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Editorial on the Research Topic 


Community series in translational insights into mechanisms and therapy of organ dysfunction in sepsis and trauma - volume III


Translational research on trauma, sepsis, and multiple organ damage is continuously evolving, fostering advancements in the development of diagnostics and therapeutics, and improving our understanding of the complex pathophysiological mechanisms underlying these life-threatening conditions. The contributors of this Research Topic explore the different aspects of the pathophysiology of trauma and critical illness. With different approaches, these studies describe novel potential diagnostic markers, innovative therapeutic interventions, and elucidate the complex mechanisms underlying immune responses and organ damage in patients with trauma, sepsis and/or multiple organ failure.

Life-threatening organ dysfunction and failure in trauma and critically ill patients stem from a dysregulated host response to infection and inflammation. Despite advancements in understanding the key signaling pathways involved, translating this knowledge into organ-protective therapies remains challenging. Current treatments primarily rely on infection control, antibiotics, supportive care, and early goal-directed therapy.

Trauma and sepsis-induced organ dysfunction are driven by excessive systemic inflammation, secondary to tissue damage and ischemia-reperfusion injury. The endothelial glycocalyx is a critical early site involved in triggering a pro-inflammatory response. Alterations in its structure lead to the release of degradation products and damage-associated molecular patterns (DAMPs) that, along with pathogen-associated molecular patterns (PAMPs), amplify systemic inflammation and, hence, contribute to organ dysfunction including acute kidney injury, respiratory failure, and cardiomyopathy.




Three major fields of research have been covered by the authors

First, in terms of sepsis diagnosis and treatment, Dennhardt et al. investigate the clinical significance of circulating cell-free DNA (cfDNA) levels in sepsis patients as predictors of both mortality and sepsis-associated acute kidney injury, suggesting elevated cfDNA levels as a potential enhancer of risk assessment in sepsis. Similarly, Qiang et al. explore the therapeutic potential of progesterone in sepsis, presenting promising results in septic mice and patients by inhibiting procathepsin-L-mediated inflammation. Guggemos et al. investigate the impact of specific polymorphisms of the ATP-sensitive P2X7 receptor on sepsis susceptibility and prognosis, revealing their potential role as genetic markers. Wakeley et al. examine the role of Herpes virus entry mediator in neonatal sepsis response, highlighting its importance in vascular and hemodynamic resilience, while Kasper et al. study the effects of hemadsorption therapy on endothelial barrier dysfunction in sepsis in vitro, indicating its potential transient clinical improvement.

Second, with a focus on trauma, injury, and organ damage, Horner et al. explore the immune suppressive role of DAMPs in sterile traumatic injury, proposing potential therapeutic strategies to mitigate immune suppression in their review. Wolfschmitt et al. investigate the impact of hyperoxemia on the metabolism of circulating immune cells during intensive care, focusing on granulocytes in models of acute subdural hematoma and hemorrhagic shock. Groven et al. explore the association between circulating miRNA expression in extracellular vesicles (EVs) as biomarkers for specific injuries following multiple trauma and surgical invasiveness. Meng et al. investigate how aging influences liver inflammation and damage after trauma, highlighting dysregulated immune responses, while Zhou et al. examine the exacerbation of lung damage after trauma in aged mice, focusing on the role of NF-κB and inflammasomes. Neu et al. explore the cardiovascular impairment in a murine model of hemolytic-uremic syndrome induced by Shiga toxin, a model which replicates the extrarenal manifestations observed in HUS patients. Fachet et al. propose a feature-based risk assessment system for predicting hyperinflammatory patterns and infectious outcomes in polytrauma patients using predictive machine learning modeling.

The third part of this Research Topic addresses therapeutic interventions and drug repurposing. Verra et al. investigate the effects of baricitinib, a JAK1/JAK2 inhibitor, on sepsis-induced cardiac dysfunction and multiple-organ failure, suggesting its potential for trauma-associated sepsis. Hof et al. study the effects of carbachol on gastric and oral microcirculation during hemorrhagic shock in dogs, highlighting its potential therapeutic use in improving tissue oxygenation. Yamaga et al. discuss potential therapeutic strategies targeting DAMPs to alleviate radiation-induced injury, focusing on the mechanisms of DAMP release and their detrimental effects on the immune system. To advance our understanding of critical illness, Li et al. identify key genes and pathways associated with DNA damage responses, inflammation, and cellular senescence in elderly patients with acute respiratory distress syndrome, offering insights into potential diagnostic biomarkers and therapeutic targets. Murao et al. utilize single-cell RNA sequencing to investigate immune cell responses in sepsis, providing insights into distinct immune cell subsets and their roles in inflammation and tissue repair, thus enhancing our understanding of the pathophysiology of sepsis. Wang et al. conducted the LiBOD study to assess the potential of serum-derived EVs as biomarkers for decision-making in polytrauma cases, suggesting specific EVs as valuable biomarkers for assessing and monitoring the severity of polytrauma and associated organ damage.

These studies collectively contribute to a better understanding of diagnostic markers, therapeutic interventions, immune responses, and the mechanisms underlying organ injury and dysfunction in trauma, sepsis, and related conditions, offering potential avenues for improving care and outcomes of patients with critical illness.

As we review the research presented in this Research Topic, it is clear how scientific research significantly shapes the field of trauma and critical care medicine, addressing the issue of improving patient outcomes, moving towards precision medicine in intensive care.

We conclude this Research Topic with deep gratitude to the researchers, clinicians, and patients whose dedication has made this work possible. We hope the insights from these studies will be interesting and educational to our readers and help developing this area of research on a challenging condition.
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Associated with the development of hospital-acquired infections, major traumatic injury results in an immediate and persistent state of systemic immunosuppression, yet the underlying mechanisms are poorly understood. Detected in the circulation in the minutes, days and weeks following injury, damage associated molecular patterns (DAMPs) are a heterogeneous collection of proteins, lipids and DNA renowned for initiating the systemic inflammatory response syndrome. Suggesting additional immunomodulatory roles in the post-trauma immune response, data are emerging implicating DAMPs as potential mediators of post-trauma immune suppression. Discussing the results of in vitro, in vivo and ex vivo studies, the purpose of this review is to summarise the emerging immune tolerising properties of cytosolic, nuclear and mitochondrial-derived DAMPs. Direct inhibition of neutrophil antimicrobial activities, the induction of endotoxin tolerance in monocytes and macrophages, and the recruitment, activation and expansion of myeloid derived suppressor cells and regulatory T cells are examples of some of the immune suppressive properties assigned to DAMPs so far. Crucially, with studies identifying the molecular mechanisms by which DAMPs promote immune suppression, therapeutic strategies that prevent and/or reverse DAMP-induced immunosuppression have been proposed. Approaches currently under consideration include the use of synthetic polymers, or the delivery of plasma proteins, to scavenge circulating DAMPs, or to treat critically-injured patients with antagonists of DAMP receptors. However, as DAMPs share signalling pathways with pathogen associated molecular patterns, and pro-inflammatory responses are essential for tissue regeneration, these approaches need to be carefully considered in order to ensure that modulating DAMP levels and/or their interaction with immune cells does not negatively impact upon anti-microbial defence and the physiological responses of tissue repair and wound healing.
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1 Introduction

Accounting for an estimated 16% of the global burden of disease (1), and the leading cause of death in individuals aged ≤44 years (2), traumatic injuries are a significant cause of morbidity and mortality. However, due in part to advances in trauma medicine, most notably in the management of coagulopathy where haemorrhage-induced deaths have fallen by more than 12% since the 1980s (3), the likelihood of patients surviving the initial effects of a severe trauma is increasing (4). Consequently, it is the onset of secondary complications such as multiple organ failure (MOF), multiple organ dysfunction syndrome (MODS) and nosocomial infections that are emerging as major determinants of clinical outcomes. Indeed, when compared to those with non-eventful episodes, trauma patients who develop MOF, MODS or hospital-acquired infections (HAIs) experience increased lengths of intensive care unit stay, require prolonged mechanical ventilation, report poorer physical and psychological recovery, and are less likely to return to work (5–10). Of these secondary complications, HAIs are highly prevalent (5, 6, 11–14) and remain a significant clinical challenge, with one recent study estimating that the prevention of pneumonia amongst hospitalised trauma patients would reduce the incidence of end organ dysfunction, mortality and the need for mechanical ventilation by 22.1%, 7.8% and 6.8% respectively (13).

Two opposing and concurrent syndromes underpin the immune and inflammatory response to major trauma. With the intention of localising and eliminating endogenous stressors, and promoting wound repair, a systemic inflammatory response syndrome (SIRS) is triggered within minutes of injury (15). Associated with such physiological changes as tachycardia and tachypnea, the SIRS response is characterised by elevated levels of circulating pro-inflammatory cytokines and immune cell activation. To counteract this state of systemic hyperinflammation, the SIRS response is accompanied by a compensatory anti-inflammatory response syndrome (CARS) (16). Defined in part by raised circulating levels of anti-inflammatory cytokines, lymphocyte apoptosis and decreased cytokine production by endotoxin challenged monocytes, the concomitant CARS response aims to restore immunological homeostasis (17). Over the past decade, it has become increasingly evident that the kinetics of the simultaneous SIRS and CARS responses markedly influence the clinical trajectories of hospitalised trauma patients, with robust, dysregulated and prolonged SIRS/CARS responses associated with delayed physical recovery, organ dysfunction, an increased risk of nosocomial infections and mortality (16, 18, 19). Furthermore, failure to resolve trauma-induced inflammatory responses can lead to the development of persistent inflammation, immunosuppression and catabolism syndrome (PICS). Detected in >40% of patients with chronic critical illness, PICS has been suggested to have replaced MOF as the predominant phenotype of chronic critical illness (20–23). Characterised by lymphopenia, neutrophilia, a persistent acute phase response and ongoing protein catabolism, the development of PICS predisposes to recurrent HAIs, poor wound healing and a greater need for post-discharge rehabilitation in long-term care facilities (20–24).

