polarization of M1 macrophages (105). The deeper mechanisms by which GSDMs affect macrophage polarization still need further study.






4 The therapy targeting GSDMs pathway in sepsis

To date, treatment strategies for septic patients remain limited, relying mainly on antibiotic management and intensive care (170). The pathogenesis of sepsis is complex and multifaceted, affecting almost all bodily systems and organs, and exhibiting diverse pathophysiological presentations during each stage, posing challenges for clinical management (171). A series of specific therapies have been developed based on the pathogenesis of sepsis. Although they have shown significant efficacy in animal models of sepsis or in vitro experiments, none has been conclusively proven effective in clinical trials to date. In addition to the complexity of sepsis, clinical trials have certain inherent limitations, such as inconsistent inclusion and exclusion criteria among clinical trials and some indicators that do not adequately reflect clinical efficacy (172, 173). Current targeted drugs for sepsis focus on TLRs and neutralization of pro-inflammatory factors, but the clinical effects are not significant (174, 175). GSDMs proteins are co-ultimate executors of pyroptosis and inflammatory factors release, so GSDMs proteins are seen as novel and ideal targets for therapeutic agents of sepsis. A number of drugs have been shown to inhibit GSDMs-mediated pathways or GSDMs pore formation (Table 3), and these studies have also contributed to the development of novel effective drug targeted GSDMs proteins for the clinical treatment of sepsis.


Table 3 | The therapy targeting GSDMs in sepsis.





4.1 Inhibition of GSDMs-mediated pathway activation

Melatonin reduced mortality in LPS-induced ALI mice and pyroptosis of human alveolar epithelial cells and macrophages by inhibiting the activation of NLRP3/caspase-1/GSDMD via Nrf2/heme oxygenase 1 pathway (176). In sepsis, damage of the endothelial barrier contributes to tissue ischemia and hypoxia, and one of the target organs is the heart. Irisin attenuated sepsis-induced cardiac dysfunction (SICD) by inhibiting GSDMD-induced pyroptosis through the mitochondrial ubiquitin ligase-dependent mechanism (177). Syringaresinol, a natural abstract, ameliorated SICD via the estrogen receptor/sirtuin 1/NLRP3/GSDMD pathway (178). The lungs are the most vulnerable organ in the progression of sepsis, and septic patients often present with ALI or ARDS at the early stage (179). Honokiol alleviated LPS-induced ALI by inhibiting NLRP3 inflammasome-mediated pyroptosis through Nrf2 activation (180). Tetramethylpyrazine, an effective compound extracted from the umbelliferous plant Chuanxiong, decreased infiltration of inflammatory cells and pro-inflammatory factors in the alveoli and reduced mortality in mice with LPS-induced ALI by inhibiting TLR4/TRAF6/NF-κB pathway to downregulate NLRP3 expression and caspase-1-mediated pyroptosis (181). Metformin alleviated LPS-induced ALI by upregulating the expression of sirtuin 1 to inhibit NF-κB-NLRP3-mediated endothelial cells pyroptosis (182). Fudosteine, a cysteine derivative, attenuated lung inflammation response and oxidative stress in septic mice via the TXNIP/NLRP3/GSDMD pathway (183). Mangiferin, a flavonoid widely distributed in several herbs, inhibited NLRP3/caspase-1/-11-mediated GSDMD activation in sepsis (184). Scutellarin, a flavonoid from Erigeron breviscapus, inhibited activation of caspase-11 and NLRP3 inflammasome via protein kinase A signaling to suppress GSDMD-mediated pyroptosis and the release of inflammatory mediators in LPS-induced macrophages (185). Xuebijing protected against septic ALI by inhibiting GSDMD-associated neutrophil extracellular traps formation (186). Ketone musk and Emodin, respective components of native musk and Chinese medicine Dahuang, enhanced cell viability and inhibited the release of pro-inflammatory cytokines by inhibiting the assembly of NLRP3 inflammasome and activation of caspase-1/GSDMD in LPS-induced macrophages. Emodin showed a significant protective effect against septic ALI (187, 188). In addition, emodin inhibited inflammation and pyroptosis of septic brain injury by inactivating m6A-mediated NLRP3 expression in vitro (189). Liver is the major site of bacterial endotoxin-induced inflammation in sepsis. Polygonatum sibiricum polysaccharides significantly downregulated neutrophil infiltration and pro-inflammatory factor release in liver tissue to reduce 48-hour mortality in septic acute liver injury mice, primarily by inhibiting NLRP3/caspase-1/GSDMD pathway-induced hepatocyte pyroptosis (190). Samotolisib improved survival and reduced macrophage pyroptosis in septic mice by inhibiting caspase-11/GSDMD-mediated pyroptosis (191). Baicalein attenuated infection-mediated acute liver injury by blocking NLRP3/GSDMD-mediated pyroptosis (192).




4.2 Inhibition of pore formation

Disulfiram, a drug for the treatment of alcohol dependence, is an inhibitor of GSDMD pore formation. Disulfiram covalently modified GSDMD at Cys191/Cys192 (human/mouse) to block pore formation without affecting the cleavage of IL-1β and GSDMD, preventing IL-1β release and pyroptosis (193). Tea polyphenols nanoparticles scavenged reactive oxygen and nitrogen species via polyphenols-derived structure to inhibit oligomerization of GSDMD and cell pyroptosis in endotoxin-induced sepsis (194). Necrosulfonamide (NSA) inhibited pyroptosis and pro-inflammatory cytokines release in mice or human LPS and nigericin-induced monocytes/macrophages and reduced lethality in LPS-induced septic mice. NSA suppressed oligomerization of GSDMD-N dimer by directly binding to GSDMD at Cys191, thereby affecting GSDMD pore formation at the plasma membrane (195). Phenethyl isothiocyanate (PEITC), a natural compound found in cruciferous vegetables, may inhibit LPS-induced septic liver injury in a dose-dependent manner. PEITC could directly inhibit GSDMD at Cys191 and thus inhibit hepatocyte pyroptosis, which may provide a potential therapeutic strategy for septic liver injury (196).





5 Conclusion

Since the mortality of sepsis has been persistently high and is a major problem in critical care medicine, many researchers have conducted studies on molecular mechanisms and therapeutic targets in the pathophysiological process of sepsis. GSDMs proteins play important roles in the pathogenesis of sepsis and also aggravate the multi-organ dysfunction induced by sepsis. Among them, four classes are implicated in sepsis, including GSDMA, GSDMB, GSDMD and GSDME, with GSDMD being the most widely studied. More than one pathway may be operational at one time. Many molecules are also involved in the regulation of GSDMs-mediated pathways, such as epigenetic regulation and regulation of oxidative stress. All mechanisms may be involved in the different stages seen in sepsis. The sparking interests of GSDMs in sepsis is acting as pore-forming protein mediating cell pyroptosis or inflammatory factors release. The GSDMs pathway may be a promising therapeutic target for sepsis.
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Background

Pneumonia develops frequently after major surgery and polytrauma and thus in the presence of systemic inflammatory response syndrome (SIRS) and organ dysfunction. Immune checkpoints balance self-tolerance and immune activation. Altered checkpoint blood levels were reported for sepsis. We analyzed associations of pneumonia incidence in the presence of SIRS during the first week of critical illness and trends in checkpoint blood levels.





Materials and methods

Patients were studied from day two to six after admission to a surgical intensive care unit (ICU). Blood was sampled and physician experts retrospectively adjudicated upon the presence of SIRS and Sepsis-1/2 every eight hours. We measured the daily levels of immune checkpoints and inflammatory markers by bead arrays for polytrauma patients developing pneumonia. Immune checkpoint time series were additionally determined for clinically highly similar polytrauma controls remaining infection-free during follow-up. We performed cluster analyses. Immune checkpoint time trends in cases and controls were compared with hierarchical linear models. For patients with surgical trauma and with and without sepsis, selected immune checkpoints were determined in study baseline samples.





Results

In polytrauma patients with post-injury pneumonia, eleven immune checkpoints dominated subcluster 3 that separated subclusters 1 and 2 of myeloid markers from subcluster 4 of endothelial activation, tissue inflammation, and adaptive immunity markers. Immune checkpoint blood levels were more stable in polytrauma cases than controls, where they trended towards an increase in subcluster A and a decrease in subcluster B. Herpes virus entry mediator (HVEM) levels (subcluster A) were lower in cases throughout. In unselected surgical patients, sepsis was not associated with altered HVEM levels at the study baseline.





Conclusion

Pneumonia development after polytrauma until ICU-day six was associated with decreased blood levels of HVEM. HVEM signaling may reduce pneumonia risk by strengthening myeloid antimicrobial defense and dampening lymphoid-mediated tissue damage. Future investigations into the role of HVEM in pneumonia and sepsis development and as a predictive biomarker should consider the etiology of critical illness and the site of infection.
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1 Introduction

Sepsis is associated with every fifth death globally (1), its estimated hospital mortality rate is 27% (2). Sepsis was first defined as systemic inflammatory response syndrome (SIRS) due to infection (Sepsis-1/2) (3, 4) and later as life-threatening organ dysfunction by the host response to infection (Sepsis-3) (5). In both definitions, clinical suspicion of infection marks sepsis onset. Microbiological ascertainment of infection takes hours to days and is successful in less than half of sepsis cases (6). Time-critical recognition of sepsis thus relies on clinical assessment and remains challenging (7).

Both SIRS and organ dysfunction are highly prevalent in the intensive care unit (ICU) (8), where sepsis is the leading cause of death regardless, which of the above definitions is applied, and with the lung as the primary site of infection (9, 10). SIRS and sepsis can be considered clinical phenotypes of the host response’s failure to contain local tissue inflammation after sterile and infectious tissue injury, respectively. With increasing amplitude and duration of the antagonistic pro- and anti-inflammatory responses to the injury, the capacity to restore immune homeostasis becomes limited, and the risk of secondary organ damage and infection grows (11, 12). Infection, especially pneumonia, and sepsis are frequent complications secondary to major surgery (13), polytrauma (14, 15), and burns (16).

Many characteristics of immune imbalance, particularly immunosuppression, were described for sepsis (17–19), but the roles of immune checkpoint receptors and their ligands, which normally sustain physiological self-tolerance, in tissue injury and sepsis are only starting to emerge as follows (20, 21): Increases in inhibitory immune checkpoints promote immune cell exhaustion and are thought to increase the risk of infection in critical illness. In sepsis, upregulation of programmed cell death protein 1 (PD-1) and its ligands (PD-L1 and PD-L2) on lymphoid and myeloid cells, parenchymal cells, and endothelial cells was described. Lymphocyte activation-gene-3 (LAG-3) as well as T cell immunoglobulin and mucin-domain containing-3 (TIM-3) were elevated on T cells and TIM-3 also on monocytes in sepsis but not in severe sepsis and septic shock (22). Elevated expression of cytotoxic T lymphocyte antigen-4 (CTLA-4) on T cells and of B and T lymphocyte attenuator (BTLA) and its binding partner herpesvirus entry mediator (HVEM) on lymphoid and myeloid cells in sepsis has been reported. In an unselected cohort of trauma and surgical ICU admissions sampled at, however, varying times during their stay, an over 80% BTLA positivity in the peripheral CD4+ T cell population was associated with subsequent nosocomial infection and longer hospital length of stay (LOS) (23). Post-mortem immunohistochemistry demonstrated increased HVEM-levels on airway epithelial cells but no change in lung macrophages of patients who died with active severe sepsis compared to transplant donors or lung cancer resections (24). Wakeley et al. (2020) described a relative increase in HVEM-positivity on T cells in trauma-related critical illness for patients on presentation to a level 1 trauma center, who did not develop secondary infections, compared to healthy controls. In their cross-sectional study, polytraumatized patients developing secondary infections, mainly pneumonia, were, by contrast, more similar to controls (25).

Upregulation in sepsis was also detected for co-stimulatory immune checkpoints, such as CD40 on monocytes (26–28). By contrast, cell surface expression of both co-stimulatory CD28 and inducible co-stimulatory molecule (ICOS) was reduced on a subset of CD4+ T cells positive for natural killer cell receptor 2B4+ (29).

Ectodomain shedding and alternative splicing give rise to soluble forms of immune checkpoints detectable in blood (30). While results on changes of sPD-1 and sPD-L1 levels in sepsis diverge (31–36), sepsis on ICU admission was reported to be associated with an increase in sBTLA compared to ICU controls (31, 37). sTIM-3 was reduced in ICU patients with sepsis and severe sepsis, and to a lower degree also in septic shock, compared to healthy controls (22). In a cohort of pediatric burn patients, the development of nosocomial infection was associated with elevated blood levels of sTIM-3, sCD28, and sBTLA within three days of the injury (38).

In this study, we sought to elucidate the associations of blood levels of 16 soluble immune checkpoint proteins with Sepsis-1/2 in patients with SIRS treated in a surgical ICU. For this, we determined daily immune checkpoint blood plasma concentrations together with 51 established markers of inflammation and organ dysfunction in a small group of seven polytraumatized patients with SIRS and developing pneumonia between ICU-days two and six. Immune checkpoint levels were further compared to seven clinically highly similar polytrauma controls remaining infection-free during follow-up. For two of the immune checkpoints with differences at the study baseline, baseline levels were further compared to those in unselected surgical ICU admissions with and without Sepsis-1/2 during follow-up. Results are discussed in light of the potential of immune checkpoints, particularly HVEM, for pneumonia risk estimation after polytrauma.




2 Methods



2.1 Patients and samples

The study population was a subgroup of a 99-patient cohort recruited at the anesthesiology-led interdisciplinary surgical ICU of a tertiary care hospital (University Medical Center Mannheim) between June 2017 and May 2019 as reported (39). Briefly, for cohort inclusion F.S.C. and J.J.S. evaluated consecutive patients on the first two days of their ICU admission daily at 2 PM for the presence of SIRS and Sepsis-1/2, that is SIRS driven by an infection (3, 4). Sequential Organ Failure Assessment (SOFA) scores were calculated as described (40). Patients were included at 3 PM on either day two if SIRS was present since ICU admission or on day one if they presented with sepsis but neither severe sepsis nor septic shock. The reason to not also include patients with SIRS already on day one was to more reliably exclude the presence of sepsis on inclusion in these patients and to dependably refer to them as post-injury sepsis cases if a sepsis label was subsequently assigned during follow-up. Patients were excluded in the case of chronic glucocorticoid therapy, recent organ transplant, end-stage renal failure, and neoadjuvant therapy.

EDTA-anticoagulated blood was sampled from a central venous catheter at eight-hour intervals starting at 3 PM on the day of study inclusion for a follow-up of five days or until ICU discharge or death. Samples were kept on ice, and plasma was obtained by centrifugation within 30 minutes of sampling, aliquoted, and immediately stored at -80°C.

F.S.C., J.J.S., and M.T. retrospectively adjudicated upon the presence of SIRS and all three stages of Sepsis-1/2 at all sampling time points during follow-up considering the available medical records. For 33 out of 1138 time points (2.9%), no blood sample and no definite adjudication results could be obtained. In the following, adjudication results are also referred to as expert labels and are italicized. For patients admitted due to polytrauma, T.S. retrospectively determined Injury Severity Score (ISS) values on ICU admission. All other clinical characteristics were retrieved from medical records and are reported for the time of study inclusion.




2.2 Comparison groups and selection of samples for analysis

The analyses commenced in August 2018. At that time, samples were available from 63 patients with completed follow-up and physician-adjudication (Figure 1). The differentiation of patients with sepsis from patients with non-infectious SIRS is particularly challenging in the critically ill, notwithstanding that severe sepsis and septic shock also require rapid diagnosis. Yet, in the first part of our study our focus was on patients, who transitioned from SIRS to sepsis on consecutive labeling time points, i.e., within eight hours, and identified nine such post-injury sepsis cases among the 63 hitherto included patients. Remarkably, these cases were all admitted due to polytrauma. Altogether 20 out of the 63 patients had SIRS due to acute polytrauma, out of which 12 developed sepsis according to Sepsis-1/2, specifically pneumonia, and nine had a direct transition from SIRS to sepsis as mentioned. Out of these and out of the eight polytrauma patients remaining infection-free during follow-up, seven case-control pairs were formed minimizing the overall mean age difference, which was 4.57 years (range 0 – 11 years).




Figure 1 | Flow diagram for selection of polytrauma (red) and non-polytrauma (surgical trauma) (blue) patients for the first and second part of the analysis, respectively, from the study population. At the beginning of August 2018, a completed 5-day follow-up series of frozen blood plasma with complete expert adjudication according to Sepsis-1/2 was available for 63 patients and an extra 20 patients until the end of the study period. Among the latter were seven polytrauma patients (gray) that were not considered.



We first considered changes over time in the concentrations of soluble immune checkpoints and established makers of inflammation and organ dysfunction in blood plasma from the seven selected polytrauma patients, who transitioned from SIRS to sepsis during follow-up. Starting with the first sample obtained on study inclusion, i.e., 3 PM on ICU-day two, the second sample was included at 7 PM on day three and then at intervals of 24 hours until the first sepsis label. Subsequent samples for up to a total of five or six time points were chosen depending on plasma availability. Soluble immune checkpoints were additionally determined in plasma from the seven paired infection-free polytrauma controls on corresponding reference time points. Figure 2 identifies the specific time points, expert labels, and patients for the 76 included samples.




Figure 2 | Alignment of expert label timelines for the included paired blood plasma samples. Cases and controls were polytrauma patients with a direct SIRS-to-sepsis transition, namely pneumonia development, and without a sepsis label, respectively, during follow-up. Sepsis was adjudicated by clinical experts according to Sepsis-1/2. Consecutive sampling time points are indicated, starting at 3 PM on ICU-day two (0 h), i.e. study inclusion. Sampling time points, for which samples were included in the analysis as explained in the main text, are shown. Patient identification numbers of cases and controls in a given pair are printed in bold type to the left of the corresponding aligned expert label timelines, which are color-coded as indicated. The black up-pointing triangle indicates sepsis onset. The time points for the samples obtained after sepsis onset are printed in bold type.



In the second part of our analysis, starting at the end of the study period in May 2019, 56 unselected non-polytrauma patients with samples and expert labels available for the complete follow-up period were included (Figure 1). During follow-up, 24 of them remained infection-free and 13 were assigned at least one incident label for sepsis, namely, four for sepsis, three for severe sepsis, and six for septic shock. On study inclusion, eleven had a label for sepsis, six had a label for severe sepsis and two for septic shock instead of sepsis, i.e., for eight patients the retrospective adjudication implied a higher degree of infection severity than the original evaluation on study inclusion. The samples obtained on the inclusion of the non-polytrauma patients were assayed for selected immune checkpoints. The results are referred to as study baseline levels.




2.3 Magnetic bead array

Sixteen soluble immune checkpoints and 61 blood markers of inflammation and organ dysfunction were determined in cryopreserved blood plasma on a MAGPIX system (Luminex, Austin, TX, USA) with MILLIPLEX map kits (Merck Millipore, Burlington, MA, USA) according to the manufacturer’s instructions. Kits and analytes are listed in Supplementary Table 1. Technical duplicates were averaged and analyzed with MILLIPLEX Analyst software (Merck Millipore).




2.4 Protein annotation

We interrogated the GeneCards database (www.genecards.org) (41) to obtain information on the functions of plasma proteins and immune checkpoint receptor-ligand interactions, and additionally The Human Protein Atlas database (www.proteinatlas.org) (42) for cellular sources of plasma proteins.




2.5 Statistical analyses



2.5.1 Clinical characterization

For clinical characterization, we compared continuous parameters with the t-test (Satterthwaite method), and the categorical parameters with the Chi² test or Fisher’s exact test as indicated using SAS V9.4 (Statistical Analysis System, SAS Institute, Cary, N.C., USA).




2.5.2 Principle component analysis and clustered heat maps

The blood plasma concentration data of soluble immune checkpoints in the polytrauma post-injury pneumonia cases was complete. For the controls, missing values (7.7% of the data) were imputed using the SVDimpute algorithm (43) as implemented in the ClustVis tool (44) using the R/Bioconductor package pcaMethods (45), and values below the detection limit (0.3% of the data) were substituted by a value of one half of the lower detection limit of the corresponding immune checkpoint (46).

For blood markers of inflammation and organ dysfunction in the polytrauma post-injury pneumonia cases, concentrations above the detection limit (0.5% of the total data) were substituted by a value of 1.7 times the upper detection limit of the corresponding analyte (47). Concentrations below the detection limit (14% of the data) were substituted by a value of one-half of the lower detection limit (46). Moreover, markers with more than 40% of all concentration values below the respective detection limit (46), as well as markers with constant values in all patients, were removed from the principal component and heat map analyses, leading to a total of 51 (out of 61) analytes entering the analyses.

To get a condensed, lower-dimensional representation of the underlying data while retaining as much of the variation of the original data as possible, principal component analysis (PCA) was applied to the blood plasma protein concentrations. PCAs were conducted with centering and unit variance scaling applied to the corresponding data, where singular value decomposition was used to derive the principal components. PCA plots showing the first principal components, respectively, are provided as an output. Heat maps were created to summarize and visualize the blood plasma protein concentrations. Plasma concentrations were (row-wise) centered and unit variance was scaled across patients. For clustering, we used Euclidean distance and complete or average linkage as indicated. PCA and heat map analyses were performed via the programming language R for statistical computing (48), employing the packages PCAtools (49), scatterplot3d (50), and pheatmap (51).




2.5.3 Handling of missing data in further analyses

In further analyses, soluble immune checkpoint determinations below the detection limit were treated as missing values and excluded following a conservative analytical approach.




2.5.4 Measure of data dispersion

The relative dispersion of immune checkpoint plasma levels in a given patient over the follow-up period was described using the coefficient of variation (CV). CV-values in the two polytrauma subgroups were compared with the Mann-Whitney U test by applying the Bonferroni adjustment as indicated.




2.5.5 Correlations

Correlations between blood plasma concentrations of soluble immune checkpoint receptors and cognate ligands were assessed with Spearman’s rank-order correlation using SigmaPlot version 11.0 (Systat Software Inc., San Jose, CA., USA) and the Bonferroni adjustment.




2.5.6 Time trends

We used hierarchical linear models to evaluate potentially diverging time trends in pneumonia cases and infection-free control controls while adequately considering intra- and inter-individual variability of the repeated measures of immune checkpoint proteins in blood plasma. Analyses for each protein (dependent variable) were conducted for measurements from all time points as well as restricted to measurements taken before sepsis onset, according to Sepsis-1/2, in the cases (pre-sepsis). Whenever possible, in addition to a random intercept (starting value), a random slope and a spatial covariance structure, accounting for the sequence and irregular time intervals between measurement time points, were included in the models (see Supplementary Table 2 for details). The latter level of complexity was unfortunately only attainable for a few pre-sepsis models. All hierarchical models further contained as independent variables a patient indicator serving as clustering variable, a time stamp reflecting the time since study inclusion for the given protein concentration, a subgroup indicator for cases and controls, and an interaction term for subgroup and time stamp for evaluation of diverging time trends. Slope and intercept from each model allowed calculation of the proportion of hourly change relative to the intercept, facilitating comparison of the relative changes across immune checkpoint proteins. The hierarchical models were fit with the mixed procedure in SAS. Bonferroni adjustment was applied to the evaluation of time trends and subgroup differences.




2.5.7 Study baseline concentrations

Immune checkpoint plasma concentrations at the study baseline in the polytrauma and in different non-polytrauma patient subgroups were compared with the Kruskal-Wallis test and Dunn’s multiple comparison test using Prism 7 (GraphPad Software, San Diego, CA., USA). In addition, the Mann-Whitney U test was applied to the polytrauma cases and controls in an unadjusted analysis.




2.5.8 Statistical significance

A multiple-comparison correction was applied where indicated. P-values of < 0.05 were considered statistically significant.






3 Results



3.1 Clinical characteristics of polytrauma patients

In all our seven polytrauma cases that developed sepsis according to Sepsis-1/2, infectious foci occurred in the lung. Among the microbiology test samples obtained during follow-up, bronchoalveolar lavage of four cases tested positive for Gram-negative and two additionally for Gram-positive bacteria that were also detected in the blood of one case (details on microbiology test results are given in Supplementary Text 1).

Demographics and clinical scores as well as hospital LOS for pneumonia cases and controls remaining free of infection during follow-up were highly similar. Patients were male except for one case. For cases and controls, the mean age ± standard deviation was 46.9 ± 15.5 and 47.7 ± 18.5 years (p = 0.927), and the mean hospital LOS was 43 ± 20 and 52 ± 43 days (p = 0.616), respectively. Hospital survival was 100% in both cases and controls. The average Charlson Comorbidity Index was 3.5 times higher in the control group (p = 0.076). There was no record of diabetes and pre-existing respiratory disease but cardiovascular disease and alcoholism in one case and two controls each (p = 1.000 for both conditions). There were also no statistically significant group differences for the ISS (p = 0.943), SOFA score (p = 1.000), the Simplified Acute Physiology Score II (p = 0.715), the Richmond Agitation-Sedation Scale (p = 0.516), and the Core-10-Therapeutic Intervention Scoring System (p = 0.101). Details on clinical scores are given in Supplementary Table 3.

Between ICU admission on day one and study inclusion on day two, three cases and controls each had received any type of blood component therapy (see Supplementary Table 4 for details). Transfusions had overall been two times more frequent in controls than cases. Namely, red blood cell concentrates had been transfused in one case and three controls, fresh frozen plasma in two cases and controls each, platelet concentrates in one case and two controls, and one control had received fibrinogen replacement therapy. None of these differences was statistically significant.

On study inclusion, all polytrauma patients were mechanically ventilated, and five cases and controls each received catecholamines. Table 1 summarizes additional selected clinical study baseline characteristics, i.e., on study inclusion. Altogether, we compared demographics, admitting department, chronic conditions, blood gas analysis, clinical chemistry, hematology, vital signs, hemodynamic and respiratory function indices, and clinical scores (see Supplementary Table 5 for a comprehensive summary as median with interquartile range (IQR) values). Among all of these characteristics, only a higher fraction of inspired oxygen (FiO2) in cases (mean = 0.36 ± 0.06) than in controls (mean = 0.31 ± 0.02) reached statistical significance (p = 0.035). Medical conditions of polytrauma cases and controls on study inclusion thus appear overall highly similar.


Table 1 | Summary of selected clinical study baseline characteristics of polytrauma post-injury pneumonia cases and age-matched infection-free polytrauma controls.






3.2 Soluble immune checkpoints and blood markers of inflammation and organ dysfunction in polytraumatized patients developing pneumonia

For simplicity, the prefixed “s” to indicate “soluble” is omitted from the immune checkpoints’ protein symbols, and markers of inflammation and organ dysfunction are collectively referred to as cytokines. Figure 3 summarizes the time series of blood plasma levels for 16 immune checkpoints and 51 cytokines for the seven polytrauma cases, who developed pneumonia during follow-up, as a heat map. The majority of the variance is seen between individual patients, which is consistent with a fair grouping of the samples by patient in a PCA (Supplementary Figure 1). Four subclusters (labeled 1–4) could be distinguished. Subclusters 1 and 2 featured two (TIM-3 and CD40) and one (HVEM) immune checkpoints, respectively, together with mainly, but not exclusively, myeloid cell-expressed/dependent cytokines and markers of polymorphonuclear neutrophil degranulation and cell death. Respective cytokines in subcluster 1 included IP-10, IL-10, IL-1 receptor antagonist (IL-1RA), MIP-1α, MIP-1β, tumor necrosis factor α (TNF-α), and in subcluster 2, IL-6, MIF and IL-8. Notably, most of them display chemotactic activities, namely, IP-10, IL-1RA, MIP-1α, MIP-1β, MIF, IL-8, and additionally complement C5a in subcluster 1. Markers of degranulation and cell death in subcluster 1 were LDLR, HMGB1, granzyme B, perforin, and myeloperoxidase (MPO), and in subcluster 2, HSP70 and ARG1. Subcluster 3 combined 11 out of the 16 immune checkpoints, mainly due to overall low and high levels in patients 9 and 66, respectively. Subcluster 4 was largely characterized by markers of endothelial activation/vascular trauma, i.e., G-CSF, PDGF, tissue factor, fractalkine/CX3CL1, VEGF, sRAGE, GM-CSF and sVCAM-1, as well as coordination of acute tissue inflammation and adaptive immune response, i.e., IL-2, IL-12p70, IL-1β, eotaxin/CCL11, eotaxin-3/CCL26, IL-15, IL-4, MIG/CXCL9, IFN-γ, IL-13 and AGP. It additionally contained the immune checkpoints CD27 and CD28.




Figure 3 | Heat map of 16 soluble immune checkpoints and 51 inflammatory and organ dysfunction marker levels in the blood plasma of seven polytraumatized patients developing pneumonia. Tiles are arranged horizontally by consecutive inclusion and by sample time point (cf. Figure 2). Black boxes are drawn around tiles of time points, on which patients were adjudicated septic by clinical experts according to Sepsis-1/2. The lung constituted the infectious focus in all cases. Analytes are hierarchically clustered using Euclidean distance and complete linkage. Four subclusters, 1–4, are indicated. IC: Soluble immune checkpoint proteins; Cytokine: Markers of inflammation and organ dysfunction.






3.3 Soluble immune checkpoints in polytrauma pneumonia cases and infection-free controls



3.3.1 Cluster analysis and correlations

Figure 4 shows a clustered heat map representation for the 16 immune checkpoint plasma levels in the polytrauma cases and controls. The smaller of two main checkpoint subclusters, subcluster A (TIM-3, CD27, CD40, HVEM), was characterized by rather low concentrations throughout four out of the seven cases (patients 15, 27, 44, and 66). In the larger subcluster B (GITR, BTLA, CTLA-4, PD-1, GITRL, CD80, CD28, CD86, PD-L1, TLR-2, ICOS, LAG-3), patients 15, 63 and 66 featured rather high and patient 9 low levels across all 12 immune checkpoints. In the following figures and tables, immune checkpoints are arranged in the order specified by this clustering result.




Figure 4 | Clustered heat map of soluble immune checkpoint levels in seven polytrauma post-injury pneumonia cases and matched infection-free controls. Data were log-transformed. Analytes are hierarchically clustered using Euclidean distance and average linkage. Cases and controls each are arranged by consecutive inclusion and sampling time point (cf. Figure 2). Two subclusters, A and B, are indicated.



Due to their functional relations, blood plasma concentrations of immune checkpoint receptors and their cognate ligands may correlate. Figure 5 indicates reported receptor-ligand interactions among the measured immune checkpoints, six within subcluster B and one between subclusters A (HVEM) and B (BTLA) from Figure 4 (Supplementary Table 6 lists supporting literature for these interactions). Treating each sample as independent, the blood plasma levels of these putative binding partners showed positive correlations with overall high statistical significance in both cases and controls, except for HVEM and BTLA, which correlated in neither subgroup (Supplementary Figure 2). The latter agrees with their different subcluster memberships. Within subcluster A, HVEM however correlated positively with TIM-3 in cases, with CD40 in both cases and controls, and in neither subgroup with CD27 (Supplementary Figure 3).




Figure 5 | Immune checkpoint receptor-ligand pairs. The protein symbols of the 16 immune checkpoints analyzed in this study are arranged in an oval and by the clustering result displayed in Figure 4 with subclusters A and B indicated. The rainbow color scheme reflects adjacency in the dendrogram of the cluster analysis. Reported receptor-ligand pairs among them are identified by connecting lines. Supporting literature for these receptor-ligand interactions is assembled in Supplementary Table 6.






3.3.2 Global differences between polytrauma cases and controls

Subcluster profiles within the control group appeared overall more heterogeneous than in the cases, both within and between patients (Figure 4). To more closely assess the differences in the relative dispersion of immune checkpoint concentrations in the blood of cases compared to controls, we calculated the CV-values for each checkpoint and patient over the follow-up period (Supplementary Figure 4A). Except for CD40 and GITR, median CV-values were higher for controls than cases. This difference reached statistical significance in an adjusted analysis for CD80 with a 1.81-fold higher median CV-value in controls than cases. The median across all 16 immune checkpoint median CV-values for controls was 24.6% compared to 16.4% for cases (p = 0.001) indicating overall more stable immune checkpoint levels in cases (Supplementary Figure 4B). PCA based on the immune checkpoint plasma concentrations further suggests more similarity within than between the two patient subgroups (Supplementary Figure 5). Overall, samples from the same patient tended to group together.




3.3.3 Differences in time trends between polytrauma cases and controls

We next built hierarchical linear models of time trends in soluble immune checkpoint levels in the blood plasma of cases and controls and compared model estimates for slope (change over time) and intercept (study baseline value). Table 2 summarizes model results, and Figure 6 displays measured values with model estimates. Overall, we estimated smaller changes over time in cases than controls except, potentially, for LAG-3. Estimated slopes, however, only reached statistical significance in controls with positive and negative signs, respectively, for TIM-3 (p = 0.030) and PD-L1 (p = 0.029). There was, however, no statistically significant subgroup difference in estimated slopes. For the estimated intercept, a 1.47-fold higher value for HVEM in controls than cases (Δ, 1174 pg/mL [95% CI, 443 – 1904 pg/mL], p = 0.036) was the only statistically significant subgroup difference.




Figure 6 | Time trends in soluble immune checkpoints in polytrauma post-injury pneumonia cases and matched infection-free controls. Sepsis was adjudicated according to Sepsis-1/2 by clinical experts. The lung constituted the infectious focus in all cases. Trajectories of measured blood plasma concentrations are overlaid with estimated time trends from hierarchical linear models (see legend on the top-left). *p < 0.05 after Bonferroni adjustment.



With the potential of soluble immune checkpoints to support clinical recognition of pneumonia in mind, we also restricted the model to the measurements before pneumonia onset (Supplementary Table 7). Again, we estimated overall smaller slopes for cases than controls except for LAG-3. A positive estimated slope for CD27 in controls of 26.76 pg/mL/h reached statistical significance (p = 0.020) and also significantly differed from the negative slope in cases of -6.96 pg/mL/h (p=0.035). Similar to the complete follow-up (Table 2), the estimated intercept for HVEM was 1.51-fold higher in controls than in cases (Δ, 1256 pg/mL [95% CI, 499 – 2012 pg/mL], p = 0.030). Additionally, the estimated intercept for ICOS was 2.49-fold higher in controls than cases (Δ, 1092 pg/mL [95% CI, 400 – 1783 pg/mL], p = 0.044).


Table 2 | Estimates for intercept (study baseline value) and slope (hourly change) from hierarchical linear models of time trends of soluble immune checkpoints in blood plasma of polytrauma patients throughout follow-up and statistical evaluations after Bonferroni adjustment.



The associations between elevated blood HVEM and ICOS already at the study baseline and the absence of pneumonia during follow-up, according to our time trend analyses, may have predictive value. An unadjusted statistical analysis of the baseline data indicates elevated levels in polytrauma cases compared to controls, however, only for HVEM (1.61-fold, p = 0.025). In the following, we sought to determine whether the baseline levels of HVEM, and additionally ICOS, differed in our unselected non-polytrauma patients with and without sepsis according to Sepsis-1/2.





3.4 Clinical characteristics of unselected non-polytrauma patients with and without sepsis according to Sepsis-1/2

Table 3 lists clinical study baseline characteristics for the unselected non-polytrauma patients (Figure 1), that is surgical admissions to our ICU (see Supplementary Table 8 for a summary of all characteristics considered as medians with IQR values). In contrast to the polytrauma patients, they showed several subgroup differences detailed in Supplementary Text 2. Briefly, the non-polytrauma patients were overall older than the polytrauma patients and contained more men than women in the incident sepsis compared to the sepsis-free subgroup. Mortality was highest in the incident sepsis subgroup. Baseline disease severity was highest in this subgroup as judged by SOFA, catecholamine therapy, and systolic blood and mean arterial pressure. In agreement with the presence of infection, C-reactive protein (CRP) and proportions of neutrophils were elevated and lymphocytes were reduced in the sepsis on-inclusion subgroup. There were no subgroup differences in pre-existing chronic conditions and mean hospital LOS. Microbiology test results are given in Supplementary Text 1.


Table 3 | Summary of selected clinical study baseline characteristics of non-polytrauma patients and hospital mortality.






3.5 Study baseline levels of HVEM and ICOS in polytrauma and non-polytrauma ICU admissions

Figure 7 summarizes the comparisons of the study baseline levels of HVEM and ICOS across all polytrauma and non-polytrauma subgroups with correction for multiple testing. The absence of any difference among the three larger non-polytrauma subgroups is notable. The main differences consisted of overall lower levels of ICOS in the polytrauma cases than in all non-polytrauma subgroups.




Figure 7 | Study baseline blood levels of HVEM and ICOS in polytrauma and non-polytrauma patients with and without sepsis according to Sepsis-1/2 based clinical expert adjudication. Concentrations are plotted on a log scale. Differences across all groups were assessed with the Kruskal-Wallis test followed by Dunn’s test for multiple comparisons. * p < 0.05, ** p < 0.005.







4 Discussion



4.1 Study design and measurements

The recognition that immunosuppression is a major risk factor for infection and sepsis in the critically ill has put a spotlight on immune checkpoints as potential predictive and diagnostic sepsis markers in this patient population (52). Many immune checkpoints are detectable in soluble form in peripheral blood. We asked whether their concentrations in patients admitted to our interdisciplinary surgical ICU with trauma-induced SIRS were associated with the development of infection-triggered SIRS, i.e., sepsis according to Sepsis-1/2, during the first week. The emulation of this clinical challenge, i.e., the early differential diagnosis of sepsis in this setting, with high fidelity in an observational study is complicated by the strong heterogeneity of the patient population and the presentation of the syndrome. Moreover, we previously determined that 93% of the patient days in our ICU were associated with a SOFA > 2 compared to 68% with SIRS, regardless of infection (8).

The first part of the current study was focused on the particularly challenging differential diagnosis of an infection as a trigger of systemic inflammation in patients with pre-existing SIRS, which we found to be common in polytrauma patients developing pneumonia during the first week in the ICU (Figure 1). We included polytrauma admissions, who experienced a direct transition from SIRS to sepsis. For seven such incident cases, we identified seven polytrauma patients remaining infection-free during follow-up that were highly similar with regard to clinical characteristics. These included the severity of the traumatic injury, degree of organ dysfunction, and other risk factors, as well as treatment intensity (Supplementary Table 5). Starting on ICU-day two, one blood plasma sample was included daily for analysis until the onset of sepsis (pneumonia) and additional samples thereafter (Figure 2). Therein, 16 immune checkpoints were quantified by multiplex bead array. For each of them, the absolute concentrations determined were on essentially the same levels as reported previously by Wu et al. (2021) for polytraumatized patients on day three in the ICU using the same commercial assay (53), which supports the consistency of this analytical method.




4.2 Immune checkpoints after polytrauma

We first considered the blood plasma immune checkpoint profiles in the context of the profiles of 51 established blood markers of inflammation and organ dysfunction detectable in the polytrauma post-injury pneumonia cases (Figure 3). TIM-3 as well as CD40 in subcluster 1, both reportedly upregulated on sepsis monocytes (22, 26–28), and HVEM in subcluster 2, previously shown to mediate enhancement of in vitro bactericidal activities of monocytes and neutrophils (54), indeed clustered with markers of myeloid cell activation including cytokines, mainly chemokines, and markers of degranulation and cell death. Notably, eleven checkpoints essentially defined the distinct subcluster 3. The remaining two checkpoints, the T cell-expressed co-stimulatory molecules CD28 and CD27, were contained in subcluster 4 together with proteins mainly originating from activated endothelium/vascular trauma and inflamed tissue and active in the transition to an adaptive immune response. This clustering result suggests that immune checkpoint profiles in blood after polytrauma are related to distinct submechanisms of the inflammatory process.

Next, we subjected the blood levels of the 16 immune checkpoints in both the polytrauma cases and time-matched samples from infection-free controls (Figure 2) to a cluster analysis obtaining two well-separated subclusters, A and B (Figure 4, Figure 5). Here, CD27 from subcluster 4 of the above case-restricted analysis (Figure 3) merged with the smaller subcluster A, containing TIM-3 and CD40 from subcluster 1 as well as HVEM from subcluster 2, and CD28 with the main subcluster B, otherwise comprised of the eleven subcluster 3 immune checkpoints. A comparison of the relative variance of immune checkpoint levels confirmed the impression from the heat map in Figure 4 that levels were overall more stable in cases than controls (Supplementary Figure 4). Apparently, more pronounced and dissimilar dynamics for CD27 and CD28 in the controls compared to cases accounted for their divergent subcluster memberships in Figure 4 against the first case-restricted cluster analysis in Figure 3.

PCA, based on the immune checkpoint plasma concentrations, confirmed higher overall similarities of samples within than between the 14 polytrauma patients (Supplementary Figure 5). But it also suggested a fair separation of cases and controls. To gain further insight into pneumonia-associated differences in the time trends of immune checkpoint levels in cases and controls we used hierarchical linear models accounting for intra- and inter-individual variability in repeated measurements. The results corroborated a difference only for CD27 and consisted in a steeper estimated increase before the time of pneumonia onset in controls than in cases (Supplementary Table 7). Throughout follow-up, relatively high positive slopes in the controls, reaching statistical significance for TIM-3, was indeed a defining feature of subcluster A compared to negative control slopes in subcluster B (except for LAG-3) reaching statistical significance for PD-L1 (Figure 6, Table 2). In both subclusters, immune checkpoint levels in cases overall trended towards lesser changes over time than in controls. The significant rise in TIM-3 in polytrauma cases, despite no significant difference from the controls, may correspond to elevated levels of this protein in pediatric burn patients developing nosocomial infection (38).

Another common feature of subcluster A-immune checkpoints, in addition to positive control slopes, consisted of higher levels in controls than in cases throughout follow-up. This was most pronounced for HVEM and was reflected by a significantly higher estimated study baseline value (intercept) both when considering all measurements (Table 2) and the measurements before pneumonia onset only (Supplementary Table 7). In the latter subanalysis, this was also the case for ICOS, where controls however trended towards a negative slope, potentially mitigating the difference between case and control levels over time. HVEM, by contrast, if any slightly increased over time in controls and appeared relatively stable in cases (see also Supplementary Figure 4).




4.3 HVEM signaling

Among all the above-described characteristics of immune checkpoint blood levels in polytrauma patients, the consistently reverse relation between HVEM levels and pneumonia incidence makes HVEM a candidate predictive marker for pneumonia in these patients. Higher measured study baseline levels for HVEM in controls than cases reached statistical significance in an unadjusted analysis. This and overall similar case and control levels of HVEM’s main binding partner BTLA in our study, however, contrast reportedly elevated levels in sepsis for HVEM on monocytes and granulocytes and for BTLA on CD4-positive T cells, monocytes and granulocytes (23, 55), as well as higher post-mortem HVEM levels in the respiratory epithelium and unchanged levels on lung macrophages (24). Contrarily, the similarly reverse relation between sepsis incidence and T cell positivity for HVEM after polytrauma reported by Wakeley et al. (2020) (25) matches our finding for HVEM blood levels. In their report, five out of seven post-injury sepsis cases developed pneumonia compared to all seven in our study. This may point towards the lung as a source of elevated HVEM in the controls and a role of HVEM in lowering the risk of secondary infection in this tissue as further discussed below.

The biology of HVEM as both a ligand and a receptor (56) and its role in sepsis (57) were reviewed previously. Briefly, HVEM is widely expressed in adult tissues with the highest levels in the spleen, blood lymphocytes, and myeloid cells. Its membrane-bound binding partners BTLA, CD160, and LIGHT (lymphotoxin-like, inducible expression, competes with herpes simplex virus glycoprotein D for HVEM, a receptor expressed by T lymphocytes), as well as soluble LTα (lymphotoxin α), are expressed by lymphoid cells and LIGHT additionally by myeloid cells. The binding of HVEM to LTα and LIGHT leads to NFκB activation and immune stimulation in the HVEM-expressing cell. As a ligand, HVEM however induces immunosuppression in BTLA- and CD160-expressing cells. In the same naïve T cell, inhibitory signaling through BTLA overrules concomitant stimulatory signaling through HVEM upon receptor-ligand engagement.

Given its complexity, the net outcome of HVEM signaling is highly context-dependent. Its role in fine-balancing immune tolerance and activation, unsurprisingly, makes HVEM a two-edged sword in sepsis. In various mouse models of intestinal and respiratory bacterial infections, protective mucosal barrier function depended either on the stimulatory HVEM-LIGHT axis or the inhibitory HVEM-CD160 axis but did not involve BTLA in either case (57). Notably, siRNA-mediated knockdown of upregulated pulmonary HVEM in a double-hit mouse model of acute lung injury (ALI) by hemorrhagic shock followed by polymicrobial abdominal sepsis dampened myeloid cell-mediated lung damage and improved survival (58). The latter points towards a relatively high importance of the immune stimulatory activity of HVEM in the lung.

We cannot directly extrapolate from our patient subgroup differences in blood levels of immune checkpoints to their activation status in blood cells or tissues. Yet, controlled ectodomain shedding is fundamental to the regulation of cell surface receptors and ligands (59). It is reasonable to assume that it contributes to these differences and adds to the high positive correlations of the blood levels for immune checkpoint receptor-ligand pairs within subcluster B in cases and controls (Supplementary Figure 2). Levels of BTLA from subcluster B, however, showed no correlation with its ligand HVEM from subcluster A. As mentioned above, both elevated HVEM levels in T cells (25) and, even more so, in blood (this study) were associated with the development of secondary pneumonia after polytrauma. The essential role of LIGHT but not BTLA in the reported HVEM-dependent protection of respiratory mucosal barrier function in an animal model of Chlamydia psittaci respiratory tract infection (60) would be consistent with an involvement of the immune-stimulatory HVEM-LIGHT axis rather than inhibitory HVEM-BTLA axis. Immune-mediated lung damage after polytrauma and hemorrhage, in particular, is driven by thrombo-inflammation and involves the complement cascade and infiltration of the lung with activated myeloid cells (61, 62). The clustering of elevated blood HVEM with blood markers of these inflammatory processes, such as complement C5a and MPO (subclusters 1 and 2 in Figure 3), thus indicates that HVEM may escape from the inflamed lung into the blood after polytrauma (this study). This may particularly be exemplified by patient 9 showing the overall highest plasma levels of subcluster 1 and 2 proteins (Figure 3).

Taken together, HVEM contributes to myeloid cell-mediated lung damage in the double-hit ALI model (58) and to respiratory mucosal barrier integrity, through the HVEM-LIGHT axis, in the Chlamydia psittaci infection model (60). Both reports are consistent with an interaction between HVEM, upregulated in the respiratory epithelium (24) and on T cells (25), and LIGHT on infiltrating myeloid cells. This both enhances antimicrobial defense but also drives lung inflammation. Wakeley et al. (2020), nevertheless, explained higher HVEM levels on T cells in their polytrauma controls than in post-injury pneumonia cases with a role of HVEM signaling in lymphocytes in maintaining an appropriate immune response after critical tissue trauma (25). This interpretation may also, at least partially, apply to the corresponding HVEM blood profile in our polytrauma patients.

We feel however that, in addition to these pro-inflammatory properties of HVEM, we also need to consider its immunosuppressive functions that may balance its lung damage potential. Interestingly, Mintz et al. (2019) reported that, in a mouse model, B-cell-expressed HVEM at the immunological synapse restricts T cell help during the germinal center (GC) response through engaging BTLA on T cells (63). This limits T cell receptor signaling and assembly of preformed intracellular CD40L (CD40 ligand) into the synapse. Reduced recruitment of CD40 on B cells, in turn, then destabilizes the synapse. Therefore, it is tempting to speculate that T follicular helper (Tfh)-like cells, that infiltrate the inflamed lung and express Tfh-markers CD40L and IL-21 (64), interact with naïve B cells in bronchus-associated lymphatic tissue through this particular HVEM-BTLA axis after polytrauma. Despite unchanged blood levels of BTLA, this interaction may still lead to the release of HVEM and CD40 from the B cells as a counter-regulatory and lung protective mechanism and accounting for the elevated HVEM and CD40 levels in blood. These two, indeed, correlate positively in cases and controls (Supplementary Figure 3). On that note, the increasing levels of CD27 in our polytrauma controls compared to cases until the time of pneumonia onset (Supplementary Table 7) likely reflect continued activation of T cells (65) and thus potentially, the need for their effective control to limit immune-mediated lung damage. Uncontrolled T cell and endothelial activation may dominate, for instance, in patient 15 featuring the overall highest levels of the corresponding markers in subcluster 4 (Figure 3).




4.4 Immune checkpoints after surgical trauma

We further assessed whether the development of sepsis according to Sepsis-1/2 within the first week in the ICU was associated with low HVEM and potentially ICOS in blood at the study baseline only in polytrauma patients or also in our unselected surgical admissions (non-polytrauma patients) (Figure 1). Besides subgroups of non-polytrauma patients without and with an expert label for sepsis during follow-up, corresponding to our polytrauma case and controls, we further considered surgical admissions with sepsis already present on inclusion. Notably, among the non-polytrauma subgroups the incident sepsis subgroup was characterized by the highest proportion of men, severity of illness judged by SOFA and macrocirculatory abnormalities, and mortality (Table 3), consistent with sepsis development. The highest disease severity in this subgroup may explain the absence of differences in HVEM and ICOS compared to the sepsis on-inclusion subgroup (Figure 7). Yet, the absence of differences in both these two subgroups compared to the sepsis-free ICU controls is notable.




4.5 Limitations and strengths

We cannot fully exclude that the retrospective adjudication on the presence of sepsis by clinical experts may have been affected by hindsight bias, i.e., by the apprehended benefit for the patient of the therapeutic measures taken and of the clinical outcome achieved (66). For the timely identification of sepsis onset, however, this strategy is more appropriate than relying solely on clinical criteria for consensus definitions of sepsis. The latter was intended for different purposes, namely the inclusion of patients into trials to treat hyperinflammation (Sepsis-1) and retrospective epidemiological studies (Sepsis-3).

The major limitation of this study was the small number of almost exclusively male polytrauma patients in our cohort from only a single ICU. The limited statistical power precludes us from rejecting the absence of differences in study baseline blood levels in soluble immune checkpoints for candidates other than HVEM. However, delivery of care in our ICU over a reasonable enrollment period followed a consistent standard reducing the variance in iatrogenic risk factors for pneumonia and sepsis. Highly similar clinical characteristics support the comparability of the polytrauma post-injury pneumonia cases and infection-free controls.

A strength was the availability of close-meshed blood plasma samples with expert annotation on the presence of SIRS and sepsis according to Sepsis-1/2 between ICU-days two and six. This facilitated our trend analysis. Although we cannot extrapolate from our results to events beyond the follow-up period, we had previously shown that half of the overall sepsis cases in our ICU occur by day six (8) and in our polytrauma patients in particular by day seven (67). We also consider our conservative assessment of statistical significance by applying the correction for multiple testing and the absolute rather than relative quantitation of blood plasma concentrations as strengths.





5 Conclusions

The first major finding from this study was that the transition from SIRS to sepsis, but not to severe sepsis or septic shock, in critically ill patients by ICU-day six was associated with polytrauma as the reason for ICU admission and the lung as the site of infection. The second major finding consisted of continuously higher blood levels of HVEM in clinically highly similar polytrauma patients, who remained infection-free, compared to those who developed post-injury pneumonia during follow-up. At study inclusion, this difference was absent in surgical admissions developing sepsis during follow-up. HVEM may protect mucosal barrier function and, thereby, decrease the risk for secondary lung infection after polytrauma by increasing myeloid cell antimicrobial potential as a receptor of myeloid cell expressed LIGHT and/or by restricting lymphocyte-driven tissue damage as a ligand of T cell expressed BTLA.

Our data and their interpretation highlight the dual role of HVEM in appropriately balancing the immune response to violent tissue trauma and in modifying the associated risk for secondary pneumonia in respective ICU patients. It remains to be investigated whether reduced levels of HVEM after polytrauma mechanistically explain impaired lung immunity to infection or indirectly reflect an increased risk for pneumonia and whether a lower cut-off level for the prediction of sepsis in these patients can be determined.
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Objective

The purpose of this study was to identify a panel of biomarkers for distinguishing early stage sepsis patients from non-infected trauma patients.





Background

Accurate differentiation between trauma-induced sterile inflammation and real infective sepsis poses a complex life-threatening medical challenge because of their common symptoms albeit diverging clinical implications, namely different therapies. The timely and accurate identification of sepsis in trauma patients is therefore vital to ensure prompt and tailored medical interventions (provision of adequate antimicrobial agents and if possible eradication of infective foci) that can ultimately lead to improved therapeutic management and patient outcome. The adequate withholding of antimicrobials in trauma patients without sepsis is also important in aspects of both patient and environmental perspective.





Methods

In this proof-of-concept study, we employed advanced technologies, including Matrix-Assisted Laser Desorption/Ionization (MALDI) and multiplex antibody arrays (MAA) to identify a panel of biomarkers distinguishing actual sepsis from trauma-induced sterile inflammation.





Results

By comparing patient groups (controls, infected and non-infected trauma and septic shock patients under mechanical ventilation) at different time points, we uncovered distinct protein patterns associated with early trauma-induced sterile inflammation on the one hand and sepsis on the other hand. SYT13 and IL1F10 emerged as potential early sepsis biomarkers, while reduced levels of A2M were indicative of both trauma-induced inflammation and sepsis conditions. Additionally, higher levels of TREM1 were associated at a later stage in trauma patients. Furthermore, enrichment analyses revealed differences in the inflammatory response between trauma-induced inflammation and sepsis, with proteins related to complement and coagulation cascades being elevated whereas proteins relevant to focal adhesion were diminished in sepsis.





Conclusions

Our findings, therefore, suggest that a combination of biomarkers is needed for the development of novel diagnostic approaches deciphering trauma-induced sterile inflammation from actual infective sepsis.





Keywords: sepsis, trauma, bacteremia, systemic inflammatory response syndrome, biomarkers, A2M, IL1F10, SYT13 





Introduction

Trauma and sepsis are significant healthcare problems that urgently require novel diagnostic methods to enable optimal and timely medical care (1, 2). This is all the more true in trauma patients. In both acute conditions, septic shock, and trauma patients may be admitted to the intensive care unit (ICU) for initial treatment and stabilization and cared for by the same multisciplinary intensive care teams. At this stage clinicians are urged to choose the correct treatment including eradication of microbial foci and provision of antimicrobials for the septic but to refrain from such treatment in trauma patients (3). Indeed, inappropriate surgical intervention for foci removal in trauma patients may exacerbate inflammation (4) while indiscriminate use of antibiotics may promote the emergence and colonization of multidrug resistant bacteria as well as leading to wellknown side effects of such treatment, especially with broadspectrum antibiotics. Clinical score systems and routine blood sample assays may direct the clinician but there is yet no specific marker to make this distinction and thus, appropriate care remains challenging as even gene expression is very close in both conditions (5). First, trauma patients may develop profound immunosuppression making them more susceptible to severe infection (6). Second, due to the early release of Damage-Associated Molecular Patterns (DAMPs) (7), severe trauma patients develop systemic inflammation, hyperthermia, vasoplegia (8), hyperleucocytosis, and elevated inflammatory biomarkers all mirroring sepsis despite no infection (9, 10). The same release of DAMPs also promotes immune suppression (11, 12). Indiscriminate use of antibiotics in severe trauma patients may significantly worsen their outcome (13), delay the diagnosis of a subsequent infection, and promote the emergence of multi-drug resistant microbes. Because of their similar clinical symptoms, it is crucial to implement precise and efficient diagnostic tools that allow fast and reliable differentiation between sterile inflammation and microbial sepsis in trauma patients. The study by Chung et al. showed that trauma patients developing sepsis (11.85% of the total cohort of trauma patients) deteriorated at a rate significantly higher than those who did not develop sepsis, 28.0% versus 4.6%, p >0.001 (14). This distinction is also critical for the development of timely surgical interventions (removal of infective foci in wounds, laparotomy for perforated bowel) and tailored antimicrobial treatments that can help improve patient outcomes (14, 15).

Trauma is the primary cause of mortality among individuals under the age of 45, with sepsis significantly contributing to these fatalities following traumatic injuries and infections (16). The incidence of sepsis among trauma patients is an alarming concern, where it significantly increases mortality (17). The annual incidence of sepsis in hospitalized patients is estimated to be over 750,000, with a mortality rate close to 30% (15). In trauma patients, a large percentage of deaths occur before reaching the hospital or within the first few hours after admission (15). Infections related to trauma often affect multiple organs and can manifest early, within the first four days. This holds true in trauma patients with contaminated wounds and fractures (18), early aspiration pneumonia in brain-injured patients (19), or superinfection of lung contusions (20). Some trauma patients may experience systemic inflammatory response syndrome (SIRS), while others may exhibit a compensatory anti-inflammatory response syndrome (CARS) (21), both leading to a modulated inflammatory response. The risk of infection in trauma patients arises from factors such as the disruption of mechanical barriers, bacterial contamination, local wound conditions, and invasive medical procedures (e.g. invasive mechanical ventilation, central venous lines, and catheters). Additionally, host defense factors can be compromised, leading to impaired immune responses (22). Infections secondary to trauma are most often of bacterial origin but can also be caused by viruses or, more rarely, by fungi (23).

Differentiating sterile inflammation from sepsis in trauma patients is crucial for appropriate management and treatment. The usually used parameters, C-reactive protein, CRP, and Interleukin-6, IL-6, are unfortunately stimulated via common mechanisms in both sterile and septic inflammation, and even procalcitonin (PCT) shows restrictions in that it is mainly induced by bacterial and not viral or atypical bacterial sepsis. According to Pierrakos et al. these parameters may rather be used to exclude sepsis (24). Recent findings confirm that PCT cannot accurately discriminate infectious vs. noninfectious acute inflammation in critically ill patients with severe traumatic injuries (area under the receiver operating characteristics curve: 0.53; 95% CI, 0.42–0.64) (25). In addition, machine learning algorithms were used to analyze a large multi-omic database of over 8500 markers, including proteomics, metabolomics, and lipidomics, to identify prognostic biomarkers in trauma patients’ admission plasma samples for predicting outcomes like mortality and recovery. Abdelhamid et al. thus revealed that a combination of five proteins was best for discriminating critical illness resolution and 26 multi-omic features were effective in predicting 30-day survival, with the study suggesting the potential for novel prognostic biomarkers in trauma patients’ admission data (26).

Early recognition of sepsis is essential for improving clinical prognosis and reducing mortality (15, 24, 27). The definition of sepsis has evolved over time, with the latest definition emphasizing life-threatening organ dysfunction caused by a dysregulated host response to infection (28, 29). Quick Sepsis-associated Organ Failure Assessment (qSOFA) scores are used as screening tools to aid in the rapid diagnosis of sepsis (28). However, their discriminative power in surgical intensive care patients is very low (9) and the challenge to identify patients at risk has resulted in new approaches for scores e.g. SAPS3 and biomarkers (30–32). Trauma patients thus present unique challenges (one of them being the timely and discriminate diagnosis of infection), and their clinical course can be complicated by sepsis and sepsis-induced mortality (33).

Timely diagnosis and treatment of infection in these patients are associated with improved outcomes and reduced mortality (34). However, the standard methods for diagnosing pathogens during sepsis, such as blood or bronchoalveolar lavage cultures, can be limited in sensitivity and turnaround time (35, 36). New diagnostic techniques are being explored to enhance pathogen detection in sepsis cases (35, 37). For instance, mass spectrometry has emerged as a promising tool for identifying biomarkers in the metabolome and proteome, potentially enhancing the early diagnosis and prognosis of sepsis (38). Identifying new biomarkers to differentiate between damage-induced sterile inflammation and sepsis in trauma patients could provide valuable insights for early detection of infection and timely intervention (39). Diagnostic tests that rapidly and reliably identify the presence or absence of infection in the ICU population, including severe trauma patients are a pressing unmet need (40). Biomarkers can help in identifying subclinical changes before the establishment of disease, allowing for early therapeutic interventions (41). However, further research is needed to establish the utility and reliability of such biomarkers in the diagnosis and management of trauma and sepsis patients (42). In the present study, we show that advanced technologies, including MALDI and MAA, can aid in identifying biomarkers to distinguish between early stage sepsis and non-infected inflammation in ventilated trauma patients.





Patients and methods




Statement of studies involving human subjects

Informed consent was obtained from the patients or their guardians included in this study. Samples from Helsingborg Hospital ICU were approved by the Ethics committee in Lund Dnr. 2014/195, 2015/467 and 2019/04558 and samples from Charles-University Prague were approved by the Ethics Committee of the Military University Hospital Prague Dnr. 108/9-36/2016-UVN. Samples from Strasbourg University Hospital were approved by the French Agence Nationale de la Sécurité du Médicament et des Produits de Santé (ANSM, on October 5, 2018) and a National Institutional Review Board (CPP, on November 6, 2018, CPPIDF1-2018-ND51-Cat. 1; N°IRB/IORG#: IORG 0009918), which covers all participant sites. No patient identifiable information is presented.





Patient population




Trauma patients

The trauma population consisted in 23 ventilated trauma patients included in the Traumadornase multicenter study [NCT03368092 (43)] in the following study sites: Clermont-Ferrand, Reims and Strasbourg University Hospitals, all in France. As per protocol, these patients were adult severe trauma patients (Injury Severity Score [ISS (44)] > 15, under mechanical ventilation and included within the first 18 hours after admission to the trauma bay. Severe trauma patients under mechanical ventilation are more challenging than their non-ventilated counterparts as they develop more healthcare-associated infections, namely but not restricted to ventilation-associated pneumonia (VAP) and whose definitive diagnosis remains a serious challenge (45). Those patients had their blood sampled on days 1 (admission to the ICU), 3, and 5 and were screened daily throughout their ICU stay for the development of subsequent VAP according to the Center Disease Control and Prevention (46) and other infectious diseases requiring antimicrobial treatment according to the definition of the International Sepsis Forum (47). Infections in trauma patients were then adjudicated based on post-hospitalization review.





Sepsis patients

The sepsis group contained 23 patients with community acquired sepsis, included after admission to the ICU within 24 hours of arrival to the hospital in Helsingborg, Sweden. These sepsis patients were a subgroup of patients included in an earlier reported cohort (48). Inclusion criteria were; non-pregnant adults >18 years old with no surgery or blood transfusion during the 7 preceding days, and an expected ICU stay > 2 days (49). All patients with community aquired sepsis were on mechanical ventilation and received vasopressors, all had positive blood cultures, and they were all defined as having septic shock (28). According to ICU routine, they were assessed by the Simplified Acute Physiology Score 3 (SAPS3) (50). Clinical scores and blood tests were obtained daily for seven consecutive days. Day 1 was the day of arrival in the ICU.

In both trauma and sepsis patients, blood samples were drawn into EDTA tubes and after a centrifugation step stored at −80°C until use. Plasma samples from even healthy volounteers were also collected.






Enzyme assays




Multiplex antibody array

Using RayBiotech, Inc.’s Quantibody® Technology Array service, inflammatory proteins were analyzed using a glass slide-based quantitative antibody array (Human L-507 and L-493) as described by the manufacture’s instructions.





Enzyme-linked immunosorbent assay

For measurements in plasma the following ELISA kits were used: TREM1 (Cat No: OKEH00303; Aviva Systems Biology), IL1F10 (Cat No: EKX-E3NR3R; Nordic BioSite), Serpin A9 (Cat No: MBS935459; MyBioSource), A2M (Cat No: EKX-6NKMQS; Nordic BioSite), GPI (Cat No: OKEH06383; Aviva Systems Biology), VIPR2 (Cat No: EKH3534; Nordic BioSite), S100A10 (Cat No: EKX-EWP59E; Nordic BioSite), IL3 (Cat No: EKH392; Nordic BioSite), SYT13 (Cat No: MBS9316889; MyBioSource) and TNFRSF10 (Cat No: OKEH04990; Aviva Systems Biology). Protein concentrations were measured by using human antigen specific ELISA Kits according to manufacturer’s protocols. Absorbance was measured in a VICTOR3™ Microplate Reader (Perkin Elmer) as described previously (51).






High performance liquid chromatography and mass spectrometry




Sample preparation and digestion

The abundant plasma proteins were depleted using the High-Select™ Top12 abundant protein depletion resin kit (Thermo Fischer Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. Briefly, an aliquot of 8 µl from each sample was transferred onto the conditioned immuno depletion resin and incubated at room temperature (RT) for 20 min. Depleted proteins were collected by centrifugation at 1000 × g for 2 min. SDS was added at a concentration of 2%. The samples were digested with trypsin using the filter-aided sample preparation (FASP) method (52). Briefly, the samples were reduced with 100 mM dithiothreitol at 60°C for 30 min. The reduced samples were transferred to 30 kDa MWCO Pall Nanosep centrifugation filters (Pall Corporation), washed several times with 8 M urea and once with digestion buffer (DB, 0.5% sodium deoxycholate in 50 mM TEAB) prior to alkylation with 10 mM methyl methanethiosulfonate in digestion buffer for 20 min in room temperature. Digestions were performed by addition of Pierce MS grade Trypsin (Thermo Fisher Scientific) in DB to a trypsin:protein ratio of 1:100 and incubated overnight at 37°C. The next morning, an additional portion of trypsin was added and incubated for another three hours at 37°C. Peptides were collected by centrifugation and labeled using TMT (tandem mass tag) 10-plex isobaric mass tagging reagents (Thermo Scientific) according to the manufacturer’s instructions. Labeled samples from each sample type were combined into two sets, and sodium deoxycholate was removed by acidification with 10% TFA. The combined TMT-labeled samples were desalted using Pierce Peptide Desalting Spin Columns (Thermo Scientific) following the manufacturer’s instructions.





Fractionation and nLC-MS/MS analysis

Each set of samples was pre-fractionated on the Dionex Ultimate 3000 UPLC system (Thermo Fischer Scientific) using the Waters XBridge BEH C18 column (3.0 mm x 150 mm, 3.5µm, Waters Corporation, Milford, USA) and the a linear gradient of solvent A and B was applied as follows - gradient from 3% to 40% solvent B over 18 min, from 40% to 100% B over 5 min, 100% B for 5 min, all at the flowrate of 0.4 ml/min. Solvent A was prepared with 10 mM ammonium formate in water at pH 10.0, solvent B was prepared with 90% acetonitrile, 10% 10 mM ammonium formate in water at pH 10.0. Solvent A was 0.2% formic acid and solvent B was 80% acetonitrile, 0.2% formic acid. The 40 primary fractions were concatenated into 20 fractions (1 + 21, 2 + 22, ..., 20 + 40), evaporated and reconstituted in 3% acetonitrile, 0.2% formic acid for nLC-MS/MS analysis. Each fraction was analyzed on an Orbitrap Fusion Tribrid mass spectrometer interfaced with an Easy-nLC 1200 nanoflow liquid chromatography system (both Thermo Fisher Scientific). Peptides were trapped on the Acclaim Pepmap 100 C18 trap column (100 μm x 2 cm, particle size 5 μm, Thermo Fischer Scientific) and separated on the in-house packed C18 analytical column (75 μm x 32 cm, particle size 3 μm) using the gradient from 5% to 32% B in 75 min, from 32% to 100% B in 5 min, and 100% B for 10 min at a flow of 300 nl/min. MS scans were performed at 120,000 resolution, m/z range 380-1200. MS/MS analysis was performed in a data-dependent manner, with a top speed cycle of 3 s for the most intense doubly or multiply charged precursor ions. Precursor ions were isolated in the quadrupole with a 0.7 m/z isolation window, with dynamic exclusion set to 10 ppm and a duration of 45 seconds. Isolated precursor ions were subjected to collision induced dissociation (CID) at 35 collision energy with a maximum injection time of 50 ms. Produced MS2 fragment ions were detected in the ion trap followed by multinotch (simultaneous) isolation of the top 7 most abundant fragment ions for further fragmentation (MS3) by higher-energy collision dissociation (HCD) at 60% and detection in the Orbitrap at 50 000 resolutions, m/z range 100-500.





Database search and quantification

MS raw data files for the TMT set were merged for relative quantification and feature identification conducted using Proteome Discoverer version 1.4 (Thermo Fisher Scientific). A database search for each set was performed with the Mascot search engine (Matrix Science) using the Homo Sapiens Swissprot database, version Mars 2017 with 553941sequences. MS peptide tolerance of 5 ppm and MS/MS tolerance for identification of 600 millimass units (mmu), tryptic peptides with zero missed cleavage and variable modifications of methionine oxidation, fixed modifications of cysteine alkylation, N-terminal TMT-label and lysine TMT-label were selected. The detected peptide threshold in the software was set to a significance of FDR 1% by searching against a reversed database and identified proteins were grouped by sharing the same sequences to minimize redundancy. For TMT quantification, the ratios of the TMT reporter ion intensities in HCD MS/MS spectra (m/z 126-131) from raw data sets were used. Ratios were derived by Proteome Discoverer using the following criteria: fragment ion tolerance as 3 mmu for the centroid peak with the smallest delta mass and a minimum intensity of 2000. Only peptides unique for a given protein were considered for relative quantitation, excluding those common to other isoforms or proteins of the same family. The quantification was normalized within Proteome Discoverer 1.4, using the global median of all proteins. Calculations of the ratios were made by using a reference sample made from a mix of 4 of the samples or the control sample as denominator.





Protein abundance and enrichment analysis

All analyses of Matrix-Assisted Laser Desorption/Ionization (MALDI) and multiplex antibody array (MAA) data were performed in the open-source programming environment R (www.r-project.org, version 4.2.1). The same approach for data processing was followed for both datasets, generated by MALDI (777 analytes) and MAA (995 analytes) screening. First, for each analyte the ratio of protein levels between the trauma and sepsis groups was computed. The log2 of the aforementioned ratio was then used for downstream analysis and for ranking analytes. To highlight the relative abundance of the top 100 ranked proteins contrasting the trauma and sepsis groups, heatmaps were created using the ‘ComplexHeatmap’ package (version 2.12.1).Venn diagrams displaying unique and common proteins among all time points from the previously selected batch were constructed with the ‘nVennR’ package (version 0.2.3). For the data from MALDI screening, considering the log2-fold change of all given proteins, pathway enrichment analysis was done utilizing the ‘clusterProfiler’ package (version 4.7.1.3). The minimal allowed set size included in the enrichment analysis was set to 5. For reproducibility of the results, a seed was set. Enriched KEGG pathway terms as well as the associated proteins were depicted in barplots and Gene-Concept Networks with the help of the ‘enrichplot’ package (version 1.18.4).






Statistical analysis

ELISA data were processed and presented with Microsoft Excel 2021 (Microsoft, Redmond, WA) and GraphPad Prism 9.0 (GraphPad Software, San Diego, CA). All results are presented as mean values ± SEM with the number of independent experiments and patients per group indicated in the figure legends. The comparison of data was performed by one-way ANOVA, Tukey’s multiple comparison test and area under the curve (AUC) analysis were performed with 95% confidence interval, using the Wilson/Brown method.






Results




Populations under study

Demographic, clinical and infectious data for the 23 included trauma patients are given in Table 1. In brief, these were predominantly young, male, severe trauma ICU patients mechanically ventilated for a median duration of 7 days. Among the trauma cohort, 3 patients developed VAP on days 1, 3 and 6, respectively (day 0 being admission day). No patient in the trauma cohort developed any infectious disease (excluding VAP) requiring antimicrobials during the first seven days. As depicted in Table 2, patients in the sepsis cohort were older, comorbid ICU patients in whom the sources of infection were mainly the respiratory tract and soft tissue. Biological workup and invasive therapeutic procedures (renal replacement therapy, invasive mechanical ventilation, vasopressor infusion) reflect the moderate severity of these septic ICU patients. SOFA scores in the trauma and sepsis populations (8 [5,5-10] and 11 [8,5-101, respectively) were non-significantly different (p=0.14). The plasma samples from 7 healthy individuals were used as controls.


Table 1 | Demographic, clinical and infectious data in trauma patients.




Table 2 | Demographic, clinical and infectious data in sepsis patients.







Representation of protein abundance and enrichment analysis

The first series of experiments was performed to investigate the protein abundance in plasma samples from trauma and sepsis patients. To achieve this goal, we utilized cutting-edge technologies such as MALDI and MAA, respectively. These two methods allowed us to probe the proteomic terrain, unveiling specific biomarkers that exhibit potential for early detection and differentiation of trauma and sepsis patients. By applying comparative analysis methods, we assessed the protein levels in plasma sampled from patients with trauma and sepsis. To illustrate their expression patterns, the top 100 proteins (ranked by their log2 fold change) derived from the MALDI and MAA screenings are presented in Figures 1A, 2A. The log2-fold changes within the sepsis to trauma (S/PT) group spanned a range from approximately 5.6 to -5.4 and 4.4 to -4.0 within the 7-day time period tested, respectively. Positive numbers indicate higher protein levels in the sepsis group, while negative numbers present higher protein levels in the trauma group. Among the selected proteins, the distribution of common and unique biomarkers at different time points was depicted with Venn diagrams (Figures 1B, 2B). A total of 15 and 21 proteins were revealed to recur on all days, and their relative abundance was singled out in an additional heatmap (Figures 1C, 2C).




Figure 1 | Protein abundance after MALDI screening. (A) Top 100 differentially regulated proteins at day 1, 3, 5 and 7 contrasting trauma and sepsis groups. The relative abundance of protein levels is shown as log2-fold change from sepsis to trauma (S/PT) group. Protein names that occurred only on a single day were printed in bold. (B) Venn diagram showing the common and unique proteins among all time points. (C) Heatmap highlighting the 21 recurring proteins on all days.






Figure 2 | Protein abundance after MAA screening. (A) Top 100 differentially regulated proteins at day 1, 3, 5 and 7 contrasting trauma and sepsis groups. The relative abundance of protein levels is shown as log2-fold change of sepsis to trauma (S/PT) group. Protein names that occurred only on a single day were printed in bold. (B) Venn diagram showing the common and unique proteins among all time points. (C) Heatmap highlighting the 15 recurring proteins on all days.



We also performed an enrichment analysis on the MALDI data independently for each day. Figure 3 shows the top 15 enriched KEGG pathways per day, together with Gene-Concept Networks illustrating the top 5 enriched terms featuring the associated proteins and their relative abundance. While proteins belonging to the complement and coagulation cascades (see day 5) were generally raised, others, such as proteins relevant for focal adhesion (see day 1, day 7), were mostly diminished in the sepsis group compared to the trauma group. In summary, the comparative analysis of protein abundance and enrichment patterns between trauma and sepsis patients reveals distinct molecular signatures. In sepsis, elevated complement and coagulation cascade proteins contrast with diminished focal adhesion-related proteins, underscoring their potential as crucial diagnostic indicators.




Figure 3 | Enrichment analysis of KEGG pathway terms for differentially regulated proteins contrasting trauma and sepsis group at various days. The top 15 KEGG pathway terms are listed for the days 1, 3, 5 and 7. Additionally, Gene-Concept Networks illustrate the relevant proteins associated with the top 5 KEGG pathway terms per time point. The relative abundance of protein levels is shown as log2-fold change of sepsis to trauma (S/PT) group.







Identification of potential biomarkers

The next series of experiments aimed at identifying potential biomarkers to distinguish sepsis patients from individuals with other inflammatory conditions. This proof-of-concept study involved comparing protein levels in various scenarios, including fever (n=6), bacteremia (n=5), trauma (n=4), and sepsis (n=6), using plasma samples from healthy individuals (n=6) as controls (Supplementary Table 1). To authenticate candidate biomarkers, we conducted a comprehensive analysis and identified IL1F10, A2M, GPI, VIPR2, S100A10, and SYT13 as potential targets (Figures 1, 2). Plasma protein levels were also assessed at various time points using ELISA (Figure 4). Additionally, we explored the measurement of other noteworthy targets, namely IL3 (55), TREM1 (56), SERPIN A9 (57), and TNFRSF10 (58) (Figure 4). Our analysis showed enhanced levels of SYT13, IL1F10, and S100A10 cytokines in early sepsis patients, while TREM1 levels in trauma patients increased gradually over time (Figure 4). Notably, A2M levels were consistently lower in inflammatory circumstances, particularly in sepsis patients. Additionally, we observed the stability of SERPIN A9, GPI, IL3, VIPR2, and TNFRSF10 levels across different conditions, revealing their limited potential as discriminatory biomarkers (Figure 4).




Figure 4 | Identification of sepsis biomarkers. We assessed plasma protein levels using quantitative ELISA at various stages of disease development. Data are displayed as mean +/- SEM. Healthy individuals (n=6), fever (n=6), bacteremia (n=5), trauma (n=4), and sepsis (n=6).







Profiling biomarkers to differentiate between trauma and sepsis patients

To validate our findings, we extended the number of plasma samples for trauma (n = 23) and sepsis patients (n = 23) and performed quantitative ELISA to measure the contents of A2M, IL1F10, SYT13, and TREM1 in these samples at three time points (day 0, 3 and 5). Plasma samples from healthy individuals (n = 7) were used as control. This analysis spanned various time points in both trauma and sepsis cases, covering the initial (day 0) and later stages (day 5) of the ICU stay. As seen before, distinct patterns emerged with increased SYT13 and IL1F10 levels in plasma samples from sepsis patients, while A2M levels were decreased when compared to the level detected in plasma samples from trauma patients (Figure 5). TREM1 levels, however, increased only in plasma samples from trauma patients but not in those from sepsis patients over the course of time (Figure 5). These findings confirm that the identified biomarkers, A2M, IL1F10, SYT13, and TREM1, hold significant potential in distinguishing trauma and sepsis patients. In addition, the data was further tested using ROC curves (Figure 5, right). For early detection of sepsis patients from trauma, the AUC for SYT13 is 0.8913 and for IL1F10 is 0.9058. As a result of the findings, SYT13 and IL1F10 can be employed as diagnostic biomarkers with high prediction efficiency.




Figure 5 | Potential biomarker panel to distinguish trauma and sepsis patients. Quantitative ELISA was used to determine the levels of A2M, IL1F10, SYT13, and TREM1 in trauma and sepsis patients at various time periods. The comparison of data was performed by one-way ANOVA, Tukey’s multiple comparison test and area under the curve (AUC) analysis were performed with 95% confidence interval, using Wilson/Brown method. Healthy (n=7); trauma ans sepsis (n=23).



To validate our results, we compared the relative expression levels of the four proteins with samples from healthy individuals at both early (day 0) and later time points (day 5). We set a minimum relative 2-fold shift in the expression levels as an assessment threshold. Using this setting, we measured clear distinctions between the biomarker profiles of trauma and sepsis patients. At the early time point, SYT13 and IL1F10 displayed a minimum 2-fold shift increase in expression levels in sepsis patients when compared to trauma patients (Figure 6A). Additionally, A2M showed a minimum 2-fold shift decrease in sepsis patients (Figure 6A). Further analysis focused on the correlation of these biomarkers within early sepsis samples. We observed that SYT13-positive samples showed a positive correlation with IL1F10 (Figure 6B left). Interestingly, IL1F10 positivity was also observed in SYT13-negative samples (Figure 4C right), suggesting the complexity of biomarker interactions in sepsis cases.




Figure 6 | SYT13 and IL1F10 differentiate trauma and sepsis patients. (A) The levels of the proteins A2M, IL1F10, SYT13, and TREM1 at the early (day 0) and later stage (day 5) of the infection. (B) A comparison of the protein levels of SYT13 at high and low concentrations [+Ve; positive; from (B)] with those of A2M, IL1F10, and TREM1. (C) Comparison of the A2M, SYT13, and TREM1 and protein levels with the high and low protein levels of IL1F10 [+Ve; positive; from (B)]. Data are displayed as mean +/- SEM. Healthy (n=7); trauma and sepsis (n=23).



A similar analysis compared early sepsis samples with positive and negative IL1F10 2-fold shift outcomes. Our results showed that IL1F10-positive samples correlated positively with A2M while displaying limited associations with SYT13 or TREM1 (Figure 6C left). Conversely, TREM1-negative samples exhibited negligible correlations with other biomarkers (Figure 6C right).

To conclude, our research emphasizes the potential of A2M, IL1F10, SYT13, and TREM1 as a composite set of biomarkers for distinguishing between non-infected trauma and sepsis patients. Detailed information about the biological functions of the four proteins is provided in Table 3. The clear distinctions in their expression patterns offer a pathway for accurate and early diagnosis, necessitating further investigation to validate their clinical applicability.


Table 3 | Identified biomarkers and their biological function.








Discussion

In this study, we aimed at identifying a potential biomarker panel that can differentiate trauma-induced sterile inflammation from sepsis. Both emergencies constitute severe medical conditions with overlapping clinical manifestations, making their early and accurate differentiation challenging. To address this diagnostic problem, we employed advanced technologies, including Matrix-Assisted Laser Desorption/Ionization (MALDI) and multiplex antibody arrays (MAA), to profile the protein abundance in trauma and sepsis patients at different time points.

Our results revealed distinct protein patterns associated with the initial stages of trauma and sepsis. A2M, IL1F10, SYT13, and TREM1 emerge as compelling biomarkers for sepsis and trauma based on their distinct roles in immune response modulation. A2M is identified as a biomarker in trauma and sepsis cases, emphasizing its involvement in anti-inflammatory responses and tissue repair, making it a promising indicator for trauma-related diagnostics (60). IL1F10 belongs to the interleukin-1 (IL-1) family of cytokines (75) and in particular IL1F10 has been suggested being of diagnostic and prognostic value as clinical sepsis biomarker (76). The role of SYT13 in sepsis still unknown, whereas TREM1 is a crucial mediator of septic shock that acts by synergizing with Toll-like receptors (TLRs) to amplify the inflammatory responses to pathogens, thus promoting sepsis-induced immune dysregulation and organ dysfunction (74). While the levels of TREM1 are found up-regulated during the course of the disease we found a negative correlation for SYT13 and IL1F10 which implicate that their downregulation during the course of infection may negatively impact the host response to infection.

In trauma and sepsis patients, the inflammatory response appeared to differ, and complement and coagulation cascades were generally increased in sepsis patients compared to trauma patients. On the other hand, proteins involved in focal adhesion were mostly diminished in sepsis patients, indicating a possible difference in immune response between the two conditions.

Our findings suggest that a combination of multiple biomarkers will be more effective in distinguishing sepsis patients from those with trauma-induced sterile inflammation. Indeed, multidimensional variability reduces the accuracy of single biomarker assays (77). Utilizing a panel of biomarkers may enhance diagnostic accuracy and provide valuable insights for early prediction of infection and timely and discriminate use of antimicrobials in trauma patients. The identified biomarkers could aid in the development of novel diagnostic methods to enable rapid and accurate identification of trauma-induced sterile inflammation and sepsis, facilitating early intervention and improving patient outcomes.




Limitations

Deciphering infection from non-infective Systemic Inflammatory Response Syndrome (SIRS) remains a challenging task. This is all the more true as infections contributes to tissue injury and injury predisposes to infection (78). It is therefore crucial to acknowledge that our study has specific limitations associated with the patient populations under investigation. Even if our patient sample size compares favorably with previous publications in the field (25, 79, 80), its modest number warrants further confirmation in larger, at best multicentric, cohorts of both trauma and sepsis patients.

While our study provides a promising proof of concept, further research is needed to validate these findings in larger patient cohorts and across different healthcare settings. The use of additional patient samples and validation studies will be crucial to establishing the utility and reliability of the identified biomarker panel. The aspect of gene polymorphism in patients reflects upon the response to infection, e.g interferon γ (81), making diagnostic and therapeutic considerations even more complex, though this has not been an aim of the present study.

It is worth noting that the trauma cohort included in our study consisted only of patients requiring mechanical ventilation for at least 18 hours (L21). This inclusion criterion may introduce a level of selection bias, as it focuses on a subset of trauma patients with more severe respiratory compromise. Therefore, the generalizability of our findings to the broader trauma patient population may be limited.

Also all septic patients in our study suffered from septic shock (L40,41), representing a more severe form of sepsis. While this selection facilitates the identification of septic patients, including those with a more critical condition, it may limit the extrapolation of our results to less severe septic cases. The biomarkers and mechanisms identified in patients with septic shock might differ from those in patients with milder forms of sepsis.

Moreover, it is essential to note that our primary focus was on identifying biomarkers in trauma patients who developed sepsis. The mechanisms and biomarkers associated with sepsis development following trauma may differ from those in patients who develop sepsis due to other underlying diseases, as described elsewhere in this manuscript. This distinction is crucial, as the heterogeneity of sepsis etiology could impact the generalizability of our findings to diverse septic patient populations.

Despite these specific patient population considerations, our study offers a valuable approach to distinguish trauma patients who develop sepsis from those who do not. The identified biomarkers show promise in aiding the early detection of infection in trauma patients. However, further research, including validation studies in larger and more diverse patient cohorts, is warranted to confirm the clinical utility and generalizability of the identified biomarker panel.






Conclusion

In conclusion, our proof-of-concept study highlights the potential of employing a biomarker panel for early differentiation of severely ill sepsis patients from those with trauma-induced sterile inflammation. By utilizing advanced technologies and exploring the inflammatory response in these patients, we identified specific proteins with diagnostic relevance. Implementing such a biomarker panel in clinical practice could significantly improve the early detection and management of infection in trauma patients, leading to better patient outcomes.
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Introduction

Early diagnosis of sepsis and discrimination from SIRS is crucial for clinicians to provide appropriate care, management and treatment to critically ill patients. We describe identification of mRNA biomarkers from peripheral blood leukocytes, able to identify severe, systemic inflammation (irrespective of origin) and differentiate Sepsis from SIRS, in adult patients within a multi-center clinical study.





Methods

Participants were recruited in Intensive Care Units (ICUs) from multiple UK hospitals, including fifty-nine patients with abdominal sepsis, eighty-four patients with pulmonary sepsis, forty-two SIRS patients with Out-of-Hospital Cardiac Arrest (OOHCA), sampled at four time points, in addition to thirty healthy control donors. Multiple clinical parameters were measured, including SOFA score, with many differences observed between SIRS and sepsis groups. Differential gene expression analyses were performed using microarray hybridization and data analyzed using a combination of parametric and non-parametric statistical tools.





Results

Nineteen high-performance, differentially expressed mRNA biomarkers were identified between control and combined SIRS/Sepsis groups (FC>20.0, p<0.05), termed ‘indicators of inflammation’ (I°I), including CD177, FAM20A and OLAH. Best-performing minimal signatures e.g. FAM20A/OLAH showed good accuracy for determination of severe, systemic inflammation (AUC>0.99). Twenty entities, termed ‘SIRS or Sepsis’ (S°S) biomarkers, were differentially expressed between sepsis and SIRS (FC>2·0, p-value<0.05). 





Discussion

The best performing signature for discriminating sepsis from SIRS was CMTM5/CETP/PLA2G7/MIA/MPP3 (AUC=0.9758). The I°I and S°S signatures performed variably in other independent gene expression datasets, this may be due to technical variation in the study/assay platform.





Keywords: sepsis, biomarker, SIRS, diagnostic, severe inflammation, mRNA signature




1 Introduction

Sepsis is a major contributor to avoidable deaths worldwide and is considered one of the most common causes of hospital admission and inpatient deterioration (1). In 2017, eleven million sepsis related deaths were estimated globally, equivalent to one in every five deaths being sepsis associated (2). In the UK, at least 200,000 episodes of sepsis are now predicted annually with around 48,000 associated deaths at an estimated cost of £1·5-2 billion each year to the NHS and £11 billion to the wider economy (1). A key challenge in diagnosis and management of sepsis is early recognition (3). Additional complications of diagnosing sepsis are distinguishing between this and patients with Systemic Inflammatory Response Syndrome of non-infectious origin (SIRS) e.g., trauma, surgery, thrombosis, ‘out of hospital cardiac arrest’ (OOHCA) etc., as many of its clinical signs and symptoms are highly similar (3–5). Current diagnostic methods struggle to differentiate between sepsis and other conditions, exacerbated by the difficulties of obtaining microbiological culture results from localized acute infections (6).

The current definition of sepsis describes the condition as a ‘dysregulated host response to infection leading to organ dysfunction; where an inappropriate inflammatory response causes significant damage to itself in an attempt to resolve infection’, with the addition of organ dysfunction being the latest update to clinical definition (4). Since the trajectory of the systemic immuno-inflammatory response in sepsis can alternate between hyper-activity and immunosuppression, any uncorrected, escalating deviation from homeostasis in either direction can result in a high risk of secondary infections, multi-organ failure and death (7–9). Hyper-activation and suppression of the immune system are both anticipated to be occurring at the same time, therefore, understanding the underlying pathology and providing effective diagnosis and treatment regimens remains a significant challenge (10).

Whole blood transcriptomics have been used to facilitate understanding of this diverse sepsis immune response and to identify potential targets for diagnosis and treatment (11–13). Many of these studies used total RNA isolated from PBLs, and high throughput quantification of gene expression levels. These methods have been successfully used in other diseases e.g., cancer, trauma, infections etc. to identify clinically relevant subgroups with potentially distinct treatment responses (12–14). These studies show promise, as panels of biologically relevant biomarkers which can reliably, accurately, and quickly distinguish sepsis from other conditions have been identified, particularly non-infection induced SIRS and further categorize sepsis based on the source of the infection, abdominal (ABDM), pulmonary (PLMN) etc. Numerous sepsis diagnostic signatures have now been published including Septicyte Lab, Sepsis Meta Score/InSep (Inflammatix) (13, 15–23). The performance of these signatures has been evaluated and shown to be reasonable but inconsistent between studies (17, 24). Researchers are still seeking a combination of biomarkers which must be highly specific and sensitive and detectable using minimally invasive sampling procedures.

We have developed a bioinformatics framework for meta-analysis of previously published datasets and identified key hub and/or associated biomarkers, which show potential for diagnostic use in identification of severe inflammation and discrimination of SIRS from Sepsis (25). Here we describe a prospective clinical validation study to further characterize these biomarker signatures for (i) severe inflammation termed ‘Indicators of Inflammation’ ((I°I) upregulated in both SIRS and sepsis compared to controls) and (ii) ‘SIRS or Sepsis’ ((S°S) differentially upregulated in either SIRS or sepsis), in a cohort of newly recruited patients with ABDM or PLMN sepsis and a SIRS group consisting of patients admitted following OOHCA, in comparison to healthy controls.




2 Materials and methods



2.1 Study design

We performed a prospective, observational study, where eligible patients were consecutively recruited. Given the observational nature of our study, patients were treated according to local best practice guidelines in the respective ICUs.




2.2 Ethical approval

The Analysis of geNe Expression and bioMarkers fOr poiNt-of-care dEcision support in Sepsis (ANEMONES) study was approved by the South Wales Research Ethics Committee Panel D; Ref: 12/WA/0303 and retrospectively registered at ISRCTN99754654. Participants, or if incapacitated, their relatives or their professional legal representatives provided written informed consent.




2.3 Patient recruitment, blood sampling and processing

Consecutive patients meeting specified criteria of severe sepsis due to infection in the pulmonary (PLMN) or abdominal (ABDM) systems - together termed as sepsis, or severe inflammation causing organ dysfunction with no clinical suspicion of infection following OOHCA – termed as SIRS, were recruited from four UK hospitals (Royal Glamorgan Hospital, Prince Charles Hospital, Bristol Royal Infirmary and University Hospitals Birmingham) between 2013 and 2015. Healthy control blood samples were collected from volunteers once at the Day1 timepoint only, at The UK Health Security Agency (UKHSA), Porton Down (n=30). Detailed inclusion and exclusion criteria for all groups is provided in the Supplementary Material File S1. We intended to recruit 160 patients with severe sepsis and septic shock as defined by the 2001 Sepsis 2.0 definition and 40 patients with SIRS and organ failure not related to infection. Detailed inclusion and exclusion criteria are provided in the Supplement. No published data existed at the time of study inception to justify a formal power calculation; the sample size was based on a compromise between desirability and achievability. Due to our strict inclusion criteria, all sepsis patients met the updated Sepsis 3.0 criteria, published following the completion of our recruitment in 2016 (3).

Blood samples were collected from sepsis and SIRS patients at Day1, Day2 and Day5 of admittance to an intensive care unit (ICU) and on discharge. Some timepoints were not collected due to patient death, patients leaving ICU or events beyond our control. Healthy control blood samples were collected from volunteers once at the Day1 timepoint only. On collection, 5ml of whole heparinized blood was mixed with Erythrocyte Lysis (EL) Buffer (QIAGEN) followed by incubation for 10-15 minutes at room temperature. Peripheral blood leukocytes (PBLs) were recovered from erythrocyte lysed blood by centrifugation at 400 x g for 10 minutes at 4˚C and resuspended in a further 2ml of EL buffer. PBLs were recovered again by centrifugation at 400 x g for 10 minutes at 4˚C and stored at -80°C prior to ongoing analysis.




2.4 Statistical analysis of clinical parameters

Clinical parameters including laboratory values etc. were assessed for normality across the sample groups prior to ongoing statistical analyses using GraphPad Prism 9·0 (GPP9). (Supplementary Information file (SIf) S1, Supplementary Table S1·4). As variables showed a predominantly non-normal distribution, all statistical analyses were conducted using Mann-Whitney U tests using GPP9 (Supplementary Information file (SIf) S1, Supplementary Tables S1·5 to S1·8; Supplementary Table S1·5 (SIRS vs sepsis (PLMN and ABDM combined)), Supplementary Table S1·6 (SIRS vs ABDM) Supplementary Table S1·7 (SIRS vs PLMN), Supplementary Table S1·8 (PLMN vs ABDM) and summarized in Supplementary Table S1·9). Graphical outputs were depicted using median boxplot, correlation coefficient maps and other functions in GPP9 and Sigmaplot 12·0 (SP12·0).




2.5 mRNA purification and microarray hybridisation

RNA was prepared from patient PBLs using a semi-automated process using the Maxwell® 16 platform and the Maxwell® 16 LEV simplyRNA Blood Kit. Concentration and purity (A280/260 ratio ≥ 1·8) were assessed by spectrophotometry using a Nanodrop ND-1000 Spectrophotometer (Thermo Scientific). mRNA purified from PBLs was labeled with Cy3 using the Agilent QuickAmp one color labeling kit and then hybridized to Human SurePrint G3 Human Gene Expression v2 8x60K Microarrays according to the manufacturer’s instructions. After hybridization and wash steps, the slides were scanned using an Agilent Surescan Dx G5761AA Microarray Scanner using default settings. All annotations, normalized and raw data are deposited in GEO under accession number GSE236713 at the National Center for Biotechnology Information (NCBI), National Library of Medicine, National Institutes of Health (NIH), United States of America.




2.6 Preparation of microarray data

Raw numeric values were exported from the Agilent Surescan Dx G5761AA Microarray Scanner and uploaded into GeneSpring 14·9 (GX14.9) bioinformatics software for processing. All imported, raw data were normalized to the 75th percentile and baseline transformed using the global median prior to further analysis. These were sorted into disease relevant groups i.e., healthy controls (CNTRL), SIRS, ABDM and PLMN sepsis and further stratified by day of sample i.e., Day1 2, 5 and discharge, clinical outcome i.e., did not survive (DNS)/survived (S). Normalized data were further analyzed using combinations of these group categorizations using GX14·9, receiver operating characteristics (ROC) curve analysis and random forest (RF) modeling scripts run in either in ‘R’, SigmaPlot 14·9 or GraphPad Prism 9·0 and artificial neural networks (ANN).




2.7 Statistical analyses: GeneSpring™ 14·9

Normalized data were further analyzed using various statistical packages and other functions in GX14·9. Data were assessed for quality (50739 total entities) and were then filtered by expression (between values -7·0 to 7·0) to remove outliers (50728 remaining entities, six predominantly X and Y-chromosome linked genes were removed DDX3Y, PSPHP1, XIST, RPS4Y1, RPS4Y2 and BTNL8). Statistically significant features were identified using either one-way ANOVA, Principal Component Analysis (PCA) or T-test analyses, using the Benjamin-Hochberg False Discovery Rate (BH-FDR) multiple testing correction at a cut-off of p <0.05. Fold change cut-off analyses were conducted using a default cut-off setting of >2.0. Data were further processed and depicted graphically using Euclidian hierarchical cluster analysis, heatmaps and other GX14.9 functions using default settings.




2.8 Statistical analyses: artificial neural networks

Normalized data were also analyzed using a stepwise Artificial Neural Network (ANN) approach incorporating Monte Carlo cross validation and a supervised learning approach, applied to a three-layer multilayer perception architecture. This was used to identify an optimized gene signature panel comprising orthogonal genes from a previously established gene biomarker set for sepsis. The stepwise ANN model comprised of 3-layer architecture and backpropagation learning with embedded exhaustive search strategy and cross-validation procedure. The approach was repeated five to ten times in stepwise additions, to assess the stability of the identified gene set given the number of cases provided. This was achieved using a stochastics data selection approach incorporating Monte Carlo cross-validation. The ANN modeling undertaken used a supervised learning approach applied to three-layered multi-layer perception architecture. The initial weight matrix was randomized with a standard deviation of 0.1 to reduce the risk of over-fitting the data. The ANN architecture was initially constrained to two hidden nodes in the hidden layer also for this reason. Hidden nodes and the output node incorporated a sigmoidal transfer function. During training weights were updated by a feedforward backpropagation algorithm (26). Learning rate and momentum were set at 0.1 and 0.5, respectively. The output node was coded as 0 if the patient showed no evidence of sepsis and 1.0 if sepsis was evident. Similar assessments were performed for patients with SIRS.

Prior to ANN training, the data was randomly divided into three subsets; 60% for training, 20% for testing (to assess model performance during the training process) and 20% for Monte Carlo cross-validation (to independently test the model on data completely blind to the model). This process of random sample cross-validation also contributed to the reduction of over-fitting to the data and assess how well the model would perform on a blind data set. The normalized intensity of each gene was used an individual input in the ANN model, creating n individual models, where n was the number of genes in the provided panel. These n models were then split into three subsets (as described above) and trained. This random resampling and training process was repeated 50 times to generate predictions and associated error values for each sample with respect to the validation (blind) data. Imputes were ranked in ascending order based on predictive error and the gene that performed with the lowest error was selected for further training. Next, each of the remaining genes were sequentially added to the previous best gene, and were used in combination in a model, creating n-1 models each containing two gene inputs. Training was repeated and performance evaluated. The model with the highest modeling performance was again selected and the process repeated creating n-2 models each containing three inputs. This resulted in a final model containing the expression signature that most accurately classified the patients according to severe inflammation, SIRS or sepsis or other investigative interrogations.




2.9 Random forest modeling and biomarker selection

Random forest (RF) modeling (27) was performed using the ‘RandomForest’ package in 'R' programming to identify biomarkers of most importance from both I°I and S°S biomarker panels and identify best candidates for use in diagnostic signatures. Classification models were performed on each of the I°I biomarkers and S°S biomarkers panels using normalized Day1 data randomly split (75% training cohort and 25% testing cohort). For biomarker selection, variables were ranked on decrease in accuracy and Gini scores. The Gini score indicated how often a random sample from the test set would be incorrectly categorized as having good or poor prognosis if the samples were randomly distributed (27–29).




2.10 Receiver operating characteristic curve analyses

Receiver operating characteristic curve (ROC) analyses were performed on biomarkers identified as most important individually using the ‘ROCR’ package in 'R', the ROC analysis tools in SigmaPlot 12.0 or GraphPad Prism 9.0. Selected biomarkers were then combined additively into diagnostic signatures to produce a composite panel score on which ROC analysis was performed to identify best performing combinations. Best performing signatures were identified based not only on their Area under the ROC (AUC) value and 90% CI as a measure of accuracy but on their Positive and Negative predictive values (PPV/NPV) at various cut-offs. Best cut-off values were predicted by measuring the optimal accuracy of the curve, from which sensitivity and specificity values were calculated.




2.11 Evaluation of biomarker signatures using other previously published datasets

Four candidate S°S signatures and two candidate I°I signatures were evaluated on previously published (microarray, PCR, RNAseq) Sepsis datasets from Herwanto et al. (30) (GSE154918), Martinez-Paz et al. (31) (GSE131761), Tang et al. (32)(GSE9960), Sutherland et al. (33) (GSE28750), Scicluna et al. (22), (GSE65682). These datasets were selected under the following criteria: i) adult patients (as opposed to pediatric), ii) data availability for all biomarkers of interest, iii) must contain appropriate groups e.g., control, SIRS, Sepsis. A COVID-19 dataset containing a bacterial infection sample group from McClain et al (34) GSE161731 was also included for evaluation of I°I biomarkers to determine if these biomarkers were specific to severe systemic inflammation and/or sepsis. Processed data was extracted for all biomarkers of interest and ROC analysis performed on composite panel scores generated from these data as previously described.





3 Results



3.1 Clinical study overview

Fifty-nine patients with ABDM, eighty-four patients with PLMN and forty-two patients with SIRS (OOHCA) were recruited over the study period. Thirty healthy volunteers were also enrolled as controls (CNTRL) (Figure 1 - study overview). Patients were excluded from the analysis if insufficient patient information was available at the time of laboratory arrival, or if no samples were collected across timepoints. Demographic, clinical-scoring assessment, and immune cellular information are summarized in Table 1 with detailed information including inclusion and exclusion criteria, cellular, microbiological and short-term prognosis information in Supplementary Information file (SIf) S1, Supplementary Table 1.1 to Supplementary Table 1.3; Supplementary Table 1.1 (SIRS), Supplementary Table 1.2 (Sepsis; PLMN and ABDM), Supplementary Table 1.3 (CNTRL). No clinical, cellular or microbiological information was collected for the CNTRL group, with samples collected for the Day1 timepoint only. The ABDM, PLMN and SIRS groups were well matched for age, however the CNTRL group was almost 20 years younger (Table 1). There was a sex bias in the CNTRL and SIRS groups; 70% female in the CNTRL group and 81% male in the SIRS group.




Figure 1 | Schematic overview of clinical study, recruitment, sample collection and processing, microarray hybridization and data analysis.




Table 1 | Demographic and group information for clinical study samples for Sex (Male/Female), age, sex unknown and survival (%) APACHE score (Day1 only) and SOFA score Days 1,2, 5 and discharge.






3.2 Clinical and hematological parameter statistical analyses

Temporal differences were observed between disease groups i.e. SIRS and ABDM or PLMN sepsis (Table 1) and also when stratified further for patients who survived (S), or did not survive (DNS)) for several clinical parameters (Figure 2 and Supplementary Information 1, Supplementary Table 1.11 and Supplementary Table 1.12). APACHE II scores were calculated on Day1 only and did not show significant variation between the groups. SOFA scores were elevated across all SIRS and sepsis groups on Day 1 indicating multiorgan failure but did not vary significantly between them. SOFA scores and CRP values fell over the trajectory time course of the study in all groups but remained well above normal levels (CRP; > 1.0-2.0 μg/ml (35, 36)), even at the discharge timepoints. White blood cell (WBC) and neutrophil counts were similar across the SIRS and sepsis disease groups at Day1, but significantly higher in the sepsis groups than the SIRS group at Day2. Lymphocyte counts were significantly lower in both the sepsis groups compared with the SIRS group at Day1 only and with the ABDM sepsis group only at Day5. Basophil counts were significantly different between the SIRS and ABDM groups at Day1 only, although generally the counts were low across all groups and timepoints. Free platelet counts showed no significant differences between any disease groups at any timepoint. CRP concentrations were in the pathological range in all groups, but significantly higher in the sepsis groups compared with the SIRS group on Day1. CRP appeared to be a good classifier for Sepsis (compared with SIRS) at this and the Day2 time points. However, at the Day5 and discharge time points, CRP levels were higher in SIRS compared with Sepsis patients and highest at the Discharge timepoint, although these were not statistically significant. When patient groups were stratified for survival i.e. S vs DNS (Figure 2) small differences were seen for the SIRS and sepsis S and DNS groups, some of which approached significance/were significant (highlighted in bold); SIRS Day1 [lymphocytes (p = 0.0931), CRP (p = 0.1286)], Day2 (white blood cells (p = 0.0885), neutrophils (p = 0.1206) and basophils (p = 0.033) and Day5 (white blood cells (p = 0.0599), neutrophils (p = 0.0879) and lymphocytes (p = 0.1803). There was an observed 2.76-fold difference in CRP in the SIRS DNS group at the discharge time-point, but this was not statistically significant (due to low group replicates). Differences were seen for the ABDM sepsis group at Day1 [lymphocytes (p = 0.034), basophils (p = 0.1373) and platelets (p = 0.1297)], Day2 [lymphocytes (p = 0.0113), basophils (p = 0.1492)] and discharge timepoints [lymphocytes (p = 0.0323). Small differences were seen for the PLMN sepsis group at the Day5 [CRP (p = 0.0926)] and Discharge timepoints [basophils (p = 0.1516)] only. This reflected slight difference in basophil counts in the PLMN survivors’ group at this latter timepoint.




Figure 2 | Radar plot of white blood cell, neutrophil, lymphocyte, basophil, free platelet and CRP counts at Days1, 2, 5 and discharge. PLMN DNS , PLMN S , SIRS DNS , SIRS S , ABDM DNS , ABDM S .






3.3 Microarray data analysis



3.3.1 ANOVA analysis

Analysis of variance (ANOVA) was performed to identify statistically significant, differentially regulated features across disease states with respect to baseline controls on filtered data, applying the Benjamini Hochberg (BH-FDR) multiple testing correction and selecting a cut-off of p ≤ 0.05) across the CNTRL, SIRS, ABDM and PLMN sepsis groups (all time points data included). A large number of statistically-significant biomarkers were identified, 46227 entities remaining after ANOVA, representing 91.13% of all filtered features on the array [data ranked from lowest to highest p-value (Supplementary Information 2, Supplementary Table 2.1)]. Top and bottom ranked 100 hits for each disease group are given in Supplementary Information 2, Supplementary Table 2.2. Further fold-change analyses were conducted across all entities and days using default settings (FC > 2.0 (Supplementary Information 2, Supplementary Table 2.3) on all identified features remaining from ANOVA.

Differential expression of many entities was observed between groups and temporally across timepoints. Top ranked hits included FAM20A, PPARG, ADM and ARG1, many of which are commonly expressed in both SIRS and sepsis disease groups relative to controls and are non-specific. Although there are many common entities shared between the SIRS and sepsis groups, there are also other clear relative expression differences. Gene entities exhibiting stronger expression in the SIRS-ranked dataset included CFC1, CT62, lnc-DAAM2-1 and lnc-LTBP3-2 and in the sepsis-ranked dataset included TDRD9, DAAM2, OLFM4 and OLAH. Previously identified hub markers TDRD9, CD177 and SLC16A3 (25) were represented in the top twenty-five ranked hits and KLRK1, GPR84, PCOLCE2 in the top three hundred. The remaining hub markers MYL9 and FGF13 ranked somewhat lower in the top four thousand and may be components of other, more distinct, disease-specific responses. Other previously identified genes, which also featured highly significantly in this dataset, included ARG1, METTL7B, and RETN. These may represent components of a non-specific severe inflammatory response from commonly represented cell types, probably a generalized ‘emergency-response’ module. Data were stratified according to disease group, timepoint and survival [(S)/(DNS)] and cluster analysis conducted for these select biomarkers (Supplementary Information 3, Supplementary Figure 3.1). Many of the inflammatory biomarkers highlighted above were found to be temporally expressed over the time course of the study.




3.3.2 Principal component analysis (PCA) and identification of biomarkers of severe inflammation for primary admission assessment

To identify significantly differentially expressed, entities at an early ICU admission timepoint, PCA was performed comparing CNTRL vs SIRS and Sepsis combined [(Combined) Figure 3A and Supplementary Information 2, Supplementary Table 2.4]. Fold-change expression values (>2.0 and adjusted p-value p < 0.001) were then conducted across combined timepoints (Supplementary Information 2, Supplementary Table 2.5) and the Day1 timepoint only (Supplementary Information 2, Supplementary Table 2.6) to identify those with the most likely discriminatory power for use in a diagnostic and primary contact setting. CD177, ARG1, FAM20A, PCOLCE2, SLC51A, MMP9, were identified as most significantly upregulated in both SIRS and Sepsis on Day1, compared with healthy controls, with CD177 and ARG1 consistently higher for both SIRS and Sepsis at this and across all timepoints to discharge. DAAM2 and OLAH were significantly upregulated in both SIRS (FC>8) and sepsis (FC>20) compared to controls, but approximately 3-fold higher in sepsis, than SIRS. This suggests that although the majority of these biomarkers are differentially regulated in both conditions, there are subtle differences. Biomarkers were selected for further progression using a combination of factors including P-cov, p-value and positive fold-change compared with healthy controls (Figure 3B) and empirical quality assessment (Table 2) These were named Indicators of Inflammation (I°I) which in combination show clear, improved resolution of healthy controls and combined SIRS/sepsis disease groups (Figure 3C and depicted in heatmap format in Figure 3D).




Figure 3 | (A) PCA analysis of CNTRL  versus combined SIRS&Sepsis biomarker groups  (each symbol depicting an individual within each group) (B) volcano plot of log10 p-value vs log fold-change of all gene entities, using a 2-fold change cutoff and with select I°I genes highlighted (C) PCA analysis of CNTRL  versus combined SIRS&Sepsis biomarker groups  (each symbol depicting an individual within each group) using select I°I genes only (from Table 2) (D) heat map of select I°I biomarkers from Table 2 across all control, SIRS, ABDM and PLMN sepsis groups stratified by day and prognosis (died/survived).




Table 2 | IoI single biomarker gene analyses, ranked by AUC value derived ROC analysis at the Day1 timepoint with p-value <0.0001 and cut-offs selected to obtain optimal sensitivity and specificity and positive and negative predictive values (PPV/NPVs).






3.3.3 T-Test analysis; delineation of biomarkers of clinical outcome/prognosis

Patients who died or survived (sepsis and SIRS combined) were compared with T-tests. This confirmed prominence of ARG1 and another immunosuppressive cytokine IL10 with a poor prognosis/outcome (Supplementary Information 2, Supplementary Table 2.7 – upregulated in patients who died), among others. Biomarkers associated with a good prognosis were also identified (Supplementary Information 2, Supplementary Table 2.8 – upregulated in patients who survived) e.g., CCR9, CD27, LTK and LTB (TNFβ), among others. This suggests correlation of certain biomarkers associated with a more immunosuppressive phenotype (i.e., IL10) with poor outcomes and other more pro-inflammatory immune response biomarkers (i.e., TNFβ) with good outcomes. Other biomarkers also correlate with outcome/prognosis e.g., CD177, FGF13, GRB10 and PPARG (Supplementary Information 3, Figure S3.2) in both SIRS and sepsis.




3.3.4 Primary identification of disease-specific response genes

To identify genes which may discriminate between SIRS and sepsis, normalized data stratified on disease group were compared using T-tests (T-test volcano plot depicted in Figure 4A). Many entities were found which discriminated between SIRS (Supplementary Information 2, Supplementary Table 2.9 (upregulated in SIRS)) and sepsis (Supplementary Information 2, Supplementary Table 2.10 (upregulated in Sepsis)). SIRS and sepsis-specific biomarkers were found to distinguish between SIRS and both ABDM and PLMN sepsis sub-types. Biomarkers were also selected for further progression using a combination of factors including Pcov, p-value, fold change and empirical quality assessment (Table 3). These were termed SIRS or Sepsis indicators (S°S), showed varying patterns of expression between SIRS and sepsis groups (Figure 4B) and dysregulated, temporal patterns of expression across the time-course of the study.