Hypothesising that factors released into the circulation or present in wound fluids may modulate the local and systemic immune response to sterile injury, several groups have investigated the phenotypic and functional consequences of culturing immune cells isolated from healthy subjects or mice with plasma, serum or wound fluids obtained from their injured counterparts (25–28). Compared to control samples, plasma acquired from trauma patients at day 1 post-injury, wound fluids obtained either 3- or 6-hours post-surgery or from closed drains in injury sites, and serum collected from mice within 30 minutes of injury, were found to promote the expansion of both CD8+ T cells and CD11c+ Natural Killer (NK) cells, and to suppress the anti-microbial responses of neutrophils and monocytes (25–28). These are all features reminiscent of the trauma associated SIRS and CARS responses (15, 29–31). Whilst recognising that a multitude of factors are present in the circulation of trauma patients, the authors suggested a potential role for damage associated molecular patterns (DAMPs) in mediating the effects they observed (25, 26, 28). Detected in the circulation of major trauma patients in the minutes, hours and days following injury (30–33), DAMPs, also known as alarmins, are a heterogeneous collection of cytosolic, nuclear and mitochondrial-derived lipids, proteins and DNA. Passively released from damaged/necrotic tissue, and actively secreted by immune cells (34, 35), DAMPs are detected primarily by pathogen recognition receptors (PRRs), particularly members of the Toll-like receptor (TLR) family (36) (Table 1). To date, much attention has focussed on the immune stimulatory properties of DAMPs (69, 70), with studies showing that in vitro exposure to mitochondrial, nuclear and cytosolic-derived DAMPs can trigger ROS generation, degranulation, formation of extracellular traps and the production of pro-inflammatory cytokines by neutrophils, monocytes, macrophages and invariant NKT cells (33, 71–75). Similar pro-inflammatory responses have also been observed in animal studies, where administration of mitochondrial-derived DAMPs (mtDAMPs) has been shown to increase plasma cytokine concentrations and activate neutrophils, systemic responses that result in immune-mediated organ injury (33, 76). Importantly, these observations are aligned with the results of prospective studies of trauma patients, where elevated circulating concentrations of mitochondrial-derived DNA (mtDNA) and the nuclear-derived DAMP high mobility group box-1 (HMGB-1) are associated with the development of SIRS and MODS (76–80).


Table 1 | Summary of the immune suppressive properties of DAMPs.



Interestingly, in addition to their widely accepted role as instigators of the SIRS response, data are emerging that implicates DAMPs as potential mediators of the CARS response, with in vitro studies demonstrating that neutrophils and monocytes pre-treated with cytosolic and/or mitochondrial-derived DAMPs exhibit a state of functional tolerance upon secondary stimulation with such inflammatory agonists as bacterial endotoxins and chemokines (30, 35, 41, 61, 65, 81–83) (Table 1). This DAMP-induced immune suppression may also extend to the adaptive arm of the immune system, where it has been suggested that, by promoting interleukin-4 production and T helper 2 immunity, DAMPs may suppress pro-inflammatory T helper 1 responses (81, 84). Alongside DAMPs that are passively released from damaged/necrotic tissue, a novel class of de novo synthesised DAMPs with immunosuppressive properties, termed suppressing/inhibiting inducible DAMPs (SAMPs), have recently been described. Produced by activated leukocytes, SAMPs, which include prostaglandin E2 and Annexin A1, have been suggested to promote exaggerated anti-inflammatory and hyper-resolution responses that culminate in systemic immunosuppression (82). Thus, exaggerated and/or persistent DAMP driven resolution responses may predispose the hospitalised trauma patient to the development of secondary infections (82). Supporting this idea, a study of 166 adult trauma patients found plasma levels of both mtDNA and cell-free nuclear DNA (used as a generic readout for cell damage and death) were significantly higher at hospital admission in subjects who subsequently developed an infection within 28 days (31). Moreover, the authors reported that plasma concentrations of the cytosolic DAMP, heat shock protein-70 (HSP-70), and nuclear DNA (nDNA) both correlated negatively with the expression of HLA-DR on monocytes (31), a marker of immune competence whose downregulation is associated with a higher risk of nosocomial infections in critically ill patients (85–87).

Proposed as a potential explanation for the failures of randomised clinical trials that have tested the practicalities and benefits of immunomodulatory interventions for the treatment of critically-ill patients, compartmentalisation is a concept that refers to how immune responses differ between anatomical sites within the body (88). Examples of compartmentalisation include the varied phenotypic and morphological features described for neutrophils isolated from the blood and lungs of patients with acute respiratory distress syndrome (ARDS) (89), and the different mediators that drive the phagocytic dysfunction of peripheral blood and alveolar residing neutrophils in critically ill patients (90). To date, almost all studies that have investigated DAMP-induced immunosuppression in an ex vivo setting have examined the functional and phenotypic features of circulating leukocytes. Thus, whilst one may assume that DAMPs, whose concentrations at sites of tissue damage exceed those measured in the circulation (91), would also suppress localised immune responses, there is a current paucity of information on whether DAMPs can modulate the behaviours of tissue resident immune cells. That said, with results from a small number of studies demonstrating a role for DAMPs in the impaired ex vivo responses of macrophages and T cells (47, 48, 92), and in promoting the expansion of tissue resident myeloid-derived suppressor cells (MDSCs) (93), it does appear that the release of DAMPs from damaged tissue may contribute to the immune dysfunction that develops in different tissue spaces following major trauma.

Bringing together data generated from in vitro, in vivo and ex vivo studies, the purpose of this review is to summarise our current understanding of DAMP-induced immunosuppression in the setting of sterile injury. The immune suppressive properties of cytosolic, nuclear and mitochondrial-derived DAMPs will be discussed, and where identified, their underlying mechanisms described. Furthermore, with the aim of reducing the susceptibility of critically-ill patients to HAIs, we will highlight the therapeutic strategies that are under consideration as potential approaches for preventing or reversing DAMP-induced immunosuppression.




2 Immunosuppressive properties of DAMPs



2.1 Cytosolic-derived DAMPs



2.1.1 Heme

Heme is an iron containing porphyrin synthesised in the cytosol and mitochondria of erythrocytes. Acting as the prosthetic group for such hemoproteins as haemoglobin, myoglobin and cytochrome P450, heme plays an essential role in a range of biological processes, which include oxygen transport and storage, electron transfer and cellular metabolism (94). However, when released from hemoproteins, unbound heme promotes oxidative stress, inflammation and tissue injury via its ability to catalyse the formation of highly reactive oxygen free radicals, amplify TLR-mediated immune responses and activate the complement cascade (94–98). Thus, in the setting of critical illness, links have been suggested between elevated concentrations of cell-free heme, the SIRS response and organ injury (99). To counteract its cytotoxicity, circulating levels of cell-free heme are regulated primarily by the endogenous heme-binding plasma protein hemopexin (100), with this scavenging system supported by albumin, α-2-macroglobulin and haptoglobin, three heme/haemoglobin binding plasma proteins that assist in the neutralisation, recycling and removal of free heme and iron (94, 95, 99).

Compared to healthy controls, significantly higher concentrations of free heme have been detected in plasma samples obtained from trauma patients at day 1 post-injury (27). Interestingly, insights from a murine model of non-lethal blunt liver trauma suggest a rapid emergence and clearance of circulating heme post-injury, with serial measurements across a 24-hour window (0.5, 1, 4 and 24 hours) detecting a significant trauma-induced increase in plasma heme concentrations only in samples obtained within 30 minutes of injury (27). This apparent discordance in the kinetics of heme release, and its persistence, between humans and mice could potentially reflect species differences in the scavenging of free heme. For instance, in murine models of trauma and burn wound infections, significant increases in plasma levels of hemopexin and haptoglobin have been reported (27, 101, 102), whereas in cohorts of trauma and burns patients, plasma concentrations of hemopexin, haptoglobin and α-2-macroglobulin were found to be comparable to or lower than the levels detected in healthy controls (27, 101–103). In line with these observations, a study of fifty stably resuscitated trauma haemorrhage patients found that within 2-3 hours of resuscitation, plasma hemopexin levels were significantly lower than those of free heme, resulting in a hemopexin:free heme ratio of <1 (37). In addition to the act of trauma itself, medical interventions may influence circulating heme levels, with studies reporting long-term storage of leukoreduced red blood cells resulted in heme release (37, 104, 105). Consequently, when compared to fresh red blood cells, resuscitation with stored red blood cells results in significantly elevated circulating concentrations of free heme (37).

Results of in vitro and in vivo studies have provided direct evidence of the immune suppressive properties of heme (27, 37). In a murine model of Staphylococcus aureus (S.aureus) challenge, Lee et al. recovered significantly higher bacterial loads from the bronchoalveolar lavage fluid samples of mice that had been administered heme prior to infection (27), whilst impaired bacterial clearance was reported in hemopexin knockout mice challenged with S.aureus following a liver crush injury (27). Moreover, scavenging free heme via systemic administration of hemopexin in mice, either following blunt liver trauma, or prior to resuscitation with stored red blood cells, was shown to improve the clearance rates of S.aureus and Pseudomonas aeruginosa (27, 37). At the cellular level, data points towards suppression of the innate immune response as being the mechanism by which heme treatment delays the elimination of invading pathogens, with analysis of circulating neutrophils isolated from heme treated mice revealing significantly reduced surface expression of TLR2 and TLR4 (27). Moreover, culturing neutrophils from naïve mice in the presence of serum collected from mice within 30 minutes of a liver crush injury, when circulating heme levels peak, reduced ROS production in response to S.aureus challenge (27). As well as neutrophils, heme treatment has been reported to inhibit the phagocytic activity of macrophages by 90% (37). Interestingly, this inhibitory effect appears to be mediated by a heme-induced release of HMGB-1 by activated macrophages since treating macrophages with an anti-HMGB-1 blocking antibody prior to heme exposure restored their phagocytic activity to a level comparable to that of untreated controls (37).

Due to its well-established cytotoxic, pro-inflammatory and immune amplifying properties, cell-free heme has previously been discussed as a potential therapeutic target for alleviating systemic inflammation and organ injury in critically-ill patients. Heme scavenging via hemopexin therapy and the prevention of heme-induced activation of TLR4 are two examples of strategies considered to date (101, 105). Now, with data implicating heme as a potential mediator of trauma-induced immunosuppression, the idea that modulating the circulating levels of cell-free heme could reduce patient susceptibility to HAIs has been raised (27). However, our understanding of cell-free heme in the setting of traumatic injury, and its relationship with infections, must improve to test the feasibility of such a strategy. As mentioned above, animal-based studies suggest that heme levels peak within 30 minutes of injury, with levels returning to those found in uninjured controls within 4 hours (27). Currently, our knowledge of trauma-induced heme release in humans is limited to a single study whose sample acquisition began post-hospital admission, suggesting that the levels of heme reported to date may not reflect peak concentrations (27). Moreover, no study to our knowledge has examined whether a relationship exists between circulating levels of heme, hemopexin and/or haptoglobin, and the development of infections in hospitalised trauma patients. Finally, given the differences that appear to exist between rodents and humans in how trauma impacts the levels of cell-free heme and/or its scavenger proteins (27, 101–103), using murine models to test potential therapeutic strategies for counteracting heme-induced immunosuppression in human patients may be inappropriate.




2.1.2 Heat shock proteins

A heterogeneous family of proteins, HSPs are molecular chaperones implicated in protein folding, stabilisation and transport (106). Constitutively expressed, and induced by such stressors as heat shock and UV radiation, HSPs are released into the extracellular environment passively, from necrotic tissue, or actively via the non-classic protein release pathway, where they are secreted as free proteins or packaged within extracellular vesicles (107, 108). Linked to the pathology of several chronic inflammatory conditions, HSPs are highly immunogenic, with studies demonstrating their capacity to stimulate cytokine production by monocytes and macrophages (107, 109), promote the maturation of dendritic cells (107) and activate the complement system (110).

Positively associated with injury severity scores (ISS), and indices of illness severity (e.g. sequential organ failure assessment score and simplified acute physiology score 3), significantly higher concentrations of HSP60, HSP70, HSP72 and/or HSP90 alpha have been measured in the circulation of polytrauma and traumatically brain-injured (TBI) patients when compared to healthy controls (31, 111–114). Correlating positively with systemic concentrations of interleukin (IL)-6 and IL-8, elevated levels of HSPs have been detected within minutes of injury and persist for up to ten days (31, 112). Intracellular expression of HSPs are also increased post-trauma, with an injury-induced induction of HSP27, HSP32, HSP60, HSP70 and HSP90 reported in neutrophils and/or monocytes isolated from major burns and trauma patients (115–117). In accordance with their pro-inflammatory nature, prospective studies have measured significantly higher concentrations of HSP60 at hospital admission (118) and HSP70 at 24- and 48-hours post-injury (111) in trauma patients that subsequently develop acute lung injury or MODS respectively. Interestingly, and suggesting a dual inflammatory role for HSPs, Ren et al. detected significantly higher serum concentrations of HSP70 in infected trauma patients 60-90 hours post-injury when compared to their non-infected counterparts (113), whilst a study of 166 adult trauma patients reported plasma HSP70 levels at hospital admission were negatively associated with leukocyte HLA-DR expression (31). Thus, a role for HSPs in mediating the post-injury CARS response has been proposed (28, 119), a theory supported by a body of literature that demonstrates the immune suppressive properties of HSPs.

Using TLR-induced pro-inflammatory cytokine production as a readout of anti-microbial capacity, HSPs have been shown to induce functional tolerance in innate phagocytic cells. Compared to untreated controls, primary human monocytes, or differentiated THP-1 cells, treated with HSP70 exhibit impaired tumour necrosis factor alpha (TNF) production in response to stimulation with lipopolysaccharide (LPS), S.aureus peptidoglycan or Salmonella typhimurium flagellin (28, 38, 83, 120). Mechanistically, the HSP70-induced impairment in TNF production triggered by LPS stimulation has been attributed to reduced gene transcription, with studies demonstrating HSP70 treatment inhibits activation of the nuclear factor-κβ (NF-κβ) signalling pathway and promotes enrichment of the transcriptional repressors heat shock transcription factor 1 and constitutive HSE-binding factor at the TNF promoter (38, 83). These tolerance-inducing properties of HSP70 contradict data showing that this protein can stimulate monocytes/macrophages to secrete TNF (107, 109). Addressing these contrasting observations, studies have suggested that endotoxin contamination within HSP70 preparations may explain the cytokine-inducing capacity assigned to this DAMP (38, 121). In addition to innate responses, HSPs exert suppressive effects on the adaptive arm of the immune system. Culminating in reduced T cell responses (122), HSP70 treatments have been shown to (1): enhance the immunosuppressive activity of regulatory T cells (39) (2); induce a tolerogenic phenotype in monocyte-derived dendritic cells (DC) (122) (3); impair DC maturation (40) (4); suppress the formation of T helper 1 cells (123). Thus, given the abundance of data demonstrating immune suppressive properties for HSPs, and the suggestion that LPS contamination of preparations may explain their reported pro-inflammatory nature, the idea that HSPs are “DAMPERs” rather than DAMPs appears more likely (124).




2.1.3 S100 proteins

Located within the cytoplasm of leukocytes, microglia and astrocytes, S100 proteins are a family of calcium binding proteins involved in the regulation of cellular proliferation, metabolism and division (125, 126). Detected by the PRRs TLR2 and TLR4, and the receptor for advanced glycation endproducts (RAGE), elevated levels of S100A8, S100A9 and S100B have been detected in the circulation of TBI, polytrauma and burns patients at hospital admission and persist for up to 7 days (41, 127–129). Positively correlated with ISS, percentage total body surface area (TBSA) burn and Glasgow coma scale score (41, 129–131), prospective studies have reported significantly higher levels of S100 proteins as early as day one of injury in patients who subsequently experience poor clinical outcomes such as mortality or long-term disability (41, 127, 130–134). By augmenting the SIRS responses, the anti-apoptotic (135) and pro-inflammatory properties of S100 proteins, which include the activation of neutrophils (136), the amplification of TNF production by monocytes (137) and the promotion of leukocyte transepithelial migration (138), offer potential explanations for how injury-induced elevations in S100 proteins may contribute to poor clinical trajectories.

Studies that have investigated the immune modulatory functions of S100 proteins have shown S100A8, S100A9 and calprotectin, an S100A8/A9 heterodimer, possess immune tolerising properties. In an elegant series of experiments, Austermann et al, who measured acutely and persistently elevated serum concentrations of calprotectin in polytrauma and burns patients, uncovered the molecular mechanisms by which S100A8/A9 inhibits monocyte function (41). Resulting in impaired LPS-induced TNF production, the authors demonstrated that prior exposure of monocytes to calprotectin led to heterochromatin formation at the TNF promoter (41). Underlying this epigenetic modification was a calprotectin-induced recruitment to the TNF promoter of G9a, a methyltransferase that suppresses gene transcription via demethylation of histone H3 on lysine K9 (41). In line with this finding, other studies have shown that pre-treating macrophages or monocytes with S100A8 alone can attenuate pro-inflammatory cytokine production to bacterial challenge, with this induction of tolerance a consequence of reduced activation of the P38 mitogen activated protein kinase (MAPK) signalling pathway following ligation of TLR2/TLR4 (42). In addition to inhibiting monocyte function, S100A8, S100A9 and/or calprotectin have been reported to (1): suppress T cell priming by reducing antigen presentation by DCs (43) (2); inhibit neutrophil chemotaxis (44, 139) (3); suppress LPS and phorbol 12 myristate 13 acetate (PMA)-induced ROS production by neutrophils, with this inhibition attributed to an S100A8 and S100A9 mediated production of adenosine metabolites (140). As well as direct effects on immune cells, raised concentrations of S100 proteins at sites of tissue damage may create a localised immune suppressive environment as both S100A8 homodimers and calprotectin have been shown to act as chemoattractants for MDSCs (45, 46). Through binding to carboxylated N-glycans on such cell surface receptors as RAGE, calprotectin triggers NF-κβ signalling in MDSCs, with MDSC activation resulting in the synthesis and secretion of S100A8/A9 heterodimers (45). Thus, a post-injury vicious cycle of immunosuppression could be established, in which S100 proteins from damaged tissue not only directly suppress the function of infiltrating leukocytes, but recruit MDSCs, whose subsequent activation and production of calprotectin exacerbates existing immune dysfunction and promotes additional immunosuppression.