Figure 4 | (A) Volcano plot of T-Test results from analysis of SIRS versus Sepsis biomarker groups (B) heat map of select S°S biomarkers from Table 3 across all control, SIRS, ABDM and PLMN sepsis groups stratified by day and prognosis (died/survived).




Table 3 | SIRS or sepsis (SoS) single biomarker gene analyses, ranked by AUC value derived ROC analysis at the Day1 timepoint with p-value <0.0001 and cut-offs selected to obtain optimal sensitivity and specificity and positive and negative predictive values (PPV/NPVs).



Expression of the SIRS-associated biomarkers appeared broadly unchanging in the SIRS group and did not correlate with time or prognosis (sub-cluster (a)). However, these markers correlated well with a prognosis/recovery in the sepsis groups, particularly ARHGEF10L and PLA2G7. Expression of sepsis-associated biomarkers in subclusters (b) and (c) were relatively high across the sepsis group timepoints, with some variation, but again did not correlate with prognosis. These sepsis-associated biomarker gene lists are particularly enriched for platelet and megakaryocyte-associated entities e.g., ITGA2B, ITGB3, GP6, MPIG6B, MYL9, PF4, PPBP and SELP etc. Increased expression of some of these was observed in the SIRS group at Day5 e.g., ITGA2B, which may indicate development of sepsis-like characteristics, perhaps indicative of emerging infection. Expression was reduced at the discharge time-point in the SIRS survivor group.




3.3.5 Validation of disease-specific response genes using ANN analysis

A stepwise artificial neural network modeling analysis (ANN) was used to predict the best discriminatory genes between the SIRS and sepsis groups using select candidate biomarker genes from the ANOVA analysis. ANN confirmed importance of the SIRS/sepsis discriminatory biomarkers, including ARHGEF10L, PLA2G7, PLXNB3, MPP3 and CETP for discriminating SIRS from ABDM (Supplementary Information 2-Supplementary Table 2.11) and PLMN sepsis (Supplementary Information 2-Supplementary Table 2.12). Similar analyses using Day1 samples only confirmed ARHGEF10L, PLA2G7, PLXNB3 and CETP but not MPP3 to be discriminatory at this crucial early/first contact timepoint for ABDM (Supplementary Information 2-Table S2.13) and PLMN sepsis (Supplementary Information 2-Supplementary Table 2.14). CD38 and NID2 were the primary markers found to discriminate PLMN from ABDM (Supplementary Information 2-Supplementary Table 2.15). Other secondary discriminatory biomarkers included those previously noted e.g., ITGA2B and also GPR124, SPOCD1, MMRN1, SAMD14, GPR124, and SELP, where expression is somewhat higher in the ABDM with regard to the PLMN group, particularly in the non-survivor group, at Day1 (Supplementary Information 4, Supplementary Figure 4.1).




3.3.6 Selection of biomarker signatures using random forest modeling

Nineteen I°I biomarkers upregulated in both SIRS and Sepsis and twenty S°S biomarkers differentially regulated between SIRS and Sepsis were selected for further study. Performance of individual I°I and S°S biomarkers at the Day1 admission timepoint were assessed by ROC analysis (Tables 2, 3). The I°I biomarkers showed outstanding performance, with many achieving excellent AUC values: >0.99 90% CI 0.9104-0.9988 Table 2 and Figure 5A. Using Day1 admission timepoints only, Random Forest modeling generated an out of bag (OOB) estimate of error rate of 0% for the I°I biomarkers, (Figure 5B), predicting 100% accuracy in classification of samples and ranking ADM, FAM20A, ITGA7, MMP9 and CD177 as most important, by both Mean Decrease Accuracy and Gini scores (Figure 5C). To identify the most significant inflammatory biomarkers upregulated throughout the duration of ICU stay, Random Forest modeling was performed on all timepoints with an OOB estimate of error rate of 0.88% predicted on the training set. ITGA7, ADM, FAM20A, TDRD9, MMP9, CD177, IL10 were all consistently ranked of highest importance. Classification of data split into three separate groups: Controls, SIRS and Sepsis achieved an OOB estimate of error rate of 17.99% across all days, revealing three biomarkers of most importance by feature selection i.e., FAM20A, OLAH and DAAM2.




Figure 5 | Selection of I°I signatures (A) Dot plot depiction of individual inflammatory biomarker candidates, including data from multiple biomarker probes where present. CNTRLs , SIRS , Sepsis  (B) Random forest classification of validation data into controls and inflammation groups with ‘mtry’ of 31, ‘ntree’ of 2001 (C) Visualization of random forest models features of importance ranked by mean decrease accuracy and mean decrease Gini score (D) I°I candidate panel: ADM+CD177+FAM20A+ITGA7+MMP9+OLAH (E) I°I candidate panel: ADM+FAM20A+ OLAH+ITGA7+MPP9 (F) I°I candidate panel: ADM+OLAH+ FAM20A (G) I°I candidate panel: OLAH+FAM20A (H) I°I candidate panel: ADM+FAM20A+ OLAH+ITGA7+MMP9 across all time-points (I) ROC curves of ADM+FAM20A+OLAH ITGA7+MMP9 and OLAH+FAM20A comparing CNTRL vs SIRS/sepsis across day 1, day 2, day 5 and discharge time points (J) I°I candidate panel: OLAH+FAM20A across all timepoints.



Candidate S°S biomarkers also performed well with good AUC values (>0.84 90% CI 0.6756-0.9069) Table 3 and Figure 6A). Reflecting the likely clinical diagnostic requirement for differentiation of Sepsis from SIRS, biomarker signatures were sought that could identify both ABDM and PLMN sepsis and which could discriminate those from the SIRS group with a high degree of accuracy at Day1 of ICU admission. Random Forest modeling was again performed using Day1 timepoint data only, initially using a large selection of entities and repeatedly run with the least important entities removed iteratively from each model run. A final model with a filtered selection of 10 entities (PLA2G7, ARHGEF10L, CMTM5, ITGB3, CETP, MIA, PLXNB3, MPP3, GPR124, PF4) achieved an OOB error rate of 7.38% (Figures 6B, C) and ranked CETP, MIA, PLA2G7, CMTM5 and MPP3 of greatest importance by Mean decrease Accuracy and Gini score. Biomarkers of most importance varied with each repeated model and between SIRS and ABDM or PLMN sepsis, suggesting subtle differences between groups.




Figure 6 | Selection of S°S signatures (A) Dot pot depiction of individual SIRS/sepsis discriminatory biomarker candidates, with multiple versions of probes for some biomarkers. SIRS , ABDM , PLMN . (B) Random forest classification of validation data into SIRS and Sepsis ‘mtry’ of 11, ‘ntree’ of 2001 (C) Visualization of random forest models features of importance ranked by mean decrease accuracy and mean decrease Gini score (D) S°S candidate panel: CETP+CMTM5+MIA-MPP3-PLA2G7 (E) ROC curves of CETP+CMTM5+MIA-MPP3-PLA2G7 for SIRS vs Sepsis, SIRS vs Abdominal sepsis and SIRS vs Pulmonary sepsis comparisons.







3.4 Selection of I°I biomarker panels using simple algorithms and performance assessment via ROC analysis

Various combinations of I°I biomarkers were assessed manually as simple additive algorithms, calculated using composite panel scores to determine which combination best discriminated disease and control groups. Using ROC analysis, many I°I biomarker combinations were able to achieve an AUC value of 1.0 at Day1 of admission e.g. (a) ADM+CD177+FAM20A+ITGA7+MMP9+OLAH (b) ADM+FAM20A+OLAH+ITGA7+MPP9 (c) ADM+ OLAH+FAM20A (d) OLAH+FAM20A. These results were also obtained using data stratified into S or DNS SIRS and Sepsis groups (Figures 5D-G). Further analysis and alternate combinations are available in Supplementary Information 5, Supplementary Table 5.1). Significant differences between S and DNS were observed between SIRS and ABDM but not PLMN sepsis for small signatures: FAM20A+OLAH, ADM+FAM20A+OLAH (p <0.05). No significant differences were seen when using the large I°I panel ADM+CD177+FAM20A+ITGA7+MPP9+OLAH. Although, all signatures depicted achieved an AUC of 1.0, variation in separation between controls and SIRS/sepsis groups and cut-offs is visible within the panels with the largest combination of biomarkers i.e. (D) ADM+CD177+FAM20A+ITGA7+MPP9+OLAH showing smallest differences between control and disease groups. With CD177 removed (E), the panel appears to show best performance with greatest separation between groups, although the smaller panels of FAM20A+OLAH perform almost as well. Both combinations distinguished inflammation from controls with an AUC >0.99 across all days, including discharge (Figures 5H-J) and showed good separation between controls and all Sepsis and SIRS groups. A cut-off value of -14.0 was selected for panel ADM+FAM20A+ITGA7+MPP9+OLAH for discrimination of SIRS and sepsis groups from controls (Figure 5H), which provides a positive predictive value (PPV) and negative predictive value (NPV) each of 100%. This cut-off could be placed anywhere between -12.0 and -15.5 for this data and show 100% accuracy in classification of the disease from control groups (Figure 7A).




Figure 7 | Summary of best performing signatures and cut-off values to maximize discriminatory performance of (A) the I°I signature; CNTRL , SIRS , SEPSIS  (B) the S°S Signature; SIRS , PLMN SEPSIS , ABDM SEPSIS .






3.5 Selection of S°S biomarker panels using simple algorithms and performance assessment via ROC analysis

Simple additive algorithms were also composed manually for the S°S signature biomarker combinations (added or subtracted dependent on upregulation or downregulation in sepsis), to calculate a composite panel score from which diagnostic accuracy of the combined biomarker signatures could be assessed using ROC analysis. Best performing signatures were selected based on their PPVs and NPVs, with the aim of selecting combinations and corresponding cut-off values to detect sepsis with high performance i.e. PPV of >95% or to rule out Sepsis with a NPV >98% (35), based on those described for disease with similar prevalence (36). Many combinations of biomarkers showed excellent discrimination of Sepsis from SIRS (Supplementary Information 5, Supplementary Table 5.2). A 5-biomarker signature of the top-ranking Random Forest predicted biomarkers: CETP+CMTM5+MIA-MPP3-PLA2G7 showed the best discriminatory performance for SIRS and Sepsis combined with an AUC of 0.9758 (90% CI: 0.9582-0.9933) and individually for ABDM and PLMN with AUCs of 0.9842 (90% CI: 0.9864-1.00) and 0.9698 (90% CI: 0.9468-0.9928), as shown in Table 4 and Figures 6D, E. Two cut-offs were selected to optimize diagnosis with a ‘ruling-out’ sepsis cut-off of -4.3770, which provided a PPV of 96.95% and a NPV of 89.74%, equivalent to three false positive patients and five false negatives, out of 164 total Day1 samples (Figure 7B). A second cut-off was selected at -6.980 which generated a PPV of 90.27% and NPV of 96.15% which predict patients at high risk of having sepsis.


Table 4 | ROC analysis results SoS signature: CETP+CMTM5+MIA-MPP3-PLA2G7 comparing SIRS and Sepsis, then SIRS and abdominal and pulmonary sepsis and corresponding cut-off values selected to exemplify 95% PPV and 98% NPV.



Expression of sepsis-specific biomarkers PLXNB3, ITGB3, CETP, CMTM5 and PF4 correlated positively with each other at the Day1 time point (Figure 8) and to a slightly lesser degree with MIA and CRP. SIRS-specific biomarkers MPP3, PLA2G7, GPR124 and ARHGEF10L correlated positively with each other and negatively with the sepsis-specific biomarkers and CRP.




Figure 8 | Correlation plot of diagnostic performance of SIRS and sepsis-specific biomarkers to each other and to CRP.






3.6 Evaluation of I°I signatures on independent previously published datasets

The performance of I°I candidate signatures: ADM+CD177+FAM20A+ITGA7+MPP9+OLAH, ADM+FAM20A+OLAH and FAM20A+OLAH were compared on a wider cohort of samples, five independent, previously published, adult datasets were selected (four Sepsis datasets: GSE154918, GSE131761, GSE28750, GSE65682 and a COVID-19 study which contained a bacterial infection group: GSE16173. Not all candidate signatures could be evaluated on all identified datasets due to inconsistencies e.g., missing entities, discordance with patient group, small sample size or lack of data.

ROC curve analyses were performed, comparing control and disease groups in the available datasets. Good performance was shown for most sepsis vs control comparisons and for identifying a bacterial infection group from healthy control, COVID-19, other coronavirus (CoV) and Influenza viral infection groups (Supplementary Information 5-Supplementary Table 5.3). Accuracy was reduced for all signatures between 0.80-0.8184 when comparing ABDM sepsis to a gastro-intestinal control group using the GSE65682 dataset. Both I°I signatures performed poorly in recognizing viral infections from healthy controls (GSE161731), suggesting these are not useful for recognizing severe inflammation in viral diseases.




3.7 Evaluation of S°S signatures on independent previously published datasets

Similarly, the S°S Signature CETP+CMTM5+MIA-MPP3-PLA2G7 was evaluated using five Sepsis datasets: GSE154918, GSE131761, GSE9960, GSE28750 and GSE65682 alongside other biomarker combinations performing well for ABDM sepsis (CMTM5+ITGB3-ARHGEF10L-GPR124-PLA2G7); PLMN sepsis (CETP+MIA+PLXNB3-MPP3) and two larger panels combining 8 of the best performing biomarkers (CMTM5+ITGB3-PLA2G7-ARHGEF10L-GPR124+CETP+MIA-MPP3) and (CMTM5+ITGB3-PLA2G7-ARHGEF10L+CETP+MIA+PLXNB3-MPP3), given in Supplementary Information 5-Supplementary Table 5.4. Performance of the S°S signature in discriminating Sepsis from non-sepsis groups across these datasets was highly variable, perhaps impacted by differing study design, patient recruitment, sample collection and technological platform. In GSE28750 our candidate signature of CETP+CMTM5+MIA-MPP3-PLA2G7 performed best in identifying sepsis from post-surgical patients with an AUC of 0.8182 but did not rank highest when analyzed on any other datasets. In GSE154918 significant differences in performance were observed between different biomarker combinations with CMTM5+ITGB3+PLA2G7-GPR124-ARHGEF10L achieving AUC values of 0.9524-0·9928 when comparing Septic Shock to non-sepsis infection and healthy controls respectively. For GSE65682, only candidate signature CMTM5+ITGB3-PLA2G7-GPR124-ARHGEF10L could be evaluated due to missing entities. An AUC of 0.9855 was achieved when comparing ABDM sepsis to healthy controls, reduced to an AUC of 0.7035 when comparing ABDM sepsis to hospital acquired pneumonia. For GSE154918, an AUC of 0.9619 was achieved when comparing septic shock to uncomplicated infection which again reduced to an AUC of 0.7488 on comparison to sepsis only. Of all candidate S°S biomarker combinations trialed on other data sets, ITGB3+CMTM5-PLA2G7-ARHGEG10L-GPR124 showed best performance with AUC values ranging from 0.9928-0.7026 across datasets and group comparisons as summarized in Figure 9 with highest AUC values obtained when comparing healthy controls to septic shock. When evaluated on GSE131761, this candidate signature achieved an AUC of >0.94 for discriminating septic shock from healthy controls and an AUC of >0.72 for discriminating non-septic shock and septic shock (Figure 9A. In GSE9960, CMTM5+ITGB3+PLA2G7-GPR124-ARHGEF10L performed best when comparing healthy controls and sepsis caused by mixed infection or gram-positive infection (Figure 9B) with reduced performance for sepsis caused by gram-negative infections. In GSE154918, the candidate S°S signature combination showed good performance in distinguishing sepsis and septic shock from healthy controls (Figure 9C with reduced performance observed for uncomplicated infections (Figure 9D. It is anticipated that S°S biomarkers could be substituted in and out of S°S signatures to maximize performance and enable effective patient diagnosis according to end user needs. Other biomarker combinations identified could also be suitable for diagnostic progression.




Figure 9 | Evaluation of IOI Signature (CMTM5+ITGB3-PLA2G7-GPR124-ARHGEF10L) performance on published datasets (A) GSE131761 comparing healthy controls and septic shock , healthy controls and non-septic shock , non septic shock and septic shock (B) GSE9960 comparing healthy controls and sepsis (mixed infection) , healthy controls and sepsis (gram positive) , healthy controls and sepsis (gram negative)  healthy controls and sepsis  (C) GSE154918 comparing healthy controls and sepsis , healthy controls and follow up of sepsis , healthy controls and septic shock  healthy controls and follow up of septic shock  (D) GSE154918 comparing uncomplicated infection and sepsis , uncomplicated infection and follow up of sepsis , uncomplicated infection and septic shock , uncomplicated infection and follow up of septic shock .






3.8 Evaluation of published competitor signatures on the ANEMONES dataset

Five published competitor signatures used for discrimination of Sepsis from SIRS from other groups were evaluated on our dataset: Septicyte Lab (16), FAIM3/PLAC8 ratio (22), sNIP score (23), Bauer gene expression score (37) and Sepsis Metascore (12, 21, 24). (Supplementary Information 5, Supplementary Table 5.5). Only 2 of 5 of the signatures trialed showed significant discrimination of Sepsis from SIRS within our clinical cohort. Septicyte lab (PLAC8-PLA2G7+LAMP1-CEACAM4) performed best with an AUC value of 0·8377. The Bauer Gene expression score (TLR5, CD59, CLU, FGL2, IL7R, HLA-DPA1, CPVL) achieved an AUC value of 0.7877.





4 Discussion

Distinguishing sepsis from other severe inflammatory conditions with significant organ dysfunction is major challenge on the ICUs. Bedside clinicians continue to utilize biomarkers such as CRP and procalcitonin, in addition to more traditional clinical and laboratory parameters. Although an active field, the overall role of biomarkers in sepsis diagnosis remains undefined (4, 38, 39). With improvements in RNA extraction methodologies, there has been a renewed focus toward cellular transcriptomic analysis in sepsis. Several groups have published similar studies (16, 17, 20–24, 29, 30, 33, 37, 40–44) with various biomarker configurations in clinical validation or development (12, 15–18, 21, 24, 45–49). Despite considerable advances, the field is still considered to be evolving and ‘significant work is needed to identify the optimal combinations of biomarkers that can augment diagnosis, treatment, and influence good patient outcomes’ (50).

We used a bioinformatics approach to identify candidate gene expression signatures across multiple cohorts of adult and pediatric patients and identified biomarker signatures centered around hub gene targets (25). Using this list of plausible biomarkers, we analyzed PBL mRNA in a new differential gene expression study and found high-functioning transcriptional signatures able to (i) identify severe systemic inflammation and (ii) differentiate SIRS from sepsis, in adult patients within the first 24 hours of ICU admission in a prospective, multi-center clinical study. Our work comprises an unparalleled, well-annotated clinical dataset, with a range of clinically relevant samples/measurements taken across the time course of the study. To our knowledge this is the first study to combine clearly defined and stratified disease groups based on clinical characteristics. We present temporal clinical and immune parameter alongside mRNA biomarker data, enabling identification of biomarkers useful for primary diagnosis, for prognosis and patient monitoring, which could be used in conjunction with other clinical measurements. We offer insights into the correlation between classical clinical measurements and biomarker expression and their possible relation to cellular/disease pathology, patient trajectory over the course of ICU stay and their relation to clinical outcomes.

We identified thirty-three high-performance, differentially expressed mRNA biomarkers between control and combined SIRS/Sepsis groups for severe inflammation and termed these ‘indicators of inflammation’ (I°I). We selected 19 entities for further detailed investigation, including CD177, FAM20A and OLAH. These exhibit highly similar expression patterns and most likely arise from a granulocyte population e.g. neutrophils. Providing external validation to our findings, several genes, such as CD177, ARG1 (arginase), MMP9, OLAH and ADM have been described previously as having important inflammatory roles in sepsis (16, 29, 41, 42, 44, 51–71). ARG1 in particular has been identified by other groups as a good biomarker for sepsis diagnosis (64), specifically associated with neutrophil activity (72) a component of which may be from a myeloid-derived suppressor cell (MDSC) phenotype (60). These have been postulated to promote immune-suppression during sepsis and may also serve the same function in SIRS due to surgery or trauma (73, 74), perhaps due to arginase suppression of T-cell function (55, 56, 63, 75). These may be molecular signatures referencing a neutrophil-to-lymphocyte ratio imbalance (NLR). NLR is a well-documented feature of many severe inflammatory conditions including sepsis (76), heart failure and other conditions (77), trauma (78, 79) and cardiac arrest (80–83) and is indicative of a poor outcome. Elevated neutrophil and reduced lymphocyte counts have been associated with poor outcomes in emergency medicine in general (84). The NLR response in sepsis is irrespective of age as it is also observed in neonatal sepsis (85, 86). We believe that our I°I biomarker profiles may be a reflection of this response, as some of the elevated biomarkers are cell-type specific for neutrophils e.g. CD177, MMP9 and ADM and appear inversely correlated with others which may be lymphocyte associated e.g. CD8b, LY9 and TCRα constant. The data presented here supports the premise that neutrophil recruitment/activation is a common feature of severe systemic inflammation and is not specific to sepsis. Schaack et al. reported OLAH, CD177, MMP8, RETN and HP as among the most upregulated genes in sepsis and separated them into two clusters of immune suppression and activation where some showed overlap in function (58). They concluded that in addition to a loss of monocyte and T-cell function and an increase in neutrophils and granulocyte numbers, many cells showed contradictory activation states.

Both infection-driven and sterile inflammation can lead to organ dysfunction through activation of similar innate immune pathways. A variety of Toll-like receptors may be activated via damage-associated molecular products. This may lead to development of neutrophil extracellular traps (75, 87). To date, protein-based approaches to distinguish between the infection-driven and sterile processes has been largely unsuccessful (87). Similarly, gene expression studies revealed significant congruence of signaling between these conditions, with up to 92% of genes showing change in the same direction (88). We used a novel ANN driven methodology in addition to parametric statistical methods, to counter the issues of a standard hypothesis-driven approach to find discriminative molecular biomarker patterns between sepsis and non-infective SIRS. Both Random Forest and ANN-based modeling are common tools used in biomarker discovery, due to their ability to classify nonlinear information with random sampling, while providing accurate predictions using a decision tree or mathematical function algorithm (28). Utilizing this approach enabled us to look beyond standard inflammasome markers, which have been shown to be similarly regulated in both infection and non-infection driven inflammation (88, 89). Our results pave the way for these delineated I°I signatures to be used to accurately identify severe inflammation at early stages of presentation. Arguably, clinical evaluation can differentiate between healthily controls and patients with SIRS or sepsis in our cohort of critically ill patients, however the clear difference in the clinical variables enabled us to find sensitive and specific biomarker panels. These will need to be further tested at earlier timepoints in apparently less tangible disease presentations.

Combinations of these I°I biomarkers were assessed for performance in delineating disease groups from healthy controls. A number of candidate I°I signature panels showed exceptional performance on our dataset, with a minimal configuration of FAM20A+OLAH showing good performance across all timepoints with an AUC of 0.9906-1.0. This test combination would clearly discriminate between healthy individuals and SIRS or sepsis and could be used to rapidly triage patients with suspected severe inflammation, either as a rule-in or rule-out tool. This performed equally well when analyzed on other datasets, both in adult and pediatric populations (16, 30, 31, 33, 34, 42, 43). This smaller set may be more clinically useful than a larger panel, from a test development rationale, as it may be cheaper and simpler to configure as multiplex qPCR or other assays. A larger 5-biomarker combination e.g. OLAH+FAM20A+ITGA7+MMP9+ADM may provide more resilience on broader, diverse, sample populations and provide better resolution through higher fold-change between groups in a composite panel score, but may be more challenging to configure.

Twenty select entities were differentially expressed between sepsis and SIRS, termed ‘SIRS or Sepsis’ (S°S) biomarkers. The best performing panel to differentiate sepsis from SIRS was CMTM5/CETP/PLA2G7/MIA/MPP3 using our dataset (AUC=0.9758). This 5-panel S°S signature achieved excellent diagnostic accuracy for abdominal and pulmonary sepsis versus SIRS in our cohort. Many of the individual candidate S°S biomarkers have been previously associated with sepsis. Cholesterol ester transfer protein (CETP), a lipid transfer glycoprotein, has been widely discussed as key target in the sepsis inflammatory response, particularly in sepsis caused by gram-negative infection (90–92). Upregulation of CETP has been associated with survival in sepsis (93, 94) and linked to modulation of HDL in resolving bacterial infections (90) and macrophage polarization (95). We have previously identified CMTM5 and ITGB3 as associates of the hub entity MYL9; key differentiators of Sepsis and SIRS with platelet activation function (25). PLA2G7 features in the Septicyte Lab Signature (16) as a downregulated entity. Additionally, down-regulation of the monocyte-associated ARHGEF10L has been previously associated with disease severity and ICU patient mortality (96, 97). MPP3 to our knowledge has not been previously associated with SIRS or sepsis.

We selected three cut-off values to delineate ranges over which the S°S biomarker assays could distinguish between individuals with SIRS and sepsis. The first, which provides excellent PPV (90-95%) for sepsis detection which could be used as a ‘rule in’ test to identify sepsis and begin antibiotic treatment. A second cut-off was selected which provides excellent (>98%) NPV for ruling out sepsis which could be used for ruling out bacterial infection and would prevent unnecessary antibiotic treatment to these patients. The third cut-off value lies in the middle where the groups overlap significantly and where sepsis may or may not be present. A test based on the use of ranges based on all three cut-off classifiers would be beneficial for patient care and could replace our current best guess protein biomarkers with improved accuracy.

One of the confounding differences between this study and other published biomarker discovery studies is the RNA extraction method used. We extracted mRNA from isolated PBLs using the erythrocyte cell lysis method, as opposed to use of PAXgene Blood RNA tubes, which are used in many other studies such as for discovery of the Septicyte Lab signature (16). Although there may be disadvantages with increased labor for processing of samples immediately at time of collection, mRNA extraction time is shorter and may produce differences in mRNA profiles. Differences in the two extraction methods and consequential changes in the gene expression profiles identified requires further investigation. It is hypothesized that our PBL extraction method may be useful in pulling down blood clots and extracellular traps excreted from neutrophils, revealing more sepsis-specific biomarkers associated with platelets and granulocytes, which may not appear as significantly differentially regulated in other studies.

The other significant difference between our study and of others is the timing of clinical and laboratory evaluation. Timing of sample collection in relation to the insult leading to organ dysfunction has been shown to be important when interpreting gene expression datasets (13). Our patients had a short prodrome and arrived at the ICU with predominantly community acquired infections or in the case of the SIRS group organ dysfunctions developed over a short time period. This important clinical characteristic, coupled with the significant, but comparable acute organ dysfunction in both groups may have helped to amplify the results observed in our cohorts. As approximately half of sepsis and overwhelming majority of post-cardiac arrest admissions to the ICU have a short lead-in time, our results could be clinically relevant for a large group of ICU patients (98). Furthermore, our observation that gene expression profiles changed from a SIRS-like pattern toward a sepsis-like pattern in the SIRS group around Day5, when clinical details indicated the presence of new, ICU-acquired infection, provides internal validation of the findings.

When validated in a prospective manner, these tools have the potential to significantly enhance the clinical diagnostic capabilities of the ICU and other lower dependency wards in sepsis. Despite the methodological differences between previous studies and ours, we successfully validated our biomarker signatures on multiple comparable gene expression datasets. We found that different combinations of the individual mRNA biomarkers can achieve good discriminatory power in these datasets. The reduced performance observed maybe in part due to study/platform technical variation. We also attempted to check if the previously published mRNA signature panels would perform as well as, or better than ours in the ANEMONES dataset. Interestingly, only two of the five previously published mRNA signatures were able to distinguish the sepsis and SIRS groups (12, 16, 22, 23, 37). This observation may be compounded by heterogeneity introduced through study protocol and/or technical differences and temporal endotype variation (99, 100). Both signatures were identified from studies comparing patients with sepsis to surgical patients with post-surgical systemic inflammation and patients with SIRS respectively, however these studies did not include a set of healthy controls which is a major difference to our study and may have a significant impact on the results (16, 37). Other more recent comparable studies have similarly lacked either one or other of SIRS or control groups (101, 102).

Our study has limitations. The patients in the SIRS group had a common unique clinical presentation ‘out-of-hospital cardiac arrest’, which may limit the generalizability of the findings of the SIRS features. However, in the temporal samples we have clearly observed a change in biomarker expression from the SIRS pattern to the sepsis pattern in patients who then developed ICU acquired infections. Similarly, in selected cases, patients presenting with sepsis started to exhibit SIRS pattern, where the clinical course involved cardiovascular events following the infectious episode. In addition, our S°S signature panels showed good performance in external datasets, where the SIRS groups had more varied clinical etiology. Our study was designed and completed before the Sepsis 3.0 definition was published in 2016, hence we continued to adhere to the terminology used in our protocol (4). Singer et al. described sepsis as dysregulated host response causing organ dysfunction secondary to infection (4). Their clinical criteria was presence of presumed or confirmed infection and a SOFA score of 2 or above, or an increase of the SOFA score of 2 or more, if it was not 0 before (4). Notably, all patients in the sepsis group would have been classified as sepsis using the Sepsis 3.0 definition as well, given that the lowest observed SOFA score was 7 in the sepsis groups. Given our gene expression data also demonstrating a dysregulated host response, secondary to infection, we are certain that our results remain current using the new sepsis definition. Although our sample size was relatively small, our study is readily comparable to other published datasets. In addition, unlike many other studies focusing solely on gene expression, we have cultivated a very rich clinical database and were able to track the clinical decision making throughout the patients ICU stay. While our results need independent validation in prospective new clinical cohorts, we have shown that our biomarker panels perform at least as well as previously published and patented biomarker signatures in historical datasets.

Overall, we revealed a unique two-tier strategy using two separate biomarker signatures to identify systemic inflammation and discriminate sepsis from non-infectious SIRS using the I°I and S°S signatures, respectively. We have discovered parsimonious sets of genes which in a two-tier model can differentiate between healthy controls and individuals with systemic inflammation with very high accuracy and are then able to discriminate between sepsis and SIRS. Firstly, the I°I signature can be utilized to identify Systemic Inflammation (patients with either sepsis or SIRS) followed by stratification of Sepsis (SIRS from infection) from SIRS (without infection) using the S°S Signature. Both signatures consist of 5 differentially expressed biomarkers, some of which many have been previously identified as sepsis-associated. We anticipate the I°I signature may be a useful triage test in multiple clinical settings, including ICU, lower dependency ward or community settings, to recognize ‘at risk’ patients. The S°S signature would be useful clinically for sepsis differential diagnosis, prediction of severity and patient outcome.
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During the COVID-19 pandemic, elderly patients with underlying condition, such as tumors, had poor prognoses after progressing to severe pneumonia and often had poor response to standard treatment. Mesenchymal stem cells (MSCs) may be a promising treatment for patients with severe pneumonia, but MSCs are rarely used for patients with carcinoma. Here, we reported a 67-year-old female patient with lung adenocarcinoma who underwent osimertinib and radiotherapy and suffered from radiation pneumonitis. Unfortunately, she contracted COVID-19 and that rapidly progressed to severe pneumonia. She responded poorly to frontline treatment and was in danger. Subsequently, she received a salvage treatment with four doses of MSCs, and her symptoms surprisingly improved quickly. After a lung CT scan that presented with a significantly improved infection, she was discharged eventually. Her primary disease was stable after 6 months of follow-up, and no tumor recurrence or progression was observed. MSCs may be an effective treatment for hyperactive inflammation due to their ability related to immunomodulation and tissue repair. Our case suggests a potential value of MSCs for severe pneumonia that is unresponsive to conventional therapy after a COVID-19 infection. However, unless the situation is urgent, it needs to be considered with caution for patients with tumors. The safety in tumor patients still needs to be observed.
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1 Introduction

Since the winter of 2019, the pandemic of coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has threatened global public health. COVID-19 is a self-limiting disease for most people. However, approximately 22.97% of cases of COVID-19 developed into acute respiratory distress syndrome (ARDS), and 9.68% of patients needed admission to intensive care unit, with a mortality rate of 1.28% in 2020 (1). The virulence of SARS-CoV-2 has significantly weakened nowadays (2). However, people with old age or frail condition still face a high risk of progression to severe or critical disease of COVID-19. The risk factors associated with severe disease include age more than 60 years old, smoking, being unvaccinated against COVID-19, HIV infection, and underlying noncommunicable illness (1, 3). Any kind of malignancy history was an independent risk factor for severe illness (4) and mortality (5). The estimated pooled mortality rate was 5.6% for the whole population. Nevertheless, it significantly increased to 22.4% for all malignancies, and 32.9% for lung cancer (6). Therefore, lung cancer patients were at a greater risk of death than other types of carcinoma in the pandemic of COVID-19 (7).

As a self-limiting disease, supportive care is essential for all patients (3). Furthermore, the frontline drugs strongly recommended by WHO are nirmatrelvir/ritonavir for non-severe disease and corticosteroids, interleukin-6 (IL-6) receptor blockers, and baricitinib for severe or critical illness (8). The conditional treatments include ruxolitinib, tofacitinib, convalescent plasma, molnupiravir, remdesivir, and so on (8). Nirmatrelvir/ritonavir can significantly reduce the 30-day risk of hospitalization or death by approximately 11.16 per 1000 patients. There are patients (approximately 2.30%) who did not respond to this drug, which include 0.25% who needed ICU admission, 0.083% under mechanical ventilation, and 0.125% who died (9). It is believed that tissue damage co-exists with cytokine storms caused by hyper-activating the immunity system in severe and critical disease (10). On the other hand, baricitinib and tocilizumab, two widely used inflammatory factor inhibitors, also improve the survival of patients with severe or critical COVID-19. However, approximately 18.0% of patients treated with baricitinib and 24% of patients treated with tocilizumab did not respond to these drugs, among whom 56.0% and 46.7%, respectively, progressed to death (11, 12). Thus, the therapy that possesses the ability of inflammatory modulation and tissue repair might be the ideal choice for those who do not respond to frontline treatment. Mesenchymal stem cells (MSCs) have been reported to possess multi-potency (13), which leads to MSCs being widely used in regenerative medicine and tissue engineering. Nowadays, MSCs’ ability related to immunomodulation is proven as well (14). Therefore, MSCs can theoretically be used to treat severe and critical COVID-19 patients who do not respond to frontline drugs, and the efficacy has been proven by many clinical trials (15–35). However, MSCs are rarely used in cancer patients due to concerns about safety and neoplasm recurrence. Hence, the safety and efficacy of MSCs for cancer patients are still unclear. Here, we report a patient with lung cancer. She suffered from severe pneumonia caused by COVID-19 following radiation pneumonitis and was finally successfully salvaged by treatment with MSCs after the failure of the first-line treatment, which brings in hopes of offering clinicians evidence and confidence in MSCs utilization.




2 Case presentation



2.1 Recent medical history

A 67-year-old female patient had suffered from a recurring pain in the neck, shoulder, and left upper limb for more than 3 months since August 2021, so she visited the Yantai Yuhuangding Hospital on November 26, 2021. The laboratory tests indicated that carcinoembryonic antigen (CEA) was at 34.5 ng/mL and neuron-specific enolase (NSE) was at 19.1 ng/mL, and a BI-RADS 4a focal and bilateral axilla lymphadenectasis were detected by color ultrasonic scan. The CT scan suggested a large focal in the left lung superior lobe. No evidence proved the existence of an infectious disease, and therefore she was hospitalized and went through a CT-guided percutaneous core needle biopsy of the lung on December 2, 2021. The pathological and molecular biological results supported the diagnosis of non-small cell lung cancer (adenocarcinoma) with epidermal growth factor receptor (EGFR) and TP53 mutation. She was finally diagnosed with lung adenocarcinoma of the left superior lobe (cT3NxM1c, with hilar, mediastinum, neck vertebra, and lumbar vertebra metastasis and EGFR and TP53 mutation). She visited the oncology department and received oral EGFR inhibitor osimertinib based on the doctor’s recommendations and the National Comprehensive Cancer Network (NCCN) guidelines. The periodic lung CT examination after oral osimertinib showed a significant reduction of lung lesions. Then, she underwent irradiation therapy from June to August 2022. In November, she began coughing, with phlegm, and later developed shortness of breath, with no fever, and had chest pain, and she was hospitalized in Yantaishan Hospital. She was diagnosed with tuberculosis, aspergillus, and pneumocystis jirovecii infection and treated with isoniazid, pyrazinamide, ethambutol, quinolone antibiotics, sulfamethoxazole/trimethoprim, voriconazole, and glucocorticoid. The symptoms were significantly alleviated after the anti-infective therapy, but she still had cough and phlegm sometimes. The respiratory symptoms were exacerbated again on December 18, 2022, so the patient visited the respiratory department of Yantai Yuhuangding Hospital on December 19, 2022 and was hospitalized. She felt dyspnea and had no fever at admission. The test for SARS-CoV-2 RNA performed 1 day before hospitalization yielded a negative result.




2.2 Medical history

The patient had a history of hypertension stage 2 and coronary atherosclerotic cardiopathy (CAD) for approximately 20 years, but recently, her blood pressure was normal and she had no sign of CAD without any intervention.




2.3 SARS-CoV-2 vaccination history

The patient was vaccinated with a first dose of inactivated anti-SARS-CoV-2 vaccine (Vero cell) on May 20, 2021, and the second dose was received on June 17, 2021.




2.4 Physical examination

At admission, her body temperature was 36.7°C, her pulse rate was 97/min, her respiratory rate was 23/min, and her blood pressure was 146/79 mmHg. SpO2 was 99% with a 3 L/min of nasal oxygen supply. Other physical examinations revealed no specific signs, but the Velcro rale was auscultated.




2.5 Laboratory test at hospitalization

The emergency laboratory test results were as follows: blood routine—white blood cell count (WBC), 8.02 × 109/L; neutrophil count (NEU), 7.53 × 109/L; hemoglobin (HGB), 99 g/L; platelet (PLT), 176 × 109/L; lymphocyte count (LYM), 0.22 × 109/L; D-dimer (DDi), 2.24 mg/L; procalcitonin (PCT), 0.0916 ng/mL; and high sensitivity C-reactive protein (hs-CRP), 42.65 mg/L. ProBNP, cardiac biomarkers, hepatic and kidney function tests, and electrolyte panel were not significantly abnormal.




2.6 Therapeutic intervention and outcome



2.6.1 Frontline treatment and outcome

Given the patient’s poor lung condition caused by radiation therapy and suppressed immunity caused by anti-tumor agents, the patient was at a high risk of opportunistic infection. Sulfamethoxazole/trimethoprim (SMZ/TMP, 0.96 g q6h), moxifloxacin (400 mg qd), piperacillin-tazobactam (4.5 g q8h), ganciclovir (0.25 g q12h), methylprednisolone (80 mg qd), and supportive therapy were empirically administrated on the first day. However, the patient’s symptoms were not significantly alleviated after 2 days of treatment. The heart rate accelerated and SpO2 were decreased, which meant a more serious anoxia than before. The test results for SARS-CoV-2 RNA (swab), (1,3)-β-D-glucan (peripheral blood), and galactomannan (peripheral blood) were negative. A chest X-ray tomography was arranged on December 22, 2022, and it indicated a multiple ground-glass shadow of the lung. Considering the poor immunity result from a previous carcinoma history, intravenous immunoglobulin (10 g qd) was used from December 21 to 27, 2022. Moxifloxacin and piperacillin–tazobactam were ceased, and voriconazole (200 mg q12h) was added by December 22, 2022, given her history of aspergillus and high risk of aspergillus re-infection, and we reduced methylprednisolone as well (40 mg qd) (Figure 1).




Figure 1 | Symptom and treatment.



After observing the abovementioned treatment for another week, the patient’s condition was still unsatisfactory. Although the body temperature and blood pressure were normal, the patient often coughed with phlegm, had dyspnea, and was fatigued. The SpO2 fluctuated between 84% and 94% with nasal oxygen supply. On December 29, 2022 the COVID-19 RNA test was positive. Chest computerized tomography suggested new bilateral interstitial pneumonia (Figure 2). Ganciclovir was ceased, and paxlovid was administrated from December 29, 2022. Cefoperazone–sulbactam (3 g q8h) was also added starting December 30, 2022.




Figure 2 | Characteristics of CT graphs.



However, no alleviation of the patient’s symptoms was observed after the 5-day treatment including nirmatrelvir/ritonavir. Although we tried the addition of linezolid (200 mg q12h) since January 3, 2023, the symptoms were still serious. Therefore, we advised the utilization of MSCs for salvage therapy.




2.6.2 Salvage treatment by MSCs



2.6.2.1 MSCs preparation and ethical consideration

Clinical-grade human umbilical cord mesenchymal stem cells (hUC-MSCs) were supplied by the umbilical cord blood bank of Shandong Province. The preparation was completed in a GMP laboratory. Samples of human umbilical cords were collected and cut into 2- to 3-mm pieces to be processed for MSCs isolation. Small cylindrical fragments (d = 2 mm) were removed from the mucous connective tissue (Wharton’s jelly matrix), avoiding blood vessels and amniotic epithelium. They were transferred to culture dishes without any blood serum for adherent culture. Wharton’s jelly fragments were incubated in human MSCs growth medium at 37°C in a humidified incubator under a 21% O2 and 5% CO2 atmosphere. After 7–10 days of culture, the first colonies of WJ-MSCs were observed. Then, the cells were pursued until subconfluence; the non-adherent cells were removed, and the stromal cells were detached (0.05% trypsin-ethylenediaminetetraacetic acid (trypsin-EDTA)) and then transferred into 25-cm3 flasks at an initial density of 5 × 103/cm3 and cultured up to 70%–80% confluence before collection for subsequent passages. Cells at passages P5 were used and had the International Society for Cell & Gene Therapy (ISCT)-recommended cell surface characteristics of MSCs, including expression (95%) of clusters of differentiation 73 (CD73), CD90, and CD105 and lack of cell surface presentation (<2%) of CD34, CD45, CD14 or CD11b, CD79α or CD19, and human leukocyte antigen-DR (HLA-DR).

Intravenous administration was used. Before the intravenous drip, the hUC-MSCs were suspended in 100 mL of normal saline, and the total number of transplanted cells was calculated as 1 × 106 cells/kg. The MSCs were infused through the patient’s right cubital veins for approximately 1 h (35 drops/min).

It had received approval from the Ethics Committee of Yantai Yuhuangding Hospital for compassionate use. Informed consent was obtained from the patient and her family members.




2.6.2.2 Efficacy of MSCs

The first dose (4.93 × 107 cells) of MSCs was intravenously infused on January 4, 2023. Her difficulty in breathing was slightly alleviated. The second dose (4.88 × 107 cells) was infused on January 8, which led to an advancing improvement. SpO2 was higher than before and fluctuated between 95% and 99% after the second dose of MSCs. However, on January 14, 2023, the chest CT indicated a slightly extending bilateral pneumonia and novel pneumothorax of the left lung. Serum interleukin-6 (IL-6) was 34.17 pg/mL (Figure 3), which was believed to be relative to severe COVID-19 (36). PCT was 0.0785 ng/mL and hs-CRP was 9.68 mg/L. We were concerned that the patient’s condition would be exacerbated again, so the third dose (4.94 × 107 cells) of MSCs was arranged in the morning of January 16, 2023. Although the patient had six times of hemoptysis at night, it was quickly controlled the next day and the condition became much better 3 days later. Cefoperazone–sulbactam was changed into ceftizoxime (2 g q12h) in January 14 as well because of limited evidence of serious bacterial infection (low level of PCT detected and normal count of WBC and NEU on weekly surveillance). The fourth and last dose (4.95 × 107 cells) of MSCs for consolidation therapy was administrated on January 24, 2023. The patient no longer relied on middle to high oxygen concentration since January 25, 2023. A lung X-ray suggested an improvement of right pneumonia and absorption of the left pneumothorax. All symptoms were alleviated significantly, and her performance status recovered. We prescribed oral antibiotics since February 2, 2023, and the patient was eventually discharged 2 days later. The patient is still alive since the last follow-up on July 15, 2023.




Figure 3 | Laboratory Inspection. (A) Blood routine test and proportion of different blood cells. NEU: neutrophil, LYM: lymphocyte. (B) Lymphocyte subgroup analysis. (C) PCT: Procalcitonin. (D) DDi: D-Dimer. (E) BNP: B-type natriuretic peptide.









3 Discussion

We report a patient with a poor lung condition due to carcinoma and radiotherapy. Complex infections, including bacteria, fungus, and COVID-19, further impaired the lung. Nevertheless, bacteria and fungus might not be the vital pathogen in this case because of continuously low levels of PCT, WBC, NEU, and (1,3)-β-D-glucan and the characteristics of chest CT. The utilization of broad-spectrum antibiotics and antifungal agents did not effectively reverse the pneumonia. The patient received nirmatrelvir/ritonavir immediately when the SARS-CoV-2 RNA test was positive. It was suggested that the hospital admission or death rate of patients who were given nirmatrelvir/ritonavir was only 2.1% (37). However, she developed a severe disease in a short time. The mortality of all lung cancer patients with COVID-19 was 31.0% in a multi-country pooled analysis (38). It increased to 58.4% when patients developed severe disease (39). Therefore, lung cancer patients are at higher risk of death, and the risk would incredibly increase when patients progress to severe COVID-19. We believed that the patient’s condition was less likely to alleviate without advance treatment, and it was urgent and necessary at that time to find a suitable treatment as soon as possible to reverse the disease quickly. The lung injury due to inflammation and former radiation pneumonitis (RP) were a concern, and she needed a treatment option that had a function of immunomodulation and injury repair. The frontline inflammatory inhibitor baricitinib (JAK inhibitor) and tocilizumab (IL-6 inhibitor) could be choices, but they were both hard to acquire at that time and had no evidence of tissue repair effect. In addition, remdesivir is also an option. However, the Chinese Food and Drug Administration did not approve the marketing of remdesivir in China, which may be because, according to the results of several randomized controlled trials, Chinese patients may not benefit from the drug. These trials showed that there was no significant difference in the recovery rate and the risk of progression to severe disease between remdesivir and the control group (40–42). The patient received four doses of MSCs infusion and finally achieved a surprisingly effective outcome. The case indicates that patients with a poor condition of the lung and serious inflammation may benefit from MSCs.



3.1 Potential mechanism of MSCs

ARDS or acute lung injury caused by SARS-CoV-2 induces cytokine storm characterized by severe hypoxemia, high-permeability pulmonary edema, and reduced compliance of the integrated respiratory system as a result of widespread compressive atelectasis and fluid-filled alveoli (43). Moreover, the virus triggers alveolar and interstitial fibrin deposition, endothelial dysfunction, and pulmonary intravascular coagulation, which may also contribute to the persistence of abnormal inflammatory and disease progress. Recent studies revealed that the biological mechanism of MSCs for the treatment of infectious lung injury might involve multiple pathways. However, immunomodulation and tissue repair might be both crucial.



3.1.1 Immunomodulation

SARS-CoV-2 enters cells, and cells’ capillary permeability increases, allowing more viruses to transfer into cells, resulting in ARDS. The virus activates an immune response involving natural killer (NK) cells, CD4+T cells, CD8+T cells, and B cells in COVID-19 patients, causing the abnormal production of cytokines (44). The abnormal cytokine profile results in excessively activated but dysfunctional immunity reactions in patients with severe COVID-19, which presents a delayed or failed elimination of virus. It has been proven that MSCs affect both innate and acquired immunity to modulate the abnormal immune reaction in patients.

Induction of inflammatory cytokines from macrophages by the nucleocapsid (N) protein of SARS-CoV-2 has been proven. N-protein could promote tumor necrosis factor (TNF), interleukin-1β (IL-1β), interleukin-6 (IL-6), and monocyte chemoattractant protein-1 (MCP-1) secretion of macrophages, which was associated with the occurrence of severe COVID-19 (45). MSCs affect macrophages through contact-dependent interaction, paracrine-mediated mechanisms, autophagy, mitophagy, and oxidative stress (46). With MSCs’ existence, pro-inflammatory macrophages secrete anti-inflammatory factors and pro-inflammatory cytokines were downregulated, consequently resulting in the enhancement of phagocytic properties and macrophage type switch (47). In an experiment in mice, a significant reduction in inflammatory cell and alveolar hemorrhage were observed, and the total number of macrophages and neutrophils, respectively, were remarkably decreased (48).

In patients with severe COVID-19, NK cell was activated by activating ligands or pro-inflammatory cytokines produced by NK cell itself (49) or other cells. However, activating receptors on NK cells and transcription factor T-bet were both downregulated, and transforming growth factor-β (TGFβ) inhibited the function of NK cells. This resulted in NK cell exhaustion, impairment, disability to degranulate, and cytotoxicity (50). The immunological profile in patients with COVID-19 is characterized by the contraction of immature CD56bright and expansion of mature CD57+FcϵRlγneg adaptive NK cells, which might lead to hyperactive inflammation (51). Several studies have proven that CD107α expression of NK cells was observed when NK cells were co-cultured with MSCs, which suggested that MSCs could effectively assist in NK cell degranulation (52).

Dendritic cells (DCs) are major antigen-presenting cells of innate immunity and bridge adaptive immunity. SARS-CoV-2 promotes the expression of major histocompatibility complex (MHC) molecules and co-stimulatory receptors of DCs that represent its maturation. Additionally, the nuclear factor-κB (NF-κB) pathway, which is believed to be vital to the signal responsible for the expression and secretion of pro-inflammatory cytokines, is activated when DCs interact with virus protein (53, 54). MSCs have the capacity to inhibit DC maturity and induce mature DC (mDC) differentiation into regulatory DC by many pathways involving notch-1/Jagged-1 signal (55–57), Akt signal (58), C-C motif chemokine receptor 7 (CCR7) gene degradation (59), T helper 17 (Th17) cell inhibition (60), and so on.

At the aspect of T cell, the virus-specified T cell and bystander T cell are both activated in the early stage of infection (61). However, the unresolved inflammation due to high exposure dose or rapid replication of virus, age, and deficient immunity may result in prolonging the activation of bystander T cells, which can produce pro-inflammatory cytokines continuously (62). Those long-lasting T cells in severe COVID-19 are dysfunctional and pathological, and massive activation-induced cell death is observed (63, 64). MSCs demonstrate an immunomodulatory effect on CD4+ T cells’ subgroup balance and an immunosuppressive effect on CD3+ T cells. MSCs inhibited Th17 and induced Treg differentiation, which led to the attenuation of lung injury caused by the virus (65). On the other hand, when MSCs were injected in mice with viral pneumonia, attenuated proliferation of both CD3+, CD4+ and CD4+, CD8+ T cells was observed, resulting in the significant suppression of pro-inflammation factor level and the protection of mice alveolar epithelial cells from inflammatory injury similar to severe COVID-19 (66).

The antibody against SARS-CoV-2 is secreted by B cells. In patients with a severe disease, an impaired germinal center response and a robust extrafollicular response were observed compared to those with a mild infection, which might be associated with an elevated level of antibody (perhaps low-mutation IgG1) and pro-inflammatory cytokines. The abnormal activation of extrafollicular B cells in severe COVID-19 is similar to autoimmune response and correlated to an increasing level of inflammation hallmarks and death (67–69). When co-cultured with MSCs, most proteins of the pathway activating B cells were significantly reduced, resulting in the reduction of cell proliferation and transcription gene expression involving terminal differentiation into plasma cell of B cell (70). Regulatory B cell (Breg) is a new subgroup recently defined with a function similar to Treg, and Breg is increased by MSCs. IL-10 secreted by Breg was increased, and immunoglobulin production was further inhibited (71). MSCs were believed to ameliorate lung tissue injury by inhibition of chemotaxis gene and immunoglobulin expression at the aspect of humoral immunity (72).

In summary, MSCs are believed to be effective for severe COVID-19 by the immunity pathways of reducing pro-inflammatory factor through multiple signal pathways, consequently promoting macrophage phenotype switch, NK cell degranulation, regulatory DC generation, Treg differentiation, and B cell activation inhibition.




3.1.2 Tissue repair

There are two types of lung damage relative to severe COVID-19: one induced by inflammation, which possibly induces ARDS and the other connected with fibrosis, also known as post-COVID pulmonary fibrosis. At first, in the acute phase, the virus causes diffuse and severe alveolar damage, including critical endothelial injury, microangiopathy, and obstruction of the alveolar capillaries. After this, the pulmonary surfactant becomes dysfunctional and deficient, contributing to edema and fibrosis. In severe cases, the abovementioned process is continuous and transforms normal lung tissue into fibrous tissue eventually (73).

MSCs demonstrate multi-potency and high proliferation ability in many studies, which make MSCs an ideal option for regenerative medicine. The extracellular vesicles (EVs) from MSCs are released and contact with the target recipient cell. Afterward, the damaged lung tissue is protected from inflammatory injury and renewed (74, 75). When MSCs were co-cultured with injured lung tissue in vitro, 44 kinds of proteins were secreted to accelerate airway epithelium repair by stimulating migration, proliferation, and differentiation. MSCs enhanced anti-apoptosis signal pathways, restored matrix metalloproteinases function, and reduced the percentage of type II alveolar epithelial cells (76–78). An analysis of EVs’ miRNA indicated that miR-223-3p, which is associated with the alleviation of pulmonary fibrosis, was abundant in EVs, and it could attenuate the deposition of fibrosis-related factors. In vitro, EVs restricted the activation and proliferation of fibroblasts (79). Additionally, miR-214-3p and miR-466f-3p derived from MSCs mediated prevention from radiation injury and inhibited lung fibrosis by downregulating the ATM/P53/P21 signaling and inhibiting the AKT/GSK3β pathway, respectively (80, 81).

Therefore, MSCs repair injured lung tissue caused by severe COVID-19 disease probably through promoting molecules involved in airway epithelium proliferation and differentiation, activation of anti-apoptosis signal pathways, and inhibition of fibroblasts.





3.2 Clinical use and research



3.2.1 Case reports

MSCs have been tried as a salvage treatment for critically ill pneumonia patients after the outbreak of the pandemic. In 2020, Chinese physicians successively shared several cases of severe pneumonia treated with MSCs (82–88), and then similar cases began to be reported in other countries and regions (87–96). The dose range for an intravenous drip of MSCs was (1–3) × 106 kg in most of the cases (82–90, 96). It is also important to note that none of these cases had a history of cancer, except for three cases reported in Sweden in 2022 (96) (Table 1).


Table 1 | Characteristics of public case reports of mesenchymal stem cells (MSCs) for patients with severe pneumonia.






3.2.2 Clinical trials

Many trials have been performed to explore the efficacy of MSCs for patients with severe pneumonia. The common dose of MSCs for intravenous injection was 0.5 to 3 × 106 cell/kg each time for one to three administrations. However, the clinical outcome was varied.

In some small-sample single-arm trials, MSCs demonstrated ideal efficacy with a survival rate of more than 80% (15, 18, 19), while it was just almost 60% in a large-sample single-arm trial (17). A significantly better survival and time to improvement (24) were likewise observed in some cohort studies (23, 24), but MSCs therapy did not dramatically shorten hospital duration (22, 24, 25). In many small-sample randomized controlled trials, MSCs therapy could significantly decrease mortality (27–29, 31), shorten hospital time, and increase the rate of clinical improvement (26, 27, 30, 31, 97). However, the diagnosis of all eligible subjects was COVID-19 pneumonia, without malignancy under treatment.