Interestingly, in the only study to our knowledge to have investigated the relationship between circulating calprotectin and infectious episodes in hospitalised trauma patients, Joly and colleagues found that when compared to their non-infected counterparts, patients who developed a HAI exhibited a smaller increase in plasma calprotectin concentrations during the first five days of hospitalisation (141). If calprotectin exerts suppressive effects on innate and adaptive immune cells, how can a smaller increase in its circulating levels make patients prone to infection? Since calprotectin is secreted by activated neutrophils and monocytes (142, 143), the authors speculated that their findings may reflect a sign of systemic immune exhaustion and thus decreased anti-microbial activity, thereby increasing patient susceptibility to HAIs (141).





2.2 Nuclear-derived DAMPs



2.2.1 Cold-inducible RNA binding protein

A regulator of mRNA translation and cell proliferation, CIRP is an RNA chaperone protein, which in the steady state resides in the nucleus (144, 145). In times of stress, triggered by mild hypothermia, hypoxia or oxidation, CIRP is transported into the cytosol, where it is actively secreted, either via the lysosomal pathway or through gasdermin D membrane channels (145–148), or released passively into the extracellular space as a consequence of necroptosis (149).

Signalling through TLR4, triggering receptor expressed on myeloid cells-1 (TREM-1) and NF-κβ (147, 150–153), extracellular CIRP (eCIRP) has been shown to: (1) induce TNF production, ROS generation and extracellular trap formation by macrophages and monocytes (147, 151, 153–155); (2) promote ICAM-1 expression and extracellular trap generation by neutrophils (152, 156, 157); (3) stimulate differentiation of CD4+ T cells to Th1 cells (150); (4) enhance the cytotoxic profile of CD8+ T cells (150). Unsurprisingly therefore, in in vivo models of sepsis or haemorrhage, eCIRP amplifies systemic inflammatory responses that culminate in organ dysfunction, injury and increased mortality (147, 148, 150, 151, 153, 158). Interestingly, eCIRP may also exacerbate inflammation by delaying the resolution of inflammatory responses. In a series of in vitro co-culture experiments, Chen et al. demonstrated that eCIRP-induced NETs significantly inhibited macrophage efferocytosis, with this suppression a consequence of NET associated neutrophil elastase cleaving the integrins αvβ3 and αvβ5 from the macrophage surface (157).

eCIRP has been detected in the circulation of critically-ill ICU patients and in the serum of rats subjected to haemorrhagic shock and cecal ligation and puncture (47, 147). As reported for other DAMPs, innate immune cells pre-exposed to CIRP exhibit impaired functional responses upon secondary stimulation. Compared to vehicle controls, pre-treatment of peritoneal macrophages isolated from healthy mice with CIRP for 24 hours resulted in significantly reduced IL-6 and TNF production upon subsequent LPS challenge (47). This induction of tolerance was confirmed ex vivo, with macrophages obtained from mice injected with CIRP exhibiting impaired IL-6 production when stimulated with LPS in vitro (47). Mechanistically, this state of endotoxin tolerance was attributed to an eCIRP-mediated activation of STAT3, which was downstream of eCIRP binding to the IL-6 receptor (IL-6R) (47). Indeed, pharmacological inhibition of STAT3 signalling or the use of anti-IL-6R antibodies reversed eCIRP-induced macrophage endotoxin tolerance (47). Pointing towards a role in modulating macrophage polarisation, eCIRP treatment of RAW264.7 cells increased their expression of arginase-1 and CD206 (47). The up-regulation of these markers suggests eCIRP promotes polarisation of macrophages towards an M2 anti-inflammatory phenotype (47). Interestingly, besides inflammatory cytokines, eCIRP treatment of RAW264.7 cells results in secretion of HMGB-1 (147), a DAMP that also possesses endotoxin tolerising properties (51). Thus, a feedback loop of DAMP-induced immunosuppression, initiated by eCIRP and reinforced by HMGB-1, could be established at sites of tissue injury that would result in localised immunosuppression and impaired bacterial clearance.

Given its pro-inflammatory properties and associations with organ dysfunction in models of systemic inflammation, eCIRP has been discussed as a potential therapeutic target for the treatment of sepsis (148, 159). Lending support to this idea, in vitro and in vivo studies have shown antagonists of CIRP signalling that include C23, which binds to the TLR4-MD2 receptor complex, and M3, which blocks the interaction of eCIRP with TREM-1, can suppress macrophage activation, reduce circulating concentrations of pro-inflammatory cytokines, attenuate organ injury and improve survival rates (151, 153, 158). With a link now emerging between eCIRP, the IL6R and immunosuppression, a call for studies to investigate whether targeting this pathway could negate eCIRP-induced immune tolerance in critically-ill patients has been made, with the suggestion that research should begin by testing small peptide antagonists that target the interaction between eCIRP and IL6R in preclinical models of immune tolerance and secondary infections (47).




2.2.2 Interleukin -33

Constitutively expressed by epithelial, endothelial and stromal cells, and induced in macrophages and DCs in times of inflammation and infection, IL-33 is a member of the IL-1 cytokine superfamily (160, 161). Residing in the nucleus, IL-33 is a dual function protein, acting as a transcriptional repressor and cytokine (160). When released into the extracellular environment, either as a result of cellular damage or active secretion, IL-33 binds to its receptor suppression of tumorigenicity (ST2) (160, 161). Expressed by such cells as mast cells, eosinophils, Th2 cells, group 2 innate lymphoid cells (ILC2) and NK cells, activation of ST2 signalling pathways results in cytokine production, degranulation and T cell polarisation (162, 163).

In a prospective study of 472 blunt trauma patients admitted to ICU, Xu and colleagues detected an early (upon hospital admission) and persistent (up to day 7) post-injury elevation in circulating IL-33 levels (49), a finding that was confirmed in a subsequent independent study of 14 polytrauma patients, in whom plasma IL-33 concentrations were significantly higher 6 to 72 hours post-injury when compared to a mixed control population of monotrauma patients and healthy controls (164). Interestingly, in burns patients, a significant injury-induced decrease in serum IL-33 levels has been reported, with this reduction evident on the day of hospital admission and persisting for up to 28 days (165). Whilst it is debatable whether circulating IL-33 levels are influenced by injury severity (49, 164, 166), differences have been observed in IL-33 concentrations between patients with varied clinical outcomes. For example, in the abovementioned study of 14 polytrauma patients, plasma IL-33 levels at hospital admission were reported to be positively associated with SIRS and Denver MOF scores at day 3 post-injury (164), whereas non-survivors of blunt trauma presented with significantly lower IL-33 concentrations 24-72 hours post-injury when compared to survivors (166). Acting as a decoy receptor and endogenous inhibitor of IL-33, elevated levels of soluble ST2 (sST2) have been detected in the circulation of trauma and burns patients in the days and weeks following injury (49, 165–167), with one prospective study measuring the highest concentrations of sST2 12-24 hours after the peak in IL-33 levels, a delay that was suggested would allow IL-33 to modulate systemic inflammatory responses (49). In respect to clinical outcomes, significantly higher concentrations of sST2 have been detected at several post-injury time points (hospital admission to day 5) in patients who develop pulmonary complications or succumb to their injuries (165, 166)

Suggesting a potential link between raised IL-33 levels and post-trauma immunosuppression, significantly higher concentrations of this DAMP have been measured in plasma samples acquired during the early (4-24 hours) and acute (day 4) post-injury phase from patients that develop HAIs when compared to those who do not (49). Mechanistically, this relationship could potentially be explained by IL-33 activating ILC2 cells and neutrophils to produce the type 2 cytokines IL-4, IL-5 and IL-13, whose plasma levels are significantly elevated in injured patients that experience HAIs (49, 168). Supporting this idea, positive associations have been reported between circulating concentrations of IL-33, IL-4, IL-5 and IL-13 in severely injured individuals (49), whilst in rodent models of trauma haemorrhage, IL-33 signalling is critical for both the post-injury expansion of ILC2 cells and the production of IL-5 by neutrophils (49). Recently, in the context of viral infections, IL-33-mediated production of IL-13 by ILC2 cells was shown to induce arginase-1 expression in neutrophils, the significance of which was demonstrated in neutrophil:T cell co-culture systems, where arginase-1 positive neutrophils significantly inhibited T cell proliferation (50). Relating these observations to traumatic injury, increased arginase-1 expression and activity has been reported in CD16+ granulocytes isolated from blunt/penetrative trauma patients for up to two weeks post-injury (169).

By inducing the expansion of IL-10 secreting M2 macrophages, and promoting the accumulation of regulatory T cells (Tregs), IL-33 has been proposed as a potential mediator of long-term immunosuppression in murine models of sepsis (48). Providing clinical relevance, significantly higher concentrations of IL-33 and IL-10, as well as increased frequencies of Tregs, have been detected in the circulation of sepsis survivors sampled 5-10 months post-diagnosis when compared to age and sex-matched controls (48). Thus, could a similar mechanism underlie the development of PICS in critically-injured subjects? With the potential to identify therapeutic targets for the treatment of this debilitating condition, future studies that prospectively measure the circulating levels of IL-33, its associated cytokines (e.g. IL-4, IL-5, IL-10 and IL-13) and the frequencies of Tregs in the months following major trauma are warranted. It is of interest that significantly elevated serum concentrations of IL-4, IL-5 and IL-13 have been reported in burns patients for up to three years post-injury (170).




2.2.3 HMGB-1

HMGB-1 is a nuclear residing DNA-binding chaperone protein that regulates gene transcription. Entering the circulation as a consequence of necrosis, pyroptosis or active secretion through a secretory vesicular pathway (171–173), HMGB-1 concentrations are significantly elevated in the minutes, hours and days following major trauma (32, 174, 175). Positively associated with injury severity, base deficit and pro-inflammatory mediators (e.g. MPO, IL-6, IL-8), elevated levels of HMGB-1 have been linked to such poor clinical outcomes as MODS, organ injury and mortality (32, 174, 175). Recognised by several PRRs, which include TLR2, TLR4, TREM-1 and RAGE, HMGB-1 can both activate and inhibit immune cell function, with these opposing traits dependent upon its redox state. The immune suppressive actions of HMGB-1 arise from the terminal oxidation of three cysteine residues located within its DNA binding domains and acidic tail (159)

Like many other DAMPs, exposure to HMGB-1 blunts the pro-inflammatory responses of monocytes. Attributed to impaired activation of NFκB, resulting from reduced phosphorylation and degradation of IκBα, HMGB-1 preconditioning decreases TNF production by differentiated THP-1 cells and bone marrow-derived macrophages challenged with the TLR agonists LPS and lipoteachoic acid (51, 52). For the induction of endotoxin tolerance, HMGB-1 signalling through the RAGE receptor appears to be critical since pre-treatment with HMGB-1 failed to impair TNF production by LPS stimulated macrophages isolated from RAGE-/- mice (51, 52). Contributing to further innate immune dysfunction, HMGB-1 reduces macrophage phagocytic activity (53), promotes the release of immature monocytes from the bone marrow (176) and inhibits neutrophil anti-microbial responses (54). Compared to vehicle controls, neutrophils treated with HMGB-1 exhibit decreased ROS production upon stimulation with PMA, an impairment that is associated with reduced phosphorylation of the NADPH oxidase subunit p40phox (54). In terms of clinical applicability, culturing neutrophils isolated from healthy controls with plasma from critically ill septic shock patients has been shown to significantly decrease their ROS production (54). Suggesting a role for HMGB-1 in mediating this effect, the addition of a neutralising anti HMGB-1 antibody to patient plasma restored neutrophil anti-microbial function (54). Whether similar mechanisms contribute to post-injury immunosuppression is unclear, but in a cohort of 88 blunt trauma patients plasma HMGB-1 levels were significantly higher within 4 hours of injury in those who later developed a HAI (168).

In a study that aimed to investigate the effect of HMGB-1 on T cell-mediated immunity following thermal injury, Huang et al. reported a profound effect of this DAMP on both CD4+ T cells and Tregs in rats (92). Compared to those isolated from sham controls, the authors found that post-burn, T cells from rodents subjected to a 30% TBSA burn exhibited reduced proliferative activity and skewed polarisation towards a Th2 phenotype, whilst Tregs produced greater amounts of IL-10 and expressed higher levels of RAGE (92). Implying a role for HMGB-1 in these responses, administration of an anti-RAGE antibody 6- and 24-hours post-burn injury reversed the burn-induced changes in both T cell function and phenotype (92). Supporting and expanding upon these results, a subsequent in vitro study found, in a TLR4 or RAGE dependent manner, that HMGB-1 treatment inhibited IFN-γ production by human CD4+ T cells and promoted the survival, migration and suppressive activity of Tregs (55).

Alongside direct modulation of immune cells, HMGB-1 may promote systemic immunosuppression post-injury by promoting the expansion of MDSCs. MDSCs suppress innate and adaptive immune responses via a number of mechanisms, which include the production of IL-10 and prostaglandin E2, the sequestration of cysteine, the breakdown of arginine and the generation of ROS (177, 178). Across several studies, HMGB-1 has been shown to promote the differentiation, survival, migration and activation of MDSCs (56). In the context of traumatic injury, elevated frequencies of MDSCs have been detected in the bone marrow, blood and spleen of mice subjected to peripheral tissue trauma, with this elevation prevented by post-injury administration of a blocking anti-HMGB-1 antibody (93). An expansion in spleen resident MDSCs has also been reported in a murine model of neurological trauma, which was accompanied by a significant increase in arginase-1 (ARG-1) expression in CD11b+ monocytes (176). A reduction in MDSC frequency in RAGE-/- mice, and the absence of the trauma-induced increase in ARG-1 expression in monocytes isolated from mice pre-treated with an anti-HMGB-1 antibody, demonstrates a role for this DAMP in mediating systemic immunosuppression (176).

Human monocytes treated with HMGB-1 secrete the peptide hormone resistin (179). Shown in vitro to inhibit both neutrophil chemotaxis and ROS generation (180–182), and to suppress TNF production by E.coli or LPS challenged monocytes (183, 184), elevated resistin concentrations have been measured in the circulation of TBI and thermally-injured patients (185–188). Furthermore, and with the potential to create a perpetual cycle of immunosuppression, monocytes treated with physiological concentrations of resistin secrete HMGB-1 and upregulate their expression of TLR4 (189). Thus, systemically, and at sites of tissue damage, HMGB-1 and resistin may combine to create an immune suppressive environment that predisposes the hospitalised trauma patient to secondary infections (Figure 1). Crucially, this cycle may be amenable to therapeutic intervention, with studies showing that in vitro hemoadsorption and nucleic acid scavenging microfiber meshes can deplete resistin from serum samples of critically-ill patients (190) and HMGB-1 from supernatants of necrotic cells (191). In the case of resistin, the correction of hyperresistinemia restored neutrophil migration and bacterial killing capacity in serum co-culture assays (190).




Figure 1 | Theoretical model of a HMGB-1 and resistin-induced vicious cycle of immunosuppression in the setting of sterile injury. Passively released from damaged/necrotic tissue, the nuclear-derived damage associated molecular pattern high mobility group box-1 (HMGB-1) modulates the functions of innate and adaptive immune cells. Via binding to the pathogen recognition receptors toll like receptor-4 (TLR-4), and receptor for advanced glycation end products (RAGE), HMGB-1 directly inhibits neutrophil anti-microbial functions and enhances the suppressive activities of regulatory T cells and myeloid derived suppressor cells (MDSCs). Monocytes activated by HMGB-1 secrete resistin, an inducer of endotoxin tolerance, and a negative regulator of neutrophil chemotaxis and reactive oxygen species (ROS) production. In a self-perpetuating feedback loop, resistin, through TLR-4 signalling, promotes the secretion of HMGB-1 by monocytes, culminating in a localised immune suppressive environment at the site of tissue injury. IL-10, Interleukin-10; LPS, Lipopolysaccharide. Figure was generated at Biorender.com.







2.3 MtDAMPs



2.3.1 ATP

ATP is released non-specifically from necrotic cells, or actively by phagocytes, endothelial cells and apoptotic cells in response to inflammatory challenge, hypoxia or oxidative stress, with its secretion mediated by vesicular exocytosis or through pore-forming channels such as connexins and pannexins (192). Murine models of sepsis have reported elevated plasma concentrations of ATP within two hours of cecal ligation and puncture (193), whilst resuscitation protocols may exacerbate direct trauma-induced increases in circulating ATP levels since in vitro exposure to hypertonic saline induces ATP secretion from neutrophils and T cells (194, 195).

Although not reported by all studies (196, 197), the current literature points towards ATP as a DAMP with potent pro-inflammatory properties and an initiator of the SIRS response. For example, signalling through the P2 family of purinergic receptors, ATP (1): promotes inflammasome-mediated secretion of IL-1β by LPS primed macrophages (198) (2); triggers TNF, IL-6 and IL-1α production by macrophages (199); (3) induces T cell activation and IL-2 production (200); (4) augments fMLP-induced superoxide production by neutrophils (194); (5) stimulates neutrophil degranulation, aggregation and adherence to endothelium (201). Moreover, in a murine model of LPS-induced shock, systemic administration of the ATP hydrolase apyrase reduced the cytokine storm, immune cell infiltration into peripheral organs and apoptotic cell death that was observed in vehicle-treated littermates (202). Removal of ATP has therefore been proposed as a potential strategy for dampening the SIRS response and its associated toxicity in the setting of sterile inflammation (202).