A long-time follow-up was described in only one trial, but the risk of secondary cancer was not mentioned (97). Limited by a small sample, all other trials also did not explore the risk of secondary malignancy in a long time after MSCs administration (Table 2).


Table 2 | Characteristics of public clinical trials of mesenchymal stem cells (MSCs) for patients with severe pneumonia.







3.3 Drawbacks and risk of MSCs

The most controversial drawback is its uncertain effect on tumor generation. Some laboratory studies indicate that MSCs might promote cancer progression and therapeutic resistance. MSCs may secrete prostaglandin E2 (PGE2), IFN-γ, IL-4, TGF-β1, and VEGF to inhibit anti-tumor immune response (98), stimulate angiogenesis (99), promote cancer cells metastasis (100) and proliferation (101), and protect them from apoptosis (102), thereby promoting tumor growth. Furthermore, MSCs protect chronic myeloid leukemia cells and ovarian cancer cells against anti-tumor drugs by downregulation of caspase 3 via CXCL12/CXCR4 axis (103, 104). A similar phenomenon of drug resistance associated with MSCs was also observed in multiple myeloma and colorectal cancer via the production of CXCL13 (105) and IL-6 (106), respectively. Moreover, the multipotential of MSCs brings about concerns that MSCs themselves might be the potential cancer stem cells when MSCs are cultured for the long term (107).

Clinically, caution needs to be taken regarding some adverse events (AEs) of MSCs. A meta-analysis summarized the AEs of MSCs application over the past 15 years. The most frequent major AEs were fever and administration site conditions, and meaningfully common minor AEs were constipation, fatigue, and insomnia (108). No increasing risk of tumor generation had been observed (109). However, given the ethics principle, MSCs’ risk of promoting tumor relapse is still unclear because patients with cancer have been excluded from almost all clinical trials.





4 Conclusion

This is a rare case, with lung cancer and radiation pneumonitis, who suffered from severe infection and was successfully benefit from MSCs infusion. MSCs perhaps reverse the clinical outcomes by immunomodulation and tissue repair. Our case fills the gap of MSCs application for patients with carcinoma accompanied with severe pneumonia. MSCs may be an option for a refractory case in such a period without sufficient and effective drugs.
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Background

Neurological dysfunction and glial activation are common in severe infections such as sepsis. There is a sexual dimorphism in the response to systemic inflammation in both patients and animal models, but there are few comparative studies. Here, we investigate the effect of systemic inflammation induced by intraperitoneal administration of lipopolysaccharide (LPS) on the retina of male and female mice and determine whether antagonism of the NLRP3 inflammasome and the extrinsic pathway of apoptosis have protective effects on the retina.





Methods

A single intraperitoneal injection of LPS (5 mg/kg) was administered to two months old C57BL/6J male and female mice. Retinas were examined longitudinally in vivo using electroretinography and spectral domain optical coherence tomography. Retinal ganglion cell (RGC) survival and microglial activation were analysed in flat-mounts. Retinal extracts were used for flow cytometric analysis of CD45 and CD11b positive cells. Matched plasma and retinal levels of proinflammatory cytokines were measured by ELISA. Retinal function and RGC survival were assessed in animals treated with P2X7R and TNFR1 antagonists alone or in combination.





Results

In LPS-treated animals of both sexes, there was transient retinal dysfunction, loss of vision-forming but not non-vision forming RGCs, retinal swelling, microglial activation, cell infiltration, and increases in TNF and IL-1β. Compared to females, males showed higher vision-forming RGC death, slower functional recovery, and overexpression of lymphotoxin alpha in their retinas. P2X7R and TNFR1 antagonism, alone or in combination, rescued vision-forming RGCs. P2X7R antagonism also rescued retinal function. Response to treatment was better in females than in males.





Conclusions

Systemic LPS has neuronal and sex-specific adverse effects in the mouse retina, which are counteracted by targeting the NLRP3 inflammasome and the extrinsic pathway of apoptosis. Our results highlight the need to analyse males and females in preclinical studies of inflammatory diseases affecting the central nervous system





Keywords: male, female, lipopolysaccharide, inflammation, central nervous system, neuronal death, extrinsic apoptosis, inflammasome




1 Introduction

Systemic inflammatory disorders, such as those caused by uncontrolled bacterial or viral infections, are associated with cognitive and memory impairment and exacerbation of neurocognitive diseases (1–6).

Sepsis is defined as life-threatening acute organ dysfunction secondary to bacterial infection (7). It is a complex and rapidly progressive medical problem in which several factors interact and determine the patient’s prognosis. It affects 19 million patients worldwide annually (8). Of these, half recover, one-third die within the next year, and one-sixth subsequently develop severe persistent neurological impairments (2, 3, 9). Clinical management of patients (10) does not include the treatment or prevention of neurological disorders, although it is an area of intense research (11).

Sepsis-induced neuronal dysfunction is thought to be caused by an exaggerated inflammatory response that, in the central nervous system (CNS), leads to blood-brain barrier dysfunction (12), neuroinflammation, oxidative stress, neurotransmitter imbalance (13, 14), decreased metabolism (15) and ultimately neuronal injury and death, the latter varying between brain areas (16, 17). These pathological processes are thought to be caused by activated macro- and microglial cells, and infiltrating peripheral immune cells that release pro-inflammatory cytokines [reviewed in (14, 18)].

There are several models of sepsis in rodents (19–21). One of the most widely used is based on the administration of the Gram-negative bacterial endotoxin lipopolysaccharide (LPS), which causes an increase in proinflammatory cytokines such as interleukin-1β (IL-1β) and tumour necrosis factor-alpha (TNF), microglial activation, and cognitive decline in rodents (22–25).

Although the mechanism underlying LPS-induced neuroinflammation and impairment is unknown, it has been reported that systemic LPS enters the CNS, albeit at low levels (26), and may therefore directly activate microglial cells. In addition, inflammatory caspases are directly activated by LPS through a non-canonical mechanism (27). In line with this, it has been shown that inhibition of the P2X7 receptor (P2X7R), which is activated by extracellular ATP and damage-associated molecular patterns (DAMPs) thereby promoting the assembling and activation of the NLRP3 inflammasome pathway, ameliorates cognitive decline in LPS-treated mice and reduces the levels of proinflammatory cytokines in the brain (28). Neuronal death caused by systemic LPS may be triggered as well through the activation of the extrinsic apoptosis pathway by TNF, the canonical ligand of the death receptor TNFR1 (tumour necrosis factor receptor 1a) (29).

Importantly, there is a sexual dimorphism in response to systemic inflammation in both patients and animal models (30–36). In fact, females usually have a better outcome. However, despite the increasing evidence of sexual dimorphisms in neurological and immunological systems, research into these differences in sepsis-associated neurodegeneration remains critically understudied (30).

The retina is the window to the brain, and offers several advantages compared with other CNS areas to study neurodegeneration and neuroprotection (37, 38). However, despite its advantages, little is known about how the retina responds to systemic inflammation, and no comprehensive studies comparing females and males have been reported.

Here, we compared the functional and anatomical changes in the retina in response to LPS in males and females. We focused on the ganglion cell layer, where we studied the fate of retinal ganglion cells (RGCs), the only afferent retinal neurons. RGCs consist of two functional subtypes, those implicated in vision-forming roles and those that elicit non-vision-related light responses. Vision-forming RGCs are the majority and express Brn3a, a transcription factor that is also a viability marker (Brn3a+RGCs) (39). Non-vision forming RGCs are detected by their melanopsin expression (m+RGCs), i.e. the chromophore that renders them intrinsically photosensitive (ipRGCs) (39, 40). ipRGCs are more resilient to several insults than Brn3a+RGCs (41, 42). Within this framework, we have performed longitudinal in vivo functional and anatomical analyses in septic mice. In post-mortem samples, we have assessed the survival of vision and non-vision forming RGCs, microglial dynamics and activation, and measured the levels of pro-inflammatory cytokines in matched plasma and retinal samples. Finally, we have tested the neuroprotective potential of P2X7R and TNFR1 antagonists, alone or in combination, to prevent neuronal damage associated with systemic inflammation.




2 Material and methods



2.1 Animal handling

All animal procedures were approved by the Institutional Animal Care and Use Committee of the University of Murcia (Murcia, Spain) and performed according to our institutional guidelines (approved protocol A13210201) and ARRIVE guidelines.

Two months old C57BL/6J male and female mice were obtained from the breeding colony of the University of Murcia or purchased from Envigo (Barcelona, Spain). Animals were kept at the University of Murcia animal housing facilities in temperature and light controlled rooms (12 h light/dark cycles) with food (pellet 12 mm, Teklad Global Diet®, Inōtiv, Mucedola, Milán, Italy) and water administered ad libitum.




2.2 Anaesthesia and euthanasia

Optical coherence tomography was conducted with general inhalational anesthesia utilizing 3% isoflurane (Abbott Laboratories, Abbott Park, IL) at a rate of 1.5 L/min oxygen, employing a calibrated precision vaporizer. For electroretinogram analyses, animals underwent anesthesia through an intraperitoneal injection of a combination of ketamine (60 mg/kg, Ketolar, Parke-Davies, S.L., Barcelona, Spain) and xylazine (10 mg/kg, Rompún, Bayer S.A., Barcelona, Spain). Following anesthesia, a protective ointment (Tobrex; Alcon S.A., Barcelona, Spain) was applied to the eyes to prevent corneal desiccation. The euthanasia process involved an intraperitoneal injection of a lethal dose of sodium pentobarbital (Dolethal, Vetoquinol; Especialidades Veterinarias, S.A., Alcobendas, Madrid, Spain).




2.3 Animal groups and experimental design

Figure 1 summarises the experimental groups and analyses. In vivo functional and anatomical analyses (ERG and OCT) were performed longitudinally before (pre- or baseline) and after the procedures, and animals sacrificed at different time points for anatomical analyses on flat-mounts. New groups were done for cytometry and ELISA assays. Intact animals were used as controls for the total number of RGCs, morphology of resting microglia, flow cytometry, and cytokine profiling analyses. The number of samples per assay, sex and time point is shown in the scatter dot plots.




Figure 1 | Experimental design. n=4-12 retinas or plasma/time/sex/analyses.






2.4 Intraperitoneal and subcutaneous injections

LPS [dissolved in saline. E. coli O111: B4, 437627 Millipore, Merck Life Science S.L.U. Madrid, Spain] and TNFR1 antagonist [12 mg/kg i.p. in 5% of DMSO-saline; R7050, Tocris Bioscience; Bio-Techne R&D Systems, Madrid, Spain], as previously published (43), were both injected intraperitoneally in a final volume of 200 µL.

P2X7R antagonist [ITH15004] was injected subcutaneously in a final volume of 100 µL of 10% DMSO/saline. ITH15004 (2-[6-chloro-9H-purin-9-yl)-1-(2,4-dichlorophenyl]ethan-1-one) is a non-nucleotide purine derivative that has shown selective P2X7 receptors blocking properties, and it has been synthesized accordingly to the method recently described (44).

For LPS and the P2X7R antagonist, we did a dose titration (see results) and the selected final concentrations were 5 mg/kg for LPS and 15 mg/kg for the P2X7R antagonist.




2.5 Electroretinography

The full-field electroretinogram (ERG) was conducted following previously published methods (45–47). Briefly, mice underwent 12 hours of dark adaptation, followed by anesthesia, and dilation of both eyes with a topical mydriatic (Tropicamide 1%; Alcon-Cusí, S.A., Barcelona, Spain). Scotopic and photopic responses were simultaneously recorded using Burian-Allen corneal bipolar electrodes. Methylcellulose (Methocel® 2%; Novartis Laboratories CIBA Vision, Annonay, France) was applied between the cornea and electrodes to enhance signal conductivity. The reference electrode was positioned in the mouth, and a needle at the tail base served as the ground electrode. Scotopic responses reflecting retinal ganglion cell (RGC)-mediated activity were recorded with light flashes ranging from -4.4 log cd·s/m2, while rod-mediated responses were recorded at -2.5 log cd·s/m2. Mixed responses (a- and b-waves) were recorded at 0.5 log cd·s/m2. For cone-mediated responses, a flash of 0.5 log cd·s/m2 was applied on a 30 cd/m2 rod-saturated background. The electrical signals were digitized at 20 KHz using a Power Lab data acquisition board (AD Instruments, Chalgrove, UK), and standard ERG waves were analyzed in accordance with the International Society for Clinical Electrophysiology of Vision (ISCEV).




2.6 Spectral domain optical coherence tomography

Retinas were longitudinally examined using SD-OCT (Spectralis; Heidelberg Engineering, Heidelberg, Germany) adapted with a commercially available 78-D double aspheric fundus lens (Volk Optical, Inc., Mentor, OH, USA) positioned in front of the camera unit, as outlined in a previous publication (48). Following anesthesia, tropicamide eye drops (Tropicamide 1%; Alcon-Cusí, S.A. Barcelona, Spain) were administered to induce mydriasis in both eyes. Imaging was conducted with the proprietary software package (Eye Explorer, version 3.2.1.0; Heidelberg Engineering). A raster scan comprising 25 equally spaced horizontal B-scans was used to capture retinal images. Manual measurements of total, inner, and outer retinal thickness were taken near the optic nerve head (0.4 mm) and at a 1-mm distance from it, always within central sections spanning the optic disc. Subsequently, the software calculated the volume of the central retina, with manual alignment of inner and outer retinal limits in the 25 sections acquired per retina. Hyperreflective puncta in the vitreous were manually quantified in 3 central OCT sections/animal.




2.7 Tissue processing and immunodetection

Euthanized animals underwent transcardial perfusion with a 0.9% saline solution, followed by 4% paraformaldehyde in 0.1 M phosphate buffer solution. Flat-mounted retinas were prepared according to established procedures (49). Immunodetection procedures followed previous protocols (50). Flat-mounted retinas underwent triple immunodetection with mouse anti-Brn3a (1:500; MAB1585, Merck Millipore; Madrid, Spain) and rabbit anti-melanopsin (1:750; UF008 (AB-N39), Advanced Targeting Systems, Carlsbad, CA, USA) antibodies to quantify the total number of vision-forming and non-vision-forming retinal ganglion cells (RGCs), respectively. Additionally, guinea pig anti-Iba1 antibody was used to identify microglial cells or infiltrated macrophages (1:500; 234308, Synaptic Systems, Göttingen, Germany).

Secondary detection employed Alexa Fluor-labeled secondary antibodies (1:500; Molecular Probes; Thermo Fisher Scientific, Madrid, Spain). Retinal whole-mounts were mounted using anti-fading mounting media (H-1200, Vectashield®, Vector Laboratories Inc., Burlingame, CA, USA).




2.8 Image acquisition and analyses

Images were captured using a Leica DM6B epifluorescence microscope (Leica, Wetzlar, Germany). Retinal photomontages were constructed from individual square images of 500 µm² each. The total population of Brn3a+RGCs was automatically quantified following established procedures (49). m+RGCs were manually marked on the photomontage, and the markings were subsequently automatically quantified. The topographic distribution of Brn3a+RGCs and m+RGCs was evaluated through isodensity and neighborhood maps, respectively, using methods previously described (49, 51). Isodensity maps depict RGC density with a color scale ranging from 0-500 (purple) to ≥ 3,200 RGCs/mm² (red). Neighbour maps illustrate the number of neighboring cells around a given cell within a radius of 0.165 mm, with a color scale from 0-2 (purple) to ≥ 21 neighbors (dark red).




2.9 Flow cytometry

Retinas freshly dissected post-euthanasia were collected in neurobasal medium (Thermo Fisher Scientific), supplemented with 10% fetal bovine serum (Thermo Fisher Scientific), 2% B-27 (Thermo Fisher Scientific), and 1% L-glutamine (Merck Life Science). The dissected retinas were mechanically processed with a scalpel. Following gentle resuspension through pipetting for enhanced cell dissociation, 0.2% collagenase A (0.223 U/mg; Roche Diagnostics GmbH, Mannheim, Germany) in Dulbecco’s-modified Eagle’s medium (DMEM) was added and incubated for 30 minutes at 37 °C. Subsequently, cellular suspensions were filtered through a 70-μm CorningTM cell strainer (Thermo Fisher Scientific) and promptly centrifuged for 5 minutes at 600g. The resulting cell pellets were resuspended in complete DMEM medium, and primary fluorescence-labeled antibodies (1:250 anti-mouse CD11b-FITC and 1:500 anti-mouse CD45-PE; eBioscience, Thermo Fisher Scientific) were added. After a 30-minute incubation at 4 °C, two washing steps were performed, and the cells were ultimately analyzed using a FACS Canto flow cytometer (Becton Dickinson, Franklin Lakes, NJ, United States). Flow cytometry data were analyzed with FlowJo software (FlowJo LLC, Ashland, OR, United States) at the Tissue Culture Facility (ACTI, University of Murcia and IMIB).




2.10 Plasma obtention, retinal protein extraction, and ELISA assays

Six, 24 or 72h after LPS administration, blood was collected from the heart of pentobarbital overdosed mice, mixed with citrate buffer (3.3% in double distilled water) and placed in ice for 15 min. Then, samples were centrifuged at 3,000 rpm for 10 min at 4°C, the plasma collected and immediately frozen at -80°C until analysis.

Right after blood extraction, retinas from the same animals were fresh dissected and immediately submerged in Pro-Prep™ (Intron Biotechnology, Seongram, South Korea) and dissociated with a hand shredder. After 1h, samples were centrifuged for 15 min at 13,000 rpm. Finally, supernatants were collected and stored at -80°C until analysis. Controls were samples from intact animals.

Each cytokine was measured individually using murine TNF, IFN-γ and IL1-β ELISA kits from Raybiotech (ELM-TNFa-CL-1, ELM-IFN-g-CL-1 and ELM-IL1-b-CL-1, respectively, Bionova Científica, Madrid, Spain), and LT-α from Cloud Clone (SEA134Mu-96T; Bionova Científica, Madrid Spain) following the manufacturer´s instructions. Absorbances were measured at 450 nm in a spectrophotometer and concentrations calculated from standard curves.




2.11 Statistical analyses

The data were analyzed and graphed using GraphPad Prism v.7 (GraphPad Software, San Diego, CA, USA), and the results are presented as mean ± standard deviation (SD). Significance was determined at p<0.05. Detailed information regarding the statistical tests employed can be found in the Results section.





3 Results



3.1 LPS dose determination

The response to LPS is modulated by the sex, age and strain of the mouse, as well as environmental factors such as diet (18, 35, 52). Therefore, the concentration of LPS used varies widely between reports, even within the same mouse strain. We started by determining LPS dose in C57BL/6J male mice from our facility (CEIB, IMIB, Murcia Spain). In the literature it has been described that males are more sensitive to LPS administration, therefore, we decided to test the appropriate LPS dose in males (30, 36). At first, we looked at whether there was RGC loss 3 days after LPS administration. (Supplementary Figures 1A, B). The lowest concentrations, 2 to 4 mg/kg, resulted in a loss of 10% of RGCs, while 5 and 7 mg/kg concentrations caused a 20% loss. A 10 mg/kg dose was lethal for these mice. At 3 days, there were no differences on RGC survival between 5 and 7 mg/kg. Finally, we compared the effect of the two doses at day 7 to confirm that RGC viability was still the same (Supplementary Figure 1C). As there were no differences in RGC survival between the two doses, all experiments were performed at the concentration of 5 mg/kg, being less toxic to mice (Supplementary Figure 1D).




3.2 Differential susceptibility of vision forming and non-vision forming RGCs to systemic inflammation

We then analysed the time course of the loss of Brn3a-expressing RGCs (vision-forming RGCs; Brn3a+RGCs) and melanopsin-expressing RGCs (non-vision-forming RGCs, M1 to M3 subtypes of intrinsically photosensitive RGCs; m+RGCs) (39) after LPS administration.

In both sexes, there was a significant and diffuse loss of Brn3a+RGCs on day 3. This loss continued until day 7, when it stabilised (Figures 2A, B). Females (blue bars) had significantly fewer Brn3a+RGCs than males (red bars). Therefore, to compare RGC loss between sexes, we calculated the percentage of RGC survival compared with intact retinas. As shown in Figure 2C, Brn3a+RGC loss was at all times proportionally higher in males than in females (from day 7, 27 ± 0.4% loss in males, 20 ± 0.6% in females).




Figure 2 | Systemic inflammation causes loss of vision forming RGCs but not of non-vision forming RGCs. (A) Isodensity maps showing the homogeneous loss of Brn3a+RGCs in female and male mice from 3 to 45 days after intraperitoneal administration of 5 mg/kg of LPS compared to intact retinas. These maps show the density of Brn3a+RGCs with a colour scale that goes from 0-500 (purple) to ≥ 3,200 RGCs/mm2 (red). Below each map is shown the number of Brn3a+RGCs quantified in the original retina. (B) Column graph showing the mean total number ± SD of Brn3a+RGCs in female (blue columns) and male (red columns) intact retinas and retinas analysed from 3 to 45 days after intraperitoneal administration of LPS. *Significant loss vs. intact (**p<0.01; ***p<0.001; ****p<0.0001). σSignificant loss between time points (σσσp<0.001; σσσσp<0.0001). One-way ANOVA within sexes, post-hoc Tukey’s test. †Females have significantly lower number of Brn3a+RGCs than males (Unpaired T-test; p<0.0001). (C) Column graph showing the mean percentage ± SD of Brn3a+RGCs loss in female (blue columns) and male (red columns) after LPS administration respect to intact retinas (100%). *Significant difference between females and males (*p<0.05; ***p<0.001; ****p<0.0001. Two-way ANOVA Šidák’s multiple comparison test (time p<0.0001; sex p<0.0001). (D) Left: Neighbour maps depicting the distribution of m+RGCs in intact male and female retinas and retinas analysed from 1 to 45 days after LPS administration. Neighbour maps show the number of neighbour m+RGCs around a given m+RGC in a radius of 0.165 mm with a colour scale that goes from 0-2 (purple) to ≥ 21 neighbours (dark red). Below each map the number of m+RGCs counted in that retina is shown. Right, column graph showing the mean total number ± SD of m+RGCs in the same groups. S: superior pole. T: temporal pole. F: females. M: males.



The population of m+RGCs did not differ between males and females. In addition, unlike Brn3a+RGCs, they were resistant to LPS-induced systemic inflammation (Figure 2D).




3.3 Systemic inflammation causes retinal swelling

Retinas of females and males were imaged longitudinally with SD-OCT before and after LPS administration.

In the baseline images, the vitreous was clear. However, after LPS administration, hyperreflective puncta, presumably infiltrated cells, were visible in the vitreous from day 1 to day 45 in both sexes. Their numbers were significantly higher than at baseline imaging at all time points and were significantly more abundant in males than females from day 4 onwards (Figures 3A, B).




Figure 3 | Retinal swelling after systemic LPS administration. (A) OCT sections spanning the optic disk acquired from female and male mice before LPS administration (pre) and from 1 to 45 days after LPS administration. Yellow asterisks mark hyperreflective puncta in the vitreous. (B) Column graph showing the mean number ± SD of hyperreflective puncta/OCT section. *vs. baseline values (pre) (*p<0.05; ***p<0.01; ****p<0.0001). †Females vs. males at the same time points (p<0.01). Two-way ANOVA Šidák’s multiple comparison test. (C) Column graph showing the mean retinal volume (µm3) ± SD measured from the OCT images. *Significant vs. baseline values (pre) (*p<0.05; ****p<0.0001. Two-way ANOVA Šidák’s multiple comparison test, time p<0.0001; sex p>0.05). (D) Column graph showing the mean thickness (µm) ± SD of the inner, outer, and total retina measured from the OCT images at 0.4 mm and 1 mm from the optic disc. Symbols inside the columns: statistical differences in the thickness of the inner or outer retina. Symbols above columns: differences in total thickness. *vs. baseline values (pre) (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001). †Females vs. males at the same time points (p<0.01). Two-way ANOVA Šidák’s multiple comparison test (for 0.4 mm inner: time p<0.0001; sex p>0.05; for 0.4 mm outer: time p<0.0001; sex p<0.05; for 0.4 mm total: time p<0.0001; sex p<0.0001; for 1 mm inner: time p<0.0001; sex p<0.05; for 1 mm outer: time p<0.001; sex p<0.001; for 1 mm total: time p<0.0001; sex p<0.001).



The retinal volume increased early after LPS administration similarly in both sexes (Figure 3C). Next, we measured the inner, outer and total retinal thickness at 0.4 mm and 1 mm from the optic disc (Figure 3D) and observed a significant thickening of the total retina, mainly due to enlargement of the inner retina. These changes were more marked in females than in males except at day 2 in the inner retina at 1mm.




3.4 Microglial activation and CD45+ CD11b- cell recruitment

In flat-mounts, morphological activation of Iba1+microglia/macrophages was observed as soon as day 3 after LPS administration, and started to resume at 21 days, though still some microglial cells showed signs of activation, mostly around the optic nerve until day 45 (Figure 4, higher magnifications are shown in Supplementary Figure 1E). Iba1+cells were hypertrophic, with swollen cell bodies and few ramifications. In addition, amoeboid cells were found around retinal vessels, probably microglial cells, perivascular macrophages or infiltrating monocytes.




Figure 4 | Microglial morphological activation in the ganglion cell layer after systemic inflammation. Magnifications taken from the optic nerve head (ON), centre and periphery of flat-mounted retinas of intact male and female mice, and retinas analysed from 3 to 45 days after LPS administration, showing Iba1+ cells (microglia or infiltrated macrophages). White arrows point to retinal vessels.



Because retinal swelling could be related to cell infiltration in the retina as well as to microglial activation, we quantified the proportion of CD11b+ (myeloid cells: microglial cells or macrophages, irrespective of their state of activation) or CD45+ cells (broad leukocyte marker: expressed by activated microglia/macrophages and by monocytes or lymphocytes [reviewed in (53)] by flow cytometry. In both sexes, there was a significant increase in CD11b+ and CD45+ cells at 3 and 7 days (Supplementary Figure 2) returning to basal levels on day 21, in agreement with the morphological activation. When cell populations were separated according to their marker combination, we observed an increase in steady-state microglia/macrophages (CD11b+CD45-) at 3 and 7 days, which was significantly higher in females on day 3. In both sexes, there was a similar transient increase in infiltrating neutrophils, monocytes or lymphocytes (CD11b-CD45+) at 3 days and a smaller but still significant increase in activated microglia/macrophages (CD11b+CD45+) (Figure 5).




Figure 5 | Dynamics of CD45+CD11b+, CD45+CD11b- and CD45-CD11b+ cells in the retina after systemic inflammation. (A) Representative flow cytometry dot plots showing the percent of CD45+/CD11b+, CD45+CD11b- and CD45-CD11b+ cells in intact male and female mice retinas, and retinas analysed at 3, 7 and 21 days after LPS administration. (B) Flow cytometry quantification graphs showing the percent ± SD of CD45-CD11b+, CD45+CD11b- and CD45+/CD11b+ cells. *Significant vs. intact (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001). σSignificance between different time points (σσp<0.01; σσσp<0.001; σσσσp<0.0001). † Females vs. males at the same time point (p<0.05). Two-way ANOVA Šidák’s multiple comparison test (for all cell typestime p<0.0001; sex p>0.05). F: females. M: males.






3.5 Proinflammatory cytokine profile in retinas and plasma

We measured pro-inflammatory cytokine levels by ELISA in matched retinal and plasma samples at early time points after LPS administration (Figure 6A). TNF levels increased significantly in the retinas of both sexes 6 and 24h after LPS exposure. In plasma, this increase was observed at 6h and progressively increased, especially at 72h. Lymphotoxin-α (LT-α), the non-canonical ligand of TNFR1, whose canonical ligand is TNF, was increased only in male retinas 6h after LPS administration. IL1-β, secreted by macrophages through inflammasome activation after LPS challenge (54), was significantly upregulated in the plasma of females and males at 24h, while this increase was observed in the retina at 24h in females and 72h in males.




Figure 6 | Proinflammatory cytokine levels in retina and plasma after systemic inflammation. (A) Column graphs showing the mean ± SD concentration (pg/mL) of TNF, LT-α, IL-1β and IFN-γ, in plasma and retinas from intact male and female mice, and retinas analysed from 6 to 72 h after LPS administration. Plasma and retinal extracts are animal matched. *Significantly different vs. intact (**p<0.01; ***p<0.001; ****p<0.0001); †p<0.01 females vs. males at the same time point and treatment. Two-way ANOVA Šidák’s multiple comparison test (treatment p<0.0001; sex p>0.05). σp<0.01 plasma vs. retina in intact animals (Mann Whitney Test). (B) Column graphs showing the averaged percentage ± SD of TNF, LT-α, IL-1β and IFN-γ compared to intact (100%) in the same groups as above. The dotted line marks 100%. In all graphs, the range of the Y-axis has been adjusted for each cytokine and sample. F: females. M: males.



IFN-γ is necessary for LPS-responsive gene induction and facilitates the production of several proinflammatory mediators (55). In our mice model, IFN-γ levels in plasma increased in both sexes after 24 h, without changes in the retina. Contrary to the other cytokines measured, IFN-γ basal levels were higher in plasma than in retina [4.6-fold]. Indeed, and surprisingly, basal retinal levels of TNF, IL-1β and LT-α were significantly higher in retina than in plasma, exceeding plasma levels by a factor of about 12, 4 and 1.4, respectively. Yet, the relative increment in TNF and IL-1β was much higher in plasma than in the retina (Figure 6B). By contrast, LT-α was not altered in plasma.




3.6 RGC neuroprotection by P2X7R and TNFR1 antagonists

In view of the above, we decided to block, alone or in combination, the P2X7 receptor (P2X7R), which induces IL-1β secretion by inflammasome activation, and the TNF receptor 1 (TNFR1), which activates the extrinsic pathway of apoptosis. Antagonists (α) were injected intraperitoneally (αTNFR1) or subcutaneously (αP2X7R) on a daily basis from day 1 after LPS administration.

The dose of the αTNFR1 (R7050) was already established in mice (43). For the αP2X7R (ITH15004), we did a preliminary experiment on LPS-treated male mice using a dose of 15 mg/kg based on in vitro assays (Supplementary Figure 3). This dose is comparable to those used for evaluating the effect of ITH15004 on the LPS-induced IL-1β release in ATP-stimulated murine peritoneal macrophages, as an eligible model of inflammation. In those experiments, the selective αP2X7R halved the IL-1β release from 1 µM (44). In our experiments, there was significant RGC rescue at this dose. To determine the effect of higher concentrations, we tried 30 and 60 mg/kg. These two higher doses did not improve RGC neuroprotection, so we performed all subsequent experiments at the lowest dose of 15 mg/kg.

Each antagonist was able to reverse LPS-induced Brn3a+RGC loss. Both antagonists worked better in females, with no differences compared to intact animals, while RGC neuroprotection was not complete in males. The combination of both treatments significantly improved neuroprotection in males compared with either treatment alone. (Figures 7A, B). Strikingly, the rescue of RGCs with the TNFR1 antagonist was significantly better in females than in males (Figure 7C).




Figure 7 | Antagonism of TNFR1 and P2X7R rescues RGCs from systemic inflammation. (A) Isodensity maps showing the distribution of Brn3a+RGCs in retinas of intact male mice and mice treated with LPS+vehicle, LPS and TNFR1 antagonist (αTNFR1), LPS and P2X7R antagonist (αP2X7R), and LPS and αP2X7R + αTNFR1. Retinas were analysed 7 days after the injection of LPS. (B) Column graph showing the mean total number ± SD of Brn3a+RGCs the same groups. *Significant vs. intact (***p<0.001; ****p<0.0001); σSignificant between groups (σp<0.05; σσσp<0.001; σσσσp<0.0001). One-way ANOVA within sexes, post-hoc Tukey’s test. (C) Column graph showing the averaged percentage ± SD of Brn3a+RGCs in the same groups as before with respect to intact retinas (100%). *Significant differences between females and males (**p<0.01; ***p<0.001; Two-way ANOVA Šidák’s multiple comparison test (treatment p<0.0001; sex p<0.0001). F: females, M: males. I: intact, V: vehicle.






3.7 Retinal functionality

Electroretinographic waves were recorded in all animals before (pre) and at 3 and 7 days after LPS administration, with or without pharmacological treatments (Figure 8). LPS caused a transient decrease in all wave amplitudes at day 3 in both sexes, indicating functional impairment of the inner and outer retina. In females, all waves were completely recovered by day 7, whereas in males this recovery was incomplete except for the photopic wave. P2X7R antagonism completely restored all waves at day 3, except the b-wave in females, whereas TNFR1 antagonism restored only the photopic wave in males. The combined treatment was better than the TNFR1 antagonism alone, but not as good as the single P2X7R antagonism. There were some subtle differences between females and males, such as smaller recovery at day 3 of the a- and b- mixed waves in males than in females when treated with both antagonists, or of the rod response after P2X7R antagonism.




Figure 8 | Transient impairment of retinal functionality after systemic inflammation: effect of TNFR1 and P2X7R antagonism. (A) Electroretinographic waves from female and male mice recorded before (PRE) and 3 and 7 days after being treated with LPS + vehicle, LPS and TNFR1 antagonist (αTNFR1), LPS and P2X7R antagonist (αP2X7R), and LPS and αP2X7R + αTNFR1. (B) ERG quantification bar graphs showing the mean wave amplitude (µV ± SD). Control amplitudes are baseline recordings (pre). *vs. baseline values (*p<0.05; **p<0.01***; p<0.001; ****p<0.0001); φ3rd vs. 7th day within the same group (φφφp<0.001; φφφφp<0.0001). σBetween different groups (σp<0.05; σσp<0.01; σσσp<0.001; σσσσp<0.0001). †p<0.001 females vs. males at the same time point and treatment. Two-way ANOVA Šidák’s multiple comparison test (treatment p<0.0001; sex p>0.05).



Finally, when we measured the implicit time, we observed that the response of the female retina was significantly slower than that of the male retina for all waves 3 days after LPS administration (Supplementary Figure 4). In animals treated with the antagonists, where the implicit times of females were faster, this difference was not observed.





4 Discussion

We show here that systemic inflammation induced by intraperitoneal administration of LPS causes transient functional impairment, swelling, microglial activation and increase in number, CD45+CD11b- cell infiltration, vision-forming RGC death and a pro-inflammatory profile in the mouse retina. RGC death and retinal function are restored by antagonising P2X7R and TNFR1 alone or in combination, with better results for RGC survival when both receptors are targeted. Importantly, some of these events differ between male and female mice.

In our mice, systemic inflammation leads to RGC loss, which is significantly lower in females than in males and it affects only vision-forming RGCs. Non-vision-forming RGCs are more resistant than vision-forming RGCs (41, 42); their resistance may be due to protection against neuroinflammation. In fact, after optic nerve axotomy, m+RGCs die as Brn3a+RGCs during the fast phase of death, but they survive the second phase, which is secondary to the axotomy itself (41). During this second phase, Brn3a+RGC death is very slow but sustained, and microglial cells remain activated (56). In accordance, we show here that m+RGCs are not affected by the neuroinflammation triggered by LPS.

LPS rapidly induced a retinal and systemic proinflammatory status, as evidenced by increased levels of TNF and IL-1β in both tissues, LT-α only in the male retina, and IFN-γ only in plasma. Interestingly, basal levels of all these proinflammatory mediators, except IFN-γ, were significantly higher in the retina than in plasma, although their increased levels after LPS challenge were much higher in plasma, as expected. We do not know the biological significance of this, but it would be interesting to measure the basal levels of these cytokines in other areas of the CNS to determine whether their constitutive levels are higher in the CNS than in plasma or other peripheral tissues.

We found that systemic inflammation kills RGCs through both the extrinsic apoptotic pathway and the NLRP3 inflammasome pathway. This is supported by the increased levels of TNF and IL-1β in the retina and by the fact that the antagonism of the key receptors of each pathway, TNFR1 and P2X7R, rescues RGCs and, for P2X7R antagonism, retinal function.

Importantly, RGC neuroprotection in females is complete with all treatments, whereas this level of protection in males is only achieved with administration of both antagonists.

RGCs express TNFR1 (43) and can therefore be killed directly by the increased retinal levels of TNF and LT-α (in males). LT-α is a non-canonical ligand of TNFR1 and, like TNF, it also binds to other death receptors (57). This cytokine is involved in apoptosis, necroptosis and inflammation (58). The significant increase in retinal LT-α only in males may explain their higher RGC loss. LPS induces LT-α secretion by microglial cells (59) and our data indicate that this secretion is sexually dimorphic.

Activation of the NLRP3 inflammasome by P2X7R induces Gasdermin D pore formation and the release of IL-1β, leading to inflammation and pyroptosis (60). RGCs also express P2X7R (61), therefore they are vulnerable to pyroptosis. In addition, because microglial cells become neurotoxic after P2X7R activation (62–64), it is plausible that, in this model, where the number of microglial cells increases and they are activated, both mechanisms, i.e. direct pyroptotic RGC death and microglial neurotoxicity, take place.

OCT analysis showed retinal swelling and the appearance of hyperreflective puncta, most likely infiltrated cells, in the vitreous which were more abundant in males than in females. Further cytometric analysis showed an increase in microglial cells/macrophages in different activation states (CD45+CD11b+ and CD45-CD11b+ cells). There was also an increase in CD45+CD11b- cells, which are probably infiltrating lymphocytes as they are not macrophages or microglial cells. Retinal swelling may be a consequence of this infiltration, the higher number of microglial cells and the subsequent inflammation. Morphological microglial activation is observed from day 3, more pronounced around the optic nerve disc and retinal vessels in agreement with (64). This geographical pattern may indicate the route of infiltration.

Early after LPS administration, inner and outer retinal function was impaired and recovered for all waves at 7 days, better in females than in males. The loss of function may be a response to the systemic shock and the early increase in pro-inflammatory mediators in both retina and plasma. Activated microglial cells in sepsis release IL-1β in microvesicles, which can potentially cause synaptic damage (54). Thus, overexpression of IL-1β in the retina may explain the early loss of function that we observe here, and its rescue in P2X7R antagonised groups. The idea that the inflammatory environment underlies the loss of retinal function is also supported by the fact that TNFR1 antagonism, while rescuing RGCs, does not restore retinal function. Surprisingly, the pSTR wave, corresponding to RGCs, also recovered despite a 20-27% loss of RGCs. The electroretinogram shows functional changes with ~50% neuronal loss or impairment (45, 65). Loss of function, as measured by the ERG, is observed when ~50% of neurons are lost or functionally impaired. Since LPS causes the loss of 20-27% of RGCs, it is possible that the pSTR decrease at early time points is due to extensive RGC dysfunction as well as loss. Later, the surviving RGCs function well, and with 73-80% still alive, the ERG is not sensitive enough to detect functional deficits. Additionally, the pSTR recovery could also be related to functional compensatory mechanisms. The transient loss of outer retinal function suggests that bipolar cells or photoreceptors (66) are also affected. Whether this loss of function is associated with death below ERG sensitivity remains unclear and requires further investigation.




5 Conclusions

The most important conclusion to be drawn from our work is that the response of the retina to systemic LPS is sexually dimorphic. Females show a better functional recovery, less cell infiltration in the vitreous, less loss of vision-forming RGCs and a better response to treatment than males. Furthermore, males show increased levels of retinal LT-α, which is not observed in females. This sexual dimorphism may be related to estrogen receptors, which have been shown to inhibit proinflammatory cytokines (67), highlighting the need for preclinical studies in both sexes in diseases with an inflammatory component, either systemic or neurodegenerative, such as Parkinson’s disease (68).

The two functional subtypes of RGCs show differential susceptibility to systemic inflammation. The intrinsic resilience of non-vision-forming RGCs to various insults is well known, a resilience that may be shared by other CNS neurons. Therefore, one of the main goals of current research is to isolate the basis of this resilience in order to identify successful neuroprotective therapies.

Finally, our data provide evidence that the NLRP3 inflammasome and the extrinsic pathway of apoptosis play a role in RGC death induced by systemic inflammation. In addition, P2X7R activation is also involved in the early loss of retinal function. Thus, this work provides the basis for further research into their possible role in retinal or CNS diseases with a systemic or local inflammatory component.
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Supplementary Figure 1 | LPS dose determination. (A) Isodensity maps showing the homogeneous loss of Brn3a+RGCs in the retinas of male mice treated with increasing intraperitoneal doses of LPS (mg/kg) compared to intact retinas. These maps show the density of Brn3a+RGCs with a colour scale that goes from 0-500 (purple) to ≥ 3,200 RGCs/mm2 (red). Below each map is shown the number of RGCs quantified in the original retina. (B) Column graph showing the mean total number ± standard deviation (SD) of Brn3a+RGCs in intact retinas and retinas analysed 3 days after intraperitoneal administration of increasing doses of LPS. (C) Column graph showing the mean total number ± standard deviation of Brn3a+RGCs in intact retinas and retinas analysed 7 days after intraperitoneal administration of 5 or 7 mg/kg of LPS. (D) XY graph (LPS dose vs. mouse survival) showing the percentage of mice surviving each of the LPS doses tested. (E) Magnifications taken from the optic nerve head (ON), centre and periphery of flat-mounted retinas of intact male and female mice, and retinas analysed from 3 to 45 days after LPS administration, showing Iba1+ cells (microglia or infiltrated macrophages).

Supplementary Figure 2 | Transient increase of CD45+ and CD11b+ cells in the retina after systemic inflammation. (A) Representative flow cytometry dot plots showing the percent of CD45+ or CD11b+ cells in intact male and female mice retinas, and retinas analysed at 3, 7 and 21 days after LPS administration. (B) Flow cytometry quantification graph showing the mean percent ± SD of CD45+ (left) or CD11b+ (right) cells. *Significant compared to intact retinas (*p<0.05; **p<0.01). Two-way ANOVA Šidák’s multiple comparison test (For both cell typestime p<0.0001; sex p>0.05). F: females. M: males.

Supplementary Figure 3 | Neuroprotective dose of the P2X7R antagonist ITH15004. (A) Isodensity maps showing the distribution of Brn3a+RGCs in retinas of intact male mice and mice treated with LPS + vehicle, or with LPS and increasing subcutaneous doses of the P2X7R antagonist (αP2X7R) ITH15004 (mg/kg). Retinas were analysed 7 days after LPS administration. Below each map the number of RGCs quantified in the original retina is shown. (B) Column graph showing the mean total number ± SD of Brn3a+RGCs in the same groups. σSignificant vs. vehicle (σσσσp<0.0001) *Significant compared to intact retinas (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001); φ15 mg/kg vs. 30 mg/kg (p<0.05). One-way ANOVA, post-hoc Tukey’s test.

Supplementary Figure 4 | Changes in the implicit time after systemic inflammation and effect of TNFR1 and P2X7R antagonism. Colum bar graphs showing the mean implicit time (ms ± SD) of the ERG response in female and male mice recorded before (PRE) and 3 and 7 days after being treated with LPS + vehicle, LPS and TNFR1 antagonist (αTNFR1), LPS and P2X7R antagonist (αP2X7R), and LPS and αP2X7R+ αTNFR1 vs. baseline values (*p<0.05; ****p<0.0001); φ3rd vs. 7th day within the same group (φφφp<0.001; φφφφp<0.0001). †p<0.05 females vs. males at the same time point and treatment. Two-way ANOVA Šidák’s multiple comparison test (treatment p<0.0001; sex p>0.05).
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Background

Sepsis is one of the major causes of death and increased health care burden in modern intensive care units. Immune checkpoints have been prompted to be key modulators of T cell activation, T cell tolerance and T cell exhaustion. This study was designed to investigate the role of the negative immune checkpoint, T cell immunoglobulin and ITIM domain (TIGIT), in the early stage of sepsis.





Method

An experimental murine model of sepsis was developed by cecal ligation and puncture (CLP). TIGIT and CD155 expression in splenocytes at different time points were assessed using flow cytometry. And the phenotypes of TIGIT-deficient (TIGIT-/-) and wild-type (WT) mice were evaluated to explore the engagement of TIGIT in the acute phase of sepsis. In addition, the characteristics were also evaluated in the WT septic mice pretreated with anti-TIGIT antibody. TIGIT and CD155 expression in tissues was measured using real-time quantitative PCR and immunofluorescence staining. Proliferation and effector function of splenic immune cells were evaluated by flow cytometry. Clinical severity and tissue injury were scored to evaluate the function of TIGIT on sepsis. Additionally, tissue injury biomarkers in peripheral blood, as well as bacterial load in peritoneal lavage fluid and liver were also measured.





Results

The expression of TIGIT in splenic T cells and NK cells was significantly elevated at 24 hours post CLP.TIGIT and CD155 mRNA levels were upregulated in sepsis-involved organs when mice were challenged with CLP. In CLP-induced sepsis, CD4+ T cells from TIGIT-/- mice shown increased proliferation potency and cytokine production when compared with that from WT mice. Meanwhile, innate immune system was mobilized in TIGIT-/- mice as indicated by increased proportion of neutrophils and macrophages with potent effector function. In addition, tissue injury and bacteria burden in the peritoneal cavity and liver was reduced in TIGIT-/- mice with CLP induced sepsis. Similar results were observed in mice treated with anti-TIGIT antibody.





Conclusion

TIGIT modulates CD4+ T cell response against polymicrobial sepsis, suggesting that TIGIT could serve as a potential therapeutic target for sepsis.
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Introduction

Sepsis is a life-threatening organ dysfunction resulting from dysregulated response to infection (1). Worldwide, it is estimated that 11 million people die from the disease each year (2). Although there has been a global improvement in clinical outcomes due to improved treatment practices over the preceding decades, mortality rates remain unacceptably high, ranging from 25% to 30% for sepsis and 40% to 50% for septic shock (3, 4). In addition, many sepsis survivors have long-term physical and cognitive impairments, burdening society and the health care system (5).

Sepsis is characterized by disrupted balance between pro-inflammatory and anti-inflammatory responses (6). During sepsis, both innate and adaptive immune system are activated to fight against bacteria, with T cells playing a crucial role (7). Upon bacterial challenge, T cell could activate, proliferate, differentiate and secret various chemokines and pro-inflammatory cytokines to assist microbial pathogens elimination (8–10). In addition, IFN-γ derived from T helper cells 1 (Th1) could augment macrophages antimicrobial effectiveness by increasing microbial phagocytosis, improved antigen presentation ability and upregulated costimulatory molecules for T cell activation (11). Meanwhile, regulatory T cells (Tregs) are induced to control excessive inflammatory responses and cytokine storm, which is related to the severity and mortality on the initial phase (12). It is now recognized that sepsis is also associated with profound and sustained immunosuppression, which on the contrary could lead to T cell death, proliferation and function impairment, upregulation of co-inhibitory molecules, and differentiation inhibition (13). However, the exact regulatory molecule for T cell behavior during sepsis is unclear.

T cell activation needs specific recognition of cognate antigenic peptides presented by MHC molecules and costimulatory signal transmitted by CD28-B7 superfamily molecules interaction (14). Upon activation, coinhibitory receptors, also known as immune checkpoints, are upregulated on the surface of effector T cells and Tregs cells to prevent uncontrolled T cell proliferation and responses (15, 16). T cell immunoglobulin and ITIM domain (TIGIT) is a novel immune check point originally identified as a member of the Ig superfamily of molecules, which mainly expressed on activated CD4+ T cells, CD8+ T cells, NK cells, Tregs and follicular helper T cells (Tfh) (17). The structure of TIGIT contains an extracellular IgV domain, a transmembrane region, and cytoplasmic immunoreceptor tyrosine-based inhibitory motif (ITIM) and Immunoglobulin tail tyrosine (ITT)-like motif, which are responsible to transmit negative signal when binding with its two ligands CD155 and CD112 in a cell-intrinsic way (18). Previous studies have shown that TIGIT expressed on effector T cells as negative feedback to maintain T cell self-tolerance, while on Treg as an inherent suppressive regulation for effector Th1 and Th17 (15, 19). Accumulating evidence have proved that TIGIT are involved in the development of autoimmunity, cancer and chronic infection (15). In sepsis, the expansion of TIGIT+ Treg are related to post sepsis immunosuppression (13, 20), while anti-TIGIT antibody treatment improved survival in cancer mice with sepsis (21). However, since hyperinflammation and immunosuppression occur sequentially or concurrently or take turns during the development of sepsis (6), the role of TIGIT on the acute stage of sepsis remains enigmatic.

In this study, TIGIT knockout mice (TIGIT-/-) and anti-TIGIT antibody were employed to interrogate whether TIGIT is involved in bacteria clearance at the acute phase of experimental sepsis. Our results showed that the expression of TIGIT and its ligand CD155 were upregulated in CLP-induced septic mice. CD4+ T cell immunity against polymicrobial infection during CLP-induced sepsis was enhanced by genetic ablation or antibody blockade of TIGIT. Bacterial load was detected lower in the peritoneal lavage fluid (PF) or liver. As a result, TIGIT deficiency or blockade protected mice from sepsis. These results suggest that TIGIT could be an important target for sepsis immunotherapy at the acute stage of sepsis.





Results




Expression patterns of TIGIT and CD155 in splenocytes during acute sepsis

Previous studies have found that co-inhibitory molecules, such as PD-1, CTLA-4, LAG-3, VISTA, are upregulated during sepsis (22, 23), we then queried the expression of TIGIT and its ligand CD155 upon sepsis insult. To address this issue, the expression levels of TIGIT on different lymphocytes were measured at different time points during the acute phase of sepsis (Figure 1A). TIGIT was upregulated as early as 24h after CLP induction in CD4+ T cells and NK cells compared with sham group harvested at 0 hour (Figures 1B, D). TIGIT expression in CD8+ T cells was elevated at 48h post CLP (Figure 1C). No significant increases were observed in NKT cells and B cells across these detected time points (Figures 1E, F). In addition, the dynamic change of CD155 expression on myeloid cells was also measured by flow cytometry (Figure 1G). CD155 expression on CD11c+ dendritic cells were induced significantly at 48h post CLP in comparison to sham controls (Figure 1H). CD155 on macrophages was not different between CLP and sham by 48h (Figure 1I). However, CD155 expression on neutrophils were dramatically reduced at both 12h and 24h post CLP (Figure 1J), suggesting that the expression pattern of CD155 among myeloid cells was relatively more heterogeneous and flexible during sepsis onset. In addition, we further compared IFN-γ expression between sham mice and CLP mice 24h post CLP. There is a significant decrease of IFN-γ production in in both CD4+ and CD8+ T cells from CLP mice when compared sham mice (Figures 1K–N). However, we did not observe change of IFN-γ production by NK cells (Figures 1O, P). Therefore, it suggests that T cell effector function is impaired during sepsis. Taken together, these data uncovered that TIGIT was predominantly upregulated on CD4+ T cells, CD8+ T cells and NK cells and increased TIGIT suppressed T cell function at the initiated stage of sepsis.




Figure 1 | The kinetics of TIGIT and CD155 expression in splenocytes during acute phase of sepsis. Splenocytes were harvested on 12h, 24h, and 48h after CLP surgery and TIGIT and CD155 expression on splenic immune cells was measured. (A) Representative flow cytometry histograms showing TIGIT expression on different lymphocyte populations at 12h (green, n=5), 24h (blue, n=5) and 48h (red, n=5) in comparison to sham at 0h (grey, n=3). Summarized frequencies of splenic TIGIT+CD4+ T cells (B), TIGIT+CD8+ T cells (C), NK cells (D), NKT cells (E) and B cells (F) at various time points during acute sepsis were presented. (G) Representative flow cytometry histograms showing CD155 expression on different myeloid cell populations. Summarized frequencies of splenic CD155+CD11c+ cells (H), CD155+macrophages (I) and CD155+neutrophils (J) at various time points. Representative flow cytometry counter plots (K) and statistical graphs (L) of IFN-γ expression in CD4+ T cells from sham (n=4) or CLP (n=6) mice 24h post CLP. Representative flow cytometry counter plots (M) and statistical graphs (N) of IFN-γ expression in CD8+ T cells from sham or CLP mice 24h post CLP. Representative flow cytometry counter plots (O) and statistical graphs (P) of IFN-γ expression in NK cells from sham or CLP mice 24h post CLP. Data are means ± SEM. Comparison between groups were analyzed using one-way ANOVA and Dunnett’s multiple comparisons test and Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001; ns, not significant.







TIGIT and CD155 expression are upregulated in experimental septic mice

According to our observations that TIGIT was upregulated 24h after sepsis insult in Figure 1, a 24h cecal ligated and punctured mouse model was used in this study. In CLP group, the relative mRNA expression of TIGIT in lung, liver and kidney were higher than that of Sham group (Figure 2A). Moreover, CD155 expression is significantly increased in the kidney from sepsis mice relative to Sham mice, while in lung and liver, an increased trend was shown (Figure 2B). Indeed, previous study has proved that CD155 is constitutively expressed on renal tubular cells but not glomerular cells (24) Here, immunofluorescence staining showed the similar location of CD155 in kidney (Figure 2C) and CD155 expression level was increased after CLP insult as indicated by mean fluorescence intensity (MFI) (Figure 2D).




Figure 2 | The expression of TIGIT and CD155 are upregulated in sepsis mice. Relative mRNA expression level of TIGIT (A) and CD155 (B) in the lung, liver and kidney of sham and experimental sepsis mice. (C) Representative immunofluorescence images co-staining of DAPI (blue), CD155 (green) and merged images on kidney section from sham and CLP mice. Magnification: 400 ×; scale bar, 50 μm. (D) Statistical graph showing the mean fluorescence intensity of CD155 in kidney section from sham and CLP mice. (E-J) TIGIT expression on spleen CD4+, CD8+ T cells and NK cells was measured by flow cytometry. (E) Representative flow cytometry counter plots showing TIGIT expression on CD4+ T cells from spleen of sham and CLP mice. (F) Summarized frequencies of TIGIT+CD4+ T cells from spleen were presented. (G) Representative flow cytometry counter plots showing TIGIT expression on CD8+ T cells from spleen of sham and CLP mice. (H) Summarized frequencies of TIGIT+CD8+T cells from spleen were presented. (I) Representative flow cytometry counter plots showing TIGIT expression on NK cells from spleen of sham and CLP mice. (J) Summarized frequencies of TIGIT+ NK cells from spleen were presented. Data are means ± SEM. Comparison between sham (n=4) and CLP (n=5) were analyzed using Student’s t-test. *p < 0.05, **p < 0.01; ns, not significant.



To further elucidate TIGIT expression on T cells and NK cells during acute sepsis, splenocytes from septic and sham mice were evaluated by flow cytometry. Our data showed that TIGIT expression was markedly increased on both total CD4+ T cells and CD8+ T cells during sepsis (Figures 2E–H). Moreover, a significant increase of TIGIT in NK cells was also observed as expected (Figures 2I, J). These observations were in accordance with previous study that TIGIT expression is augmented at the initiation of T cell activation under inflammatory conditions (25, 26). According to the above results, we hypothesized that TIGIT may regulate T cells responses during acute sepsis.





TIGIT deficiency protects mice from organ injury

To access the impact of TIGIT deficiency on acute sepsis, we employed wild-type (WT) or TIGIT-/- mice for CLP. Although 24-hour survival rate revealed no significant differences between WT and TIGIT-/- mice, there was no death in TIGIT-/- mice while 37.5% of WT mice died 24 hours after CLP operation (Figure 3A). In line with mortality, TIGIT-/- mice displayed significantly lower disease severity score than WT mice (Figure 3B). We further evaluated organ injury through detecting the levels of alanine transaminase (ALT), creatine kinase (CK), creatinine (Cr) and blood urea nitrogen (BUN) in serum harvested from mice 24 hours after CLP. TIGIT-/- mice have significantly reduced serum level of ALT, CK and BUN compared with WT mice, while serum level Cr was comparable (Figures 3C–F). Histological analysis by H&E staining showed that TIGIT deficiency attenuated necrosis areas of liver tissue (Figures 3G, H) and reduced lung damage (Figures 3I, J), as indicated by less infiltration of inflammatory cells in alveolar wall or airspace. These results confirmed that TIGIT deficiency conferred protective effect in mice under CLP induced sepsis.




Figure 3 | TIGIT deficiency confers protection from CLP-inducing sepsis. (A) Survival rate was recorded 24 hours post CLP. After CLP surgery, TIGIT-/- mice (n=7) demonstrated an elevated trend of 24-hour survival rate relative to WT (n=8) mice. (B) At the time of 24-hour, severity score was evaluated to assess clinical symptoms blindly. (C–F) Serum concentrations of ALT, CK, creatinine (Cr) and BUN were measured in WT and TIGIT-/- mice. (G) Representative H&E staining images of liver from WT and TIGIT-/- mice, depicting more severe necrosis areas and (H) liver necrosis score were shown. Magnification: 100 ×; scale bar: 200 μm (top). Magnification: 200 ×; scale bar, 100 μm (bottom). (I) Representative H&E staining images of lung from WT and TIGIT-/-mice and (J) lung injury score. Magnification: 200 ×; scale bar: 100 μm (top). Magnification: 400 ×; scale bar, 50 μm (bottom). Comparison are means ± SEM. Data between WT (n=5) and TIGIT-/- (n=6) were analyzed using Student’s t-test. *p < 0.05, **p < 0.01; ns, not significant.







TIGIT deficient promotes bacterial clearance in sepsis

To clarify whether TIGIT-/- mice experienced a milder injury as a result of improved bacterial clearance efficiency, we detected the bacterial load in abdominal cavity and liver tissue in WT and TIGIT-/- mice. As shown in (Figures 4A, B), TIGIT-/- mice exhibited a significantly reduced bacterial load in PF during sepsis. In addition, markedly less bacterial load in liver tissue was also observed in TIGIT-/- mice relative to WT mice (Figures 4C, D). In addition, we observed a positive correlation between the percentage of TIGIT+CD4+ T cells and bacterial load in PF (Figure 4E). There was also a correlation between the percentage of TIGIT+ NK cells and bacterial load in PF (Figure 4F). However, the percentage of TIGIT+ CD8+ T cells showed no correlation with bacterial load in PF (Figure 4G). These data indicated that TIGIT deficiency improved bacterial clearance capability in septic mice, leading to relieved injury during sepsis.




Figure 4 | TIGIT deficiency promotes bacterial clearance. Twenty-four hours post CLP, WT and TIGIT-/- mice were sacrificed and PF and liver tissues were obtained for bacterial culture. CFUs were counted after 24 hours and data were presented as the number of CFUs per ml for PF (A, B) and CFUs per gram for liver (C, D). (E) Correlations between the percentage of TIGIT+CD4+ T cells and PF CFUs. (F) Correlations between the percentage of TIGIT+CD8+ T cells and PF CFUs. (G) Correlations between the percentage of TIGIT+NK cells and PF CFUs. Spearman’s R square and a regression line are indicated. (n=20) Data are means ± SEM. Comparison between WT (n=6) and TIGIT-/-(n=6) were analyzed using Student’s t-test. *p < 0.05; ns, not significant.







TIGIT deficiency promotes CD4+ T cell effector function and innate immunity activation in sepsis

Since sepsis mice exhibited elevated level of TIGIT in T cells, we tried to figure out the differences in effector cytokine level between TIGIT+ and TIGIT- T cells. Under Sham condition, both TIGIT+ CD4+ T cell and CD8+ T cells exhibited significantly higher expression of IFN-γ compared to TIGIT- CD4+ T cells and CD8+ T cells (Supplementary Figures 1A–D). In addition, under CLP condition, TIGIT+ CD4+ T cells have significantly higher expression level of IFN-γ than their TIGIT- counterparts, while TIGIT+ CD8+ T cells only show an increasing trend for IFN-γ expression (Supplementary Figures 1A–D). Next, we utilized public RNA-seq dataset (GSE216902) to find out the relationship between TIGIT mRNA expression and cytokine level in sepsis patients of acute phase. When 37 acute sepsis patients on day 1 were grouped into TIGIThi and TIGITlo according to the transcriptional level of TIGIT, we found that patients with high expression of TIGIT had a markedly increased level of IFN-γ compared to those with low TIGIT expression (Supplementary Figure 1E). Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment also showed that differentially expressed genes (DEGs) of TIGIThi compartments were enriched in Th17 cell differentiation and Th1 and Th2 cell differentiation (Supplementary Figure 1F). These results confirmed that TIGIT expression was relevant to more functionally T cell activation under both steady condition and inflammatory condition.

It is well demonstrated that TIGIT conducts inhibitory regulation upon activation. To further elucidate how TIGIT deficiency reduced organ damage and bacterial load in CLP-induced sepsis, we assessed the proliferation and effector function of splenic T cells and NK cells from septic mice. Albeit TIGIT deficiency showed no influence on the percentages of total CD4+ and CD8+T cells (Supplementary Figures 2A, B), our data showed that the percentage of Ki-67+ CD4+ T cells was significantly higher in TIGIT-/- group than WT group, which coincided with increased proportion of CD4+ in CD3+ T cells in TIGIT-/- mice compared to WT mice (Figures 5A–C). In terms of proinflammatory cytokines production, the expression of IFN-γ in CD4+ T cells was upregulated in TIGIT-/- mice compared to WT mice (Figures 5D, E), while there was no significant difference concerning the percentages of TNFα+ T cells (Figure 5F). However, our results revealed no difference in Ki-67 and IFN-γ expression in CD8+ T cells between WT and TIGIT-/- mice (Supplementary Figures 2C–F). Unexpectedly, Ki-67 and IFN-γ levels were not different in NK cells (Supplementary Figures 2H–K). In addition, the proportion of Foxp3+ CD4+ cells was comparable between the two groups (Supplementary Figures 2L, M). The above results suggest that TIGIT deficiency promotes CD4+ T cells expansion and effector function during sepsis.




Figure 5 | TIGIT deficiency promotes CD4+ T cells proliferation and activation. Splenocytes from septic mice were isolated and stimulated with PMA, ionomycin and BFA for 4.5 hours to assess T cell cytokine production while stimulated with LPS and BFA for 5 hours to access macrophage production, and then analyzed by flow cytometry. (A) Representative flow cytometry counter plots of Ki67 expression in CD4+ T cells from spleen of TIGIT WT and TIGIT-/- mice underwent CLP and (B) analysis of the percentage were shown. (C) Statistical graphs showing the percentage of CD4+ T cells among CD3+ T cells. Representative flow cytometry counter plots (D) and statistical graphs of IFN-γ (E) and TNF-α (F) expression in CD4+ T cells from WT or KO septic mice. Data are means ± SEM. Comparison between WT (n=5) and TIGIT-/- (n=7) were analyzed using Student’s t-test. **p < 0.01; ns, not significant. Statistical graphs showing the percentage of neutrophils (G) and macrophages (H) from spleen of WT and TIGIT-/- mice underwent CLP. (I) Representative flow cytometry counter plots of IL-6 expression in macrophages from spleen of WT or TIGIT-/- septic mice. (J) Statistical graphs of IL-6 expression in macrophages from spleen of WT or TIGIT-/- septic mice. (K) Representative flow cytometry counter plots of IL-1β expression in macrophages from spleen of WT or TIGIT-/- septic mice. (L)Statistical graphs of IL1β expression in macrophages from spleen of WT or TIGIT-/- septic mice. (M) Representative flow cytometry histogram and statistical graph showing the mean fluorescence intensity (MFI) of MHC II+ macrophages from spleen of WT and TIGIT-/- mice underwent CLP. (N) Representative flow cytometry histogram and statistical graph showing the MFI of MHC II+CD11c+ cells from spleen of WT and TIGIT-/- mice underwent CLP. Data are means ± SEM. Comparison between WT (n=4/5) and TIGIT-/- (n=5) were analyzed using Student’s t-test. *p < 0.05; ns, not significant.



Given that CD4+ T cell-derived IFN-γ has long been identified as an important player in providing activating signals to innate immune system (8), we next investigate the innate immune profiles induced by TIGIT deficiency. TIGIT-/- mice showed increased percentages of splenic neutrophils and macrophages as compared to WT mice (Figures 5G, H). To further study the function of macrophages and dendritic cells, intracellular cytokine production and MHC class II molecule expression were measured by flow cytometry. IL-6 expression was upregulated in macrophages from TIGIT-/- mice when compared to that from WT mice (Figures 5I, J), whereas IL-1β expression was similar between the two groups (Figures 5K, L). There was an increasing trend for the MFI of MHC II in macrophages (Figure 5M). MHC II expression in TIGIT-/- dendritic cells was notably increased compared to WT cells (Figure 5N). These phenotypes of activated innate immunity may contribute to bacterial clearance. In summary, IFN-γ-producing Th1 cells with elevated proliferation and effector function exert crucial role in robust innate immune responses, which may account for efficient antimicrobial ability in TIGIT deficient mice.





TIGIT blockade limits the severity of organ damage and bacterial infection

Given the role of TIGIT in negative regulation of CD4+ T cell function in the context of acute sepsis, we determined whether TIGIT blockade could lead to similarly relieved prognosis shown in TIGIT deficient mice. Since previous studies has proved that TIGIT blocking treatment after CLP failed to improve survival and organ damage in septic mice with naïve background (21, 27), we next wanted to explore whether TIGIT blockade prior to CLP insult has effect on sepsis. WT mice were randomized to receive either anti-TIGIT antibody or PBS as control, followed by CLP induction after 24h. The pretreatment with anti-TIGIT Ab prevented CLP-induced sepsis based on a significant decrease in clinical severity score (Figure 6A). Although histological images showed the degree of liver injury was comparable between anti-TIGIT group and control (Figures 6B, C), lung injury was partially restored by administration of anti-TIGIT Ab (Figures 6D, E). In addition, colony-forming units (CFUs) in PF was counted to further quantify the effects of TIGIT blockade on the bacterial clearance capacity. Our results revealed a significant reduction in bacterial load in mice received TIGIT blocking treatment when compared to control mice (Figures 6F, G). Collectively, our data suggest that TIGIT blockade attenuates organ damage and infection in sepsis.




Figure 6 | TIGIT blockade protects mice from CLP-induced sepsis. Mice treated with anti-TIGIT Ab or PBS 24 hours before CLP induction were sacrificed 24 hours after the surgery. (A) At the time of 24-hour, severity score was evaluated to assess clinical symptoms blindly. (B) Representative H&E staining images of liver from sham and septic mice treated with PBS or anti-TIGIT Ab and (C) liver necrosis score were shown. Magnification: 100 ×; scale bar: 200 μm (top). Magnification: 200 ×; scale bar, 100 μm (bottom). (D) Representative H&E staining images of lung and (E) lung injury score were shown. Magnification: 200 ×; scale bar: 100 μm (top). Magnification: 400 ×; scale bar, 50 μm (bottom). (F, G) CFUs in PF from sham and sepsis mice treated with PBS or anti-TIGIT Ab were counted and data were presented as the number of CFUs per ml. Data are means ± SEM. Comparison between PBS (n=6) and anti-TIGIT (n=5) were analyzed using Student’s t-test. *p < 0.05; ns, not significant.







TIGIT blockade facilitates T cell function and innate responses

Despite the percentages of total CD4+ T cells and CD8+ T cells were not changed between mice injected with anti-TIGIT Ab and mice with PBS (Figures 7A, D), TIGIT blockade showed a marked upregulation of IFN-γ both in CD4+ T cells and CD8+T cells (Figures 7B, C, E, F), which is consistent with improvement of CD4+ T cell effector function in TIGIT deficiency. To further investigate the effects of blocking TIGIT on anti-infectious immunity, innate immune profiles were also depicted. According to our data, mice received anti-TIGIT Ab exhibited increased percentage of splenic neutrophils as compared to PBS control mice (Figure 7G), but the percentage of macrophages was similar in both groups (Figure 7H). In terms of innate immune cytokines produced by macrophages, we observed an elevated expression of IL-1β in mice received anti-TIGIT Ab (Figures 7I, J), whereas the expression of IL-6 was comparable (Figures 7K, L). Taken together, these findings proved that TIGIT blockade promoted T cell cytokine production and mobilized innate immunity during sepsis.




Figure 7 | TIGIT blockade elevates IFN-γ production by T cells. Sepsis model induction and treatment as well as splenocyte isolation and stimulation were performed as described in Figures 5, 6. (A) Statistical graphs showing the percentage of CD4+T cells of spleen from septic mice received PBS or anti-TIGIT Ab injection in advance. Representative flow cytometry counter plots (B) and statistical graphs (C) showing the percentage of IFN-γ expression in CD4+ T cells. (D) Statistical graphs showing the percentage of CD8+T cells of spleen from septic mice received PBS or anti-TIGIT Ab injection in advance. Representative flow cytometry counter plots (E) and statistical graphs (F) of IFN-γ expression in CD8+ T cells. Statistical graphs showing the percentage of macrophages (G) and neutrophils (H) of spleen from septic mice received PBS or anti-TIGIT Ab injection in advance. (I) Representative flow cytometry counter plots of IL-1β expression in macrophages of spleen from septic mice received PBS or anti-TIGIT Ab injection. (J) Statistical graphs of IL-1β expression in macrophages of spleen from septic mice received PBS or anti-TIGIT Ab injection. (K) Representative flow cytometry counter plots of IL6 expression in macrophage of spleen from septic mice received PBS or anti-TIGIT Ab injection. (L) Statistical graphs of IL-6 expression in macrophages of spleen from septic mice received PBS or anti-TIGIT Ab injection. Data are means ± SEM. Comparison between PBS (n=6) and anti-TIGIT (n=5) were analyzed using Student’s t-test. *p < 0.05, **p < 0.01; ns, not significant.








Discussion

Emerging studies have suggested the engagement of coinhibitory receptors in dysfunctional T cell responses during sepsis (28, 29). Therapeutic methods targeting these coinhibitory receptors improve host resistance to infection and ameliorate sepsis morbidity and mortality (28, 30, 31). In the present study, we found that TIGIT is significantly upregulated in CD4+ and CD8+ T cells as well as NK cells in CLP challenged mice. TIGIT deficiency enhanced CD4+ T cell effector function and facilitated bacterial clearance during CLP induced-sepsis, resulting in decreased organ injury. These findings suggest that TIGIT may be a promising target for the treatment of sepsis.

It is now recognized that immunosuppression existing in sepsis is a predisposing factor in the paralyzed ability to remove pathogens and increased susceptibility of patients to secondary infections and mortality (6). When the initial inflammatory reactions triggered by infection are excessive in patients with sepsis and result in tissue damage and organ failure, anti-inflammatory responses are induced concurrently, and the persistence of the anti-inflammatory milieu promotes sustained immunosuppression (13). Sepsis-induced immunosuppression is related to the release of anti-inflammatory cytokines, expansion of immune suppressor cells, effector immune cell death, and co-inhibitory molecular expression (6). PD-1/PD-L1 pathway, for example, play an essential role in sepsis-induced immunosuppression through promoting T cells death and exhaustion, impairing its proliferation ability and inhibiting its proinflammation cytokine production (32, 33). In this study, we found that T cell function was impaired in acute sepsis as indicated by a significant decrease of IFN-γ production. Following CLP, the expression of TIGIT and CD155 in liver, lung and kidney tissues were increased. Further analysis showed that there was a significantly increased TIGIT expression on both T cells and NK cells 24 hours after CLP challenge, in accordance with published study (34) that TIGIT expression on T cells was upregulated in septic patients. CD155 is expressed on monocytes, dendritic cells and a variety of nonhematopoietic cell types (15). Previous study proved that TIGIT transduced suppressive signal to prevent dendritic cell maturation through combination with its ligand CD155 (17). Here, we found that CD155 expression on CD11c+ cells were also induced, indicating a potential role of TIGIT signaling pathway on the development of sepsis immunosuppression regulated by T cells.

Served as negative feedback on T cell, TIGIT conducts inhibitory signal through its intrinsic function or binding to its ligand CD155 (25, 35). The inhibitory signaling by phosphorylation of the tyrosine residue in the ITIM motif or the ITT-like motif, could result in the binding of cytosolic adaptor growth factor receptor-bound protein 2 (Grb2) and following recruitment of SH2 domain-containing inositol-5-phosphatase 1 (SHIP1), which mediates the inhibition of PI3K/AKT and MAPK/ERK pathway (15, 35, 36). In addition, phosphorylated ITT-like motif binds β-arrestin2 to TIGIT and recruits SHIP1 to limit TRAF6/NF-kB signaling (37). The abovementioned suppression of signaling pathways play crucial role in decreased Th1 and Th17 cytokine production (15). In addition, previous studies have shown that TIGIT expression on Tregs was associated with superior suppressive ability and lineage stability (38) and had been identified to selectively suppress Th1 and Th 17 responses and favored Th2 immunity and IL10 production (15, 19). In essence, TIGIT expression was induced upon stimulated with anti-CD3 and anti-CD28 in vitro and reached a peak at 24 hour and then decreased over time (18). Previous studies also showed that TIGIT-expressing T cells possessed a functionally proinflammatory profile and memory phenotype in context of experimental acute kidney injury, donor-specific hyperresponsiveness (DSH) and systemic lupus erythematosus (SLE) (39–41). TIGIT+ CD8+ T cells were suggested to maintain an intrinsic capacity to kill targets in HIV-infected individuals instead of exhibiting an exhausted function (42). Our data showed that TIGIT+ CD4+ or TIGIT+ CD8+ T cells possessed more productive cytokine-secreted capacity, conforming the activated and proinflammatory phenotypic feature of TIGIT+ T cell compartments. Transcriptomic analysis also revealed that the enriched DEGs of TIGIThi PBMC samples were involved in Th17, Th1 and Th2 cell differentiation, suggesting that TIGIT expression is related to T cell differentiation upon activation. These observation supports the above standpoint of functionally activated status of TIGIT-expressing T cells. Therefore, we identified TIGIT as a marker of early T cell activation and TIGIT+ T cells possessed a proinflammatory trait at the initiated stage of sepsis.

Although TIGIT deficiency or TIGIT blockade led to increased T cell proliferation, robust cytokine production and degranulation (39, 43, 44), murine models of different disease backgrounds showed various responses to the loss of TIGIT signaling pathway. Blocking TIGIT by antibody or genetic knockout enhanced NK cell activation and aggravated liver injury in a poly I:C/D-GalN-induced model of acute hepatitis (26). However, the absence of TIGIT protected mouse from Dextran Sodium Sulfate (DSS)-induced colitis through the regulating IL17A-producing tissue-resident memory T cells (45). In ischemia reperfusion (IR) and cisplatin AKI models, TIGIT regulated T cell responses and contributed to kidney pathological injury (39). In this research, TIGIT genetic deficient mice were employed for the first time in CLP-induced sepsis model. Our data uncovered that both of TIGIT-/- mice and anti-TIGIT-treated mice were protected from CLP-induced sepsis as evidenced by lower bacterial load in PF and milder organ damage. In addition, we observed an advancement in proliferation and IFN-γ production in CD4+T cells when loss of TIGIT by genetic knockout or antibody treatment. However, the similar results were not observed in CD8+ T cells and NK cells. A positive correlation between TIGIT expression on CD4+T cells and bacterial burden in PF was also obtained. Therefore, we conformed that CD4+T cells exerted predominant influence on anti-infection responses when loss of TIGIT.

It is reported that CD4+ T cells are central for activating proinflammatory macrophages through releasing cytokines, such as IFN-γ (8). Activated macrophages augment pro-inflammatory cytokine release and class II MHC expression in addition to phagocytosis to fight against infection (46). Further, it has been proven that CD4+T is involved in the activation of early-responding immune cells in sepsis (6). Therefore, we characterized the profiles of neutrophils, macrophages and dendritic cells in TIGIT-/- mice under sepsis challenge. Our results revealed that innate immune responses were mobilized in terms of increased neutrophil and macrophage proportions when loss of TIGIT. Moreover, blocking TIGIT signaling resulted in elevated inflammatory cytokine production and antigen presentation capacity in macrophages and dendritic cells. In this study, TIGIT modulated CD4+ T cell immunity against bacterial infection during sepsis. TIGIT deficiency or blockade enhanced CD4+ T cell function and thus promoted bacterial clearance.

It has been shown that TIGIT contributes to the development of sepsis in the context of preexisting malignancy (21), and a similar survival benefit of TIGIT blockade was also seen as results of lymphopenia reversion. However, in sepsis with an immunologically experienced background, TIGIT blockade in septic mice that had received pathogen exposure showed a deteriorative 7-day survival because of apoptosis of memory T cells and decreased cytokine-producing T cells (27). For dynamic characterization of hyperactivated inflammation and immune paralysis, the role of TIGIT in sepsis could be varied for different contexts and stages of diseases. To this regard, further study is required to fully elucidate the underlying mechanism of TIGIT during sepsis. To conclude, we report that TIGIT and CD155 are upregulated in acute sepsis and the elevated expression of TIGIT is associated with T cell activated and proinflammatory profiles. Loss of TIGIT augments CD4+ T cell proliferative and effector competence in bacteria clearance and thus confers protection in sepsis. Together, this study highlights that immunomodulatory therapy targeting TIGIT signaling may have potential value at the acute stage of sepsis.





Methods and materials




Animals

TIGIT-/- mice and age- and gender-matched WT littermates were bred and maintained in a specific pathogen-free condition with constant temperature and 12 hours of light at Experimental Animal Center of Sun Yat-Sen University. Animal experiments were approved by the Ethics Committee of the Laboratory Animal Center of Sun Yat-Sen University and were carried out in accordance with the National Institutes of Health Guide for Care and Use of Animals.





CLP

In order to induce polymicrobial infection, cecal ligation and puncture was performed in 8 to 10 weeks old male WT and TIGIT-/- mice as previously described (47). In brief, mice were anesthetized and fixed on the surgical table. A 1-cm longitudinal midline incision was made in the lower abdomen and cecum was dissociated and exposed. Then half of the cecum below the ileocecal valve was ligated with a 3-0 silk. The tied cecum was then punctured using a 22-gauge needle twice and gently squeezed the perforated cecum to push the bacteria in cecum to spread before returning it back into the peritoneal cavity. The incision was closed in layers and all the mice received fluid resuscitation through subcutaneous administration 1ml of warm sterile saline. The Sham group was operated in the same way as CLP group except for the ligation and puncture. Twenty-four hours post CLP, all the mice were sacrificed, before which clinical severity score was evaluated based on the following six criteria: lethargy, piloerection, tremors, periorbital exudates, respiratory distress and diarrhea (48).





Anti-TIGIT antibody treatment

For the TIGIT blocking Ab experiment, C57BL6/J WT mice were administrated 400μg anti-TIGIT antibody (clone 1G9, BioXcell) (21, 27) via intraperitoneal injection 24 hours in advance, followed by CLP surgery to induce similar level of sepsis as WT mice received PBS control. Twenty-four hours post CLP, all the mice were sacrificed for further analysis.





Histopathology

Lung and liver tissues were flushed in PBS and immersed in 4% neutral paraformaldehyde solution overnight for fixation, followed by paraffin embedding. After removing the wax by descending concentrations of alcohol series, 4μm-thick sections of lung and liver were stained with hematoxylin and eosin (H&E) and captured by microscopy (Olympus BX63F, Japan) under bright field for subsequent analysis.

Liver necrosis score was performed on a five-point scale of 0-4 as mentioned previously (49):0, no liver necrosis; 1, single cell necrosis; 2, up to 30% necrosis; 3, 31-60% necrosis; and 4, more than 60% necrosis. Lung injury score was evaluated as described previously (50), which contained 4 subscores:1) hyperemia; 2) hemorrhage; 3) infiltration of neutrophils in the airspace or vessel wall; and 4) thickness of the alveolar wall/hyaline membrane formation. For each criterion: a semiquantitative scale was performed: 0, little injury; 1+, mild injury (<25% lung field); 2+, moderate injury (25%-50% lung field); 3+, severe injury (50%-75% lung field); and 4+, maximal injury (>75% lung field). Both of the tissue images were scored by two pathologists blindly.





Immunofluorescence staining

Kidney paraffin sections (4mm) were first dewaxed and rehydrated, and then subjected to 15 min microwave oven heating in a citrate buffer (10 mM, pH 6.0) for antigen-retrieval. For CD155 detection, sections were incubated with AF488 conjugated anti-CD155 antibodies (1:200, Bioss, China, catalog #bs-2525R-AF488) at 4°C overnight. Sections were washed with phosphate-buffered saline (PBS) three times and subsequently counterstained with DAPI in mounting medium. Images were captured with a fluorescence microscope (Olympus).





Serum enzyme

Blood samples were collected from mice 24 hours after surgery and placed at room temperature for 2 h. Then blood samples were centrifuged at 3,000 rpm for 10 minutes and supernatant serum was collected and stored at -80°C for further measurement. Serum ALT, AST, CK, Creatine, BUN were detected by Automatic Biochemical Analyzer (Mindray BS-240VET, China).





Bacteria culture

Peritoneal lavage fluid was harvested by washing peritoneal cavity with 3 mL sterile PBS 24-hour post CLP. For liver bacterial load detection, fresh liver tissues were weighed and homogenized in 1 mL PBS. One hundred μL of PF or liver homogenates were well mixed followed by serial 10-fold dilution in PBS. Then the samples were coated on Luria Bertani (LB) agar plates overnight at 37°C in 5% CO2 and colony forming units were counted.





PCR

Total RNA was extracted using AG RNAex Pro Reagent (Accurate Biotechnology, China) according to the manufacturer’s instructions. Then mRNA was reversely transcribed to cDNA using Evo M-MLV RT Master Mix (Accurate Biotechnology, China). Real time quantitative PCR assay was performed using SYBR® Green Premix Pro Taq HS qPCR Kit (Accurate Biotechnology, China) and cDNA synthesis process was in accordance with the manufacturer’s instructions on Applied Biosystems™QuantStudio (Thermo Fisher Scientific, USA). Relative expression levels of genes were calculated using 2-ΔΔCT formula, with GAPDH as the internal reference. The Primer sequences are provided in the Supplementary Table 1.





Flow cytometry

Spleen were homogenized into single-cell suspensions through gently smashing with a syringe plunger in PBS containing 1% FBS and filtered through a 70-μm cell strainer. After hemolysis with Red Blood Cell Lysis Buffer (Sigma, USA), splenocytes were stained with fluorescence-labeled antibodies for flow cytometry analysis.

For cell surface staining, cells were stained with antibodies against CD3(Alexa Fluor 700, clone# 17A2), CD8a(Pacific Blue, clone#53-6.7), NK1.1(PE/Cy7, clone#S17016D), B220(FITC, clone# RA3-6B2), TIGIT(PE/Dazzle™ 594, clone#1G9), CD11b(FITC, clone#M1/70), CD11c(PerCP/Cy5.5, clone#N418), Ly6G(APC/Cy7, clone#1A8), F4/80(BV421, clone#BM8, eBioscience), I-A/I-E(PE/Dazzle 594, clone#M5/114.15.2) and CD155(PE/Cy7, clone#TX56) at 4°C for 30 min and then washed with PBS twice. For lymphocyte intracellular cytokines staining, cells were stimulated with phorbol 12-myristate 13-acetate (50 ng/ml), ionomycin (500 ng/ml), and brefeldin A (5 mg/ml) (all from Sigma, USA) for 4.5 h, followed by permeabilization with BD Cytofix/Cytoperm™ Fixation and Permeabilization Solution (BD biosciences, USA) according to the manufacturer’s instructions. Then splenocyte suspensions were stained with antibodies against IFN-γ (PE, clone#XMG1.2), TNF-α (FITC, clone#MP6-XT22) at 4°C for 30 min. For macrophage intracellular cytokines staining, cells were stimulated with LPS (100ng/ml) and brefeldin A (5 mg/ml) for 5 hours. Cells were permeabilized with the fixation/permeabilization solution, stained with antibodies against IL6(PE, clone#MP5-20F3) and IL1β (PE/Cy7, clone# NJTEN3, eBioscience) at 4°C for 30 min. For Foxp3 and Ki67 staining, cells were permeabilized with the fixation/permeabilization solution (eBioscience, USA) followed by incubation with antibodies against Foxp3 (Alexa Fluor® 488, clone#150D) and Ki-67(APC, clone#16A8). All the antibodies were purchased from BioLegend (USA). Flow cytometry was performed on BD FACS celesta (BD, USA) and data was analyzed using Flowjo Software.





Statistics

Statistical analysis was performed using GraphPad Prism 8.0. Data are presented as mean ± SEM. Comparisons between different groups were conducted under t test or one way ANOVA followed by adjusted multiple comparison as appropriate. *p < 0.05, **p < 0.01, ***p < 0.001; ns, not significant.
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Background

Excessive inflammation, hemolysis, and accumulation of labile heme play an essential role in the pathophysiology of multi-organ dysfunction syndrome (MODS) in sepsis. Alpha1-antitrypsin (AAT), an acute phase protein with heme binding capacity, is one of the essential modulators of host responses to inflammation. In this study, we evaluate the putative protective effect of AAT against MODS and mortality in a mouse model of polymicrobial abdominal sepsis.





Methods

Polymicrobial abdominal sepsis was induced in C57BL/6N mice by cecal ligation and puncture (CLP). Immediately after CLP surgery, mice were treated intraperitoneally with three different forms of human AAT—plasma-derived native (nAAT), oxidized nAAT (oxAAT), or recombinant AAT (recAAT)—or were injected with vehicle. Sham-operated mice served as controls. Mouse survival, bacterial load, kidney and liver function, immune cell profiles, cytokines/chemokines, and free (labile) heme levels were assessed. In parallel, in vitro experiments were carried out with resident peritoneal macrophages (MPMΦ) and mouse peritoneal mesothelial cells (MPMC).





Results

All AAT preparations used reduced mortality in septic mice. Treatment with AAT significantly reduced plasma lactate dehydrogenase and s-creatinine levels, vascular leakage, and systemic inflammation. Specifically, AAT reduced intraperitoneal accumulation of free heme, production of cytokines/chemokines, and neutrophil infiltration into the peritoneal cavity compared to septic mice not treated with AAT. In vitro experiments performed using MPMC and primary MPMΦ confirmed that AAT not only significantly decreases lipopolysaccharide (LPS)-induced pro-inflammatory cell activation but also prevents the enhancement of cellular responses to LPS by free heme. In addition, AAT inhibits cell death caused by free heme in vitro.





Conclusion

Data from the septic CLP mouse model suggest that intraperitoneal AAT treatment alone is sufficient to improve sepsis-associated organ dysfunctions, preserve endothelial barrier function, and reduce mortality, likely by preventing hyper-inflammatory responses and by neutralizing free heme.
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1 Introduction

Sepsis and septic shock remain high-risk factors for mortality. According to the World Health Organization’s report, in 2017, there were 48.9 million cases and 11 million sepsis-related deaths worldwide (1). In particular, mortality in patients with septic shock remains high because there are limited treatment options other than antibiotics (2). Important points in the treatment of acute sepsis are early diagnosis and targeted treatment in the first few hours.

Activation of the innate immune system is the initial host defense against invading microorganisms, which is important for the induction of an adaptive immune response and pro-/anti-inflammatory mediators to prevent organ damage. The coagulation, fibrinolysis, and complement systems as well as endothelial dysfunction play a role (3–5), and hyper-inflammation in this scenario sometimes does more harm than good. Therefore, understanding the role of immune cells and released inflammatory molecules during acute sepsis is essential to develop better therapeutic tools (6, 7).

Sepsis is characterized by extensive death of hematopoietic and parenchymal cells and subsequent systemic release of cell-free hemoglobin and cell-free heme. Free heme has been shown to play a central role in the pathogenesis of severe sepsis (8, 9). During acute sepsis, there is also a strong shift toward proteolysis, and therefore, acute phase proteins (APPs) with anti-protease activities are of particular interest. Human alpha1-antitrypsin (AAT) is an archetypal member of the serine protease inhibitors and one of the most important acute phase proteins with broad immunomodulatory functions. Under health conditions, AAT plasma levels in humans are between 1 and 2 g/L and increase a few times over the normal range in acute inflammation or infection (10). It is important to point out that AAT not only interacts with target proteases and inhibits their activity but also binds and neutralizes various inflammatory substances such as free radicals, chemokines [interleukin 8 (CXCL8) and leukotriene B4 (LTB4)], cytokines [tumor necrosis factor (TNF)], and complement factors. Like albumin, AAT also interacts with free heme and neutralizes its toxicity (10, 11). The fact that the half-life of circulating AAT is prolonged during bacteremia suggests that AAT is an important protection against organ damage (12). Consistent with the latter, a previous study showed that AAT reduces bacterial burden in the rodent sepsis model in vivo (13). In contrast, administration of high-dose recombinant AAT Pittsburgh (dysfunctional variant) in a primate sepsis model showed exacerbation of septic shock mainly due to high levels of cleaved AAT, which elicited a strong immune response (14).

During acute sepsis, AAT levels can be severely reduced due to inhibition of activated target proteases as well as high non-specific cleavage, mainly by cysteine and metalloproteases. In support of this notion, recent studies have highlighted the putative value of cleaved AAT fragments as biomarkers of sepsis severity (15, 16). Therefore, timely augmentation with exogenous AAT may be beneficial to compensate for the loss of endogenous AAT protein (17). Today, there are few commercial preparations of AAT purified from human plasma that are used to treat patients with congenital AAT deficiency, and these preparations are also being tested for their therapeutic potential outside of AAT deficiency (18). There are also recombinant forms of AAT, which are developed to be used as therapeutics instead or in parallel to plasma-purified AAT (19, 20).

In this study, we used a cecal ligation and puncture (CLP) mouse model to investigate plasma-derived native (nAAT), oxidized nAAT (oxAAT) lacking anti-elastase activity, and inhibitory active recombinant AAT (recAAT) expressed in Chinese hamster ovary (CHO) cells for their effects on factors associated with acute sepsis. We assessed survival, bacterial load, and biomarkers associated with inflammation and organ dysfunction. We sought to obtain experimental data on whether the use of AAT as an early treatment of acute sepsis may have a putative benefit that can be further investigated in the clinical setting.




2 Materials and methods



2.1 Alpha1-antitrypsin proteins

Plasma-purified human AAT (99% purity, Zemaira, CSL Behring, Kankakee, IL, USA) was used for experiments after buffer exchange to the sterile Hank’s Balanced Salt Solution (HBSS) (Merck Millipore, Darmstadt, Germany) using 10K centrifugal filter columns (Sartorius, Göttingen, Germany). The protein concentration was determined using the BCA Protein Assay Kit (Pierce™, Rockford, IL, USA) according to the instructions of the supplier. The oxAAT was prepared from AAT (Zemaira®) by adding N-chlorosuccinimide (Sigma-Aldrich, Merck, Darmstadt, Germany) at a molar ratio of 1:20 (AAT: N-chlorosuccinimide) for 20 min at room temperature. Afterward, to remove the N-chlorosuccinimide, AAT preparations were washed with phosphate-buffered saline (PBS; Sigma-Aldrich, St. Louis, MO, USA) using Vivaspin 20 centrifugal filter devices with a cutoff of 10K. The oxAAT did not form complexes with elastase and showed a retarded electrophoretic mobility relative to a native AAT. A highly purified (90%), glycosylated form of recombinant AAT protein produced in CHO cells was a gift from ExcellGene, Monthey, Switzerland.




2.2 Mice

Ten- to twelve-week-old male C57BL/6N mice (20 to 25 g) were obtained from Charles River Laboratories (Sulzfeld, Germany). Mice were maintained on mouse chow and tap water ad libitum in a temperature-controlled chamber at 24°C with a 12:12-h light–dark cycle. All procedures were approved by the local committee for the care and use of laboratory animals (Lower Saxony Office for Consumer Protection and Food Safety, LAVES no. 21-3761) and were performed in accordance with international guidelines on animal experimentation.




2.3 Cecal ligation and puncture model of polymicrobial sepsis

Polymicrobial sepsis in mice was induced by CLP surgery. In brief, mice were anesthetized with isoflurane (induction of 3%, maintenance of 1.5%, and oxygen flow of 3 L/min), and a 1-cm ventral midline abdominal incision was made. The cecum was then exposed, ligated with 4-0 silk sutures, and punctured through using a 24-gauge needle. The punctured cecum was gently squeezed to expel a 1- to 2-mm droplet of fecal material and returned to the abdominal cavity. The incision was closed in layers using 4-0 surgical sutures. Mice were fluid-resuscitated with pre-warmed normal saline (500 μL) intraperitoneally (i.p.) immediately after the procedure. Sham animals underwent the same procedure except for CLP. All experiments were performed at the same time of day. For pre-operative treatment, 0.1 mg/kg buprenorphine and 100 mg/kg metamizole were administered s.c. For post-operative analgesia, animals were s.c. injected with 0.1 mg/kg buprenorphine twice daily for 3 days.




2.4 Survival analysis

For survival analysis, mid-grade sepsis was induced by CLP surgery with ligation of 50% of cecum length (21). Mice were treated i.p. with nAAT, oxAAT, or recAAT (200 mg/kg body weight) or HBSS (vehicle treatment) immediately after CLP or sham surgery. The survival was monitored up to 14 days after surgery. Blood samples were collected 3 days prior to and at 24 h after surgery under light isoflurane anesthesia. EDTA plasma samples were generated, stored at −80°C, and used for the quantification of TNF, interleukin 6 (IL-6), and chemokine ligand 2 (CCL2).




2.5 Short-term high-grade sepsis and assays

Short-term high-grade sepsis was induced by CLP surgery with ligation of 75% of cecum length (21), and immediately after surgery, mice were treated i.p. with recAAT or vehicle (HBSS buffer). Twenty hours after surgery, mice were anesthetized with isoflurane and, after blood collection, were sacrificed. EDTA plasma samples were generated, and peritoneal lavage (PL) was performed using 3 mL of PBS and collected in tubes without anti-coagulant. The volume of collected PL fluid was measured in each sample, and the total cell number was determined using a hemocytometer (Neubauer Zählkammer, Gehrden, Germany). Plasma and PL fluids were stored at −80°C for further analyses.




2.6 Microvasculature permeability assay

In separate experiments, the Evans blue assay was performed to estimate microvascular permeability. Immediately after CLP surgery, 200 µL of 0.25% wt/vol Evans blue dye (Sigma-Aldrich) in PBS was injected intravenously. Blood sampling was performed under isoflurane anesthesia at 20 h after CLP surgery, the mice were sacrificed, and PL was performed. The concentration of Evans blue dye in appropriate dilutions of plasma and PL fluid samples was measured spectrophotometrically at 620 nm. The following formula was used to correct the optical densities for contamination with heme pigments: E620 (corrected) = E620 (raw) − (E405 (raw) × 0.014. Plasma exudation was quantified as the ratio of extinction in PL fluid to extinction in plasma.




2.7 Cytokine detection in plasma and PL fluid

Levels of the pro-inflammatory cytokines TNF, IL-6, and CCL2 were quantified in plasma and PL fluid by bead-based flow cytometry assay (CBA Kit; BD Biosciences, Heidelberg, Germany) in accordance with the instructions of the manufacturer.




2.8 FACS analysis of cell populations in PL fluid

The inflammatory cell populations in the PL fluid were analyzed by flow cytometry using a fluorescence-activated cell sorting (FACS) Canto cytometer (BD Biosciences, Franklin Lakes, NJ, USA). The following commercial monoclonal antibodies (BioLegend, San Diego, CA, USA) were used for the detection of leukocytes, macrophages, polymorphonuclear neutrophils (PMNs), B cells, and T cells, respectively: anti-CD11b, anti-F4/80, anti-Gr1, anti-CD115, anti-TCR β, and anti-CD19. Further analyses were performed using FlowJo software (Tree Star, Ashland, OR, USA).




2.9 Semi-quantification of AAT levels in plasma and PL fluid

Levels of endogenous AAT were estimated in plasma and PL fluid samples obtained at 20 h post-surgery from untreated septic and sham mice by Western blotting. In brief, 1 µL of plasma samples and 5 µL of PL fluid samples were separated on 10% sodium dodecyl sulfate–polyacrylamide gels (SDS–PAGE). From gels, proteins were transferred onto polyvinylidene fluoride membrane by semidry Western blotting. For specific detection of AAT, primary rabbit polyclonal anti-AAT antibody was used at a dilution of 1:800 (DAKO, Glostrup, Denmark). The immune complexes were visualized using appropriate secondary horseradish peroxidase-conjugated antibodies (DAKO, Denmark) at a dilution of 1:10,000 and enhanced chemiluminescence (ECL) Western blotting substrate (Thermo Fisher Scientific, Grand Island, NY, USA). The density of the specific bands was quantified using Image Lab v5.2.1 software (Bio-Rad, Hercules, CA, USA).




2.10 Labile heme quantification in PL fluid using Apo-horseradish peroxidase assay

Measurement of labile heme concentration in PL fluid samples was performed in 96-well plates as previously described (22). Briefly, 5 µL of an appropriately diluted PL fluid sample was added to 95 µL of HBSS buffer containing 0.75 µM Apo-Horseradish Peroxidase (Apo-HRP) (BBI Solutions, Gwent, UK) and incubated for 10 min at 4°C. Simultaneously, hemin standards ranging from 0.25 to 2.5 nM were prepared in HBSS buffer in a final volume of 100 μL from a stock solution of 25 nM hemin (Frontier Scientific, Logan, UT, USA) and incubated for 10 min at 4°C. Then, 5 μL of each sample and standard were added to a 96-well plate. To start the assay, 200 μL of 3,3′,5,5′-tetramethylbenzidine (TMB) substrate was added per well. To determine the concentration of labile heme, the absorbance was measured at 652 nm for 2–3 min. The time point at which the highest hemin standard induced an absorbance from 1.6 to 2 was used.




2.11 Bacteria burden in CLP mice in peritoneal lavage fluid, spleen, and blood

EDTA blood, PL fluid, and spleens were obtained from septic mice treated with vehicle, nAAT, or oxAAT at 20 h after induction of high-grade sepsis. The peritoneal lavage fluid was serially diluted 1:10 in PBS five times (4°C). The spleen was submerged for 1 min in 70% ethanol to remove potential contaminations of its surface before rinsing the organ briefly with PBS. Then, the organ was homogenized using 100-µm BD Falcon™ Cell Strainer and pistil, thereby rinsing the sieve with 2 mL of sterile PBS. The spleen homogenate at a volume of 500 µL was diluted 1:10 in PBS. Then, 100 µL of the undiluted lavage fluid, the spleen homogenate, and each dilution was transferred onto agar plates for culture at 35°C. Columbia agar containing 5% sheep blood plates (Becton Dickinson, Franklin Lakes, NJ, USA; 4354071) used for the growth of Gram-positive and Gram-negative bacteria and MacConkey agar plates (Mast Diagnostica GmbH, Reinfeld/Stormarn, Germany; 202010) used for growth of Gram-negative bacteria were incubated under aerobic conditions; Schaedler agar plates (Becton Dickinson, 4354084) incubated under anaerobic conditions in an air-tight plastic container (AnaeroGen 3.5L, Thermo Fisher Scientific) were used to permit growth of Gram-positive and Gram-negative anaerobic bacteria. EDTA blood was diluted 1:10 in PBS, and 100 µL of the undiluted and diluted samples was evenly spread on a Columbia agar and Schaedler agar for culture under aerobic or anaerobic conditions, respectively. In all cases, after approx. 48 h of culture, bacterial colonies on the plates were counted. The number of colonies forming units in the original sample was calculated considering the applied volume and dilution factor.




2.12 Experiments with murine cell cultures and analyses

Immortalized mouse peritoneal mesothelial cells (MPMC) were cultivated as described previously (23). Briefly, the cells were grown on 6-well or 24-well cell culture plates to 80% confluence in Roswell Park Memorial Institute (RPMI) medium GlutaMAX™ (Thermo Fisher Scientific, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS), 1% Penicillin/Streptomycin (Sigma-Aldrich, St. Louis, MO, USA), 0.4 mg/mL hydrocortisone (Sigma-Aldrich, St. Louis, MO, USA), 1% Insulin-Transferrin-Selenium sodium pyruvate (Thermo Fisher Scientific, Waltham, MA, USA), and 10 U/mL recombinant mouse interferon γ (IFN-γ; Cell Sciences, Canton, MA, USA) at 33°C (permissive conditions). The cells were differentiated for 3 days in the same medium at 37°C without IFN-γ (non-permissive conditions) and starved overnight in a serum-free medium. MPMC were stimulated for 24 h with different concentrations of lipopolysaccharide (LPS) (E. coli O111:B4, Sigma-Aldrich), free hemin (Sigma-Aldrich), or recAAT separately or in combination. The production of pro- and anti-inflammatory cytokines TNF, IL-6, IL-10, and CCL2 were measured in the conditioned medium as described above for PL fluid samples.

Resident peritoneal macrophages (MPMΦ) were obtained from healthy C57BL/6N mice by peritoneal lavage (2 × 5 mL PBS). After centrifugation at 300 g for 10 min at 4°C, the supernatants were decanted, and the remaining pellets were washed with RPMI GlutaMAX™ medium supplemented with 10% FBS, resuspended in the same medium, and distributed into 24-well culture plates at a concentration of 1.0 × 106 cells/mL per well. Plates were incubated overnight at 37°C, 5% CO2, and 95% humidity to allow macrophage adhesion.

Non-adherent cells were removed by vigorous washing with RPMI 1640 medium. MPMΦ were starved for 4 h in 1% FBS/RPMI 1640 medium and then stimulated with 5 ng/mL LPS, with increasing concentrations of recAAT (0.1, 1, 10, and 100 µg/mL) or with LPS/recAAT combinations for 24 h. The MPMΦ medium without stimuli served as a control. The release of pro- and anti-inflammatory cytokines, TNF, IL-6, IL-10, and CCL2, was examined in the conditioned medium as described above for PL fluid samples.




2.13 RNA isolation and real-time polymerase chain reaction

RNA was isolated using NucleoSpin RNA II Kit (Macherey-Nagel GmbH & Co. KG, Duren, Germany) and reversely transcribed with M-MLV-RT (Promega GmbH, Mannheim, Germany) according to the manufacturer’s instructions. Real-time polymerase chain reactions were performed in triplicates on a LightCycler 480 or LightCycler 96 using SYBR Green (Roche, Grenzach-Wyhlen, Germany). Primer sequences were selected using PrimerBank and are reported in the Supplementary Methods. HPRT1 was used as a reference gene. Primers for HPRT1 were obtained from Biomol GmbH (Hamburg, Germany).




2.14 Apoptosis assay

Apoptosis was assessed using fluorescein isothiocyanate (FITC) Annexin V Apoptosis Detection Kit with Propidium Iodide solution (PI) (BioLegend). To distinguish early-stage apoptotic cells from late-stage apoptotic and necrotic cells, Annexin V and Propidium Iodide solution PI were used according to the manufacturer’s instructions.




2.15 Statistical analysis

The Kaplan–Meier curves were used to illustrate survival between treatment groups, and statistical assessment was performed using the log-rank test. For other parameters, the D’Agostino and Pearson omnibus normality test was used to test for normality. Multiple comparisons were analyzed using one-way analysis of variance (ANOVA) with Sidak’s post hoc correction or the non-parametric Kruskal–Wallis test with Dunn’s post hoc correction. Data are presented as mean + standard deviation (SD). A p-value of <0.05 indicated statistical significance. All statistical analyses and data visualizations were performed using GraphPad Prism v.9.0 (GraphPad Software, La Jolla, CA, USA).





3 Results



3.1 Levels of AAT are higher during acute sepsis in mice PL fluid but not in plasma

Mouse plasma and PL fluid samples were collected 20 h after high-grade sepsis induced by CLP surgery. No differences in AAT plasma levels were observed between sham and septic mice (Figure 1A). However, significantly higher AAT levels were observed in PL fluid in septic mice compared to sham mice (Figure 1B).




Figure 1 | Mouse plasma (A) and PL fluid (B) levels of AAT. Levels of endogenous AAT in plasma (A) and peritoneal lavage (B) were semi-quantified in sham (n = 6) and septic (n = 8) mice 20 h after induction of high-grade sepsis. Representative Western blots for AAT and semi-quantitative densitometric analyses are shown. PL, peritoneal lavage; AAT, alpha1-antitrypsin.






3.2 Treatment with AAT improves survival and reduces the systemic inflammatory response of septic mice

In survival experiments, mid-grade sepsis was induced in mice by CLP surgery (n = 8/group) with ligation of 50% of the cecum length. This semi-lethal CLP mouse model with a survival rate of 40% is the most suitable CLP model to investigate the protective effects of therapeutic interventions on sepsis-related mortality (21). Sham-operated mice (n = 6) served as controls. Septic mice received 200 mg/kg recAAT, human nAAT, or oxAAT or were injected with vehicle (HBSS buffer) immediately after CLP surgery. As shown in Figure 2A, only 18% of vehicle-treated mice survived, compared to 87%, 71%, and 57% in the groups treated with recombinant, oxidized, and plasma-derived native AAT, respectively. Mice treated with all three forms of AAT showed significantly better outcomes compared to HBSS treatment (recAAT p < 0.01, nAAT p < 0.05, and oxAAT p < 0.01 vs. vehicle treatment).




Figure 2 | Effects of AAT preparations on survival and systemic inflammatory response in polymicrobial sepsis model. (A) Mid-grade sepsis was induced in mice by CLP surgery with ligation of 50% of the cecum length (n = 8 mice per group). Survival was monitored daily for 14 days, Kaplan–Meier curves were generated, and Gehan–Breslow–Wilcoxon test was performed for statistical analysis. Sham-operated mice served as controls (n = 6 mice per group). Plasma levels of inflammatory markers were determined at 24 h after sham or CLP surgery: CCL2 (B), TNF (C), and IL-6 (D). Data are presented as the mean (SD), and p < 0.05 was considered significant. AAT, alpha1-antitrypsin; CLP, cecal ligation and puncture.



The systemic inflammatory response was assessed by measuring the plasma concentration of the pro-inflammatory cytokines TNF and IL-6 and the chemokine CCL2. As expected, CLP-induced peritonitis was associated with strong systemic upregulation of all three pro-inflammatory mediators. Treatment with any of the three forms of AAT significantly reduced plasma levels of CCL2 and TNF but had no effect on IL-6 levels (Figures 2B–D, respectively).




3.3 Therapy with AAT has no effect on the bacterial load in peritoneal fluid, blood, and spleen

To investigate possible mechanisms underlying the beneficial effects of AAT on survival and the systemic inflammatory response, high-grade sepsis was induced by CLP surgery with ligation of 75% of the cecum length. The in vivo clearance of bacteria was examined in the PL fluid, blood, and spleen 20 h post-CLP operation. Colony-forming bacterial loads in blood, PL fluid, and spleen homogenates were slightly lower, but not significantly changed, in the septic mice treated with human nAAT or oxAAT compared to the vehicle-treated septic mice. These results were observed using Columbia blood agar plates (Figure 3) as well as using Schaedler agar and MacConkey agar plates (data not shown).




Figure 3 | Effect of treatment with nAAT and oxAAT on bacterial load in polymicrobial sepsis model. High-grad sepsis was induced in mice by CLP surgery (n = 6 mice per group). Bacterial load analysis was performed in peritoneal lavage (PL) fluid (A), spleen (B), and blood (C) samples obtained at 20 h after surgery. Data are presented as the mean (SD). Negative controls with samples of non-CLP-treated mice remained sterile (data not shown). nAAT, plasma-derived native; oxAAT, oxidized nAAT; CLP, cecal ligation and puncture.






3.4 Treatment with AAT reduces plasma markers of multi-organ failure in high-grade septic mice

Since recAAT showed the best effect on mouse survival, the following short-term experiments (follow-up 20 h) were performed using recAAT only. High-grade sepsis was induced in mice by CLP surgery with ligation of 75% of the cecum length (n = 10–12 mice per group). Sham-operated mice served as controls (n = 6–8 mice per group). Plasma levels of lactate dehydrogenase (LDH) reflecting the degree of sepsis-induced overall tissue damage were determined in the plasma of sham- and CLP-operated mice 20 h after surgery. As expected, induction of sepsis resulted in a significant increase in LDH levels compared to sham mice. Plasma LDH levels in septic mice treated with recAAT were significantly lower compared to those in vehicle-treated septic mice and were not significantly different from those in sham mice (Figure 4A).




Figure 4 | Effect of recAAT on multi-organ failure in polymicrobial high-grade sepsis mouse model. High-grad sepsis was induced in mice by CLP surgery (n = 12 and 9 mice per group for untreated and recAAT-treated mice, respectively). Sham-operated mice served as controls (n = 6 mice per group). Plasma analysis was performed at 20 h after sham or CLP surgery: (A) plasma lactate dehydrogenase (LDH) levels, (B) plasma creatinine levels, and (C, D) aspartate transaminase (s-AST) and alanine aminotransferase (s-ALT) levels, respectively. Data are presented as the mean (SD), and p < 0.05 was considered significant. recAAT, recombinant alpha1-antitrypsin; CLP, cecal ligation and puncture.



Next, renal function was estimated by measuring plasma creatinine after sham or CLP surgery. As shown in Figure 4B, plasma creatinine levels were significantly higher in septic mice treated with a vehicle, whereas creatinine levels in septic mice treated with recAAT did not differ from sham controls. Finally, we determined plasma levels of alanine aminotransferase (ALT) and aspartate transaminase (AST) as markers of sepsis-induced hepatocellular injury. ALT and AST levels were significantly higher in the plasma of vehicle-treated septic mice compared to sham animals (Figures 4C, D). Compared to vehicle-treated septic mice, the increase in AST and ALT levels was less pronounced in recAAT-treated septic mice, but without statistical significance.




3.5 Treatment with recAAT reduces the systemic and local inflammatory response in high-grade sepsis

The levels of inflammatory mediators were analyzed in plasma and PL fluid 20 h after CLP or sham surgery. As expected, CLP-induced peritonitis was associated with strong systemic (Figure 5A) and local (Figure 5B) upregulation of pro-inflammatory cytokines IL-6, CCL2, and TNF as well as upregulation of anti-inflammatory IL-10 compared to sham animals. Levels of neutrophil chemoattractant CXCL2 were also increased in PL of septic mice (Figure 5B). Compared to vehicle-treated septic mice, recAAT-treated mice showed significantly lower plasma TNF levels and a strong trend toward lower CCL2, IL-6, and IL-10 levels (Figure 5A). In contrast, in PL fluid, the levels of IL-6, CCL2, CXCL2, and IL-10 were significantly lower in septic mice treated with recAAT, whereas TNF levels were not affected (Figure 5B).




Figure 5 | Effect of recAAT on CLP-induced systemic and local inflammatory response. High-grade sepsis was induced in mice by CLP surgery (n = 12 and 9 mice per group for untreated and recAAT-treated mice, respectively). Sham-operated mice served as controls (n = 6 mice per group). Blood (A) and peritoneal lavage fluid (B) sampling and measurements of pro-inflammatory mediators IL-6, CCL2, TNF, and anti-inflammatory IL-10 were performed at 20 h after surgery. Additionally, CXCL2 was measured in the peritoneal lavage fluid samples. Data are presented as the mean (SD), and p < 0.05 was considered significant. recAAT, recombinant alpha1-antitrypsin; CLP, cecal ligation and puncture.