In the extracellular environment, ATP levels are regulated by the ectonucleotidases CD39 and CD73. Expressed by various cell types that include endothelial cells, monocytes, lymphocytes, neutrophils and Tregs, CD39 converts ATP and ADP into AMP, which is subsequently degraded into adenosine by CD73 (203, 204). A potent anti-inflammatory molecule, adenosine inhibits neutrophil phagocytosis, ROS production, degranulation and cytokine production (57), suppresses T cell migration, adhesion and IFN-γ production (58), downregulates antigen presentation and T cell priming by DCs (59), reduces TLR-induced pro-inflammatory cytokine production by macrophages (205) and decreases NK cell cytotoxicity (58). Mechanistically, this suppression is mediated through the A2 receptor family, and in particular the A2A subclass, whose signalling pathways result in the production of cyclic AMP and activation of protein kinase A (57, 59). Interestingly, a recent study reported a trend towards an increased frequency of CD8+ CD39+ T cells in the circulation of trauma patients at days 0/1 post-injury when compared to control patients undergoing elective surgery (206). Immune phenotyping revealed these T cells exhibited signs of immune exhaustion, with increased expression of the markers PD-1 and TIM-3 (206). These changes were accompanied by a trend towards reduced granzyme B content, suggesting potentially reduced cytotoxic capacity (206). Prominent in trauma patients with SIRS, it was speculated that an abundance of immunologically exhausted CD8+ CD39+ PD-1+ Tim-3+ T cells may contribute to the state of systemic immune dysfunction that increases the susceptibility of trauma patients to infection (206).

Data are emerging that implies potential interplay between ATP, mtDNA, HSPs and heme metabolism in mediating post-trauma immunosuppression. Suggesting that recognition of mtDNA may enhance T cell mediated conversion of ATP/ADP to its immune suppressive metabolite adenosine, a small cohort study of 11 trauma patients reported a positive association between plasma mtDNA levels and the frequency of CD8+CD39+ T cells heckler (206). In a series of in vitro experiments, Haschemi et al. demonstrated a positive feedback loop between adenosine and HSP32 in suppressing LPS-induced TNF production by macrophages (60). Through activation of the A2A receptor, the authors found adenosine induced expression of heme oxygenase (HSP32) in macrophages (60). Degradation of heme by HSP32 resulted in the production of carbon monoxide, which increased the sensitivity of macrophages to the anti-inflammatory effects of adenosine by increasing surface expression of the A2A receptor (60). Relating these findings to trauma, monocytes isolated from injured patients with severe SIRS have been shown to exhibit increased expression of HSP32 and impaired TNF production following bacterial stimulation (115).




2.3.2 MtDNA

In a seminal study published in 2010, Zhang and colleagues provided mechanistic insights into how sterile traumatic injury results in systemic inflammation and organ dysfunction (33). Passively released from necrotic/damaged tissues, and actively secreted by immune cells (35, 207, 208), they showed that mtDNA, whose levels are acutely and persistently elevated post-trauma (31, 33, 76, 77, 209) is a potent activator of neutrophils, with exposure to this DAMP triggering IL-8 production and activation of MAPKs (33). Subsequent studies have confirmed these observations and demonstrated that mtDNA also induces NET formation and neutrophil degranulation in a TLR9 dependent manner (72, 210, 211). Linking the immunostimulatory properties of mtDNA to systemic inflammation and organ dysfunction, injection of mtDNA into rodents results in hepatic inflammation (210), whilst in models of traumatic injury and shock, plasma mtDNA levels positively associate with lung MPO levels and circulating urea and IL-6 concentrations (76). Providing clinical relevance to these findings, prospective studies of critically-injured subjects have shown plasma mtDNA levels in the early and acute post-injury phase is an independent predictor of SIRS (77, 212). Further, mtDNA load was significantly higher in non-survivors versus survivors as well as patients who develop such secondary complications as ARDS and MODS (76, 78, 213). Interestingly, circulating cell-free mtDNA (cfmtDNA) exists in two forms, a low molecular weight form and a larger form, with the latter comprising 95% of cfmtDNA (214, 215). Comparing these two fractions in plasma samples from 25 major trauma patients, Briggs et al. demonstrated that it was the levels of low molecular weight cfmtDNA that were positively associated with poor clinical outcomes such as ICU length of stay, ventilator use and duration of MOF (216). When interpreting their findings, the authors suggested that the larger forms of cfmtDNA are membrane encapsulated and therefore unable to bind to TLR9 and trigger immune responses (216).

Alongside its pro-inflammatory properties, data are emerging that demonstrates mtDNA is a potent immune suppressor. Treatment of human monocytes with mtDNA inhibits, in a TLR9 dependent manner, their production of IL-1β, IL-6 and TNF upon subsequent stimulation with LPS (61, 62). This mtDNA-induced reduction in cytokine production was attributed to impaired activation of NF-κB signalling and the induction of IRAK-M, a negative regulator of TLR signalling (61). In the setting of sterile neurological trauma, circulating levels of mtDNA are significantly elevated in patients who develop HAIs, with ex vivo studies showing that pre-treatment of monocytes isolated from HCs with sera from these patients reduced LPS-induced TNF production, an impairment that was reversed when monocytes were treated with the TLR9 antagonist ODN prior to serum incubation (62). In addition to monocytes, mtDNA induces functional tolerance in neutrophils, with prior exposure to this DAMP inhibiting neutrophil chemotaxis, phagocytosis and bacterial killing (35, 63). A critical step in each of these defence mechanisms is reorganisation of actin filaments, a process that involves activation of such cytoskeletal proteins as the F-actin binding protein cortactin (CTTN). Through activation of G protein coupled receptor kinase 2 (GRK2), mtDNA treatment suppresses CTTN activation by promoting its deacetylation by histone deacetylases (HDACs) (63). Coinciding with elevated plasma mtDNA levels, activated GRK2 and reduced CTTN acetylation have been detected in neutrophils isolated from trauma patients (63). Demonstrating the potential relevance of these observations to clinical outcomes, GRK2 activity and CTTN acetylation, at days 1-6 post-injury, were increased and decreased respectively in neutrophils of trauma patients who later developed HAIs (63).

With potential implications for the efficiency of adaptive immune responses, mtDNA negatively impacts upon DC function. Actively engulfed from the extracellular environment, elevated cytoplasmic mtDNA levels have been measured in DCs isolated from septic mice and in bone marrow-derived DCs challenged with LPS and mtDNA in vitro (64). Through activation of the cGAS-stimulator of interferon genes (STING) pathway, JAK-1/2 and STAT3 signalling, the accumulation of cytoplasmic mtDNA inhibited LPS-induced expression of the co-stimulatory molecules CD40, CD80 and CD86 (64). Accompanied by reduced production of IL-12p70 and enhanced synthesis of IL-10, these phenotypic changes were associated with an impaired ability of DCs to promote the proliferation of CD4+ T cells in co-culture systems (64). Bearing unmethylated CpG islands, mtDNA is a ligand for the surface expressed and endosomal residing PRR TLR9. In murine models of thermal injury, CD4+ T cells cultured with TLR9 activated DCs isolated from burn-injured mice were found to secrete markedly lower levels of Th1 and Th17 cytokines when compared to T cells cultured with DCs from sham controls (217). This shift in T cell polarisation was associated with increased production of IL-10 and reduced secretion of IL-6, IL-12p70 and TNF by TLR9 challenged DCs post-burn (217).

As a DAMP that possesses both immune stimulatory and inhibitory properties, mtDNA and/or its associated signalling pathways have been discussed as possible therapeutic targets for the treatment of post-traumatic SIRS, ARDS and immunosuppression (35, 63, 76, 78, 213). Focussing on the latter, preclinical studies have demonstrated the potential immune enhancing effects of GRK2 and HDAC inhibitors (63). Administered 30 minutes after a liver crush injury and tracheal inoculation of S.aureus, a combined therapy of valproate, a HDAC inhibitor, and the GRK2 inhibitor paroxetine restored levels of bacterial clearance to those recorded in uninjured controls and increased survival rates (63). Importantly, for its potential translation into the hospital setting, the treatment regimen was not associated with any evidence of organ injury or failure (63).




2.3.3 Mitochondrial-derived N-formylated peptides

Mitochondria synthesise 13 formylated peptides that share molecular similarities with the formyl peptides derived from bacteria. All but one of these formylated peptides, namely Cox1, have been detected in the circulation of trauma patients, with concentrations of ND6, a subunit of mitochondrial NADH dehydrogenase, significantly elevated within 1-hour of injury and remaining so for up to 72 hours (30, 66).