Recruitment of inflammatory leukocytes such as neutrophils and monocytes into the abdominal cavity is a hallmark of abdominal sepsis (24). Therefore, we analyzed the total white blood cell counts and quantified the number of lymphocytes, monocytes, and granulocytes in the PL fluid 20 h after surgery. The total number of inflammatory cells in the PL fluid was greatly increased in septic mice compared to sham controls (Figure 6A), mainly due to an increase in granulocytes and monocytes (Figures 6B, C). The total number of lymphocytes did not change (Figure 6D). Treatment of septic mice with recAAT reduced granulocyte numbers (Figure 6B) but increased monocyte/macrophage content in the peritoneal cavity (Figure 6C).




Figure 6 | Effect of recAAT on CLP-induced leukocyte infiltration. High-grade sepsis was induced in mice by CLP surgery (n = 12 and 9 mice per group for untreated and recAAT-treated mice, respectively). Sham-operated mice served as controls (n = 6 mice per group). Peritoneal lavage was performed at 20 h after surgery, and flow cytometry (FACS) analysis of inflammatory cell populations, namely white blood ceels (A), granulocytes (B), monocytes and macrophages (C), and lymphocytes (D), was performed. Data are presented as the mean (SD), and p < 0.05 was considered significant. recAAT, recombinant alpha1-antitrypsin; CLP, cecal ligation and puncture; FACS, fluorescence-activated cell sorting.






3.6 Treatment with recAAT reduces capillary leakage and labile heme accumulation in the peritoneal cavity

Vascular leakage caused by endotoxemia is a devastating feature of the disproportionate host immune response (25). Compared to sham surgery, a significant increase in vascular leakage was observed 20 h after the CLP procedure, as reflected by increased extravasation of Evans blue dye into the abdominal cavity. This sepsis-induced vascular hyperpermeability was significantly reduced by treatment with recAAT (Figure 7A).




Figure 7 | Effect of recAAT on endotoxemia-induced vascular leakage and intraperitoneal labile heme accumulation. High-grade sepsis was induced in mice by CLP surgery (n = 11 and 9 mice per group for untreated and recAAT-treated mice, respectively). Sham-operated mice served as controls (n = 6 mice per group). (A) After surgery, mice were i.v. injected with 0.25% w/v Evans blue and i.p. injected with vehicle or AAT. As a measure of capillary leakage, the ratio of Evans blue in the peritoneal lavage (PL) and the plasma after 20 h is displayed. (B) The concentration of labile heme was measured in PL obtained after 20 h from n = 9–11 mice and n = 4 per group for septic and control (sham) groups, respectively. Data are presented as the mean (SD); p-value < 0.05 was considered significant. AAT, alpha1-antitrypsin; recAAT, recombinant alpha1-antitrypsin; CLP, cecal ligation and puncture.



Both vascular leakage and cell damage caused by endotoxemia can contribute to the local accumulation of free heme in the abdominal cavity (8). Indeed, we observed significantly higher levels of free heme in the PL fluid of septic mice compared to sham controls. Treatment with recAAT significantly reduced the amount of labile heme in the PL fluid of septic mice (Figure 7B).




3.7 RecAAT lowers lipopolysaccharide-induced release of pro-inflammatory mediators from mesothelial epithelium and primary peritoneal macrophages in vitro

Mesothelial epithelium covering the internal body cavities and organs, and resident peritoneal macrophages pose the first line of defense in abdominal bacterial sepsis. In the early stages of infection, bacterial endotoxins activate Toll-like receptors on the surface of these cells, leading to a fulminant release of pro-inflammatory and chemotactic mediators, representing a crucial event in the pathogenesis of sepsis (26). To test whether AAT impairs the LPS-induced release of pro-inflammatory mediators, immortalized MPMC and primary naïve MPMΦ were used for in vitro experiments. As shown in Figure 8A, exposure of MPMC to increasing concentrations of LPS ranging from 1 to 100 ng/mL for 24 h resulted in an LPS dose-dependent increased release of CCL2. In the next series of experiments, MPMC were stimulated with a constant dose of LPS (100 ng/mL) for 4 h and analyzed for the expression of the IL-6, TNF, CCL2, CXCL1, and CX3CL1 genes. As expected, LPS upregulated the expression of all genes analyzed (Figure 8B). This LPS-induced inflammatory gene expression was significantly reduced in the presence of recAAT, whereas the expression of TNF was completely abolished (Figure 8B).




Figure 8 | Effects of recAAT on LPS-induced release of pro-inflammatory mediators from immortalized mouse peritoneal mesothelial cells (MPMC) and primary peritoneal macrophages. (A) MPMC were stimulated with increasing concentrations of LPS for 24h CCL2 level in conditioned medium was assessed by ELISA. (B) MPMC were pre-incubated or not for 1 h with 1 mg/mL recAAT and then stimulated with 100 ng/mL LPS. Inflammatory mediator gene mRNA expression was assessed after 4 h. (C) Primary peritoneal macrophages were pre-incubated or not for 1 h with increasing concentrations of recAAT and then stimulated with 10 ng/mL LPS for 5 h. Unstimulated cells served as controls. The release of pro-inflammatory mediators was assessed in conditioned medium. Data are presented as the mean (SD) from four independent experiments; a p-value <0.05 was considered significant. recAAT, recombinant alpha1-antitrypsin; LPS, lipopolysaccharide.



Similar results were obtained for primary peritoneal macrophages. recAAT reduced the cellular release of IL-6 and TNF in response to LPS in a concentration-dependent manner compared to LPS treatment alone (Figure 8C).




3.8 AAT prevents the enhancement of LPS-induced response by free heme in mouse primary MPMΦ and in immortalized mouse peritoneal mesothelial cells in vitro

Recently, a synergistic effect of free heme on LPS-induced cytokine secretion in murine macrophages was demonstrated (27). Since we observed the accumulation of free heme in PL fluid from septic mice, in the following experiments, MPMΦ were stimulated with 5 ng/mL LPS alone or in the presence of 5 µM heme. While heme alone had no effect on TNF release into a conditioned medium, LPS-induced TNF release was significantly higher in the presence of heme. Notably, the addition of recAAT (100 µg/mL) to MPMΦ not only lowered LPS-induced TNF release but also completely blocked the synergistic effect of heme (Figure 9A). Similar results were obtained for MPMC stimulated with 5 ng/mL LPS alone or in the presence of 0.5 μM free heme. While free heme alone did not increase CCL2 levels in a conditioned medium, LPS-induced CCL2 release was significantly increased in the presence of heme (Figure 9B). Treatment of MPMC with recAAT not only reduced CCL2 release after LPS stimulation but also completely blocked the synergistic effect of free heme (Figure 9B).




Figure 9 | Effect of recAAT on LPS and free heme-induced TNF release from MPMΦ and CCL2 release from immortalized MPMC. Primary MPMΦ (A) and MPMC (B) were pre-incubated with 100 µg/mL recAAT for 1 h and then stimulated with 5 ng/mL LPS alone or in combination with 0.5 µM hemin for 24 h. The levels of TNF (A) and CCL2 (B) were measured in conditioned medium by CBA assay. Data are presented as the mean (SD) from three independent experiments performed in duplicates; p < 0.05 was considered significant. recAAT, recombinant alpha1-antitrypsin; LPS, lipopolysaccharide; MPMΦ, peritoneal macrophages; MPMC, mouse peritoneal mesothelial cells.






3.9 AAT prevents free heme-induced cytotoxicity in immortalized mouse peritoneal mesothelial cells

Cells were stimulated with 5 ng/mL LPS, 10 μM free heme, or a combination of both. LPS alone did not increase the percentage of apoptotic (AV+/PI−) or necrotic (AV+/PI+) cells. In contrast, cytotoxicity was observed after 24 h of cell culture with 10 μM heme and with the LPS/heme combination. The addition of recAAT (10 μg/mL) to the cell culture medium slightly but not significantly reduced the percentage of apoptotic cells, whereas it reduced the percentage of necrotic cells significantly (Figure 10).




Figure 10 | AAT reduces free heme-induced cytotoxicity in MPMC. MPMC were stimulated for 24 h with 5 ng/mL LPS, with 10 µM hemin separately or in combination in the presence of increasing concentrations of recAAT. The percentage of apoptotic (A) and necrotic (B) cells was analyzed by flow cytometry using apoptosis detection kit. Data are presented as the mean (SD) from four independent experiments performed in duplicates; p-value <0.05 was considered significant.







4 Discussion

Various biomarkers are increased or decreased during sepsis, although the significance and exact biochemical function of many of them remain unclear. Acute phase proteins are involved in the host defense response and the regulation of inflammatory processes during sepsis, while AAT is one that increases significantly (three- to fourfold) within hours of inflammation or infection (28). AAT affects the course of inflammatory reactions by inhibiting neutrophil elastase and other proteases, interacting with various pro-inflammatory molecules, and exerting immunomodulatory effects, some of which are independent of anti-protease activity. Notably, however, insufficient plasma concentrations of AAT were observed in patients with severe sepsis or multi-organ failure. For example, delayed early increases in AAT and other acute phase proteins were found in non-survivors with sepsis (29). In addition, susceptibility to septic complications has been shown to be higher in lung transplant patients with congenital AAT deficiency than in patients with a normal genetic variant of AAT. Sepsis remained a leading cause of death in patients with AAT deficiency, even more than 6 months after lung transplantation, according to a Toronto study (30). Clinical studies typically describe plasma changes in AAT levels in septic patients, whereas no data are available on local AAT levels at the original site of inflammation.

In the current study, we used a well-established CLP model that resulted in polymicrobial peritonitis, translocation of bacteria into the blood (bacteremia), local and systemic inflammation, multiple organ dysfunction, and ultimately death (31–33). Using the CLP mouse model of high-grade sepsis with ligation of 75% of the length of the cecum, we observed no change in plasma AAT levels 20 h after surgery, while AAT levels in PL fluid were significantly higher compared to those in sham controls. These initial results from septic mice, together with previously published clinical data, suggest that adequate AAT levels in sepsis may be an important factor in controlling rapid and widespread inflammatory responses. Therefore, the main aim of the present study was to investigate whether the administration of exogenous AAT directly into the peritoneal cavity of septic mice can help control inflammation and multi-organ failure.

First, we used a half-lethal CLP mouse model of midgrade sepsis with ligation of 50% of the cecum length (21) to examine the effects of AAT on survival. Based on 14-day monitoring of mice, we clearly found that immediate i.p. injection of human nAAT, oxAAT, or recAAT significantly reduces mortality in CLP-septic mice compared with mice not receiving AAT. Consistent with the increased survival, septic mice treated with AAT showed significantly reduced systemic inflammation compared to untreated septic controls, as reflected by lower plasma levels of CCL2 and TNF. It is important to note that the oxidized form of nAAT, which lacks anti-protease activity, reduced mouse mortality in the same way as inhibitory active nAAT or recAAT proteins, suggesting that the observed protective effect of AAT is not entirely due to the anti-protease activity. Previous mouse studies based on intratracheal quartz installation or cigarette smoke exposure reported that oxAAT does not inhibit elastase but, like nAAT, suppresses neutrophil influx and expression of inflammatory mediators (34, 35). In a mouse model of pneumonia, we found that AAT without anti-protease activity retained its potent anti-inflammatory and immunomodulatory effects (36, 37). Oxidized forms of AAT are estimated to be present in human inflammatory exudates in an amount of approximately 5%–10% of total AAT (38). However, characterizing the biochemical properties and biological functions of oxAAT requires separate in vitro and in vivo approaches, which was beyond the scope of this study. Therefore, all our further in vivo and in vitro experiments were performed using inhibitory active nAAT or recAAT proteins.

The positive effect of augmentation with AAT on the survival of septic mice prompted us to conduct a second series of experiments focused on the putative biological effects of AAT. Here, CLP surgery with ligation of 75% of the cecum length was used to produce high-grade sepsis. Plasma and PL fluid were collected at 20 h after surgery for further analysis. First, consistent with the survival data, we found that LDH levels, reflecting the degree of overall damage caused by sepsis, as well as s-creatinine, a marker of renal function, were lower in AAT-treated compared to non-treated septic mice. Although without statistical significance, plasma markers of hepatocellular damage such as s-ALT and s-AST were also reduced. These results demonstrated a broad protective potency of AAT even in severe high-grade sepsis.

Bacterial burden, exaggerated inflammatory response, increased vascular leakage, accumulation of free heme released during hemolysis, and death of cells with high hemoprotein content are critical processes in the pathogenesis of severe sepsis (8, 9, 31–33). Therefore, in the following experiments, we investigated the putative biological effects of AAT on these processes.

Clinical and animal model-based studies reported that AAT can reduce bacterial colonization and bacterial burden (13, 39–42). These latter findings led to speculation that AAT may have a direct impact on bacterial growth, thereby protecting septic mice from developing severe organ damage and death. In our experiments, AAT had no significant impact on the number of bacteria in blood, peritoneal lavage fluid, or spleen samples. Hence, the reduction of the bacterial load does not appear to be the mechanism behind the effect of AAT on reduced mouse mortality.

The effect of AAT on systemic and local inflammatory responses was further investigated by the measurement of inflammatory mediators in plasma and PL fluid. We found that AAT-treated septic mice have significantly lower PL fluid levels of IL-6, CCL2, CXCL2, and IL-10, but not TNF, while plasma levels of TNF and CCL2, but not IL-6, were significantly lower compared to those in untreated septic controls. Thus, AAT appears to modulate IL-6, TNF, and IL-10 levels in mouse plasma and PL fluid differently. This may be related to the mode of administration of AAT, but more complex mechanisms cannot be excluded.

The recruitment of phagocytic cells, namely, neutrophils and monocytes, to the peritoneal cavity depends critically on the upregulation of adhesion molecules on the endothelium by IL-6 and TNF and the levels of the chemokines CXCL2 and CCL2. Although neutrophils kill invading bacteria, strong infiltration and/or delayed apoptosis of neutrophils may have deleterious effects in sepsis (43–45). CXCL2 and neutrophil influx into the peritoneal cavity of septic mice were significantly reduced by AAT treatment. These results are consistent with other reports showing that the anti-inflammatory effect of AAT is related to the inhibition of neutrophil infiltration and neutrophil-mediated tissue damage (45). Surprisingly, despite the decreased level of CCL2 chemokine, monocyte/macrophage infiltration was significantly increased by AAT treatment (Figure 6C).

We previously reported that AAT initially facilitates acute endothelial responses to TNF, followed by selective inhibition of TNF-induced self-amplification, which may help resolve inflammation (46). Since TNF affects monocyte infiltration and functions (47), high TNF levels may be related to increased numbers of monocytes/macrophages in the PL fluid of AAT-treated mice. Both peripheral macrophages and monocyte-derived macrophages transcribe the serpina1 gene and secrete AAT protein, which affects the anti-inflammatory functions of macrophages (48, 49). Therefore, increased numbers of monocytes/macrophages in the PL fluid may contribute to local AAT levels.

In recent decades, researchers have shown that high levels of free (labile) heme reflect the pathogenesis of severe sepsis regardless of pathogen load (8, 50). High heme levels were reported in patients with sepsis, and similar findings have been observed in experimental models of CLP murine sepsis (8, 51). For example, free heme exerted cytotoxicity in vitro and exacerbated tissue injury in a rat model of polymicrobial sepsis (9). However, the data about free heme accumulation directly at the site of initial infection were not available up to now. In this study, we did not measure haptoglobin, bilirubin, or other parameters of hemolysis in the plasma samples. However, we observed a strong accumulation of free heme in the peritoneal cavity of septic mice. The source of free heme in the peritoneal cavity may be both extravasation of free heme generated by sepsis-induced hemolysis from the circulation and also its release from hepatocytes that underwent sepsis-induced necrosis and apoptosis. Hepatocytes contain large amounts of heme incorporated into microsomal hemoproteins, such as cytochrome P450 (CYP450) (52).

In blood plasma, heme is scavenged by hemopexin and also by albumin, α1-microglobulin, and α1-antitrypsin (53). Severe sepsis is associated with reduced plasma concentrations of hemopexin, the top heme-binding protein (51). Albumin is a low-affinity but high-capacity heme scavenger that attenuates heme-mediated vasoconstriction in vivo and prevents heme-mediated cytotoxicity in vitro (9). However, plasma albumin levels in severe septic patients also decrease when compared to those in non-septic patients (54). We and other researchers have shown that AAT, similarly to albumin, binds free heme and neutralizes its cytotoxic effects (11, 55, 56). In this study, we demonstrate that a strong accumulation of free heme in the peritoneal cavity of septic mice was significantly reduced by AAT treatment.

Free heme can promote and exacerbate inflammation through various mechanisms. For example, in endothelial cells, heme-induced upregulation of the adhesion molecules E-selectin, P-selectin, intercellular adhesion molecule 1 (ICAM-1), and vascular cell adhesion molecule 1 (VCAM-1) has been shown to promote leukocyte infiltration (57, 58). Heme can also act as an endogenous agonist of TLR2/4 receptors (59, 60) and directly induce the secretion of pro-inflammatory mediators such as the neutrophil chemoattractant CXCL2 (61). There is abundant evidence that infectious sepsis in both humans and mice with polymicrobial sepsis results in robust activation of complement. Major complement activation products such as C3a/C5a anaphylatoxins and their receptors and the terminal complement activation product C5b-9 cause dysfunction of the innate immune system and contribute significantly to exaggerated early pro-inflammatory responses, followed by decline of the innate immune system, leading to immunosuppression and multi-organ dysfunction (62). Complement system activation by free heme has been shown in vitro and in vivo resulting in tissue deposits of complement C3 and C5b-9 primarily in the kidneys (63). In addition, free heme can directly induce endothelial permeability by affecting NF-κB signaling through activation of TLR4 and by inducing an acute signaling cascade through p38 MAPK and HSP27, leading to barrier dysfunction (64). Therefore, the reduced renal dysfunction, inflammation, and vascular leakage observed in septic mice treated with AAT may be related to the property of AAT to neutralize the free heme.

Resident peritoneal macrophages and mesothelial epithelial cells, which line the internal body cavities, form the first line of defense in abdominal bacterial sepsis. In the early stages of infection, bacterial endotoxins activate these cells, leading to a fulminant release of pro-inflammatory and chemotactic mediators, which is a crucial event in the pathogenesis of sepsis. Our data from in vitro experiments using MPMC and primary mouse peritoneal macrophages confirmed that AAT significantly lowers LPS-induced IL-6, TNF, CXCL1, and CCL2 production. Indeed, CCL2 and CXCL1 not only control chemotactic chemokine but also control the production of inflammatory cytokines, such as TNF and IL-6 (65). It is also important to note that LPS in synergy with labile heme is a much more potent cell activator than LPS alone (66). Our data confirm this assumption by showing that MPMΦ stimulated with LPS in the presence of heme release significantly higher amounts of TNF compared to cells stimulated with LPS alone. Similarly, MPMC released significantly higher amounts of CCL2 in response to LPS/heme combination compared to LPS alone. In these in vitro experiments, cell pretreatment with AAT not only significantly reduced the LPS effect but also completely blocked the synergistic effect of heme. In addition, AAT significantly reduced cell death in response to heme or LPS/heme combination. Interestingly, this reduction in cell death was not related to the reduction in apoptotic cells. This is in line with our previous observation that incubation of human neutrophils for 5 h with 4 mM hemin only slightly and not significantly increased the number of apoptotic cells but strongly increased the number of non-viable neutrophils (56). Some researchers suspect that heme induces cell ferroptosis via mitochondrial dysfunction (67). In addition, free heme is a well-known inducer of heme oxygenase-1 (HO-1), particularly in monocyte/macrophage cells (53), which has been implicated as a key mediator of inflammatory cell and tissue injury, as validated in preclinical models of acute lung injury and sepsis (68). In ferroptosis, HO-1 may play a pro-death role by enhancing iron release (69). The sequestration of free heme by AAT, leading to decreased HO-1 expression, may have an anti-ferroptosis effect and partially explain increased amounts of monocytes/macrophages in the peritoneal cavity of AAT-treated septic mice. Further studies on the anti-ferroptosis effect of AAT are currently underway.

The results of our study suggest that selective regulation of local immune cell populations and inflammatory cytokine/chemokine levels in the early stages of sepsis by AAT prevents hyperinflammation and death in septic mice. Some beneficial effects of AAT are related to its ability to scavenge free heme and prevent heme toxicity in synergy with bacterial endotoxins. An optimal AAT dose administered rapidly enough to patients with acute sepsis would allow additional time for more targeted interventions. Moreover, it can be hypothesized that the combined use of AAT, as a free heme scavenger, with an LPS neutralizer, such as alkaline phosphatase (70, 71), may be useful in treating sepsis and may be tested in clinical trials. Before AAT therapy is tested in clinical practice, important future research is needed to define how long after diagnosis of sepsis treatment with AAT can be considered anti-inflammatory and protective. This idea can be further tested in translational preclinical models and small patient cohorts.

Given the observed advantages of recAAT produced by CHO cells, this protein may be superior to AAT purified from human plasma because the recAAT preparation is homogeneous, has high quality and glycosylation consistency, and poses no risk of disease transmission.
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Background

The neutrophil-to-lymphocyte ratio (NLR) is a commonly used biomarker for acute inflammation that often rises during sepsis, making it a valuable diagnostic indicator for clinical practice. However, no consensus has been reached on the prognostic value of NLR for predicting the prognosis and mortality risk in adult sepsis patients. In light of this controversy, we conducted a meta-analysis to clarify the prognostic significance of NLR in adult sepsis patients. The meta-analysis was registered in the PROSPERO database (registration number CRD42023433143).





Methods

We performed a comprehensive literature search in PubMed, Cochrane Library, Ovid, and Springer databases, using retrieval terms “sepsis” or “septic shock” and “prognosis” or “mortality” for studies published between January 1, 2000, and May 31, 2023. Children and neonates with sepsis were excluded from our research. Two independent researchers conducted the literature search and data extraction. Consensus was reached when discrepancies occurred, and in case of persistent discrepancies, the final decision was made by the research supervisor. The hazard ratio (HR) and its corresponding 95% confidence interval (95% CI) were extracted from each study included in the analysis. A random-effects model was used to synthesize all HRs and their 95% CIs. Sensitivity analysis was performed to investigate heterogeneity. Sensitivity analysis was conducted to identify studies that had a significant impact on the overall results of the meta-analysis. Subgroup analysis and meta-regression were performed to explore sources of heterogeneity. Egger’s test was also used to investigate publication bias in this meta-analysis.





Results

After a comprehensive literature search and screening, we included 12 studies comprising 10,811 patients for the meta-analysis. The pooled results indicated that patients with a higher NLR level were associated with a poor prognosis (Random-effects model, HR: 1.6273, 95% CI: 1.3951-1.8981). Heterogeneity testing showed significant heterogeneity (I2 = 87.2%, 95% CI: 79.5-92, p<0.0001). Sensitivity analysis was performed to investigate the sources of heterogeneity, which revealed that the omission of one highly sensitive study significantly reduced the I2 value. After removing this study, a strong association was found between a higher NLR level and poor prognosis and risk of death in adult sepsis patients (Random-effects model, HR: 1.6884, 95% CI: 1.4338-1.9882). Both subgroup analysis and meta-regression indicated that the study design and testing time of NLR were sources of heterogeneity. Egger’s test showed no obvious publication bias in this meta-analysis.





Conclusion

NLR is a reliable and valuable biomarker for predicting prognosis and the risk of death in adult sepsis patients.





Systematic Review Registration

[https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42023433143] PROSPERO, identifier [CRD42023433143].
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1 Introduction

Sepsis is an infectious disease characterized by high mortality and poor prognosis (1, 2). In 2016, The Third International Consensus Definitions for Sepsis and Septic Shock redefined sepsis as an infection accompanied by organ dysfunction (3, 4). Over the years, the Sequential Organ Failure Assessment (SOFA) score has been increasingly adopted to diagnose and assess the prognosis of sepsis (5, 6). While the SOFA score is a valuable tool for sepsis evaluation, it involves numerous parameters and indexes, which can be cumbersome during the assessment process. Accordingly, significant efforts have been undertaken to explore new diagnostic techniques and prognostic biomarkers (7, 8).

One such biomarker is the neutrophil-to-lymphocyte ratio (NLR), which is derived from the ratio of neutrophil count to lymphocyte count and can be obtained from a complete blood count test. It has been established that elevated NLR levels indicate acute infectious inflammation and are commonly considered an inflammatory biomarker (9, 10). There is an increasing consensus suggesting that NLR plays a crucial role in predicting sepsis and can be a valuable marker for sepsis diagnosis (11–13). Besides, a high NLR level has been associated with poor outcomes in adult sepsis patients. However, a recent prospective study by Schupp, T et al. (14) contradicted these findings, stating that NLR was not a reliable parameter to differentiate between patients with sepsis and septic shock, nor could it predict prognosis. Consequently, the utility of NLR as a biomarker for sepsis prediction remains uncertain. To bridge this knowledge gap, we conducted a comprehensive search and analysis of available studies to investigate the value of the neutrophil-to-lymphocyte ratio in predicting prognosis for adult sepsis patients.




2 Materials and methods



2.1 Literature search strategy

We conducted a comprehensive search for literature on adult patients diagnosed with sepsis or septic shock between January 1, 2000, and May 31, 2023, from the Pubmed, Cochrane Library, Ovid, and Springer databases using the following MeSH search headings: “sepsis” or “sepsis shock” and” neutrophil-to-lymphocyte ratio” or “NLR” and “prognosis” or “mortality”. To expand the search scope, we also utilized the “related articles” function of Pubmed and searched the references of identified articles simultaneously. The retrieved studies included prospective and retrospective study designs.




2.2 Inclusion and exclusion criteria

The inclusion criteria for this meta-analysis were as follows: (1) Studies involving hospitalized adult patients with sepsis or septic shock; (2) Definition of sepsis or septic shock and corresponding management according to international guidelines (3, 18); (3) Use of NLR as an evaluating indicator for predicting sepsis or septic shock; (4) Availability of Hazard Ratio (HR) and the corresponding 95% Confidence Interval (95% CI) that could be extracted from the study with Cox model or Kaplan-Meier stratification validation. The exclusion criteria were as follows: (1) Studies involving neonatal or pediatric sepsis; (2) Studies involving animal experiments, systematic reviews, case reports, or letters; (3) Studies providing only odds ratio (OR) from univariate analysis or logistic regression; (4) Studies from which data could not be extracted. The process of inclusion and exclusion criteria for this meta-analysis strictly followed the PRISMA 2000 procedure.




2.3 Data extraction and quality assessment

Data extraction from each included study involved retrieving the name of the first author, publication year, region of the population, study design, total number of patients, number of survival and non-survival patients, time for mortality observation, time of NLR testing, cut-off NLR value, HR, and the 95% CI for prognostic prediction. Two independent reviewers performed data extraction, and disagreements were resolved through discussion and consensus. If further disagreements occurred, they were resolved by senior authors (KQ Ma and H.S. Wu). Quality assessment of the included studies was performed using the Newcastle-Ottawa Scale (NOS), evaluating the exposed cohort, comparability, outcome of interest, assessment of outcome, and cohort follow-up (15). The maximum score in this assessment system is 9 points, with literature with a score of no less than 6 points considered high quality.




2.4 Statistical method

For the preliminary synthesis of HRs and their corresponding 95% CIs, the “metagen” function from the “meta” package was used. Heterogeneity was tested using I2, where I2 <50% indicated nonsignificant heterogeneity and a fixed-effects model was used for data synthesis. Conversely, when the I2 value was ≥50%, a random-effects model was used. Sensitivity analysis was conducted to investigate highly sensitive literature with the “metainf” function, and data re-synthesis was performed after eliminating highly sensitive literature. Subgroup analysis with the “byvar” function and meta-regression with the “metareg” function were used to explore sources of heterogeneity. Publication bias was investigated using an enhanced contour funnel plot and Egger’s test. All statistical analyses and figure generation were performed using R software Version 4.1.3.





3 Results



3.1 Identification of relevant studies

464 relevant studies were initially identified from the Pubmed, Cochrane Library, Springer, and Ovid databases. After excluding duplications and ineligible studies, 132 studies remained. Further screening resulted in the exclusion of 49 studies due to the unavailability of the full text. Additionally, 21 studies were removed as they could not be retrieved, leaving 62 studies for eligibility. Finally, reviews (n=12), letters to the editor (n=7), studies about neonatal or children sepsis (n=19), animal experiments (n=4), and unavailable studies (n=8) were excluded. Ultimately, 12 studies with 10,811 patients were included in this meta-analysis (16–27). Among the included patients were 8,389 survivors and 2,422 deaths, with a non-survivor-to-survivor ratio of approximately 1:3.5. The flowchart of study selection and screening is depicted in Figure 1.




Figure 1 | Flowchart for selection of studies included in this meta-analysis based on PRISMA guidelines.






3.2 Study characteristics and quality assessment

Among twelve included studies, ten studies (16, 17, 19–21, 23–27) defined as sepsis, one defined as sepsis shock (22) and one defined as sepsis or sepsis shock (18). Three studies diagnosed sepsis based on the sepsis-2 definition (16–18) and other nine studies base on sepsis-3 definition (19–27). For the study design, three studies (17, 19, 26) were prospective and nine studies (16, 18, 20–25, 27) were retrospective. The mean age of patients in six studies (16–18, 20, 22, 25) was older than 60 years, while the remaining six studies involved patients younger than or equal to 60 years (19, 21, 23, 24, 26, 27). The observed outcomes varied among studies: seven studies (18, 20–25) used 28-day mortality as the observed outcome, two studies assessed 30-day mortality (19, 27), another two studies reported in-hospital mortality (17, 26), only one study (16) used 15-day mortality as the observed outcome. NLR was used as a prognostic risk factor for predicting adult sepsis in all 12 studies, and the cut-off values for NLR varied among studies. Six studies (17–20, 26, 27) defined their cut-off values as more than 10, while another six studies (16, 21–25) as less or equal to 10. The testing time for NLR also differed: seven studies (17, 19–21, 24, 26, 27) tested the NLR on day 1 of hospitalization, two studies (16, 18) on day 2, one study (22) on day 3 and the remaining two studies (23, 25) on day 7. The quality assessment using the Newcastle-Ottawa Scale (15) indicated that all included studies had a total score of more than 6 points, suggesting higher quality and a lower risk of bias. The characteristics and quality assessment of the included studies are presented in Table 1.


Table 1 | Study baseline characteristics and quality assessment.






3.3 Preliminary studies synthesis

The pooled analysis of HRs and their corresponding 95% CIs extracted from the included studies indicated that higher NLR was associated with a poorer prognosis for adult sepsis patients (HR: 1.6273, 95% CI: 1.3951-1.8981) with significant heterogeneity (I2 = 87.2%, p<0.0001), using a random-effects model (Figure 2).




Figure 2 | Forest plot of preliminary studies synthesis. HR, Hazard Ratio; SE, Standard Error; NLR, neutrophil-to-lymphocyte ratio. Red squares represent the point estimates of the HR of each study, with 95% CI indicated by horizontal bars. Black diamond represent the summary estimate from the pooled studies with 95%CI.






3.4 Sensitivity analysis

The purpose of sensitivity analysis was to examine the stability of results under certain hypothetical conditions and preliminarily investigate sources of heterogeneity in the included literature. High sensitivity literature meant that after excluding this literature, the heterogeneity of the meta-synthesis had a significant decrease. Given the significant heterogeneity observed in the preliminary synthesis, sensitivity analysis was performed to identify potentially highly sensitive literature. One study by Liu, Shuangqing et al. (23) contributed significantly to the high level of heterogeneity, and its exclusion reduced the I2 to 77% (Figure 3).




Figure 3 | Sensitivity analysis of this meta-analysis. Red square are the point estimates of the omitting HR, with 95% CI indicated by horizontal bars. While black diamond is the heterogeneity from the pooled studies with 95% CI base on random effects model.






3.5 Re-synthesis of the included studies and correlation of the NLR to disease severity

After eliminating highly sensitive studies, a re-synthesis of the included studies showed that a higher level of NLR remained associated with a poorer prognosis for adult sepsis patients (HR: 1.6884, 95% CI: 1.4338-1.9882) with moderate heterogeneity (I2 = 77%, p<0.0001), using a random-effects model (Figure 4). And in order to investigate the correlation of the NLR to severity of adult sepsis of this study, we also made a dose-response analysis of this meta-analysis. The dose-response curve from Supplementary Figure 1 indicated that despite the relationship between the HR of sepsis and the value of NLR was not the linear, nevertheless, in general, the increase in NLR value significantly increases the hazard ratio of mortality in sepsis patients. As for the predictive value of NLR, we made a pooled receiver operating characteristic(ROC) curve, from Supplementary Figure 2, we can find sensitivity and specificity of NLR for predicting mortality of adult sepsis were 0.64(0.54-0.74) and 0.79(0.74-0.84) respectively, and the pooled area under curve(AUC) was 0.80(0.76-0.83) which indicated a moderate predictive capability.




Figure 4 | Forest plot of re-synthesis after eliminating one study identified by sensitivity analysis. HR, Hazard Ratio; SE, Standard Error; NLR, neutrophil-to-lymphocyte ratio. Red squares represent the point estimates of the HR of each study, with 95% CI indicated by horizontal bars. Black diamond represent the summary estimate from the pooled studies with 95% CI.






3.6 Subgroup analysis and meta-regression

In the process of meta-analysis, adjusting for confounding factors was important because it provided interpretability for the heterogeneity of results. Given that moderate heterogeneity was observed in the data re-synthesis using the random-effects model, we performed subgroup analysis and meta-regression to adjust for confounding factors and explore potential sources of heterogeneity. Stratification was conducted based on the confounding factors named average age of patients (>60 or ≤60 years), study design (prospective or retrospective), cut-off NLR value (>10 or ≤10), and the testing time of NLR (on the first day or not on the first day during hospitalization). Figure 5A, B showed the results of the subgroup analysis for mean age and cut-off value, indicating significant heterogeneity in both the subgroup tests and the total test (P<0.05). Nevertheless, for the subgroup analysis of study design, there was a significant difference in heterogeneity between prospective (Tau2 = 0.0275, I2 = 52%, P=0.12) and retrospective designs (Tau2 = 0.0457, I2 = 77%, P<0.01) Figure 6A. Furthermore, during subgroup analysis according to NLR testing time, NLR testing on the first day was associated with higher heterogeneity (Tau2 = 0.0572, I2 = 81%, P<0.01), while testing not on the first day showed lower heterogeneity (Tau2 = 0.0311, I2 = 53%, P=0.10) Figure 6B, suggesting that study design and NLR testing time were the main sources of heterogeneity in this meta-analysis. To validate the results of the subgroup analysis, we performed meta-regression, and the results presented in Table 2 corroborated our earlier findings. Through the meta-regression analysis, we incorporated the variables of study design and NLR testing time, which revealed a Tau2 of heterogeneity as 0.0012. This value was 0.0473 lower than the Tau2 obtained from the previous data synthesis (Tau2 = 0.0485, Figure 3). Consequently, it can be inferred that the study design and NLR testing time accounted for approximately 97.53% of the heterogeneity observed in this meta-analysis, consistent with the findings from the subgroup analysis.




Figure 5 | Subgroup analysis sepsis patients’ of mean age (A) and cut-off value of the NLR (B). (A).Red squares represent the point estimates of the HR of each study according to mean age subgroup grouping, with 95% CI indicated by horizontal bars. Upper black diamond showed the summary estimate from the pooled studies with >60 years old population demographic characteristics, the middle black diamond showed the pooled studies with ≤60 years old, and the lower black diamond indicated the total summary estimate of the HR of all studies.(B). Red squares represent the point estimates of the HR of each study according to cut-off value of the NLR subgroup grouping, with 95% CI indicated by horizontal bars. Upper black diamond showed the summary estimate from the pooled studies with cut-off value of the NLR ≤10, middle black diamond showed the pooled studies with cut-off value of the NLR >10, and the lower black diamond indicated the total summary estimate of the HR of all studies.






Figure 6 | Subgroup analysis of study design (A) and testing time of NLR (B). (A).Red squares represent the point estimates of the HR of each study according to study design subgroup grouping, with 95% CI indicated by horizontal bars. Upper black diamond showed the summary estimate of the retrospective studies, the middle black diamond showed the pooled studies of prospective studies, and the lower black diamond indicated the total summary estimate of the HR of all studies. (B). Red squares represent the point estimates of the HR of each study according to testing time of NLR subgroup grouping, with 95% CI indicated by horizontal bars. Upper black diamond showed the summary estimate of the studies with testing time of NLR not on the first day of hospitalization, the middle black diamond showed the pooled studies with testing time of NLR on the first day of hospitalization, and the lower black diamond indicated the total summary estimate of the HR of all studies.




Table 2 | Meta-regression analysis of study design and NLR testing time in adult sepsis patients.







4 Discussion

Sepsis is a severe life-threatening condition associated with an infection characterized by multiple mechanisms, including cytokines, cell death, and dynamic expression of cellular biomarkers, which can lead to circulatory abnormalities and multiple organ failure (28, 29). It is now understood that during the early stages of sepsis, the neutrophil and lymphocyte count rapidly increase due to microbial infection stimulation. However, with disease progression, neutrophils migrate to the infection site, while lymphocytes decrease due to immune suppression, providing the rationale for the individual changes in neutrophil or lymphocyte counts and highlighting their limited predictive value for sepsis prognosis (30, 31).

The NLR reflects the balance between neutrophil and lymphocyte levels and has become a readily available biomarker for adult sepsis in clinical practice. It offers convenience in measurement, low technical requirements, and cost-effectiveness (32, 33). An increasing body of evidence from recently published studies indicates the importance of NLR in predicting the prognosis of adult sepsis (34–36). However, a recent study by Schupp et al. (14) raised concerns, suggesting that NLR might not be a reliable parameter to differentiate between patients with sepsis and septic shock and predict 30-day survival. This discrepancy in findings has led to the lack of consensus over the predictive value of NLR for adult sepsis prognosis. While a meta-analysis (37) has already investigated the prognostic value of NLR in adult sepsis, its results may be biased due to the data extraction method. Some included studies (38, 39) lacked hazard ratios but provided odds ratios as effect indicators for data synthesis. However, it should be borne in mind that OR does not consider the time factor experienced at the endpoint, which results in the loss of important information compared to HR.

In our meta-analysis, we conducted a rigorous screening process and only included studies that provided hazard ratios and their corresponding 95% confidence intervals. In cases where HR was not directly provided, we utilized Kaplan-Meier curves to indirectly extract the HR using Engauge Digitizer software. A total of 12 studies, comprising 10,811 adult sepsis patients, were included in our analysis. The preliminary synthesis revealed a significant association between higher NLR levels and poor prognosis in adult sepsis patients. To investigate the source of this heterogeneity, we performed a sensitivity analysis, which identified one study (23) as a potential source of high sensitivity. After omitting this study, the heterogeneity was reduced by approximately 10% with the random-effects model. The re-synthesized results after sensitivity analysis did not substantially alter the preliminary synthesis, but the heterogeneity was greatly reduced. To further explore the heterogeneity, we conducted subgroup analysis and meta-regression. The results from both methods indicated that study design and NLR testing time were potential contributors to the observed heterogeneity. Specifically, the type of study design (prospective or retrospective) and the timing of NLR testing during hospitalization appeared to influence the variability in the results. We also examined the possibility of publication bias using enhanced contour funnel plots and Egger’s test. The funnel plot exhibited a symmetric distribution of the included studies, and Egger’s test suggested that there was no significant publication bias in our meta-analysis (p > 0.05) (Figure 7).




Figure 7 | Enhanced contour funnel plot and Egger test for publication bias. (A) Enhanced contour funnel plot indicated that all of the studies fell into the blue region, which mean that funnel plots was basically symmetrical; (B) Egger test with a result of p=0.1535 illustrated that the publication bias of this meta-analysis was not obvious.



The clinical value of NLR on the prognosis of septicemia patients is mainly reflected in the following aspects. Firstly, NLR can be used as an important biomarker of the severity sepsis assessing, higher NLR values usually indicate that the patient has a severe infection and inflammatory response (39), from this meta-analysis, the dose-reaction analysis also indicated increase in NLR value significantly increases the hazard ratio of mortality in sepsis patients. Secondly, higher NLR values are often associated with poor prognosis, such as death and complications (14, 19). Therefore, by monitoring changes in NLR values, deterioration can be detected in time and appropriate therapeutic measures can be taken. Meanwhile, according to the change of NLR value, we can make a corresponding treatment program which adjusted to ensure the therapeutic effect.

Nevertheless, our meta-analysis has some limitations. Despite removing one highly sensitive study and conducting a re-synthesis, we still observed moderate heterogeneity even with a random-effects model, potentially affecting the robustness of our conclusions. Secondly, one including study e.g. Terradas et al. (16) defined the disease as bacteremia instead of sepsis, despite a former meta-analysis from Zhiwei Huang (37) included it in their analysis similarly, and we had confirmed that it was not responsible for the heterogeneity of our meta-analysis by sensitive analysis. Thirdly, meta-analysis is prone to be influenced by publication bias, this implied that according to the bias of researchers, that cohort studies with hazard ration around 1 are less likely to be published. Thus, these results should be interpreted with caution due to this selection bias. Additionally, in actual clinical practice, NLR is a biomarker of repeated measurements, the poor prognosis of sepsis can be predicted by the high level of NLR, and the appropriate treatment can affect subsequent level of NLR. Therefore, NLR plays the role of confounder in the former situation and the role of mediator in the latter situation, traditional methods for controlling confounding variables are no longer applicable. Based on the above principles, Zhang, Z. et al (40) recommended structural modeling with inverse probability weighting (IPW) to infer causality from observational data, which played an important decision-making role in clinical management. The link between NLR and mortality of sepsis may be affected by many factors and their causal relationship is largely unknown, further studies using advanced statistical approaches to reveal causality between NLR and adult sepsis are looking forward to investigating.




5 Conclusion

NLR is a valuable biomarker for predicting the prognosis of adult sepsis, as higher NLR levels indicate poorer outcomes in adult patients with sepsis. However, more research is needed to understand the relationship between NLR and sepsis prognosis. Large-scale, multiple-center, and high-quality randomized controlled trials with long follow-up periods are warranted to validate the findings of this meta-analysis in the future.





Data availability statement

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





Author contributions

HW: Conceptualization, Formal Analysis, Writing – original draft, Writing – review & editing. TC: Methodology, Resources, Writing – review & editing. TJ: Writing – review & editing. YL: Resources, Writing – review & editing. JH: Writing – review & editing. KM: Funding acquisition, Supervision, Writing – original draft.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This research was supported by the Construction of the Major Subject of People’s Hospital of Huadu District (YNZDXK202201) and the Guangzhou Science and Technology Plan Project (202201011725).




Acknowledgments

We acknowledge the support from the Construction of Major Subject of the People’s Hospital of Huadu District.





Conflict of interest

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





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2024.1336456/full#supplementary-material




References

1. Cecconi, M, Evans, L, Levy, M, and Rhodes, A. Sepsis and septic shock. Lancet (London England). (2018) 392:75–87. doi: 10.1016/S0140-6736(18)30696-2

2. Oczkowski, S, Alshamsi, F, Belley-Cote, E, Centofanti, JE, Moller, MH, Nunnaly, ME, et al. Surviving Sepsis Campaign Guidelines 2021: highlights for the practicing clinician. Polish Arch Internal Med. (2022) 132:7–8. doi: 10.20452/pamw.16290

3. Singer, M, Deutschman, C.S, Seymour, C.W, 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

4. Gheen, N. Sepsis-3 definitions. Ann Emergency Med. (2016) 68:784–5. doi: 10.1016/j.annemergmed.2016.07.008

5. Liu, Z, Meng, Z, Li, Y, Zhao, J, Wu, S, Gou, S, et al. Prognostic accuracy of the serum lactate level, the SOFA score and the qSOFA score for mortality among adults with Sepsis. Scand J Trauma Resuscitation Emergency Med. (2019) 27:51. doi: 10.1186/s13049-019-0609-3

6. Raith, EP, Udy, AA, Bailey, M, McGloughlin, S, MacIsaac, C, Bellomo, R, et al. Prognostic accuracy of the SOFA score, SIRS criteria, and qSOFA score for in-hospital mortality among adults with suspected infection admitted to the intensive care unit. JAMA. (2017) 317:290–300. doi: 10.1001/jama.2016.20328

7. Pierrakos, C, Velissaris, D, Bisdorff, M, Marshall, JC, and Vincent, JL. Biomarkers of sepsis: time for a reappraisal. Crit Care (London England). (2020) 24:287. doi: 10.1186/s13054-020-02993-5

8. Catenacci, V, Sheikh, F, Patel, K, and Fox-Robichaud, AE. The prognostic utility of protein C as a biomarker for adult sepsis: a systematic review and meta-analysis. Crit Care (London England). (2022) 26:21. doi: 10.1186/s13054-022-03889-2

9. Beliaev, AM, Angelo, N, Booth, M, and Bergin, C. Evaluation of neutrophil-to-lymphocyte ratio as a potential biomarker for acute cholecystitis. J Surg Res. (2017) 209:93–101. doi: 10.1016/j.jss.2016.09.034

10. Guo, M, Li, W, Zou, B, Wang, B, Meng, S, Sun, X, et al. Prognostic value of delta inflammatory biomarker-based nomograms in patients with inoperable locally advanced NSCLC. Int Immunopharmacol. (2019) 72:395–401. doi: 10.1016/j.intimp.2019.04.032

11. Rehman, FU, Khan, A, Aziz, A, Iqbal, M, Mahmood Saad, BZ, Ali, N, et al. Neutrophils to lymphocyte ratio: earliest and efficacious markers of sepsis. Cureus. (2020) 12:e10851. doi: 10.7759/cureus.10851

12. Liang, P, and Yu, F. Predictive value of procalcitonin and neutrophil-to-lymphocyte ratio variations for bloodstream infection with septic shock. Med Sci Monitor: Int Med J Exp Clin Res. (2022) 28:e935966. doi: 10.12659/MSM.935966

13. Zhang, H-B, Chen, J, Lan, QF, Ma, XJ, and Zhang, SY. Diagnostic values of red cell distribution width, platelet distribution width and neutrophil-lymphocyte count ratio for sepsis. Exp Ther Med. (2016) 12:2215–9. doi: 10.3892/etm.2016.3583

14. Schupp, T, Weidner, K, Rusnak, J, Jawhar, S, Forner, J, Dulatahu, F, et al. The neutrophil-to-lymphocyte-ratio as diagnostic and prognostic tool in sepsis and septic shock. Clin Lab. (2023) 69:912–24. doi: 10.7754/Clin.Lab.2022.220812

15. Lo, CK-L, Mertz, D, and Loeb, M. Newcastle-Ottawa Scale: comparing reviewers' to authors' assessments. BMC Med Res Method. (2014) 14:45. doi: 10.1186/1471-2288-14-45

16. Terradas, R, Santiago, G, Jordi, B, Marta, R, Pere, S, Xavier, C, et al. Eosinophil count and neutrophil-lymphocyte count ratio as prognostic markers in patients with bacteremia: a retrospective cohort study. PloS One. (2012) 7:e42860. doi: 10.1371/journal.pone.0042860

17. Akilli, NB, Yortanli, M, Mutlu, H, Günaydin, YK, Koylu, R, Akca, HS, et al. Prognostic importance of neutrophil-lymphocyte ratio in critically ill patients: short- and long-term outcomes. Am J Emerg Med. (2014) 32:1476–80. doi: 10.1016/j.ajem.2014.09.001

18. Hwang, SY, Shin, TG, Jo, IJ, Jeon, K, Suh, GY, Lee, TR, et al. Neutrophil-to-lymphocyte ratio as a prognostic marker in critically-ill septic patients. Am J Emerg Med. (2017) 35:234–9. doi: 10.1016/j.ajem.2016.10.055

19. Lorente, L, Martín, MM, Ortiz-López, R, Alvarez-Castillo, A, Ruiz, C, Uribe, L, et al. Association between neutrophil-to-lymphocyte ratio in the first seven days of sepsis and mortality. Enferm Infecc Microbiol Clin (Engl Ed). (2020), 235–240. doi: 10.1016/j.eimc.2020.11.004

20. Ye, W, Chen, X, Huang, Y, Li, Y, and Li, Y. The association between neutrophil-to-lymphocyte count ratio and mortality in septic patients: a retrospective analysis of the MIMIC-III database. J Thorac Dis. (2020) 12:1843–55. doi: 10.21037/jtd-20-1169

21. Li, JY, Yao, RQ, Liu, SQ, Zhang, YF, Yao, YM, and Tian, YP. Efficiency of monocyte/high-density lipoprotein cholesterol ratio combined with neutrophil/lymphocyte ratio in predicting 28-day mortality in patients with sepsis. Front Med (Lausanne). (2021) 8:741015. doi: 10.3389/fmed.2021.741015

22. Li, Q, Xie, J, Huang, Y, Liu, S, Guo, F, Liu, L, et al. Leukocyte kinetics during the early stage acts as a prognostic marker in patients with septic shock in intensive care unit. Med (Baltimore). (2021) 100:e26288. doi: 10.1097/MD.0000000000026288

23. Liu, SQ, Li, YX, She, F, Zhao, XD, and Yao, YM. Predictive value of immune cell counts and neutrophil-to-lymphocyte ratio for 28-day mortality in patients with sepsis caused by intra-abdominal infection. Burns Trauma. (2021) 9:tkaa040. doi: 10.1093/burnst/tkaa040

24. Liu, S, Wang, X, She, F, and Zhao, X. Effects of neutrophil-to-lymphocyte ratio combined with interleukin-6 in predicting 28-day mortality in patients with sepsis. Front Immunol. (2021) 12:639735. doi: 10.3389/fimmu.2021.639735

25. Liu, Y, Wang, RZ, Cheng, J, Wu, JF, and Zhang, SH. Ratio of serum procalcitonin to monocytic HLA-DR as a reliable parameter in prognosis prediction of sepsis. Clin Chim Acta; Int J Clin Chem. (2021) 519:94–100. doi: 10.1016/j.cca.2021.04.011

26. Chebl, RB, Assaf, M, Kattouf, N, Haidar, S, Khamis, M, Abdeldaem, K, et al. The association between the neutrophil to lymphocyte ratio and in-hospital mortality among sepsis patients: A prospective study. Med (Baltimore). (2022) 101:e29343. doi: 10.1097/MD.0000000000029343

27. Wei, W, Huang, XR, Yang, LT, Li, J, Liu, CH, Pu, YJ, et al. Neutrophil-to-Lymphocyte ratio as a prognostic marker of mortality and disease severity in septic Acute kidney injury Patients: A retrospective study. Int Immunopharmacol. (2023) 116:109778. doi: 10.1016/j.intimp.2023.109778

28. Torres, LK, Pickkers, P, and van der Poll, T. Sepsis-induced immunosuppression. Annu Rev Physiol. (2022) 84:157–81. doi: 10.1146/annurev-physiol-061121-040214

29. Venet, F, and Monneret, G. Advances in the understanding and treatment of sepsis-induced immunosuppression. Nat Rev Nephrol. (2018) 14:121–37. doi: 10.1038/nrneph.2017.165

30. Liu, D, Huang, SY, Sun, JH, Zhang, HC, Cai, QL, Gao, C, et al. Sepsis-induced immunosuppression: mechanisms, diagnosis and current treatment options. Military Med Res. (2022) 9:56. doi: 10.1186/s40779-022-00422-y

31. Taneja, R, Parodo, J, Jia, SH, Kapus, A, Rotstein, OD, and Marshall, JC. Delayed neutrophil apoptosis in sepsis is associated with maintenance of mitochondrial transmembrane potential and reduced caspase-9 activity. Crit Care Med. (2004) 32:1460–9. doi: 10.1097/01.CCM.0000129975.26905.77

32. Zahorec, R. Neutrophil-to-lymphocyte ratio, past, present and future perspectives. Bratislavske Lekarske Listy. (2021) 122:474–88. doi: 10.4149/BLL_2021_078

33. Kriplani, A, Kriplani, A, Pandit, S, and Choudhary, A. Neutrophil-lymphocyte ratio (NLR), platelet-lymphocyte ratio (PLR) and lymphocyte-monocyte ratio (LMR) in predicting systemic inflammatory response syndrome (SIRS) and sepsis after percutaneous nephrolithotomy (PNL). Urolithiasis. (2022) 50:341–8. doi: 10.1007/s00240-022-01319-0

34. Liang, P, and Yu, F. Value of CRP, PCT, and NLR in prediction of severity and prognosis of patients with bloodstream infections and sepsis. Front In Surg. (2022) 9:857218. doi: 10.3389/fsurg.2022.857218

35. Kaushik, R, Gupta, M, Sharma, M, Jash, D, Jain, N, Sinha, N, et al. Diagnostic and prognostic role of neutrophil-to-lymphocyte ratio in early and late phase of sepsis. Indian J Crit Care Med. (2018) 22:660–3. doi: 10.4103/ijccm.IJCCM_59_18

36. Spoto, S, Lupoi, DM, Valeriani, E, Fogolari, M, Locorriere, L, Anguissola, GB, et al. Diagnostic accuracy and prognostic value of neutrophil-to-lymphocyte and platelet-to-lymphocyte ratios in septic patients outside the intensive care unit. Medicina (Kaunas Lithuania). (2021) 57:1–11. doi: 10.3390/medicina57080811

37. Huang, Z, Fu, ZY, Huang, WJ, and Huang, KG. Prognostic value of neutrophil-to-lymphocyte ratio in sepsis: A meta-analysis. Am J Emerg Med. (2020) 38:641–7. doi: 10.1016/j.ajem.2019.10.023

38. Salciccioli, JD, Marshall, DC, Pimentel, MA, Santos, MD, and Shalhoub, J. The association between the neutrophil-to-lymphocyte ratio and mortality in critical illness: an observational cohort study. Crit Care (London England). (2015) 19:13. doi: 10.1186/s13054-014-0731-6

39. Park, KS, Lee, SH, Yun, SJ, Ryu, S, and Kim, K. Neutrophil-to-lymphocyte ratio as a feasible prognostic marker for pyogenic liver abscess in the emergency department. Eur J Trauma Emergency Surg. (2019) 45:343–51. doi: 10.1007/s00068-018-0925-8

40. Zhang, Z, Jin, P, Feng, M, Yang, J, Huang, J, Chen, L, et al. Causal inference with marginal structural modeling for longitudinal data in laparoscopic surgery: A technical note. Laparoscopic Endoscopic Robotic Surg. (2022) 5:146–52. doi: 10.1016/j.lers.2022.10.002




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


Copyright © 2024 Wu, Cao, Ji, Luo, Huang and Ma. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 23 April 2024

doi: 10.3389/fimmu.2024.1248907

[image: image2]


NLRP6 negatively regulates host defense against polymicrobial sepsis


Laxman Ghimire 1†, Sagar Paudel 1†, John Le 1, Liliang Jin 1, Shanshan Cai 1†, Dinesh Bhattarai 1 and Samithamby Jeyaseelan 1,2*


1 Laboratory of Lung Biology, Department of Pathobiological Sciences and Center for Lung Biology and Disease, School of Veterinary Medicine, Louisiana State University (LSU) and Agricultural and Mechanical College, Baton Rouge, LA, United States, 2 Section of Pulmonary and Critical Care, Department of Medicine, LSU Health Sciences Center, New Orleans, LA, United States




Edited by: 

Praveen Papareddy, Lund University, Sweden

Reviewed by: 

Michael Carty, Trinity College Dublin, Ireland

Edward Sherwood, Vanderbilt University Medical Center, United States

*Correspondence: 

Samithamby Jeyaseelan
 jey@lsu.edu

†Present addresses: 

Laxman Ghimire, Department of Transfusion Medicine, Boston Children’s Hospital/Harvard Medical School Teaching Hospital, MA 

Sagar Paudel, Biology-Discovery at Merck-Exploratory Science Center, Boston, MA ,
Shanshan Cai, Department of Anesthesiology and Pain Medicine, University of Washington at Seattle, WA


Received: 27 June 2023

Accepted: 04 April 2024

Published: 23 April 2024

Citation:
Ghimire L, Paudel S, Le J, Jin L, Cai S, Bhattarai D and Jeyaseelan S (2024) NLRP6 negatively regulates host defense against polymicrobial sepsis. Front. Immunol. 15:1248907. doi: 10.3389/fimmu.2024.1248907






Introduction

Sepsis remains a major cause of death in Intensive Care Units. Sepsis is a life-threatening multi-organ dysfunction caused by a dysregulated systemic inflammatory response. Pattern recognition receptors, such as TLRs and NLRs contribute to innate immune responses. Upon activation, some NLRs form multimeric protein complexes in the cytoplasm termed “inflammasomes” which induce gasdermin d-mediated pyroptotic cell death and the release of mature forms of IL-1β and IL-18. The NLRP6 inflammasome is documented to be both a positive and a negative regulator of host defense in distinct infectious diseases. However, the role of NLRP6 in polymicrobial sepsis remains elusive.





Methods

We have used NLRP6 KO mice and human septic spleen samples to examine the role of NLRP6 in host defense in sepsis.





Results

NLRP6 KO mice display enhanced survival, reduced bacterial burden in the organs, and reduced cytokine/chemokine production. Co-housed WT and KO mice following sepsis show decreased bacterial burden in the KO mice as observed in singly housed groups. NLRP6 is upregulated in CD3, CD4, and CD8 cells of septic patients and septic mice. The KO mice showed a higher number of CD3, CD4, and CD8 positive T cell subsets and reduced T cell death in the spleen following sepsis. Furthermore, administration of recombinant IL-18, but not IL-1β, elicited excessive inflammation and reversed the survival advantages observed in NLRP6 KO mice.





Conclusion

These results unveil NLRP6 as a negative regulator of host defense during sepsis and offer novel insights for the development of new treatment strategies for sepsis.
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Introduction

Sepsis is a leading cause of death in intensive care units (ICU) (1) and the most expensive disease as it accounted for more than $20 billion in hospital expenses in 2011 (2, 3). The third consensus conference has defined sepsis as “a life-threatening organ dysfunction caused by a dysregulated host response to infection” (1, 4). The estimated annual incidence of sepsis is around 19 million worldwide (5) and the incidence is increasing due to increased number of immunocompromised patients and improvement in identification of septic patients (1). Numerous clinical trials have been performed in past 20 years; however, none of these trials have succeeded in providing an effective drug that could be used to treat sepsis patients (4). In this situation, research to understand the detailed pathophysiology of sepsis is warranted to identify potential new/specific drug targets for treatment.

Sepsis is a multi-organ disease caused by excessive innate immune response to microbial infection. Pattern recognition receptors like Toll-Like Receptors (TLRs) and Nod-Like Receptors (NLRs) are germline-encoded innate immune components which play critical roles in initiating the innate immune response to microbial infection. Unlike TLRs, certain NLRs have the ability to bind with an adaptor molecule like ASC (Apoptosis-associated speck-like protein containing CARD) and recruit an enzyme called caspase-1 to form a multiprotein complex known as an inflammasome (6). The active caspase-1 cleaves the inactive form of IL-1β and IL-18 to their active form to initiate an effective innate immune response (6, 7). While the roles of TLRs, including TLR2, TLR3, TLR4, and TLR9 (8–11) in the outcome of sepsis are well understood, a limited number of studies (12, 13) have focused on determining the roles of NLRs in the pathophysiology of sepsis.

NLRP6 is a relatively new member of NLR family which is shown to form an inflammasome during both infectious (14, 15) and non-infectious inflammation (16). The NLRP6 inflammasome has been reported as a positive and negative regulator of host defense (17). Using a mouse model of pulmonary Staphylococcus aureus infection, the NLRP6 inflammasome was found to negatively regulate neutrophil-dependent host immunity (14). Similar negative roles of NLRP6 were also reported during other bacterial infections such as Salmonella typhimurium, Streptococcus pneumoniae, and Listeria monocytogenes (15, 18, 19). On the other hand, a study using an enteric pathogen, Citrobacter rodentium, the NLRP6 inflammasome was found to be important for host defense as a positive regulator (20). Additionally, during viral infection, NLRP6 KO mice showed increased viral burden in the intestine compared to their WT counterparts (21). In a similar manner, we previously reported that NLRP6 is essential for neutrophil-dependent host defense during pulmonary Klebsiella pneumoniae infection (22). These observations suggest that the function of the NLRP6 inflammasome could be model- or pathogen- specific. Although NLRP6 is well expressed in several organs including intestine, kidney, liver, and lung (23), its potential roles in sepsis remain elusive.

Here, we have used human septic spleen samples and a murine model of cecal ligation and puncture (CLP)-induced polymicrobial sepsis to study the detailed mechanisms by which NLRP6 regulates host defense. Using CLP, we demonstrate that the NLRP6 inflammasome plays a detrimental role following sepsis. Co-housed WT and NLRP6 KO mice following sepsis show decreased bacterial burden in KO mice similar to without co-housing. Using spleen samples from humans, we demonstrated upregulation of NLRP6 in multiple cells, including CD4 and CD8 T cells. The NLRP6 KO mice showed higher numbers of CD3-, CD4- and CD8-positive T cell subsets and decreased T cell death in the spleen following sepsis. In addition, CD8 T cells but not CD4 T cells mediate bacterial clearance following sepsis. NLRP6-driven IL-18 elicits hyperinflammation and administration of recombinant IL-18 reversed the survival advantage seen in NLRP6 KO mice. Taken together, our data implicated that the NLRP6 inflammasome serves as a negative regulator of host protection in sepsis. An improved understanding of the pathogenesis of sepsis will help design better therapeutic strategies to improve the disease outcome.





Materials and methods




Animals

C57BL/6 (wild-type, WT) mice were purchased from Jackson Laboratories (Bar Harbor, ME) whereas NLRP6 KO mice were obtained from Millennium Pharmaceuticals (Cambridge, MA). All these mice were on a C57BL/6 background and used at 8-10 weeks old. Animals were kept in specific pathogen free environments with access to food and water. All experiments were performed in accordance with the Guide for the Care and Use of Laboratory Animals of the National Institute of Health. This study was approved by Institutional Animal Care and Use Committee (IACUC) at Louisiana State University and Agricultural and Mechanical College in Baton Rouge, LA.





Human tissue samples

De-identified human septic and non-septic spleen blocks (septic and non-septic) were kindly provided by Dr. Richard S Hotchkiss, Washington University School of Medicine at St. Louis, MO.





Induction of sepsis

Polymicrobial sepsis was induced in mice using CLP as described in our previous publication (13). For bacterial sepsis, we injected E. coli at the dose rate of 5 X 108 CFU/kg of mouse intra-peritoneally and observed survival for 12 days. Recombinant IL-18 was administered immediately after CLP (5 ug/mouse, IP) (24). CD4 or CD8 T cells were depleted by treating each mouse with 200 µg of anti-CD4 or anti-CD8 antibody (BioXcell, NH) 12 and 2 hours prior to CLP.





Collection of peritoneal lavage fluid

After specific time points, mice were euthanized. The peritoneal cavity was washed by injecting 7 ml of PBS containing heparin and dextrose. The peritoneal lavage fluid (PF) was collected in a sterile conical tube. A total of 6ml of lavage fluid was collected from each mouse. The total and differential leukocyte count was performed in the peritoneal fluid as described in our previous publication (14).





Flow cytometry

Flow cytometric staining was performed as recommended by the manufacturer’s protocol (BioLegend, San Diego, CA). The single cell suspensions obtained from septic WT and NLRP6 KO mice were stained with antibody against CD3ϵ (145-2C11), CD4 (GK1.5), CD8α (53-6.7), and PI (Thermo Fisher Scientific, Waltham, MA). The stained cells were fixed with 2% paraformaldehyde and analyzed using either a FACs Caliber or LSRFortessa X20 (BD). Appropriate isotype antibodies were used for each color. The data obtained were analyzed using FlowJo_V10 (Treestar).





Immunofluorescence microscopy

Parafilm-embedded splenic tissue blocks from septic and non-septic patients were provided by Dr. Richard S. Hotchkiss, Washington University School of Medicine at St. Louis, MO. Immunofluorescence microscopy was performed in spleen tissue sections from human patients and mice as described in our previous publications (14, 25, 26). The following primary antibodies were used: human NLRP6, CD3, CD4, CD8 and mouse NLRP6, CD3, CD4, and CD8. After overnight incubation with these primary antibodies, the excess antibodies were washed off with cold PBS. The slides were then stained with appropriate secondary antibodies against human and mouse antigens for 30 minutes at room temperature. The image was taken under florescent microscope (Zeiss Axioskop 2 Plus) microscope.





Cytokine measurement

Cytokines were measured using standard ELISA procedure as described in the manufacturer’s protocol (eBioscience or ThermoFisher scientific, MA).





Cell death assay

Measurement of cell death was performed using Cytox-One Homogenous Membrane Integrity Assay Kit (Promega, WI) following the manufacturer’s protocol. LDH release was expressed in relative fluorescence units (RFU).





Statistics

Data are presented as Mean ± SEM. Unpaired two-tailed student’s t test was used to compare the data between two groups. One-way ANOVA followed by Tukey’s multiple comparisons test was used whenever there were more than two groups. Statistical analysis was accomplished by GraphPad Prism 8.0 software (San Diego, CA). Survival analysis was performed using log-rank test. The experiments are representative of 2-3 independent experiments. A p value less than 0.05 was considered significant.






Results




NLRP6 impairs host protection following polymicrobial sepsis

Our previous investigation demonstrated that NLRP6 serves as a negative regulator of host defense for Staphylococcus aureus-induced lung infection12 whereas it acts as a positive regulator of host immunity for pulmonary K. pneumoniae infection (22). Next, to investigate the role of NLRP6 in sepsis, we induced moderate sepsis in NLRP6 KO and WT mice through CLP. The KO mice had better survival (80% vs 40%) compared to that of WT mice (Figure 1A). To examine whether the resistant phenotype in the KO mice is model specific, we infected KO and WT mice with a sub-lethal dose of E. coli intraperitoneally to induce bacterial sepsis. Consistent with the CLP model, the KO mice had improved survival compared to that of WT mice during E coli-induced sepsis (Figure 1B). Furthermore, we measured bacterial burden in multiple tissues, including spleen, kidney, and PF following sepsis. The KO mice had less bacterial burden in the PF, spleen, and kidney compared to that of WT mice at both 12- and 24-hours post-sepsis (Figures 1C-E). In previous studies, the NLRP6 inflammasome has been implicated in regulating gut microbiota composition (18, 20). To determine whether differences in gut microbiota can modulate the outcome of sepsis, we co-housed WT and KO mice for 4 weeks and induced sepsis. The co-housed KO mice still had less bacterial burden in the PF, spleen, and kidney compared to that of WT mice, indicating that the phenotype observed in the KO mice is not microbiota dependent (Figures 1F-H).




Figure 1 | The impact of NLRP6 in host protection following CLP-induced sepsis. (A) C57BL/6 wild-type (WT) and NLRP6 KO mice (N=14 per group) were subjected to CLP-induced sepsis and survival was monitored for 12 consecutive days. Data were analyzed using Log-rank (Mantel-Cox) test (*p<0.05). (B) WT and NLRP6 KO mice (N=10 per group) were injected with 107 CFUs of E coli per mouse intraperitoneally (IP) to induce bacterial sepsis and monitored for 12 days post-infection (N=10 per group each time). Log-rank (Mantel-Cox) test was used to analyze the data (*p<0.05). (C-E). WT and KO mice (N=6-10 per group) were subjected to CLP-induced sepsis. Sham operated animals were used as control. At 12- and 24-hours post infection, mice were sacrificed to collect peritoneal lavage fluid (PF), spleen, and kidneys for estimating bacterial burden. Data were analyzed using unpaired two-tailed student’s t test for each time point (*p<0.05, **p<0.01, and ***p<0.001). (F-H) WT and NLRP6 KO mice (N=5 per group) were co-housed for 4 weeks and sepsis was induced via CLP. Twenty-four hours post-CLP, mice were euthanized to enumerate bacterial burden in PF, spleen, and kidneys. Data is represented as Mean ± SEM.







NLRP6 augments neutrophil recruitment and cytokine production during sepsis

Sepsis is characterized by an initial hyper-inflammatory phase followed by a prolonged hypo-inflammatory or immunosuppressive phase (27, 28). Both of these phases are implicated in death of septic patients. Therefore, we determined whether NLRP6 initiates hyperinflammation to enhance mortality during sepsis. To this end, we induced sepsis through CLP and measured inflammatory cell recruitment in the PF at 24 hrs. Interestingly, WT mice had more total WBCs and neutrophils recruited in the peritoneal cavity compared to that of KO mice after sepsis (Figure 2A). In addition, we measured major proinflammatory cytokines in the cell free PF obtained from septic mice. The WT mice had increased levels of IL-1β, TNF-α, MCP-1, and CXCL1 compared to that of KO mice (Figures 2B-E). Reduction in IL-1β in the PF of KO mice compared to WT mice indicates that the NLRP6 inflammasome is activated during sepsis. Moreover, IL-10, which is considered predictive of fatal outcome in sepsis (29, 30), was also more abundant in WT compared to that of KO at 24 hours post-CLP (Figure 2F).




Figure 2 | Role of NLRP6 in inflammation after CLP-induced sepsis. (A) CLP- and sham operated WT and NLRP6 KO mice (N=6-10 per group) were euthanized at designated time points to collect PF. Total and differential cell counting were performed in PF using Diff-Quik staining and light microscopy. Data were analyzed using Multiple t tests: one per row (*p<0.01). (B) IL-1β, (C) TNF-α, (D) MCP-1, (E) CXCL-1, and (F) IL-10 were measured in PF using standard ELISA procedure. All data are represented as Mean ± SEM. Data were analyzed using unpaired two-tailed student’s t test for each time point (*p<0.05 and **p<0.01). CLP, Cecal ligation and puncture, PF, Peritoneal lavage fluid, IL-1β, Interleukin-beta, TNF-α, Tumor necrosis factor-alpha, MCP-1, Monocyte chemoattractant protein-1, CXCL-1, C-X-C motif chemokine ligand 1, and IL-10, Interleukin-10.







Increased NLRP6 expression in T lymphocytes of septic patients and septic mice

The spleen is an important organ which plays a critical role in combating infections during sepsis. To explore whether NLRP6 expression is upregulated in the spleen of septic patients, we obtained spleen tissue sections from septic and non-septic patients and performed immunofluorescence microscopy to determine the upregulation of NLRP6 in these tissue sections. NLRP6 (Red) was upregulated in CD3, CD4, and CD8 T cells (Green) of septic patients compared to that of non-septic patients (Figure 3A). Consistent with this finding, NLRP6 (Red) was upregulated in splenic CD3, CD4, and CD8 T cells (Green) of CLP-induced septic mice compared to sham-operated mice (Figure 3B).




Figure 3 | Expression of NLRP6 in lymphocytes of septic human patients and septic mice following CLP. (A) Tissue sections from septic and non-septic patients were processed for immunofluorescence assay. Tissue was stained against anti-human CD3, CD4, CD8 T cells (Green), anti-human NLRP6 (Red), and DAPI (Blue). The white arrowheads represent NLRP6+ cells. (B) C57BL/6 wild type (WT) were either subjected to CLP or sham (control) surgery. Twenty-four hours post-CLP, mice were euthanized to collect spleen for histopathological processing. Paraffin embedded spleen sections were processed for immunofluorescence microscopy. Antibodies used were anti-mouse CD3, CD4, CD8 T cells (Green), anti-mouse NLRP6 (Red), and DAPI (Blue). The white arrowheads represent NLRP6+ cells. Each image is a representative image from 5 different fields. Magnification: 40X.







NLRP6 enhances sepsis-induced T lymphocytic death in the spleen

Sepsis causes extensive loss of T-cells in the spleen that leads to immunosuppression and mortality (27, 31, 32). According to these observations, we examined whether the NLRP6 inflammasome regulates lymphocyte death during sepsis. For this, we first measured the number of T cells in the spleen after inducing sepsis and found that the WT mice had less CD3 positive lymphocytes compared to that of KO counterparts (Figures 4A, B). The normal CD4 to CD8 T cells ratio (2:1) observed in sham animals was reduced to 1:1 in both WT and KO mice after sepsis, suggesting that sepsis alters the proportion of CD4 and CD8 T cells in the spleen (Figures 4C, D). It is important to note that a similar observation was reported from the blood of septic patients (33). The number of CD4 T cells decreased after sepsis in both WT and KO mice; however, this reduction was less pronounced in the KO mice (Figures 4E, F). In contrast, the number of CD8 T cells increased in both WT and KO mice after sepsis; however, the increase was more pronounced in KO compared to that of WT counterparts (Figures 4G, H).




Figure 4 | Importance of NLRP6 in sepsis-induced lymphocytic cell death in the spleen. WT and KO mice (N=6-8 per group) were subjected to CLP-induced sepsis. At designated time points, mice were sacrificed to collect spleen. The single cell suspensions obtained from septic and sham spleen were stained with appropriated fluorochrome-tagged antibodies and subjected to flow cytometric analysis. (A) A representative pseudo-color plot showing total CD3+ T cells. (B) Quantification of (A) (C) Representative figure showing the proportion of CD4 and CD8 T cells within CD3 cells. (D) Quantification of (C) (E) A flow cytometric figure showing CD3+CD4+ T cells. (F) Quantification of (E) (G) A representative flow cytometric figure displaying CD+CD8+ T cells. (H) Quantification of (G) (I) A representative zebra plot showing PI+CD3+ T cells. (J) Quantification of (I) All bar diagrams are expressed as Mean ± SEM. Figures (B, F, H), and (J) were analyzed using unpaired two-tailed student’s t test (*p<0.05, and ***p<.001). (K) LDH release in the PF obtained from septic WT and KO mice (N=6-8 per group) was measured using an LDH assay kit. Data expressed as Mean ± SEM. Unpaired two-tailed student’s t test was used to analyze the data (*P<0.05). LDH=Lactate dehydrogenase.



The reduced numbers of lymphocytes observed in the spleens of WT mice could be due to increased cell death. To this end, we induced sepsis in WT and KO mice and measured the extent of cell death in the spleen through flow cytometry. WT mice had more PI+ T cells compared to that of KO mice (Figures 4I, J). In addition, the PF obtained from septic KO mice displayed less LDH release compared to that of WT counterparts, indicating that NLRP6 enhances cell death during sepsis (Figure 4K).





CD8 T cells but not CD4 T cells mediate bacterial clearance after sepsis

It has been reported that the loss and dysfunction of T cell responses contribute to an immunosuppressive or hyporesponsive state of leukocytes during sepsis (27, 34). Because we found higher T cell depletion in WT compared to KO mice counterparts, we sought to determine their role in bacterial clearance in sepsis. In this context, we depleted T lymphocytes using specific antibodies against CD3, CD4, and CD8 cells. Administration of anti-CD3 antibody markedly increased the bacterial burden in NLRP6 KO mice (Figures 5A, B). Although depletion of CD4 T cells did not affect bacterial clearance during sepsis (Figures 5C, D), the depletion of CD8 T cells lead to increased bacterial burden in the PF and spleen in the KO mice (Figures 5E, F). In order to determine the efficiency of Ab depletion, 12 hours after antibody administration, we obtained blood samples for flow cytometry to determine the expression of CD4+, CD8+, and CD3e+ T cells. Our findings show that these antibodies are extremely efficient in depleting the specific T cell populations (data not shown).




Figure 5 | Role of T cells in host protection during CLP-induced sepsis. (A) and (B) WT and NLRP6 KO mice (N=5/group) were treated with either isotype antibody or anti-CD3 antibody prior to induction of CLP. Twenty-four hours post-CLP, mice were euthanized to measure bacterial burden in (A) peritoneal fluid (PF) and (B) Spleen. (C) and (D) Mice from WT and NLRP6 KO group (N=5/group) were administered with either isotype or anti-CD4 antibody before induction of sepsis. After 24 hours, bacterial loads in (A) PF and (B) spleen were measured. (E) and (F) WT and NLRP6 KO mice (N=5/group) were treated with either isotype antibody or anti-CD8 antibody prior to induction of CLP. Twenty-four hours post-CLP, mice were euthanized to measure bacterial burden in (E) peritoneal fluid (PF) and (F) Spleen. Data in each graph are represented as Mean ± SEM. Data were analyzed using one-way ANOVA followed by Tukey’s multiple comparison test (*p<0.05 and **p<0.01).







NLRP6-mediated susceptibility to sepsis is IL-18 but not IL-1β dependent

Cytokines, such as IL-18 and IL-1β have been implicated in aggravating septic conditions (35–40). In addition, IL-1β and IL-18 are the two critical cytokines activated/cleaved by inflammasomes, including NLRP6 (15, 35). Therefore, we measured levels of IL-18 and IL-1β in PF of WT and KO mice and found that these cytokines were less abundant in KO mice compared to that of WT mice (Figures 2B, 6A). Moreover, we hypothesized that reduced IL-18 and/or IL-1β in the KO mice could account for higher survival in these mice. To test this hypothesis, we administered recombinant IL-1β or IL-18 to the KO mice immediately after CLP and monitored their survival. IL-18 administration reversed the survival advantage observed in the KO mice following sepsis. However, no difference in the survival was observed in KO mice upon IL-β treatment, indicating that NLRP6 increases susceptibility via IL-18, but not through IL-1β (Figure 6B). In addition, recombinant IL-18 administration immediately following CLP augmented bacterial burden in PF and spleen (Figure 6C) as well as enhanced WBC and neutrophil recruitment to PF (Figure 6D).




Figure 6 | NLRP6-mediated enhanced susceptibility to CLP-induced sepsis is IL-18 dependent. (A) Sepsis was induced in WT and NLRP6 KO mice (N=6-8 per group) using CLP. At designated time points, mice were humanly euthanized to collect PF. IL-18 in cell free PF supernatants was measured using ELISA. Data are expressed as Mean ± SEM and were analyzed using unpaired two-tailed student’s t test (*p<0.05). (B) WT and NLRP6 KO mice (N=10 per group) were subjected to CLP-induced sepsis. WT mice received PBS right after CLP whereas, NLRP6 KO mice either received PBS, IL-18, or IL-1β immediately after CLP. Survival was monitored for 10 days (N=10 per group). The survival analysis was performed using Log-rank (Mantel-Cox) test (*p<0.05). (C, D) KO mice were subjected to CLP-induced sepsis. At 12-hours post-infection, mice were sacrificed to collect peritoneal lavage fluid (PF) and spleen to enumerate CFU (C) (N=5-6 mice/group) and obtain PF to enumerate total WBC and neutrophil recruitment (D) (N=3 mice per group). Data were analyzed using unpaired two-tailed student’s t test for each time point (*p<0.05, and **p<0.01).







NLRP6-driven IL-18 elicits determinantal inflammation following sepsis

Finally, we evaluated the mechanisms by which IL-18 enhances mortality in NLRP6 KO mice following sepsis. Since NLRP6 KO mice displayed attenuated inflammation and less T cell death, we hypothesized that IL-18 could contribute to hyper-inflammation and high lymphocyte loss in the WT mice ultimately leading to mortality. To this end, we administered recombinant IL-18 (rIL-18) to the KO mice immediately after sepsis and determined the degree of inflammation. Mice that received rIL-18 had higher levels of inflammatory cytokines, such as IL-6, TNF-α, and MCP-1 compared to the groups that did not receive IL-18 (Figures 7A-C). In addition, we measured the extent of cell death by determining the levels of cell death alarmins (LDH and IL-1α) (14) in the PF after administration of rIL-18. Interestingly, the KO group that received rIL-18 showed higher levels of alarmins in the peritoneal lavage fluid suggesting higher cell death compared with the KO mice group that received PBS (Figures 7D, E). Since the KO mice had less cell death, we measured the T cell population in the spleen after induction of sepsis. Intriguingly, the KO mice that received rIL-18 had less CD3+ T cells in the spleen compared to the group that received PBS only (Figures 7F, G).




Figure 7 | The NLRP6 inflammasome driven IL-18 elicits an adverse inflammatory response during CLP-induced sepsis. We induced sepsis in WT and NLRP6 KO mice (N=6-8 per group) through the CLP procedure. WT mice received PBS whereas the KO mice either received PBS or IL-18. At 36 hours post-CLP, mice were sacrificed to collect PF. (A) IL-6, (B) TNF-ἀ, and (C) MCP-1 were measured in the PF using ELISA. (D) LDH released in the PF was measured using a Fluorometric kit. (E) IL-1α was measured in PF using ELISA. Data are expressed as Mean ± SEM in each bar diagram. Data from (A-F) were analyzed using one-way ANOVA followed by Tukey’s multiple comparisons test (*p<0.05, and **p<0.01). (G) Spleens obtained from mice in A were processed to generate single cell suspensions. These cells were then stained with antibodies to estimate the numbers of T cell subpopulations using flow cytometry. (F) Absolute numbers of T cells per 300,000 events. (G) Representative plot showing percentage of CD3+ T cells.








Discussion

Sepsis remains a leading cause of death in Intensive Care Units (ICUs) and is a complex disorder associated with multiple organ failure due to dysregulated host response to microbial insult (1, 3–5). Sepsis is characterized by a first phase of hyperinflammatory response followed by a second phase of immunosuppression both of which contribute to mortality. However, the mechanisms underlying the initiation of exaggerated inflammation and subsequent immunosuppression are not completely understood. Through this investigation, we have demonstrated that NLRP6 is upregulated in different lymphocytic cells of the spleens from septic patients and septic mice. Genetic disruption of NLRP6 enhances the survival during CLP-induced polymicrobial sepsis and E. coli-induced sepsis models. The NLRP6 inflammasome triggers a destructive inflammatory response and enhances sepsis-induced loss of lymphocytes. In addition, we have shown that NLRP6-driven IL-18 enhances mortality in sepsis through mediating both inflammation and cell death.

Multiple studies have identified NLRP6 as a regulator of host defense. Negative regulation of host defense by the NLRP6 inflammasome has been reported in inflammatory settings, including pulmonary (14) and systemic bacterial infections (15, 18). Deletion of NLRP6 was found to be beneficial for the host in these studies. Similarly, we and others have demonstrated the detrimental role of the NLRP3 inflammasome during sepsis (12, 13). Although these models have similar phenotypes, the mechanisms associated with these findings are model specific. In a systemic bacterial infection model, NLRP6 was found to regulate MAPK and canonical NF-kB pathway to enhance neutrophil recruitment and bacterial clearance (18). In a MRSA-induced pneumonia model, NLRP6 KO mice had higher neutrophil accumulation in the lungs due to reduced cell death (14). In both models, higher neutrophil recruitment was found to be important to clear bacteria from the organs. However, in the sepsis models, we found that the NLRP6 KO mice had reduced neutrophil recruitment, attenuated cytokine production, augmented bacterial clearance, and higher survival. In support of these findings, higher neutrophil recruitment along with excessive cytokine production have been shown to worsen the outcome of sepsis (29, 41, 42). In contrast to our finding, NLRP6 was found important to clear C. rodentium (20) and encephalomyocarditis viral infection from the intestine (21), indicating that NLRP6 is important to clear enteric pathogens. Furthermore, NLRP6 serves as a positive regulator of host defense in response to intrapulmonary K. pneumoniae infection (22). These observations suggest that the role of NLRP6 could be model or organ specific. In localized infection models such as intestinal and pulmonary inflammation where neutrophils are important to clear pathogens, NLRP6 could play a crucial role; however, in the septic model, NLRP6-induced inflammation is detrimental. This spatiotemporal response of NLRP6 has made this NLR unique among its family members.

Several studies have reported that the NLPR6 inflammasome regulates gut microbiota composition and such differences in microbiota composition render the mice susceptible to colitis and tumorigenesis (16, 18, 20, 23). However, recent studies have challenged these observations stating that the NLRP6 inflammasome do not shape the microbiota composition (43, 44). Although the NLRP6 inflammasome regulation of the microbiota composition is debatable, we confirmed that the resistant phenotype observed in the NLRP6 KO mice is not dependent on their microbiota composition. The co-housed KO mice displayed a similar phenotype as that of singly housed KO mice confirming that NLRP6 regulates sepsis independent of microbiota composition. Our findings are in agreement with previous studies that NLRP6 regulates host defense against bacterial infections independent of microbiota composition (14, 18).

In a mouse model of CLP-induced sepsis, it was reported that sepsis induces CD8+ T cell (memory and naïve) exhaustion which affects host defense (45). Loss of lymphocytes, particularly through apoptosis and inflammatory modes of cell death is a hallmark of sepsis-induced immunosuppression (31, 46, 47). Lymphocytes have been shown to play critical roles during sepsis (48, 49). Our study also confirmed this finding and further demonstrated that T lymphocytes, especially CD8 T cells are crucial to clear pathogens during sepsis. Blocking these cells using antibodies markedly increased the bacterial burden in the peritoneal cavity and the spleen.

Inflammasome activation leads to cleavage of IL-1β and IL-18 from the pro form to mature form. We have demonstrated that the NLRP6 inflammasome elicits hyperinflammation as evidenced by higher cytokine storm and augmented granulocyte recruitment. Furthermore, we have found that NLRP6 triggers hyperinflammation via IL-18. We found that NLRP6-driven IL-18 but not IL-1β contributes to sepsis-induced lymphocyte death, which were found to be crucial for host defense. This conclusion is further supported by the findings that addition of recombinant IL-18 abolished the survival advantage in the NLRP6 KO mice. Consistent with our findings, IL-18 has been shown to play detrimental roles in septic conditions (35–37, 50), including pneumonia-induced sepsis (51). In future studies, it is important to determine the cellular origin of IL-18 during sepsis because IL-18 is known to be produced by numerous cell types, including dendritic cells, T cells, macrophages, and epithelial cells and to activate immune cells, including T cells and NK cells through autocrine and paracrine loops (52–54).

Overall, the current study uncovered a previously unrecognized role of the NLRP6-IL-18 axis during sepsis. Using human and animal samples, we have demonstrated that NLRP6 is upregulated in multiple cell types, including CD4 and CD8 T cells in the spleen during sepsis. Furthermore, NLRP6 plays a detrimental role in host defense during sepsis through IL-18-mediated destructive inflammation. Based on these results, we propose that blocking NLRP6 could be an effective therapy to reduce sepsis-related mortality.
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GSDME IRF1 induced epithelial epithelial Pyroptosis .97 SRAmRig LS omiipcie I Be 34309645
; caspase-3 promoter, in turn inducing pyroptosis
mice cells cells e
by activating the GSDME pathway
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suppressed NLRP1 oligomerization to inhibit cell
THP-1 cells <
pyroptosis.
LPS-Poly(I: LPS or E. s cAMP metabolism controlled the activation of
GSDMD cAMP C) induced coli-induced BMDMsiend Inhlbmd_ caspase-11 inflammasome and pyroptosis in 31131320
: THP1 cells pyroptosis 5
mice BMDMs sepsis.
LPS+ATP-
LPS-induced | LPS-induced | . o Inhibited Itaconate prevented full activation of caspase-1
GSDMD Ttaconate 3 induced i ; N 33691097
mice macrophages pyroptosis and GSDMD in LPS-induced macrophages
BMDMs
LPS-induced | PAMPand o MAC triggered self-internalization promoting
cells
THP-1 cell DAMP Al 1 izati LRP3 infl
GSDMD MAC e ) and human  Pyroptosis SC oligomerization and NLRPS inflammasome - o0
and human induced in MDMs assembly, which mediated macrophage pyroptosis
MDMs tissues via caspase-1/GSDMD.
RAW264.7 Extrinsic GSDMD LPS incvreased GSDMD exp.ressionv partly while
GSDMD/ pS cultured ik RAW264.7 mediated decreasing GSDME expression to induce 35006493
i % i
GSDME with high PEROH g pyroptosis in a GSDMD-dependent manner in
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GSDMD MIF s iy Pyroptosis kidney damage by increasing NLRP3/ GSDMD 35165294
septic mice | septic mice HK2 cells ) h
mediated cell pyroptosis.
S Endogenous RAW264.7 Up-regulated IL-6 caused by bacterial infection
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GSDME Cested fice during alveolar pyroptosis by suppressing caspase-1/3 activation and thus
infection macrophages play partly protective role in bacterial infection.

NLRP3, NOD-like receptor 3; TMCK-1, Transformed C3H Mouse Kidney-1; HK-2, Human Kidney-2; H9C2, rat myocardial cells; MI, myocardial injury; AP, acute pancreatitis; TECs, Renal
‘Tubular Epithelial Cells; HUVECs, human umbilical vein endothelial cells; BMDMs, Bone Marrow-derived Macrophages; Nig, Nigericin; J774A.1 cell, Mouse monocyte macrophages; THP-1
cells, human myeloid leukemia mononuclear cells; iIMACs, immortalized macrophage line; U937; iPSC, induced pluripotent stem cellHK2 cells, human kidney-2 cells.
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model dosage
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induced 1 pg/kg/day i.p. Attenuated sepsis-induced cardiac dysfunction by
Irisin GSDMD mice for three days SCID suppressing GSDMD-induced pyroptosis via the 35653888
LPS-induced = 5 nM for 10 h mitochondrial ubiquitin ligase-dependent mechanism.
H9¢2 cells
CLP-
induced 50 mg/kg ig
for 24 h Ameliorated SICD via th IRT1/NLRP3,
- GSDMD e or scip meliorated SICD via the estrogen receptor/SIRT1/ | usorsn
) 100 umol/L for GSDMD pathway.
LPS-induced 6h
H9¢2 cells
LPS-induced
AL rats
5 mg/kg i.p. for Sepsis . . -
Honokiol GSDMD _LPS+ATP 24 h after LPS induced- .Allevmted LPS mdufed ALLby mlvnblfmg NLRP,J . 34844623
induced 50 M for 20 h ALL inflammasome-mediated pyroptosis via Nrf2 activation.
BEAS-2B
cells
LPS-induced .
: 50 mg/kg i.p. ; s
ALI mice for 1 h bef Sepsis Inhibited the TLR4/TRAF6/NF-xB /NLRP3/caspase-1 and
Tetramethylpyrazine GSDMD RAW 264.7 L°;s clore induced-  TLR4/caspase-8 signaling pathways to reverse macrophages 36416076
and Ana-1 10 pg/ml for 24 h ALI polarization and reduce cell pyroptosis
cells
LPS-induced | 50 kg i.p.
ALL ::k:ce for‘(r)lgS/ hgblel;ore Sepsis Alleviated LPS-induced ALI by upregulating the expression
Metformin GSDMD LPS-induced | LPS - induced- of sirtuin 1 to inhibit NF-kB-NLRP3-mediated endothelial 35910360
i .
ECs 10 mM for 24 h ALT cells pyroptosis.
CLP- 50 mg/kg i.g. Sepsis o -
Fudosteine GSDMD | induced for 1 h before induced- I"l:}"b"ed pyroptsis via the TXNIP/NLRES/GSDMD 35609679
septic mice | CLP ALL PN
I LPS-induced 100 pg/mL for . Suppressed NF-kB/NLRP3/GSDMD Signaling Cascades to
M fe DMD 6077522
BRI Gl BMDMs 2h SePsiS | hibited pyroptosis 2607z
. Inhibited activation of caspase-11 and NLRP3 via protein
Scutellarin GSDMD IPSemduced: :50/pmiol/L for Sepsis kinase A signaling to suppress GSDMD-mediated pyroptosis 33532184
macrophages | 17 h L
in vitro.
CLP- Sepsis
18 ml/kg i.v. f Protected against septic ALI by ing GSDMD-related
Xuebijing GSDMD induced mlkgivfor | fuced. | Protected against scptic ALI by reversing relate 36467039
N 24h pathway to inhibit NETs formation.
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LPS and
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Soncamuy Gl induced 12h Sepsis | ctivation of caspase-1/GSDMD 3095200
J774A.1 cells
LPS-induced | 80mg/kg i.g. for Sepsis
i EE
Emodin GSDMD ALI rat 0.5 h before LPS induced- Suppressed casp.ase-l/GSDMD pathway by inhibiting NLRP3 34787801
and J774A.1 | 80 pg/mL for to show protective effects
ALL
cells 24h
LPS-induced SePSIS | 1ibited the inflammation and pyroptosis of SBI b
. -induce 5 nhibited the inflammation and pyroptosis o Y
Emodi DMD 20 uM for 24 h by 35246004
Aesin G 1321N1 cells el in'ji'r"y inactivating METTL3 -mediated NLRP3 expression in vitro.
Polygonatum " 300 mg/kg i.g. Septic oy z
sibiricum GSDMD ;‘:;‘“d_" ced. | iy acute liver L"h‘bt"edtNLth caspase:LGSDMD pathway: induced 36144734
polysaccharides mice consecutive days injury epatocyte pyroptosis
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mice 5 mg/kg for 5 Septic Improved survival and reduced macrophage pyroptosis in
Samotolisib GSDMD LPS-induced | days acute liver | septic mice through inhibiting caspase-11/GSDMD-mediated 34483936
RAW264.7 10 uM for 24 h injury pyroptosis via regulating PI3K/AKT/mTOR/Neddd signaling
cells
LPS+D-gal-
induced 30 mg/kg i.p. Septic
a—— mice for 0.5 h before : Attenuated infection-mediated acute liver injury by blocking
Baical GSDMD te I 33272570
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tic i Before LPS:
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Disulfiram GSDMD [PS.induced | for 24 h Sepsis 2?:::];:) bl:;k:;:r: formation, thereby preventing IL-1B 32367036
THP-land | 50 uMfor 2h PREoptoRs.
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e Gowo e s Sl SOl s
P RAW2647 | 50 pg/mL for eing pets:
cells 24h
LPS-induced
rm ‘fce 20 mg/kg i.p. Suppressed the oligomerization of GSDMD-N dimer by
NSA GSDMD :;‘;‘c M€ for6h Sepsis  directly binding to the Cys191 site of GSDMD, thus 30143556
{BMDMs 20 uM for 1 h performing therapeutic effects in septic mice
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eptic . — : TR,
PEITC GSDMD SALI for 3 ) st T Directly inhibited lh.e Cys191 site of GSDMD to inhibit 35173734
and AMLI12 consecutive days e hepatocyte pyroptosis
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H9¢2, Rat cardiomyocytes; BEAS-2B, Human bronchial epithelioid cells; ECs, Endothelial cells; RONS, Reactive oxygen and nitrogen species; AR42] cell, Rat pancreatic exocrine cell; AMLI2,
alpha mouse liver 12 cells.
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Post-injury Infection-

pneumonia free
(n=7) (n=7)

Demographics

Age, mean (sd) (years) 47 (16) 48 (19) 0.927
Sex (male/female) 6/1 7/0

Admitting department, n

General surgery 2 4 0.592
Neurosurgery 1 1 1.000
Orthopedics and 4 3 1.000

trauma center

Otorhinolaryngology 0 1

Vital signs, mean (sd)

Temperature (°C) 37.6 (0.5) 37.3(0.5) 0.253

Respiratory rate (breaths 22.0 (2.3) 19.7 (3.0) 0.137
per minute)

Heart rate (beats 96.3 (17.9) 89.7 (5.3) 0.382
per minute)

Mean arterial pressure 83.9 (7.4) 78.7 (12.5) 0.372

(mm Hg)
Horovitz index, mean 256 (109) 310 (61) 0.281

(sd) (mm Hg)

Blood parameters, mean (sd)

Lactate (mmol/L) 0.90 (0.57) 1.39 (1.00) 0.293
Glucose (mg/dL) 118 (20) 126 (19) 0.445
Sodium (mmol/L) 139 (6) 141 (4) 0.466
Total bilirubin (mg/dL) 1.32 (1.47) 1.42 (1.50) 0.897
Creatinine (mg/dL) 1.33 (1.02) 1.19 (0.48) 0.753
Hemoglobin (g/dL) 8.9 (1.5) 9.2 (1.2) 0.673
White blood cells (10°/L) 12.1 (2.4) 9.5 (3.6) 0.151
Platelets (10°/L) 164 (62) 154 (73) 0.782
CRP (mg/L) 197 (79) 163 (70) 7 0411

Clinical scores, mean (sd)

CCI 0.3 (0.5) 1.0 (0.8) 0.076
SOFA 10.3 (3.7) 10.3 (3.5) 1.000
SAPS 11 28 (6) 26 (9) 0.715
RASS -4.3 (1.5) -4.7 (0.8) 0.516
Core-10-TISS 18 (5) 22 (3) 0.101
Hospital mortality, 0(0) 0(0)

n (%)

Sd, standard deviation.

CRP, C-reactive protein.

CCI, Charlson Comorbidity Index.

SOFA, Sequential Organ Failure Assessment Score.

SAPS 1, Simplified Acute Physiology Score II.

RASS, Richmond Agitation-Sedation Scale.

Core-10-TISS, Core-10-Therapeutic Intervention Scoring System.

Comparisons were performed with the t-test (Satterthwaite method) for continuous
parameters, with the Chi® test for categorical parameters, and with Fisher’s exact test
for proportions.

Patients 52 and 70 in the control group had two referring departments listed, namely surgery/
otorhinolaryngology and surgery/orthopedics and trauma center, respectively.
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Sepsis® on inclusion

(n=19)

Incident sepsis®

Sepsis-free®

Demographics

Age, mean (sd) (years) 61 (19) 66 (16) 62 (17)
Sex (male/female) 10/9 11/2 9/15*
Admitting department, n (%)
General surgery 8 (42) 6 (46) 9(38)
Neurosurgery 0 (0) 4(31)° 10 (42)°
Orthopedics and trauma center 3(16) 1(8) 2(8)
Otorhinolaryngology 4(21) 1(8) 3(13)
Other (26) 1(8) 3(13)
Chronic conditions, n (%)
Diabetes (26) 1(8) 8(33)
Respiratory disease 2(11) 1(8) 0(0)
Cardiovascular disease 9 (47) (31) 15 (63)
Alcoholism 1(5) 0(0) 1(4)
Treatments
Mechanical ventilation n (%) 5(79) 12 (92) 20 (83)
Catecholamines n (%) 11 (58)* 12 (92) 3 (54)*
Vital signs, mean (sd)
Temperature (°C) 37.1(0.7) 372 (0.5) 37.1(0.7)
Respiratory rate 19.2 (5.7) 20.7 (6.9) 180 (5.3)
(breaths per minute)
Heart rate (beats per minute) 84.8 (16.3) 89 (22) 85.4 (17.1)
Mean arterial pressure (mm Hg) 84.5 (15.5) 76.5 (11.3) 84.6 (12.3)
Horovitz index, mean (sd) (mm Hg) 252 (95) 274 (86) 302 (85)
Blood parameters, mean (sd)
Lactate (mmol/L) 112 (0.54) 1.65 (2.48) 1.32 (0.73)
Glucose (mg/dL) 132 (39) 143 (38) 154 (54)
Sodium (mmol/L) 142 (8) 141 (4) 141 (5)
Total bilirubin (mg/dL) 0.68 (0.47) 0.57 (0.26) 0.77 (0.69)
Creatinine (mg/dL) 1.66 (1.45) 1.34 (0.96) 1.07 (0.58)
Hemoglobin (g/dL) 9.8 (1.6) 8.9 (1.0) 9.0 (1.1)*
White blood cells (10°/L) 13.3 (5. 8) 10.7 (7.1) 12.8 (4.3)
Platelets (10°/L) 231(92) 176 (88) 155 (84)
CRP (mg/L) 225 (116) 151 (86) 116 (78)°
Clinical scores, mean (sd)

| ccr 3 (1.8) 2 (2.2) 22(2.1)

| sOFA 64 (23)° 8(39) 71(3)

| sars 36 (10) (12) 3409
RASS 1.8 (2.0) 223 (27) -1.7(17)
Core-10-TISS 16 (7) 18 (6) 14 (6)
Hospital mortality, n (%) 4 (21)* (62) 4 (17)*

*Sepsis-1/2.
Sd, standard deviation.
CClI, Charlson Comorbidity Index.

SOFA, Sequential Organ Failure Assessment Score.
SAPS 11, Simplified Acute Physiology Score IL.

RASS, Richmond Agitation-Sedation Scale.

Core-10-TISS, Core-10-Therapeutic Intervention Scoring System.

Catecholamines include adrenalin, noradrenalin, dobutamine, and combined treatment.
Total bilirubin values were missing three-times in the sepsis on admission and once each in the incident sepsis and sepsis-free subgroups.
Values for creatinine, white blood cells, platelets and C-reactive protein (CRP) were missing twice each in the sepsis on-inclusion subgroup.

Further selected clinical characteristics mentioned in the text are included in Supplementary Table 7.

Comparisons were performed with the t-test (Satterthwaite method) for continuous parameters, with the Chi* test for categorical parameters, and with Fisher’s exact test for proportions.

* (p < 005 for the comparison against incident sepsis).
* (p < 0.05 for the comparison against sepsis on inclusion).
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Target
CD45
Ly6C
Ly6G
1A/IE
CDI11b

TFAM
Secondary antibody goat anti rabbit

MPO

H3 (citrulline R2 + R8 +R17)

Reference

BioLegend Cat# 103137, RRID :
BioLegend Cat# 128012, RRID :
BioLegend Cat# 127618, RRID :
BioLegend Cat# 107622, RRID :

BioLegend Cat# 101224, RRID :

Boster (PB9447)

(Abcam Cat# ab130805, RRID :

AB_2561392
AB_1659241
AB_1877261
AB_493727

AB_755986

AB_11156672)

Hycult Biotech Cat# HM1051, RRID : AB_533151

Abcam Cat# ab5103, RRID : AB_304752

Fluorochrome
BV510

PerCP/Cy5.5

PE-Cy7
AlexaFluor700
Pacific blue

Unconjugated
APC

PE

DyLight 594
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Target Reference Fluorochrome
CD45 BioLegend Cat# 103137, RRID : AB_2561392 BV510
Ly6C BioLegend Cat# 128012, RRID : AB_1659241 PerCP/Cy5.5

‘ Ly6G BioLegend Cat# 127618, RRID : AB_1877261 PE-Cy7

‘ IA/IE BioLegend Cat# 107622, RRID : AB_493727 AlexaFluor700
CD11b BioLegend Cat# 101224, RRID : AB_755986 Pacific blue

‘ ADRBI Bioss Cat# bs-0498R-PE, RRID : AB_11110613 PE
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High inflammatory

Low inflammatory

All sepsis patients

cytokine producers

cytokine producers

Age [years] 53 [42]64]* 65 [53|76] 63 [51]69]

Sex Men [n; %] 9; 69 22;58 31; 61
Wi [15:5] 431 16 42 2039

Heart rate [min™] 83 [75]115] 110 [90]120] 100 [85]120]

Systolic arterial pressure [mmHg] 110 [90]120] 100 [93]120] 105 [90]120]

Diastolic arterial pressure [nmHg] 63 [60]83] 50 [50[60] 50 [40]60]

Mean arterial pressure [mmHg] 67 [63]80] 70 [64]77) 70 [63]80]

Leukocyte concentration [nl™] 16.3 [15.4]20.0] 19.6 [13.028.9] 16.6 [13.0[26.2]

Monocyte concentration [l™'] 619 [509]1045] 484 [380[910] 599 [417|975]

Case fatality rate [%) 38 47 45

ICU stay, overall [days] 28 [8]50]* 10 [6]23] 13 [6]28]

ICU stay, survivors [days| 42 [16/64] 12 [7]26) 12 [7]27)

ICU stay, deceased [days 7 [519] 9 [5)17) 13 [6]28]

SOFA-Score [median] 13 [11]15] 12 [11]14] 12 [11]14]

SAPS-II Score [median] 66 [55/78] 73 [60]80] 72 [60]79]

>2 qSOFA criteria [%] 69 95 86

22 SIRS criteria [%] 92 89 90

Shock [%] 69 50 54

Pat. with i.v. catecholamine therapy [%] 69 94 86

Pat. with i.v. catecholamine therapy 38 P s

2 0.1 pg/kg body weight/min [%]

Lactate serum concentration [mmol/l] 24 [1.8]45] 2.1 [1.6/3.8) 22 [1.6/39]

Patients on mechanical ventilation (%) 77 82 80

P,0,/F,0, ratio (mmHg) 226 [89|311] 164 [98222] 172 [96]249]

Platelet concentration [nl™'] 98 [61]189] 173 [85[290] 156 [77|258

Bilirubin serum concentration [mg/dl] 1.5 [0.9]1.8] 0.8 [0.4]2.8] 1.0 [0.5]2.3]

Creatinine serum concentration [mg/dl] 1.7 [1.1]2.3] 14 [1.0]2.3] 1.6 [1.0]2.3]

C-reactive protein serum concentration [mg/l] 175 [11.4[30.3] 165 [11.0[23.4] 17.0 [11.1]27.7])

Procalcitonin serum concentration [ug/l] 35 [2.0[29.6] 43 [1.2]155] 4.0 [1.6]15.8)

Gram-positive germ detected (%) 38 23 27

Gram-negative germ detected (%) 53 45 47

Fungus detected (%) 46 7 17

Virus detected (%) 0 5 4

Clinical data and derived scores such as SOFA, qSOFA, SIRS, and SAPS-II score of 51 sepsis patients showing high (n=13) or low (n=38) inflammatory cytokine production in whole blood ex
vivo assays. Data are presented as number and percentage or median with upper and lower quartile, as appropriate. Microbiology obtained by PCR-panel and/or culture from blood or primary

focus. Mann-Whitney test or Fisher’s exact test, as appropriate. *p<0.05 compared to low producers.
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Target

Ly6G (Rat)

H3 (citrulline R2 + R8 + R17) (Rabbit)
MPO (Rabbit)

Ibal (goat)

Donkey anti-Rat, Alexa Fluor™ 488
Donkey anti-Rabbit, Alexa Fluor™ 594

Donkey anti-Goat, Alexa Fluor™ 647

Reference

BioLegend Cat# 127601, RRID : AB_1089179

Abcam Cat# ab5103, RRID : AB_304752

Thermo Fisher Scientific Cat# PA5-16672, RRID : AB_11006367
Abcam Cat# ab5076, RRID : AB_2224402

Thermo Fisher Scientific Cat# A-21208, RRID : AB_2535794
Thermo Fisher Scientific Cat# A-21207, RRID : AB_141637

Thermo Fisher Scientific Cat# A-21447, RRID : AB_2535864

Dilution
1/100
1/100
1/100
1/400
1/2000
1/2000

1/2000
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Protein = Biological Function Reference

A2M A plasma protein that inhibits various proteases | (59-62)
and binds to cytokines, growth factors,
and hormones

IL1F10 A cytokine that modulates inflammatory (63-66)
or responses and immune cell activation

1L38

SYT13 A synaptic vesicle protein that regulates (67-69)

neurotransmitter release and
membrane trafficking

TREM A family of receptors that mediate innate (70-74)
immune responses and regulate inflammation,
tissue homeostasis, and cancer
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Interquartile

Characteristics Median Missing
n=23 orn o data
percentage
Age (years) 72 [60-75] 0
Male sex » 13 56,5% 0
Weight (kg) 74,5 [68-104] 1
Comorbidities: 0
° Cardiovascular disease 14
° Heart failure 5
© Chronic kidney disease 4
° Hypertension 10
° Diabetes %
° Liver disease 1
° COPD 7
° Malignancy 1
SOFA score on admission 11 [8,5-11] 0
SAPS 11T 69 [61,5-74] V 0
Source of infection 0
° Unknown 3
° Abdomen 2
° Respiratory tract » 8
° Urogenital 3
© Skin/Soft tissue 7
:;ir::lp;ezlscement 5 13% "
Invasive mechanical i 48% 0
ventilation > 48h (n)
Vasopressors (n) 22 I 96% [ 0
Peak CRP concentration
(mglL) 220 [156-335] 0
f::‘:)ll;gT concentration 31 [10-101] o
(P;a]l;j/i)ate concentration 26 (13-3.45] 0
Peak SOFA score 11 [8,5-14] 0
Alive on Day 28 (n) 22 96% 0
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Interquartile

Characteristics

or
n=23
percentage
Age (years) 45 [25,5-55,5] 0
Male sex 20 87% 0
Glasgow Coma Scale
on field 6 [3-13,5] 0
1SS 30 [26-39,5] 0
SOFA score on admission 8 [5,5-10] 0
Mechanical ventilation 23 100% o
> 48h
Transfused within 7 i 78% B
days (n)
Number of blood 6 (1-145] 0
products transfused ”
Duration of mechanical i (41-334) 8
ventilation (hours)
ICU length of stay (hours) = 245 [122,5-690,5] 0
Hospital length of 4i (17.5-41) B
stay (days)
Alive on day 28 (n) 20 87% 0
Developed VAP (CDC 5 i 0
criteria, n)
Developed any infectious
dxsea.se-: (excluding VAP) 0 0% o
requiring
antimicrobials (n)
Developed ARDS (n) 1 4% 1
Developed MOF' (n) 1 4% 0

'Multi-organ failure (MOF) was defined as a SOFA score of 3 or more in at least two organ
systems, assessed daily during the first days (53, 54).
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Age

(Years) Odds ratio 95% Cl Endpoint
Xue G et al, 2020, China (72) 114 62 64/50 1.003 1.002-1.004 Severity
Zhao Y et al, 2020, China (74) 285 66 172/187 7.04 2.57-19.28 Severity
Acar E et al, 2020, Turkey (36) 148 59 56/92 10.651 3.828-29.634 Mortality
Lopez-Escobar A et al, 2021, Spain (58) 2,088 69 1,245/843 1.02 1.01-1.03 Mortality
Velazquez S et al, 2021, Spain (69) 2,254 69 1,340/914 1.01 0.995-1.02 ICUu
Karaaslan et al, 2022, Turkey (54) 191 54 94/97 1.001 1.000-1.004 Mortality
Cocos R et al, 2022, Romania (44) 254 56 141/113 1 1.000-1.001 Severity
Gutiérrez-Pérez 1A et al. (a), 2022, Mexico (52) 548 NR NR 1.29 0.91-1.83 MV
Gutiérrez-Pérez IA et al. (b), 2022, Mexico (52) 807 59 NR 1.5 1.1.-2.06 Mortality
Hamad DA et al, 2022, Egypt (53) 495 49 272/223 1.008 0.626-1.967 ICU
Muresan AV et al. (a), 2022, Romania (61) 889 71 474/415 11.42 7.36-17.72 Mortality
Muresan AV et al. (b), 2022, Romania (61) 889 71 474/415 9.33 6.35-13.71 DVT
Muresan AV et al. (c), 2022, Romania (61) 889 71 474/415 5.09 2.8-9.26 APE

APE, acute pulmonary embolism; CI, confidence interval; DV'T, deep vein thrombosis; F, female; ICU, admission to the intensive care unit; IMV, invasive mechanic ventilation; M, male; NR, not reported.
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Farias JP et al. (a), 2022, Brazil (45) 1,361 077 728 08 0.6 ICU
arias JP et al. (a), , Bra: > (0.74-0.79) . X
Farias JP et al. (b), 2022, Brazil (45) 1,539 075 735 0.84 0.53 Mortalit;
- R A0S ’ (0.70-0.79) - - "
_ 0.848 .
Ghobadi H et al. (a), 2022, Tran (48) 1,082 1,994 0.741 0.872 Mortality
(0.825-0.869)
Ghobadi H et al. (b), 2022, Tran (48) 710 0-800 1,868 0.702 0.804 Mortalit
obadi H et al. (b), , Iran (0.769-0.829) K k . ortality
0.794 "
Gunay S et al, 2022, Turkey (51) 265 (NR) 1,134 0.667 0.79 Mortality
Hamad DA et al, 2022, Egypt (53) 495 0819 1,346 0.509 0.956 ICU
? > E8YP! (0.782-0.856) ” - :

o 0.576 .
Kudlinski B et al, 2022, Poland (56) 285 (NR) 2,058 0.731 0.452 Mortality
M AV et al. (a), 2022, Re ia (61) 889 0836 2,209 0.797 0.744 Mortalit

uresan AV et al. (a), , Romania (0.800-0.871) ;| k . ortality
Muresan AV et al. (b), 2022, Romania (61) 889 080> 1,890 0.791 0.842 DVT
o ) (0.768-0.842) ) : )
. 0.761
Muresan AV et al. (c), 2022, Romania (61) 889 1,840 0.758 0.619 APE