Detected by surface expressed formyl peptide receptor (FPR) 1 and FPR2 (67), mtFPs are neutrophil chemoattractants, with the proteins that most closely resemble bacterial-derived formylated peptides, namely ND3, ND4, ND5 and ND6 possessing the greatest chemotactic potency (66). Data generated by several studies have demonstrated that neutrophils pre-treated with ND6 exhibit reduced calcium fluxes, chemotactic responses and ROS production upon secondary stimulation with other GPCR agonists such as IL-8, leukotriene B4 (LTB4) and fMLP (30, 65–68). Contributing to this heterologous receptor desensitisation and suppression in anti-microbial functions is an ND6-mediated downregulation of GPCRs, for which activation of GRK2 is a potential underlying mechanistic explanation (63, 65, 66, 218).

Associated with reduced bacterial clearance, a peripheral fracture injury in animal models has been shown to reduce neutrophil recruitment to the lung following a pulmonary contusion (219). As femoral fracture reamings are a rich source of mtDAMPs (91), it has been proposed that the increased susceptibility of trauma patients to HAIs may arise in part from mtDAMPs impairing host resistance by attracting neutrophils towards distal injury sites and away from regions of pathogenic challenge (219, 220). Supporting this hypothesis, intra-peritoneal injection of mitochondrial debris was shown to markedly attenuate neutrophil migration to the lung following a pulmonary contusion (220). A role for mtFPs in mediating this effect is suggested by the results of another animal study in which administration of the FPR1 receptor antagonist cyclosporin H, alongside mtDAMPs, significantly improved bacterial clearance in the lung following intra-tracheal injection of S.aureus (218).

Implicated in the capture, neutralisation and elimination of pathogens, the generation of NETs is significantly reduced post-injury (30, 219). In a series of in vitro and ex vivo experiments, we attributed this impairment to a mtFP-induced dysfunction in neutrophil metabolism (30). Compared to those isolated from healthy controls, neutrophils obtained from trauma patients, as early as 1-hour post-injury, exhibited reduced glucose uptake and breakdown, two prerequisites for NET formation (30). Replicating these impairments in vitro, we showed that treatment of control neutrophils with whole mtDAMP preparations, but not purified mtDNA, inhibited PMA-induced NET production, a defect that was associated with reduced aerobic glycolysis and a mtFP dependent activation of AMP-activated protein kinase, a negative regulator of NET formation (30).

As a DAMP that suppresses a range of neutrophil anti-microbial functions, studies have investigated whether mtFPs may represent a potential therapeutic target to combat post-trauma immunosuppression. Several studies have shown that pre-treatment of neutrophils with FPR1 inhibitors not only prevents mtFP-induced impairments in calcium mobilisation and chemotactic responses (65, 66, 68) but also reduces ND6-mediated downregulation of GPCRs (65, 218). Another strategy under consideration is the intra-tracheal instillation of neutrophils, which aims to overcome the ability of mtFPs generated at regions of tissue injury to direct neutrophils away from sites of pathogenic challenge. In preclinical models of pseudo fracture and bacterial inoculation, intra-tracheal instillation of exogenous bone marrow derived murine neutrophils or neutrophils isolated from human blood samples has been shown to prevent the establishment of and/or treat pneumonia by reversing the mtDAMP-induced impairment in bacterial clearance from the lungs (68, 221, 222). Encouragingly, no adverse effects in respect of organ damage have been detected post-instillation (221, 222). Furthermore, and relevant to its potential translation to the clinic, preliminary data suggest that cryopreserved neutrophils are just as effective as freshly isolated neutrophils in promoting bacterial clearance from the lung in the presence of mtDAMPs (222).






3 Conclusions

The detection of DAMPs in blood samples obtained from critically-injured patients in the pre-hospital setting offers a mechanistic explanation for the simultaneous induction of the SIRS and CARS response that occurs within minutes of injury (15, 31). Indeed, alongside their renowned pro-inflammatory properties, cytosolic, nuclear and mitochondrial-derived DAMPs are now recognised as potent immune suppressors, impairing the anti-microbial functions of innate and adaptive immune cells either directly or by driving the expansion and differentiation of Tregs and MDSCs. Exacerbating both the local and systemic immune suppressive environments created by the instantaneous release of DAMPs from injured tissues, are secondary insults such as fluid resuscitation, surgical interventions and transfusions with aged blood cell products, which either induce the release of endogenous DAMPs or are themselves a source of exogenous DAMPs. Furthermore, alongside pre-existing DAMPs, a novel class of suppressive inducible DAMPs, termed SAMPs, have recently been described and suggested to activate hyper-resolution responses within minutes of the SIRS response being initiated (82).

Currently, very few prospective studies have investigated whether post-trauma elevations in circulating DAMPs are associated with and/or predictive of the development of HAIs. However, studies in other cohorts of critically-ill patients suggest such a relationship may exist (65, 223). If translatable to trauma patients, then the question arises of whether DAMPs and/or their associated signalling pathways represent feasible therapeutic targets for the prevention and/or treatment of secondary infections post-injury. Scavenging circulating DAMPs via the use of microfiber meshes or polymers, or inhibiting ligand-receptor interactions through delivery of receptor antagonists, are strategies under consideration for treating the secondary complications associated with the post-traumatic SIRS response that may also be suitable for combating the immune suppressive actions of DAMPs (Figure 2) (76, 191). However, the timing of such treatments would need to be carefully considered as it must not be forgotten that the purpose of DAMP release is to alert the body to tissue damage. Thus, a fine balance will exist for achieving an optimal immune response, with excessive or inappropriate removal of DAMPs, or inhibition of immune cell signalling, having the potential to negatively impact upon the DAMP-induced initiation of inflammatory responses that are critical for the regenerative processes of tissue repair and healing.




Figure 2 | Proposed therapeutic strategies for treating damage associated molecular pattern (DAMP)-induced immunosuppression. Two therapeutic approaches under consideration for preventing and/or reversing DAMP-induced immunosuppression are to scavenge circulating DAMPs or to inhibit their activation of immune cells. Restoring circulating levels of hemopexin (Hpx), a heme scavenging protein whose plasma concentrations are reduced post-injury, may help combat heme-induced suppression of neutrophil anti-microbial functions, whilst the use of microfiber meshes or nucleic acid scavenging polymers (NASPs) to reduce the systemic load of circulating mtDNA and HMGB-1 could alleviate the post-trauma impairments reported in monocyte and neutrophil function. Showing promise in in vitro studies, blocking DAMP-induced activation of neutrophils through the use of toll-like receptor-9 (TLR-9) or formyl peptide receptor-1 (FPR-1) antagonists prevents the induction of functional tolerance to subsequent secondary stimulation with inflammatory agonists or microbial-derived proteins. HMGB-1, High mobility group box-1, mtDNA, Mitochondrial-derived DNA; mtFPs, Mitochondrial-derived N-formylated peptides; RAGE, Receptor for advanced glycation end products; ROS, Reactive oxygen species; TLR, Toll-like receptor. Figure was were generated at Biorender.com.
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Background

Trauma causes disability and mortality globally, leading to fractures and hemorrhagic shock. This can trigger an irregular inflammatory response that damages remote organs, including liver. Aging increases the susceptibility to dysregulated immune responses following trauma, raising the risk of organ damage, infections, and higher morbidity and mortality in elderly patients. This study investigates how aging affects liver inflammation and damage post-trauma.





Methods

24 male C57BL/6J mice were randomly divided into four groups. Twelve young (17-26 weeks) and 12 aged (64-72 weeks) mice were included. Mice further underwent either hemorrhagic shock (trauma/hemorrhage, TH), and femoral fracture (osteotomy) with external fixation (Fx) (THFx, n=6) or sham procedures (n=6). After 24 hours, mice were sacrificed. Liver injury and apoptosis were evaluated using hematoxylin-eosin staining and activated caspase-3 immunostaining. CXCL1 and infiltrating polymorphonuclear leukocytes (PMNL) in the liver were assessed by immunostaining, and concentrations of CXCL1, TNF, IL-1β, and IL-10 in the liver tissue were determined by ELISA. Gene expression of Tnf, Cxcl1, Il-1β, and Cxcl2 in the liver tissue was determined by qRT-PCR. Finally, western blot was used to determine protein expression levels of IκBα, Akt, and their phosphorylated forms.





Results

THFx caused liver damage and increased presence of active caspase-3-positive cells compared to the corresponding sham group. THFx aged group had more severe liver injury than the young group. CXCL1 and PMNL levels were significantly higher in both aged groups, and THFx caused a greater increase in CXCL and PMNL levels in aged compared to the young group. Pro-inflammatory TNF and IL-1β levels were elevated in aged groups, further intensified by THFx. Anti-inflammatory IL-10 levels were lower in aged groups. Tnf and Cxcl1 gene expression was enhanced in the aged sham group. Phosphorylation ratio of IκBα was significantly increased in the aged sham group versus young sham group. THFx-induced IκBα phosphorylation in the young group was significantly reduced in the aged THFx group. Akt phosphorylation was significantly reduced in the THFx aged group compared to the THFx young group.





Conclusion

The findings indicate that aging may lead to increased vulnerability to liver injury and inflammation following trauma due to dysregulated immune responses.





Keywords: femur fracture, hemorrhagic shock, aging, liver injury, inflammasome, NF-KappaB, Akt




1 Introduction

Traumatic injuries account for 8% of all deaths worldwide and account as one of the leading causes of morbidity and mortality worldwide (1). Fatal initial injuries resulting from trauma can cause early death, while secondary infections and resulting complications can lead to (multiple) organ failure and contribute to post-injury mortality (2). Recovery and outcome after major trauma are therefore influenced by post-injury complications (3). Femoral fractures are frequently accompanied with a massive blood loss, both of which are common in patients with multiple trauma, and result in high mortality rates (4, 5).