(0.694-0.828)

0.793
Prasad S et al, 2022, India (64) 1,233 (NR) 999 0.772 0.292 Severity

0.86
Xia W et al, 2022, China (70) 125 (0.790-0.931) 887 0.8125 0.8182 Severity

ALL acute limb ischemia; APE, acute pulmonary embolism; AUC, area under the curve; CI, confidence interval; DVT, deep vein thrombosis; ICU, transfer to the intensive care unit;
NR, not reported.
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Fois AG et al, 2020, Ttaly (47) % 68 56/34 13531295 | 29 80 218 2,375 + 2,859 Mortality
Luo X et al, 2020, China (59) 214 51 99/115 608 + 372 84 71 51/33 1271 + 818 Mortality
Rokni M et al, 2020, Tran (66) 205 NR 129/76 1164 1473 | 28 NR 20/8 3,533 + 2,991 Mortality
Xue G et al, 2020, China (72) 56 60.5 30/26 705 + 555 58 64 34/24 1,370 + 994 Severity
Zhao Y et al, 2020, China (74) 211 64 96/115 717 + 606 74 68 38/36 | 1,663 +2,052 Severity
Acar E et al, 2020, Turkey (36) 129 58 42187 2445 £8575 | 19 70 14/5 14426 + 2,746 Mortality
Gujar RK et al, 2021, India (50) 577 46 381/196 653 + 750 264 59 171/93 | 2,084 £2,527 cu
Li Y et al, 2021, China (57) 409 61 208/201 931 + 734 56 67 40/16 | 21302024  Progression
Lopez-Escobar A et al, 2021, Spain (58) 1,767 66 1;)3352/ 960 + 800 321 83 21238/ 1,840 £ 1,780 Mortality
Moisa E et al, 2021, Romania (60) 130 668 93/37 3440 £2,868 | 142 582 9349 | 4,169 +3,073 Mortality
Nalbant A et al, 2021, Turkey (62) 78 58 37/41 590 + 391 40 70 217 | 1269 +990 cu
San 1 et al, 2021, Turkey (67) 344 68 192/152 485 + 334 44 2 27017 | 1,161 £ 1,356 Severity
Sevine C et al. (a), 2021, Turkey (68) 86 60 41/45 1078 £ 1,19 | 31 65 16/15 | 2,164 + 1,613 cu
Sevine C et al. (b), 2021, Turkey (68) 88 59 41/47 1130 £1200 | 29 67 1613 | 2,138 +1,707 Mortality
Velazquez S et al, 2021, Spain (69) 2069 70 x;;z::/ 1,047 + 930 185 68 138/47 | 1567 & 1,422 cu
Xu J et al, 2021, China (71) 260 56 150/110 196 + 379 78 625 12/36 899 +792 Progression
Zinellu A et al, 2021, Italy (21) 43 66 27116 1,068 + 966 2 6 16/6 1,653 + 1,374 LOS
Alagbe AE et al. (a), 2022, Brazil (37) 257 56 152/105 2300 + 444 PR 39/24 | 3,267+ 1481 Mortality
Alagbe AE et al. (b), 2022, Brazil (37) 202 56 NR 1,930 + 520 118 60 NR 3,430 + 1,037 Intubation
Alkhatib B et al, 2022, Jordan (38) 94 47 55/39 1788 £ 1,422 | 14 53 9/5 2,436 + 1,174 Icu
Arbanasi EM etal. (2), 2022, Romania (39) | 461 70 284/177 610 572 19 74 2128 | 3,026+ 2,632 ALL
Arbanasi EM et al. (b), 2022, Romania (39) 396 70 247/149 831 + 598 114 73 58/56 | 2,515+ 1722 Mortality
Asaduzzaman M et al, 2022, Bangladesh (40) 344 59 231113 1,001 + 838 98 65 60/38 | 1,948 + 2,041 1cu
Gelikkol A et al, 2022, Turkey (42) | n NR NR 537 392 25 NR NR 683 + 670 Severity
Citu C et al, 2022, Romania (43) 91 62 NR 2183+ 1,847 | 17 70 NR 2,798 + 2,429 Mortality
Cocos R et al, 2022, Romania (44) 183 51 97/86 1038 £ 1,314 | 71 67 4427 | 2,819 + 2448 Severity
Farias JP et al. (a), 2022, Brazil (45) 1,060 52 477/583 988 £1,235 | 476 68 226106/ 2,947 + 7,867 cu
Farias JP et al. (b), 2022, Brazil (45) 1342 54 630/712 | 1293£2070 | 193 74 107/8 | 3,698 + 6,209 Mortality
Ghobadi H et al. (a), 2022, Iran (48) 947 48 548/399 932 + 788 135 54 88/47 | 1,856+ 1,607 Mortality
Ghobadi H et al. (b), 2022, Iran (48) 492 76 238254 1,077+ 871 218 78 1110‘;/ 1,136 + 1,400 Mortality
Gozdas HT et al, 2022, Turkey (49) 86 66 149137 3145 £2,670 | 262 76 lx?e/ 3,780 + 4,001 Mortality
Gunay S et al, 2022, Turkey (51) 220 56 1117109 1,165 + 981 45 70 2520 | 4,050 + 3,468 Mortality
g‘;‘;émz’l’ érez 1A et al. (a), 2022, Mexico 352 NR NR 3326+235 19 NR NR 4,792 + 3,269 MV
g‘;?émz'%’ez Letal: (5)2022; Mexico 491 NR NR 4263+2,987 316 NR NR 5071+3,627 | Mortality
Hamad DA et al, 2022, Egypt (53) 185 33 91/94 492 + 804 310 58 118219/ 2,016 + 2,163 Icu
Kudlinski B et al, 2022, Poland (56) 177 57 114/63 3,666 +3,381 108 63 7533 | 4,554%3512 Mortality
Muresan AV et al, 2022, Romania (61) 746 70 397/349 | 1369 £ 1,190 143 7 7766 | 5,010+ 4273 Mortality
Poorhaji MM et al, 2022, Iran (63) 2 53 26/16 991+1,024 67 58 4720 1,704+ 1379 Severity
Prasad § et al, 2022, India (64) 948 53 NR 1134 1,573 | 285 79 NR 3,329 + 3,817 Severity
Qiu W et al, 2022, China (65) 2,290 72 1’;;” 1469 + 443 57 84 3819 1,236+ 1,040 Mortality
Xia W et al, 2022, China (70) 77 45 43034 566 + 386 48 56 28120 | 2,990+ 3,199 Severity
Cakirka G et al, 2023, Turkey (41) | 75 47 346/387 600 + 463 94 7 62/32 | 2,003+ 199 Mortality
Fernandes NF et al, 2023, Brazil (46) 83 61 50/33 1749 £ 1,416 | 129 61 8148 | 34383215 MV
Khadzhieva MB et al, 2023, Russia (55) 138 57 73155 835+ 923 31 62 18/13 1,503 + 1959 Mortality
Yilmaz A et al, 2023, Turkey (73) 128 70 65/63 2951 £4,037 338 73 210308/ 3,583 + 4,423 Mortality

ALL acute limb ischemia; F, female; ICU, admission to the intensive care unit; IMV, invasive mechanical ventilation; LOS, length of stay; M, male; NR, not reported; SII, systemic inflammation
index.
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Country Phase Type Diagnosis  Excluded N1 Treatment Dose N2 Control Clinical outcome (Treatment vs control)

tumor group (10%cells)
Sengupta America n Single-arm Moderate-to- Yes 24 BM-MSC- 15mL qdx14 1 / Survival rate 83%, 71% recovered and/or discharge, mean hospital duration
V2020 (15) severe derived was 5.6 days after administration,
COVID-19 exosomes
Hashemian | Iran 1 Single-arm | Severe Malignancy 11 UCMSCs(6) 200 qodx3 ! / 5 Survived and 6 died. Patients that develop sepsis or multi-organ failure
SR COVID-19 under or PL-MSCs (5) may not be good candidates for stem cell therapy.
2021 (16) treatment Standard care
O. Ercelen Turkey 1 ingle-arm Severe Yes 222 UC-MSCs 1-2/kg & ! 138 survive or discharge.
2021 (17) COVID-19 Standard care 1 dose
SlchM | Irn 1 Single-arm | Severe Yes 5 WMSCs s0qiba  /f 4 patients improved in CT assessment.
2021 (18) COVID-19 Standard care
ChuM 1 gle-arm | Mild to No 7 MSC-derived I/kg / / All patients discharge, mean hospital duration was 18.74 days
2022 (19) severe ‘exosomes
COVID-19 Standard care
GrEGoire German s Single-arm Severe Yes 8 BM-MSCs 1.5-3/ ot ! Median hospital duration was 30 days with all discharge. Median ICU
2022 (20) COVID-19 Standard care kg qdx3 duration was 12 days, one need readmission to ICU after MSCs injection.
ZhuY G China Ila Single-arm | Severe Yes ? haMSC-derived 200 qdx5. / / All patient discharge, and median hospital duration was 26 days.
2022 (21) COVID-19 exosomes.
Standard care
Meng China 1 Cohort Moderate-to- Yes 9 UC-MSCs 30 q3dx3 9 Standard Hospitalization duration was 20 vs 23 days P=0.306; Mechanical ventilation
2020 (22) study severe Standard care care. rate was 11.11 vs 44.44%, P=0.294.
coviD-19
Kaffash FN | Iran 1 Cohort Severe Yes 10 UC-MSCs 1/kg qodx3 10 Standard Mortality rate was 10 vs 20%, P>0.05 Fifth day SPO,/FIO, ratio was 151.38
2022 (23) study COVID-19 Standard care care. vs 223.83, P=0.003; Tenth day SPO,/FIO, ratio was 164.49 vs
248.88, .029.
XuX China n Multicenter Severe Yes 44 MB-MSCs 90 qodx3 18 Standard Survival rate was 92.31 vs 12%, .048; Time to improve was 3.0 vs 8.8
2021 (24) Cohort COVID-19 Standard care care days, P=0.049; Hospital duration was 30.65 vs 34.94 days, P=0.413; ICU
study duration was 24.00 vs 22.17 days, P=0.465.
Aghayan H | Tran 1 Multicenter | Severe Yes 10 PL-MSCs Ukgidose | 10  Standard 28-day survival rate was 50 vs 50%, P>0.05 Duration of hospitalization of
R 2022 (25) Cohort covip-19 Standard care aare recovery patient was almost equal.
study
Shul China 1 RCT Severe Yes 12 UCMSCs kg 29 Standard Clinical improve time was 9 vs 14 days, P=0.006; Day 7 improve rate was
2020 (26) COVID-19 Standard care care 58.33 vs 17.24%, P=0.020 Day 28 mortality was 0 vs 7.31%, P=0.543
Adas G Turkey n RCT Severe Yes 0 MSsCs 3kgqdx3 | 10 Standard  Mortality rate was 30 vs 60%, P<0.001; ICU duration was 31 vs 41 days,
2021 (27) COVID-19 Standard care care P<0.05; Hospitalization duration was 47 vs 45 days, P>0.05; Comorbidity
rate was not diferent.
Lanzoni G USA Wla RCT Severe Yes 12 UC-MSCs 100 q3dx2 12 Standard One month survival was 91 vs 42%, P=0.015 One month recovery was 9 vs
2021 (28) COVID-19 Standard care care. 4 pts, P=0.031.
Dilogo I H Indonesia m RCT Severe Yes 20 UC-MSCs 1/kg Once 20 Placebo Survival rate was 50 vs 20%, P=0.047; Comorbidities rate was 4.5 vs
2021 (29) COVID-19 Standard care Standard 1%, P=0.023;
aare
ShiL2021 | China it RCT Severe Yes 65 UCMSCs 033 | 35 Phacebo Discharge at day 10 was 16,92 vs 17.14%, P>0.05; Total change in lesion
(30,97) coviD-19 Standard care Standard  proportion at day 28 was -19.4 vs -7.30%, P=0.08; Total change in solid
are component lesion proportion at day 28 was -57.7 vs -44.5%, P=0.04. Rate
of pts with normal chest CT at 12 month was 17.9 vs 0%, P=0.10.
Fathi KM | Iran m RCT Severe Yes 15 MSCderived  Smlqdxs 15 Placebo 28-day survival rate was 57% vs 209, P < 0.00 Pulmonary involvement
2022 (31) COVID-19 secretome Standard improvement was 72.6 vs 28.7, P < 0.00
Standard care care.
KayanaM | Indonesia 1 RCT Mid Yes 6 DW-MSCs 50100 Once | 3 Phcebo Treatment emergent AE was 3 v 2 pts, P=0.595 All subjects recovered and
2022 (32) coviD-19 Standard care Standard  discharged without complications.
care
Monsel A France b RCT Severe. Yes 21 UCMSCs Ikgqodx3 | 24 Placebo Seventh-day survival rate 90.48 vs §7.50%, P=0.565; Twenty-cighth-day
2022 (33) COVID-19 Standard care Standard survival rate 76.19 vs 83.33%, P=410; ICU duration 15 vs 13 days, P=0.590;
care. PaO2/FiO2-ratio change (day 0-7) 54.3 vs 25.3, P=0.77
Rebelatto C | Brazil m RCT Severe Yes 1 UC-MsCs 05kgqod3 | 6 Phcebo Fourteen-day survival rate was 81.81 vs 100%, P=0.404; Lung extension
LK coviD-19 Standard care Standard  decreased at the fourth month.
2022 (34) care.
Bowdish M | USA m RCT Moderate-to- Yes 2| MSCs Ukghiwx2 | 110 Phcebo Mortality rate at day 7 was 54 vs 4.5, RR=1.18(0.37, 3.75); Mortalty rate at
E 2023 (35) severe Standard care Standard day 14 was 18.8 vs 21.8, RR=0.86(0.51, 1.45); Mortality rate at day 30 was
COVID-19 care 37.5 vs 42.7, RR=0.88(0.64, 1.21); Mortality risk at 12 month was similar,

HR= 0.91(0.63, 1.30).

RCT, randomized control trial; BM, bone marrow; UC, umbilical cord; MB, menstrual blood; PL, placenta,
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Participants’ characteristics and study design of the 11 studies included in the meta-analysis

Author, year  Study  Definition of peri-implantitis

design a. Peri-

n, peri-
implantitis/
controls

Serum biomarkers (parameters) measured

of publica-
tion, and
country

Ustaoglu and
Erdal, 2020,
Turkey (19)

Mustafaev et al.,
2017, Russia
(24)

Khatavkar et al.,
2021, India (20)

Kour et al.,
2020, India (18)

Hultin et al.,
2002, Sweden
17)

Wang, 2021,
China (22)

‘Wu and Gao,
2019, China
(23)

Khichy et al.,
2021, India (21)

Blanco et al.,
2021, Span (27)

Wang et al.,
2021, USA (26)

Ozgur et al,,
2023, Turkey
(25)

Case-
control

Cross-
sectional

Case-
control

Case-
control

Case-
control

Case-
control

Case-
control

Case-
control

Cross-
sectional

Cross-
sectional

Cross-
sectional

The presence of bleeding and/or
suppuration during gentle probing and
radiographic bone levels of at least 3
mm apical of the most coronal
fragment of the intra-osseous part of
the implant

Class I1I according to classification of
S. A. Jovanovic (1990) and N.
Spiekermann (1991)

NA

NA

Compared to the 1-year intraoral
radiographic examination, they had at
least one implant showing
radiographic marginal bone loss of
three or more fixture threads (1.8 mm)
mesially or distally

Gingival crevicular bleeding index >1,
periodontal probing depth =5 mm,
mucosa swelling, with or without
suppuration, vertical alveolar bone
loss, bleeding on gentle probing

Gingival crevicular bleeding index >1,
periodontal probing depth =5 mm,
and the implants are not loose nor any
sinus around the implants

Hashim D, Cionca N, Combescure C,
Mombelli A. The diagnosis of peri-
implantitis: A systematic review on the
predictive value of bleeding on
probing. Clin Oral Implants Res
2018;29 Suppl 16:276-93

Case definitions of peri-implantitis and
periodontitis followed the guidelines of
consensus reports of 2017 World
‘Workshop (AAP/EFP) (presence of
bleeding on probing [BoP] and/or
suppuration, probing pocket depth
[PPD] 26 mm and/or 23 mm of
radiographic bone loss)

Case definitions of peri-implantitis and
periodontitis followed the guidelines of
consensus reports of 2017 World
‘Workshop (AAP/EFP)

Case definitions of peri-implantitis and
periodontitis followed the guidelines of
consensus reports of 2017 World
Workshop (AAP/EFP)

NA, not applicable because not reported.
* Patients were divided into two groups according to severity of the peri-implantitis: first group, 17 patients (53.1%) with moderate-sized peri-implantitis; second group, 15 patients (46.9%) with
severe peri-implantitis. Total number of patients with peri-implantitis is 32.

¥ Control patients were combined with healthy peri-implant (n = 83) and healthy periodontium without implants (n = 30).

Ages

implantitis
b. Controls
a=55(175)
b =50 (18.5)
a =43 (9-57)
b =37 (26-48)
NA
NA
a=628(7.7)
b = 65.1 (6.7)
a =405 (6.5)
b = 40.6 (7.0)
NA
a=413
b =396
a =574 (10)
b=574(9.1)
NA
a =564 (7.08)
b =452 (12.8)

58/49

32/25*

40/40

60/60

17/19

14/66

17/113°

20/20

16/31

54/40

22/23

Low-density lipoprotein-cholesterol, high-density
lipoprotein-cholesterol, triglyceride, total cholesterol,
uric acid, creatine, white blood cells, neutrophil,
hemoglobin, mean corpuscular volume, platelets, mean
platelet volume, platelet crit

Interleukin-1B, interleukin-6, interleukin-10,
interleukin-17A, CD401

C-reactive protein

C-reactive protein

C-reactive protein-sensitive, haptoglobin, o.1-
antitrypsin, red blood cells, hemoglobin, white blood
cells, neutrophil, lymphocytes, monocytes, eosinophils,
basophils

C-reactive protein

C-reactive protein

C-reactive protein, interleukin-6

Total cholesterol, triglycerides, low-density lipoprotein-
cholesterol, high-density lipoprotein-cholesterol, total/
high-density lipoprotein-cholesterol ratio, low-density
lipoprotein-cholesterol/high-density lipoprotein-
cholesterol ratio, creatinine, glucose, red blood cells,
platelets, white blood cells, lymphocytes, monocytes,
neutrophils, eosinophils, basophils, tumor necrosis
factor-a, interleukin-10

Interleukin-1p, interleukin-6, matrix metalloproteinase-

8, osteoprotegerin, tumor necrosis factor-o, high
sensitive C-reactive protein, fibrinogen

C-reactive protein, interleukin-6, soluble ST2
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PRISMA 2020 flow diagram for new systematic reviews which included searches of databases, registers, and other sources.
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A

Peri-implantitis Controls %
study N Mean(SD) N  Mean (SD) SMD (95%Cl)  Weight
Hultin et al., 2002 (17) 17 5.00(530) 19 270(2.20) i 0.58 (-0.09, 1.25) 16.98
Wu and Gao, 2019 (23) 17 1552(364) 113 0.79(0.24) ' ———— 11.28(9.80, 12.75) 16.26
Kour et al., 2020 (18) 60 401.80 (99.70) 60 198.40 (52.20) —— ! 2.56 (2.07,3.04) 17.07
Khichy etal., 2021 (21) 20 7.95(1.15) 20  2.94(0.86) —_— 4.93(3.66,6.20) 1648
Wang et al., 2021 (26) 54 6.10(3.60) 40  6.50 (4.60) ] -0.10 (-0.51,031) 17.10
Wang, 2021 (22) 14 1541(375) 66 0.70(0.33) | —_— 9.43(7.84,11.02) 16.11
Overall, DL 182 318 — 4.68(2.12,7.25)  100.00
(= 98.7%, p = 0.000)

T T
B -5 0 10

Peri-implantitis Controls %
subgroup and study N Mean (SD) N Mean (SD) WMD (95% Cl) Weight
Healthy implants
Hultin etal., 2002 (17) 17  5.00 (5.30) 19 2.70 (2.20) +—— H 2.30 (-0.41, 5.01) 24.97
Wu and Gao, 2019 (23) 17  15.52 (3.64)83 0.85 (0.33) ' 14.67 (12.94, 16.40) 25.53
Wang, 2021 (22) 14 15.41(3.75)66 0.70 (0.33) ; 14.71 (12.74, 16.68) 25.42
Wang et al., 2021 (26) 14  6.80 (3.90) 4 7.60 (3.30) —_— ' ~0.80 (-4.63, 3.03) 24.08
Subgroup, DL 62 172 — e 7.87 (0.83, 14.90) 100.00
(P = 97.2%, p = 0.000)
Case definition
Wu and Gao, 2019 (23) 17  15.52 (3.64)113 0.79 (0.24) 14.73 (13.00, 16.46) 56.33
Wang, 2021 (22) 14 15.41(3.75)66 0.70 (0.33) 14.71 (12.74, 16.68) 43.67
Subgroup, DL 31 179 14.72 (13.42, 16.02) 100.00
(" =0.0%, p = 0.988)
T T

-10

20
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A

study
Hultin et al., 2002 (17)
Ustaoglu and Erdal, 2020 (19)

Overall, DL
(P =0.0%, p=0.569)

B

study

Mustafaev et al., 2018 (24)
Khichy et al., 2021 (21)
Overall, DL

(1”=0.0%, p =0.354)

Peri-implantis  Controls
N Mean(SD) N Mean (SD)

17 860(3.10) 19 7.00(1.50)
58 7.50(190) 49 6.40(1.10)
75 68

Peri-implantitis Controls
N Mean(SD) N Mean (SD)

32 942(536) 25 250 (0.50)
0 12.18(3.69) 20 6.46 (1.34)
52 45

n

Effect %
(95% CI) Weight

1,60 (-0.02,3.22) 11.28
1.10(052,1.68) 88.72
1.16 (0.61, 1.70) 100.00

Effect %
(95% CI) Weight

692 (5.05,8.79) 45.89
572 (4.00,7.44) 54.11
627 (5.01, 7.54) 100.00
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Age Previous Accompanies Treatment MSCs  MSCs administration  Efficacy (from

diagnosis before MSCs type (cells/time) initial MSCs)
Liang China ¥ 65 Hypertension, Diabetes | MOF, IFN-ot inhalation, Lopinavir/ uc 5x107 VDx3 Remission Discharged on day 30
2020 (82) Gastrorrhagia Ritonavir, Moxifloxacin, (day11 from MSCs)
Hemolysis Xuebijing, Methylprednisolone,

Immunoglobulin, Thymosin a1

Peng 2020 (83) | China ¥ 6  No No Convalescent Plasma uc 1x10%/kg VDx3 Remission Discharged on day 42
(day 10 from MSCs)
Soler Rich Spain i 1 No No Hydroxychloroquine, BM 1x10°7kg VD Remission Discharged on day 17
2020 (89) Azithromycin, Enoxaparin (day 6 from MSCs)
Tang 2020 (84)  China F 7 No No Oseltamivir, MB 1x10%kg VDx3 Remission
Asbidol hydrochloride
China M 71 No No Ribavirin, Arbidol hydrochloride, =~ MB 1x10%kg VDx3 Remission
Cefoperazone-Sulbactam
Ta02020 (85 | China M |7 Diabetes, Renal failure Interferon, Lopinavir/Ritonavir,  UC 15x10°%kg VDx5 with ECMO  Partial remission Received lung
Hypertension, Respiratory failure  Piperacillin-tazobactam, transplantation on day
Nephropathy Methylprednisolone, LMWH, 37, died on day 43,
Arbidol, ECMO
Zhang China M s Diabetes No Lopinavir/Ritonavir, TEN-A uc 1x10%kg VD Remission Discharged from ICU
2020 (6) Inhalation, Levofloxacir on day 2
‘Tanreging capsule, Xuebijing,
Thymosin al,
Methylprednisolone,
Immunoglobulin
Plasma Exchange.
Eckard America M4 No Bradycardia, Immunoglobulins, Steroids, BM 2x10°7kg VD Remission Discharged on day 9
2020 (87) Anemia Aspirin, Anti-Coagulants.
LVEF declined
America F 0 No Hypertension / BM 2x10°/kg VD Remission Discharged on day 10
Yilmaz Turkey Mo s No MOF cardiac arrest | Avigan, Tocilizamab uc 3x10°7kg VD+1Vx4d With Remission Discharged on day 40
2020 (88) brain involvement anti-thromboembolic
Primorac Croatia M 50 No No Azithromycin, BM 3x10%/kg VD With Colistin, Remission Discharged from ICU
2021 (90) Methylprednisolone, Fosfomycin, Linezolid, on day 31, from
Amoxicillin/Clavulanic acid, Ceftazidime/Avibactam. hospital on day 49
Remdesivir, Enoxaparin,
Moxifloxacin, Immunoglobulins
Putra 2021 (91)  Indonesia M 54 Severe hypertension megaly Remdesivir, Azithromycin, BM 240x10°%/L IMx12 Remission Discharged from ICU
Levofloxacin, Dexamethasone on day 23
Indonesia | M 53 Diabetes cardiomegaly Oseltamivir, BM 320x10°/L IMx16 Remission Discharged from ICU
Lung edema Azithromycin, Levofloxacin, on day 19
Indonesia M 72 Hypertension, liver megaly Favipiravir, Azithromycin, BM 360x10%/L IMx18 Remission Discharged from ICU
failure, stroke Tazobactam, on day 14
sequelae thalassemia Levofloxacin, Dexamethasone
Senegagha2021  Brazil M s Hypertension No Dexamethasone, uc 5x107/kg VD3 Remission Discharged from ICU
©2) Enoxaparin, Tocilizumab With Tocilizumab. on day 11, from
hospital on day 15
Grumet America M No No Hydroxychloroquine, PLX- 300x10°/L IMx15 Remission Died of a bacterial
2022 (93) Remdesivir, Dexamethasone, PAD infection on day 140
Convalescent Serum
Kim 2022 (94)  Korea M7 Diabetes, Hypertension, | No Chloroquine, Lopinavir/ BM 90x10°/L VD With aspirin Remission Discharged on day 138
cerebral infarction, Ritonavir, Inotropic agent,
Hyperlipidemia Immunoglobulin, Cefepime,
Teicoplanin,
Steroids, Tracheostomy
Payandeh Tran M8 Preumonia No Ampicillin, Cefotaxime, hPD 7x109/L VDx2 Remission Discharged on day 20
2022 (95) days Clindamycin, Meropenem
Sadeghi Sweden M 2 ALL (HSCT), aGVHD, | MOF BM 0.7x10°/L VD then 14x10% Remission Died of MOF on
2022 (96) HC, ECMO LVD day 104
Sweden Mo ALL Invasive BM 1x10°7kg VD Progression Died of
(HSCT), Neutropenia aspergillosis, aspergillus pneumonia
Sweden M 33 CML(HSCT), No Cyclophosphamide, Busulfan, DSC 1x10%kg VD Remission Discharged on day 22
Streptococcal septicemia Methotrexate, Cyclosporine, (dayl1 from MSCs)

Piperacillin/Tazobactam

DSCs, decidua stromal cells TBI, total body irradiation; BM, bone marrow; UC, umbilical cord; MB, menstrual bloods LMWH, low molecular weight hepari
stem cell transplantation; MOF, multi-organ failure; PET, pulmonary thromboembolism; aGVHD, acute grafi-versus-host discase; HC, hemorrhagic cystitis.

ECMO, extracorporeal membrane oxygenation; LVEF, left ventricular ejection fraction; HSCT, hematopoietic
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SIRS SIRS vs SIRS vs
Comparison . Abdominal = Pulmonary
Vs Sepsis . .
sepsis sepsis
CMTM5+CETP- | CMTM5+CETP- | CMTMS5+CETP-
Panel PLA2G7- PLA2G7- PLA2G7-
MIA-MPP3 MIA-MPP3 MIA-MPP3
AUC 0.9758 0.9842 0.9698
Standard Error 0.01067 0.009643 0.01398
90% CI 0.9582 - 0.9933 09684 - 1.000 0.9468 - 0.9928
p-value < 0.0001 <0.0001 <0.0001
95% PPV Cut-
-4.3770 25610 -4.1520
off >
Sensitivity (C1%) 96.8000 90.3800 94.5200
Specificity (C1%) 89.7400 97.4400 92.3100
LR + 9.4347 35.3047 122913
LR - 0.0357 0.0987 0.0594
PPV 97.60 97.92 96.00
NPV 89.74 8837 92.11
8% NEY Cut- -6.9830 -4.1670 -6.9570
off >
Sensitivity (C1%) 99.2000 98.0800 98.6300
Specificity (CI%) 64.1000 92.3100 64.1000
LR + 27632 127542 2.7474
LR - 0.0125 0.0208 0.0214
PPV 89.85 94.44 84.88
NPV 96.15 97.30 96.15






OPS/images/fimmu.2023.1308530/table3.jpg
Regulation
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Genes Sepsis
P % %
vs SIRS
83.87 71.79
CETP U A_23_P49376 495 091 064 297 | 022 9035 @ 57.14
P . (77.43-89.05) (57.66-83.31)
ITGB3 Up A_24_P318656 7.47 0.87 -0.94 B 7 3.03 0.20 90.60 63.04

(79.24-90.40) (57.66-83.31)

83.87 76.92

NEXN Up A_33_P3341429 424 0.86 051 363 021 | 9204 60.00
(77.43-89.05) | (63.18-87.40)
PLXNB3 U A_33_P3413038 5.10 0.5 -0.59 Gh o1 451 | 021 | 9245  57.63
P e ) : ) (76.54-88.36) (68.17-91.02) : : ) :
85.48 64.10
CMTM5 Up A_23_P106042 493 0.5 081 (o2e9040) | Weeoresy | 23 023 8833 58
83.06 82,05
MMRNI Up A_33_P3212257 4,66 0.5 -0.59 estesse) | (sssnerzs | A6 | 021 s3e4 | a7
85.48 64.10
ITGA2B A_24_P65373 48 0.84 a3 238 | 023 | 8833 5814
L L =2A.Fe 2 4 (79.24-9040) | (46.69-76.83) | 2
PF4 U A_24_P79403 3.59 0.84 0.66 o olot 222 | 024 | 8760 5714
4 = - - - (79.24-9040) | (47.11-74.59) - - ! :
85.48 61.54
MYL9 I A_23_P210425 555 0.3 153 222 024 | 8760 5952
P - (79.24-9040) | (47.11-74.59)
PPBP Up A_23_P12159% 436 0.3 094 .48 8 208 | 025 | 8750 5581

(79.24-90.40) (44.57-72.31)

85.48 48.72
TREMLI U A_33_P3381777 4.10 082 -135 167 030 8413 5676
P . (79.24-90.40) (34.72-62.86)

85.48 61.54

LCN2 Up A_23_P169437 3.60 0.82 -1.24 (79.24-90.40) (47.11-7459) 222 024 8833 57.14
NEXN Up A_23_P200001 237 0.82 -0.24 (75,?133;67) (52;16::;03) 247 027 8870 54.17
LCN15 Up A_33_P3263938 2.02 0.68 -2.52 (79_2i::§_40) (10:22;.98) 1.08 0.71 77.37 30.77
PLA2G7 Down A_23_P145096 -7.09 0.90 1.00 518 20 476 0.18 = 6400  93.81

(79.24-90.40) (68.92-91.26)

82.05 83.87

MPP3 D A_23_P141345 328 0.89 0.67 500 | 021 | 6154 93.69
own e (68.92-9126) | (77.43-89.05)

ARHGEFIOL Down A_33_P3799936 -3.86 0.88 0.64 8548 66.67 2.56 0.22 59.09 86.55
(79.24-90.40) (52.31-79.03)

GRAZ/ D A_23_P43276 3.34 0.86 093 8248 6110 238 0.23 58.14 88.33

GPRI24 own S - - - (79.24-90.40) | (46.69-76.83) - - : -
87.18 66.13

APCDDI D A_23_P337262 3.6 0.84 033 257 | 019 | 4474 9425
own - (7491-9481) | (58.50-73.17)

ARHGEFIOL Down A_33.P3215575 | 281 0.1 -0.20 &r18 626 243 | 020 | 5125 9425
(74.91-94.81) (56.50-71.13)

MYCL Down A_33_P3306068 -2.95 0.81 0.51 8554 £6.67 258 0.21 36.95 93.33

(79.86-90.71) (52.31-79.03)
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ADM up A_23_P127948 1295 0.9988 -1.928 98.80 96.67 29.67 0.01 99.40 93.55
(96.28-99.79) (85.14-99.83)

FAM20A up A_32_P108254 55.35 0.9982 -2.339 97.60 96.67 29.31 0.02 98.76 77.78
(94.60-99.18) (85.14-99.83)

ITGA7 up A_23_P128084 1567 0.9968 2314 95.81 96.67 2877 0.04 9938  80.56
(92.27-98.02) (85.14-99.83)

FAM20A up A_24_P352952 26.69 0.9950 -1.842 94.01 96.67 28.23 0.06 100.00 78.95
(90.05-96.72) (85.14-99.83)

TDRD9 up A_32_P208350 14.53 0.9914 -1.756 9341 96.67 28.05 0.07 99.36 75.00
(89.33-96.26) (85.14-99.83)

1L10 up A_23_P126735 7.06 0.9912 0674 89.22 96.67 2679 011 9933 6170
(84.44-92.92) (85.14-99.83)

MMP9 up A_23_P40174 4549 0.9906 3073 95.81 96.67 2877 0.04 9938  80.56
(92.27-98.02) (85.14-99.83)

CD177 up A_23_P259863 110.31 0.9876 -1.891 88.02 96.67 2643 0.12 9931 53.85
(83.07-91.92) (85.14-99.83)

BMX up A_23_P253602 28.57 0.9816 -2.417 94.61 96.67 28.41 0.06 99.37 76.32
(90.78-97.16) (85.14-99.83)

cp177 up A_21_P0011751 100.99 0.9804 -1.839 85.63 96.67 2571 015 10000  56.60
(80.39-89.89) (85.14-99.83)

HPR up A_23_P206760 18.26 0.9766 2407 93.41 96.67 2805 007 9936 7250
(89.33-96.26) (85.14-99.83)

DACH1 up A_33_P3316786 4.58 0.9756 -1.209 94.61 96.67 2841 0.06 99.37 78.95
(90.78-97.16) (85.14-99.83)

CYPI9A1 up A_23_P37410 9.68 0.9729 -1.069 86.83 96.67 2608 014 9932 5686
(81.73-90.91) (85.14-99.83)

DACHI up A_23_P32577 573 0.9729 1649 95.81 90.00 958 005 9816 7941
(92.27-98.02) (76.14-97.22)

IGFBP2 up A_23_P119943 1273 0.9695 -1.533 85.63 96.67 2571 015 | 9930 | 54.72
(80.39-89.89) (85.14-99.83)

ALPL up A_24_P353619 9.86 0.9685 -1383 86.23 96.67 2589 014 9931 5577
(81.06-90.40) (85.14-99.83)

OLAH up A_23_P161458 26.15 0.9633 2885 90.42 96.67 2715 | 010 9934 6444
(85.81-93.90) (85.14-99.83)

CYPI19A1 up A_33_P3351371 7.34 0.9627 -0.888 85.03 96.67 25.53 0.15 100.00 54.55
(79.72-89.37) (85.14-99.83)

ILR1 up A_33_P3396389 8.06 0.9495 -1.821 90.42 90.00 9.04 0.11 100.00 54.55
(85.81-93.90) (76.14-97.22)

OLAH up A_33_P3317109 9.98 0.9441 1493 85.63 96.67 2571 015 9931 5660
(85.81-93.90) (85.14-99.83)

ILRI up A_24_P200023 825 0.9421 -1525 86.83 96.67 2608 014 9932 5686
(85.81-93.90) (85.14-99.83)

MMP8 up A_23_P24493 6.77 0.9329 -1.608 85.63 86.67 6.42 0.17 97.96 52.00
(85.81-93.90) (72.04-95.31)

TGFa up A_23_P377291 3.93 0.9327 -0.945 85.03 83.33 5.10 018 | 4265 @ 4265
(79.72-89.37) (68.00-93.19)

ILIR2 up A_24_P63019 17.29 0.9323 1928 85.63 93.33 1284 015 8862 5385
(85.81-93.90) (80.47-98.80)

cp177 up A_33_P3232080 623 0.9104 -1303 85.03 90.00 850 017 9862 4615
(79.72-89.37) (76.14-97.22)

CYPI19A1 up A_24_P920646 2.36 0.8467 -0.538 85.03 46.67 1.59 0.32 89.81 35.00
(79.72-89.37) (30.85-63.01)

CYP19A1 up A_32_P86289 203 0.8178 -0.552 85.63 43.33 1.51 0.33 90.63 35.14
(85.81-93.90) (27.87-59.84)

VSTM1 up A_33_P3514487 283 07721 -1483 85.63 40.00 143 036 8882  33.33
(85.81-93.90) (24.95-56.61)

cp177 up A_33_P3232086 224 0.7621 0544 85.63 43.33 151 033 8994 3421

(85.81-93.90) (27.87-59.84)
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Severe Statistical Significance

Health o : Combined
Y inflammatory Abdominal = Pulmonary 7
Donor i - Sepsis SIRS  SIRS  SIRS
Controls Response Sepsis Sepsis (ABDM \S
(CNTRL) Syndrome (ABDM) (PLMN) +PLMN) Vs Vs Combined
(SIRS (OOHCA)) ABDM PULM Sepsis
Male (n) 9 34 27 45 7
Female (n) 21 8 30 39 )
Age 41 (33-47.75) 62 (50.25-70.75) 72 (63.25-77) 67 (52.5-77) 68 (59-76)
Sex
unknown (n) 9 o 2 0 2
Survival (%) 100 6111 7451 7838 7644
Apachielll - 30 (27-34) 31 (2437) 31 (23-40) 31 (22:38)
score D1
SOFA - 16 (14-20) 17 (14-19) 17 (15-19) 17 (14-19)
score D1
SOFA
= 17 (15-18) 17 (14-19) 16 (14-18) 17 (14-18)
score D2
SOFA - 14 (11-15) 14 (11-18) 14 (12-16) 14 (11-17)
Score D5
SOFA
score - 9 (9-11) 8(7-9) 9.(7-10) 8 (7-10)
Discharge
CRP D1 - 26 (5-51) 216 (104-33) 197 (117-280) 202 (108-300) ‘<o.0001 <0.0001 <0.0001
WBC D1 = 149 (9.3-212) 158 (117-194) | 158 (102-224) | 160 (10.7-21.3)
g:"tmph’ls - 12.4 (7.3-188) 128 (96173) | 134(86-202) | 134 (87-183)
Lymphy
Dyl'"" ocries 3 1.0 (0.6-15) 07 (05-1.1) 0.6 (04-1.0) 0.7 (0.4-1.0) 00045 | 0.0002 0.0002
Basophils D1 : 0.01 (0.00-0.02) 001 (0.00-001) | 001 (0.00-002) | 0.01 (0.00-0.10) 0.0436
Platelets D1 = 191 (158-234) 205(133-301) | 206 (143-284) 206 (135-296)
CRP D2 = 131 (68-170) 251 (113-339) | 201 (116273) 208 (115295) | <0.0001 | 0.0010 <0.0001
WBC D2 . 10.4 (7.7-15.5) 148 (98-187) | 151 (102196) | 149 (100-195) 0.005 0.0030
Neutrophil
D;“ rophtls « 8.5 (6.0-12.5) 126 (85-181) | 125(87-181) | 125(87-177) | 00072 | 0.0032 0.0016
I]')yz'“"h“"‘e’ - 0.9 (05-1.3) 07 (05-1.1) 08 (05-12) 08 (05-1.2)
Basophils D2 - 0.01 (0-0.20) 001 (0.00-001) | 001 (0.00-0.10) | 0.01 (0.00-0.20)
Platelets D2 - 143 (119-209) 185 (106-247) 159 (103-245) 172 (105-248)
CRP D5 - 138 (89-175) 110 (56-175) 94 (497-163) 105 (53-170)
WBC D5 = 9.8 (7.2-12.4) 131(1-181) | 118 (93-164) 172':7(;6
Neutrophil
D:" R s 7.6 (57-10.8) 107 B1-151) | 98 (68-144) | 102 (69-149) ‘ 0.0275 ‘ 0.0475
Lymphy
Dys’“" Ciises 5 0.8 (0.7-12) 12 (09-17) 11 (07-14) 11 (07 -15) ‘ 0.0147 ‘ 0.0383
Basophils D5 - 0.01 (0.00-0.01) 001 (0.00-0.) | 0.01(000-03) 001 (0.00-0.10)
Platelets D5 = 173 (157-209) 192 (131-278) 167 (99-253) 178 (114-262)
CrRP
) - 80 (55-179) 54 (25-128) 18 (28-124) 51 (26-127)
Discharge
WEBC - 107 (8.6-12.5) 104 (8.1-164) 101 (81-130)  10.1 (80-14.0)
Discharge
Neutrophils
Doy - 8.6 (63-104) 83 (65 -12.2) 7.4 (58-88) 7.6 (59-106)
Lymphocytes
A = 13 (0.8-1.8) 14 (11-17) 12 (09-2.1) 13 (09-2.1)
Discharge
Basophils
40P = 0.01 (0.00-0.02) 001 (0.00-0.07) | 002 (0.00-0.10) | 0.01 (0.00-0.10)
Discharge
Platelets - 212 (149-284) 269 (166-340) | 282 (144-417) 275 (162-355)
Discharge

Cell counts for total white blood cells (WBC), neutrophils, lymphocytes, basophils, free platelets and for c-reactive protein (CRP) at days 1,2, 5 and discharge, plus significance levels between
SIRS and individual and combined sepsis groups. CNTRL, Healthy donor controls; SIRS, Out-of-hospital cardiac arrest; SIRS, systemic inflammatory response syndrome; ABDM, abdominal
sepsis; PLMN, pulmonary sepsis; ABDM+PLMN, combined sepsis; APACHE 11, Acute Physiological and Chronic Health Evaluation score Il; SOFA, Sequential Organ Failure Assessment; CRP,
C-reactive protein; WBC, White Blood Cell count.
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Baseline Septic Shock Healthy Volunteers | P value in the first two P value in three
Characteristics groups groups

Mean + SD/Median (IQR)

Age (years) 7945 + 12.09 7047 +13.75 66.46 + 3.431 0.0965 0.0501
Sex[male (%)] 7 (63.64) 13 (86.67) 6 (46.15) 0.0740 0.0772

Comorbidities[n] (%)

Chronic Pulmonary 2(5.41) 1(3.57) - NS. -
Disease
Chronic Kidney Disease 6(16.22) 4(14.29) - ‘ NS. -
Cardiovascular Disease 8 (21.62) 4(14.29) - NS. -
Hepatopathy 6(16.22) 5(17.86) - NS. -
Diabetes 2 (5.41) 7 (25.00) - NS. -
Hypertension 8 (21.62) 6(21.43) - NS. =
Hyperlipidemia 1(2.70) 0 (0.00) - NS. -
Coagulation 3(8.11) 1(3.57) - NS. -

Dysfunction
Malignant Tomor 1(2.70) 0 (0.00) - NS. -

Focus of infectionln] (%)

Gastrointestinal 6 (54.55) 8 (50.00) - NS. -

Pulmonary 4(36.36) 4 (25.00) - NS. -
Urinary tract 1 (9.09) 3(18.75) - NS. -
Skin or soft tissue 0 (0.00) 1(6.25) - NS. -
APACHE II score 2344 £7.70 1045 + 3.80 - 0.0001 -
SOFA score on day 1 10.45 + 3.80 5.66 +3.22 - 0.0020 -
Length of ICU stay (days) 8.46 (0.00-19.00) 6.87 (0.00- = 0.6113 =
31.00)
Length of Hospital stay 13.00 (1.00-30.00) 19.60 (6.00- - 0.1362 -
(days) 42.00)
Mechanical ventilation 10 (90.90) 3 (20.00) - 0.0010 -
percentage
Mechanical ventilation 6.64 (0.00-19.00) 1.33 (0.00- - 0.0177 -
time (days) 13.00)
7-days mortality 6 (54.55) 0 (0.00) - 0.0020 -
14-days mortality 7 (63.64%) 1(6.67%) - 0.0038 -
28-days mortality 8 (72.73%) 1 (6.67%) - 0.0008 -

ICU, intensive care unit;. IQR, inter quartile range; APACHE II, score acute physiology and chronic health evaluation II score; SOFA, sequential organ failure assessment P values were calculated
by Mann-Whitney U test, Students’ t-test or one-way analysis of variance (one-way ANOVA), and ¢ test or Fisher’s exact test, as appropriate. P values below 0.05 indicates statistical significance.
NS, no significance.
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Influenza cohort Prolonged Recovered

analyzed N=191 MODS/Died ~ MODS Pl fevalell S eless
n 38 27 126
Age in years Median (IQR) 113 (6.2, 14.3) 6.9 (2.3,9.8) 5.5 (1.7,9.9) 0.01 <0.001
Sex, male 24 (63.2) 18 (66.7) 69 (54.8) 0.8 0.4
Hispanic 7 (18.4) 4 (14.8) 30 (23.8) 0.7 0.5
‘White or White-Hispanic 33 (86.8) 21(77.8) 96 (76.2) 03 0.4
Black or African American 6 (15.8) 3 (11.1) 27 (21.4) 0.6 0.4
Mixed Ethnicity/Other/Unknown 3(7.9) 4 (14.8) 10 (7.9) 04 0.6
Previously healthy 26 (68.4) 17 (63) 77 (61.1) 0.6 0.7
Influenza type
A, HI 8(21.1) 12 (44.4) 47 (37.3) 0.08 0.1
A, H3 9(23.7) 4(14.8) 35 (27.8) 0.6 0.4
B | 16 (42.1) 8 (29.6) 18 (14.3) 04 <0.001
A+B 0 0 4(32) n/a 0.2
Not subtyped 5(13.2) 3(111) 22 (17.5) 1 0.6
Bacterial Co-Infection 26 (68.4) 8(29.6) 28 (22.2) 0.002 <0.001
Viral Co-Infection 8 (21.1) 9(33.3) 24 (19) 0.3 0.3
373 256 252
(23, 63.4) (20, 48.1) (16, 40) 0.2 0.02
Hours from PICU admission to first sample Median, (IQR), Range 8-201 9-101 2-110
PSOFA score at first collection Median (IQR) 9.5 (8, 11) 6(5,75) 0(0,2) <0.001 <0.001
Steroids 27 (71.1) 18 (66.7) 76 (60.3) 0.7 0.5
Shock requiring vasopressors 23 (60.5) 16 (59.3) 11 (8.7) 0.9 <0.001
Mechanical Ventilation (invasive) 38 (100) 25(92.6) 71 (56.3) 0.06 <0.001
ECMO 23 (60.5) 2(7.4) 2 (1.6) <0.001 <0.001
Hours in PICU 481.5 217 86.5
Median (IQR) (278, 920) (162, 333.5) (52, 155) 0001 <0001
ALI/ARDS 35 (92.1) 21(77.8) 19 (15.1) 0.1 <0.001
Died 9(237) 0 0 0.02 <0.001
WBCt (10°/uL) Median (IQR) 33 (L1, 8) 6.6 (3.3, 11.9) 10.1 (6.9, 14.1) 0.02 <0.001
ANCF (!(lalpL) Median (IQR) 1.9 (04, 6.5) 4.9 (14, 10.3) 7.8 (4.3,11.2) 0.03 <0.001
AMC® (10°/uL) Median (IQR) 0.18 (0.07,0.35) | 041 (0.13,0.76) | 0.49 (0.23, 0.9) 0.06 <0.001
ALC" (10*/uL) Median (IQR) 0.56 (0.42,0.92) = 0.73 (0.48, 1.43) | 0.98 (049, 1.9) 0.07 0.07

*p-value comparison between Prolonged and Recovered MODS. tClosest white blood cell (WBC) count to PAXgene blood collection; 166 out of 191 patients (86.9%) have WBC values; all
missing WBC counts (n=25) are Never MODS. For WBC count timing, 84% were a median of 25.5 hrs (IQR 17.7, 46.3) prior to PAXgene draws (missing data for n=50). *ANC, Absolute
neutrophil count missing for 2 Prolonged, 1 Recovered, 29 Never MODS. AMC, Absolute monocyte/macrophage count missing for 1 Prolonged, 2 Recovered, 29 Never MODS. "ALC, Absolute
Iymphocyte count missing for 1 Prolonged, 1 Recovered, 27 Never MODS. Non-adjusted p-values were determined using Kruskal-Wallis test for numerical data; Pearson Chi-Squared or Fisher’s
Exact Test for categorical data. MODS, Multiple Organ Dysfunction Syndrome; IQR, Interquartile Range; pSOFA, Pediatric Sequential Organ Failure Assessment; ECMO, Extracorporeal
Membrane Oxygenation; PICU, Pediatric Intensive Care Unit; ALIL Acute Lung Injury; ARDS, Acute Respiratory Distress Syndrome.





OPS/images/fimmu.2024.1368040/fimmu-15-1368040-g006.jpg
p <0.0001

recAAT
recAAT

+

o +
e %
@ o .|o
(3]
<
N~
=
+ m = +| €
K= Q m
' (") H 1 )
(ebBeae| jeauojuiad ._E\oo: =} oS o o
sejfoonuels (eBeAe [eauoyuad wy/,01)
a sajfooydwAiq
o
—
o
S ]
3 3
> IS
v T £
o [o% m
*

I o o oo
(eBeAe| jeauojuad qwy/,01) N o - - o o

(eBene| |eauoysad qui/y01)

S||199 poo|q d9}1
1132 pooiq ajym sabeydoioew/sajfoouop





OPS/images/fimmu.2023.1220028/table2.jpg
Organ Systems Dysfunction® Prolonged Recovered

n (%) MODS/Died MODS
N 38 27
Respiratory 35(92.1) 26 (96.3)
Coagulation 25 (65.8) 7 (25.9)
Hepatic 10 (26.3) 1(3.7)
Cardiovascular 32 (84.2) 23 (85.2)
Renal 11 (28.9) 2(7.4)
Neurologic 3(7.9) 2(7.4)
2 systems, 12 (31.6) 23 (85.2)
3 systems 17 (44.7) 2(7.4)
24 systems 9(23.7) 2(7.4)

*Evaluation of organ dysfunction was based on the pediatric Sequential Organ Failure
Assessment (pSOFA) (11).
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E-selectin 17.6 = 4.0 176 2.1 252 %26 *CT vs SC
P-selectin 77.9 + 152 987 £17.2 2145 + 87.6
ICAM-1 486+ 153 378 £59 1385 + 29.6 **CT vs SC; **MC vs SC
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TFN-0o 32+30 55+34 8942
IEN-y 9.1+21 126 £52 146 +2.6
TNE-o. 114 + L1 116 + 1.8 186 +2.6
IL-la 13+ 06 0.8+0.3 38+15 *CT vs SC; *MC vs SC
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MIP-1B (CCL4) 70.5 + 104 59.0 £ 6.6 12424173 *CT vs SC; **MC vs SC

CT, control; MC, mild Covid; SC, severe Covid; ARDS, acute respiratory distress syndrome; ICU, intensive care unit; ECMO, extracorporeal membrane oxygenation; *p<0.05, **p<0.01.
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FDR

; Log2 fold P :
Gene Full Name/Alias 9 adjusted  References
change value 7
P value

MS4A4A Membrane Spanning 4-Domains A4A, CD20L1 599.520 3.57E-05 0.002 (20,21)
GAPDH Glyceraldehyde-3-Phosphate Dehydrogenase 3424.388 4.39E-05 0.002 (22)
CLECIB C-Type Lectin Domain Family 1 Member B, CLEC-2 34.186 1.84E-05 0.002 (23,24)
ESPL1 Extra Spindle Pole Bodies Like 1, Separin, Cysteine Protease 18.204 0.000118 0.005 (25, 26)
GNA15 G protein subunit alpha 15 21.078 0.000468 0.02 9, 27)
LGALS1 Galectin 1, Lactose-Binding Lectin 1 1180.432 0.000979 0.03 (28, 29)
DUSP4 Dual specificity phosphatase 4 24.236 0.001446 0.05 (30, 31)
TWISTNB Twist Neighbor, POLRIF, RNA polymerase I subunit F, DNA-directed RNA

polymerase I subunit RPA43 35.016 0.001688 0.05 (32)

*q value.,
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Prolonged Prolonged  Recovered Recovered

Gene Full Name/Alias MODS mean MODS SD MODS mean MODS SD
contrasts contrast contrasts contrast

9.51E- 8.77E- (33,

RPL3 Ribosomal protein L3 -2754.08 4599.48 -3776.05 3478.23 05 73 34)
Eukaryotic Translation Elongation Factor 4.14E- 4.87E- (33,

EEF1G 1 Gamma protein; EF1G; GIG35 -702.35 1376.84 -1034.14 856.87 05 62 34)

HLA- | Major histocompatibility complex, class 131E-  871E-

DMB 1I, DM beta -144.83 239.94 -269.27 183.75 04 45 (32)

1.08E- 6.02E- (35-
MRPL3 | Mitochondrial Ribosomal Protein L3 -43.74 93.65 -7341 63.82 04 35 38)

CD8a Molecule, CD8 antigen, alpha
polypeptide (p32), T-cell surface 3.52E- L.15E-
CD8A glycoprotein CD8 alpha chain -31.57 60.8 -48.45 47.67 06 25 (39)

Contrasts, the difference in measurements between two timepoints; SD, standard deviation; Alt, alternative; Ref; References.
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: Log2 fold
Gene Full Name/Alias J
change
Resistin, Cysteine-Rich Protein Precursor 1 777.914
Haptocorin, Transcobalamin 1, Vitamin B12 Binding Protein, R Binder Family 613.987

Olfactomedin 4, 2’-5™-Oligoadenylate Synthetase 2, G-CSF-Stimulated Clone 1 Protein,
GC1 923.158

Lipocalin 2, Neutrophil Gelatinase-Associated Lipocalin, 25 KDa Alpha-2-

Microglobulin-Related Subunit Of MMP-9 2048.845
Bactericidal Permeability Increasing Protein, B Cell CLL/Lymphoma 3 377.357
Matrix Metallopeptidase 8, Neutrophil Collagenase 2621.675
Lactotransferrin, Neutrophil Lactoferrin 569.083
$100 Calcium Binding Protein A12, Calgranulin-C, ENRAGE 38819.741
Glucuronidase Beta 66.579

P value

9.51E-08

4.48E-07

5.36E-06

6.29E-06

1.41E-05

3.13E-05

0.000111134

0.000426456

0.000427102

FDR
adjusted
P value*

0.00005

0.0001

0.0008

0.0008
0.001
0.002

0.005

References

(8,15, 16)

(8,15)

(15,17)
(18)

(15, 19)