Cell death from initial tissue damage, blood loss and subsequent secondary tissue damage cause the release of damage-associated molecular patterns (DAMPs) such as adenosine triphosphate (ATP) (6), which contribute to the inflammatory response, as shown e.g. in ischemia/reperfusion (I/R) liver injury triggered by the activation of inflammasomes in Kupffer cells, which contribute to the local inflammatory response (7). Inflammasomes play a critical role in the maturation of Interleukin-1β (IL-1β) and can cause liver injury in I/R due to the release of pro-inflammatory cytokines and excessive neutrophil infiltration (7, 8). Polymorphonuclear neutrophils are the first inflammatory cells to appear at the site of injury, which can also release local pro-inflammatory mediators, such as IL-1β, tumor necrosis factor (TNF) and diverse DAMPs (9–11), activating the nuclear factor kappa-light-chain-enhancer of activated B-cells (NF-κB) pathway. NF-κB regulates inflammation by increasing the production of inflammatory cytokines, chemokines, and adhesion molecules, as well as regulating cell proliferation, apoptosis, and differentiation (12). Activation of the canonical NF-κB pathway occurs through the phosphorylation of the NF-κB inhibitor alpha (IκBα), which is induced in a controlled manner. The level of phosphorylation of IκBα serves as an indicator of NF-κB pathway activation (13, 14). Previous research has shown that NF-κB is also involved in stimulating the activity of protein kinases B (Akt) (15). Akt, a protein involved in cell survival and growth, also plays an important role in inflammation progression (16, 17). Akt activates the IκB kinase IKK, leading to the degradation of IκB and nuclear translocation of NF-κB, which promotes the expression of cytokines, including IL-1β and TNF-α, and accelerates the inflammatory response (18, 19).

Aging, as defined in biology, refers to the gradual increase in frailty of an organism over time, leading to a decreased ability to handle stress (20). In older individuals, there is a commonly observed condition known as “inflammaging”, characterized by a baseline level of inflammation (20–22). Furthermore, aging is associated with a decline in both innate and adaptive immune pathways, resulting in reduced ability to respond to pathogens, a condition known as immunosenescence (21–23). At the cellular level, aging is marked by a chronic, sterile, low-grade inflammation, progressive decline in the function of cells, including their ability to proliferate, differentiate, and carry out physiological functions (21, 22, 24, 25). When injury occurs, the body’s systemic inflammatory response to trauma, may be exaggerated in older people due to higher levels of cytokines or reduced production of anti-inflammatory cytokines (26). The presence of noticeable indications of liver degeneration, hepatic inflammation, and fibrosis is closely linked to old age in mice (27). 24 hours after burn injury, indicators of liver damage and levels of C-X-C Motif Chemokine Ligand (CXCL)1 were increased in aged mice when they were treated with lipopolysaccharide compared to young mice, while IL-6 aged knockout mice exhibited reduced liver injury (28). Similarly, aged mice subjected to ischemia, have shown more activated liver-recruited neutrophils, reduced expression of the cytoprotective heat shock protein 70 in the liver, suppressed and delayed NF-κB activation in response to TNF, all together results indicating that multiple cellular and molecular changes contribute to increased liver injury after ischemia in aged mice (29). Interestingly, also age-dependent NOD-like receptor family, pyrin domain containing (NLRP)3 inflammasome activation, and thus inflammation, impaired the capacity to resolve fibrosis during aging (30).

As society continues to age, the number of elderly individuals experiencing severe trauma, particularly fractures accompanied by blood loss, is expected to rise. The aging process affects both the innate and adaptive immune systems, potentially leading to a diminished immunological response to traumatic events compared to younger individuals. Nevertheless, the precise mechanisms that drive age-related changes in inflammation following trauma are not yet fully understood. Against this backdrop, the objective of this study was to explore the impact of aging on inflammatory alterations and the underlying processes responsible for liver injury in mice subjected to femur fracture and hemorrhagic shock. The study specifically focused on investigating the NF-κB signaling pathway, AKT and inflammasome activation. Our hypothesis suggests that aging may contribute to a heightened inflammatory response and more severe liver damage in the elderly group through trauma-induced inflammasome activation and disrupted NF-κB AKT activation.




2 Materials and methods



2.1 Animal husbandry

This research obtained approval from the local institutional animal care and research advisory committee and received authorization from the local government of Lower Saxony, Germany (approval number: 33.12-42502-04-17/2491). The study utilized young (17-26 weeks) and aged (64-72 weeks) male C57BL/6J mice obtained from Janvier Labs, Le Genest-Saint-Isle, France (31). The mice were housed individually in cages under standardized conditions at the Central Animal Laboratory of Hannover Medical School. The cages, bedding, and drinking bottles were regularly replaced, and standard softwood granules from Altromin GmbH (Lage, Germany) were used as litter material for the experimental animals.




2.2 Group distribution

A total of twenty-four animals were randomly allocated to four groups. The sham groups consisted of six animals in each group (sham young and sham aged). In these groups, the animals underwent femoral artery catheterization at the left leg and were fitted with an external fixator on the right side, but no blood loss or femoral osteotomy was performed. The trauma groups also consisted of six animals in each group (THFx young and THFx aged). In these groups, the animals experienced hemorrhagic shock through blood withdrawal via the left femoral artery catheter and implantation of an external fixator, followed by femoral osteotomy of the right leg. The animals were sacrificed 24 hours after the experimental procedures were conducted.




2.3 Experimental model

All surgical procedures were carried out under deep inhalation anesthesia using isoflurane (Baxter Deutschland GmbH, Unterschleißheim, Germany), following the previously described methods (32, 33). The experiment started once the negative interphalangeal reflex in mice was consistently absent. To maintain the mice`s body temperature, a heating pad was used during surgical procedure, and Bepanthen eye ointment was applied to prevent eye dryness. Subcutaneous injections of 5 mg/kg body weight carprofen and 1 mg/kg body weight butorphanol were administered for intraoperative analgesia. Local anesthesia at the surgical site was achieved with prilocaine hydrochloride. Postoperative analgesia was provided by mixing metamizole at a dose of 200 mg/kg body weight into drinking water, and additional subcutaneous injections of carprofen and butorphanol were administered as required. After surgery, the animals were placed in a warm environment under red light until they regained full consciousness, and then housed separately to prevent aggression that could hinder the healing of the surgical wound. The animals’ vital signs and mobility, as well as signs for lameness were regularly monitored and assessed post-surgically.

In both the sham and trauma groups, a catheter was inserted into the left femoral artery and an external fixator (MouseExFix simple L 100%, RISystem, Davos, Switzerland) was implanted in the right femur. Animals in the trauma groups (THFx young; THFx aged) underwent pressure-controlled hemorrhagic shock. For this, blood was withdrawn until the mean arterial blood pressure reached 35 ± 5 mm Hg. The hypovolemic shock state was maintained for a total of 90 minutes. Following that, the animals were re-infused with four times the amount of blood withdrawn (up to a maximum of 2.4 ml) using warm Ringer’s solution within 30 minutes, and the catheter was then removed. The fixator was inserted into the right femoral shaft, and the diaphysis was osteotomized centrally between the two middle pins using a 0.44 mm diameter wire saw (Gigly wire saw, RISystem) in the THFx groups. All wounds were sutured using Prolene 6-0 (Ethicon, Cincinnati, USA), and the animals were allowed to move freely immediately after the completion of the surgical procedures.




2.4 Harvesting procedures

After twenty-four hours following the surgery, the animals were euthanized by intraperitoneal injection of 75 mg/kg body weight of ketamine and 1 mg/kg body weight of medetomidine. Once the absence of negative interdigital reflexes was confirmed, the abdominal cavity was opened, and a heparinized sharp 25-gauge syringe was used to puncture the heart and collect blood. Following that, cervical dislocation was performed. The blood was centrifuged at 7000 rpm for 5 minutes at room temperature, and was plasma stored at -80°C until further use. Subsequently, the incision was extended along the chest wall. Twenty ml of PBS was perfused through the heart using a 21-gauge blunt-tipped syringe (BD, Franklin Lakes, USA). The left lateral liver lobe was ligated, swiftly frozen in liquid nitrogen, and stored at - 80°C. Then, for subsequent (immune)histological analyses, mice were perfused with 10 ml of 4% buffered Zn-Formalin (Thermo Fisher Scientific, Waltham, USA) through the heart, and the right liver lobe was removed and fixed overnight for further histological analysis.




2.5 Examination of liver damage

The collected specimens were fixed in 4% buffered Zn-formalin (Thermo Fisher Scientific, Waltham, USA) overnight and subsequently embedded in paraffin. The specimens were then sectioned into 3 µm slices to prepare them for hematoxylin-eosin (HE) and immune histological stainings. The paraffin was removed, and the liver sections were rehydrated. Subsequently, the sections were stained with hemalum solution (Carl Roth, Karlsruhe, Germany) for 10 minutes at room temperature. After rinsing in water for 10 minutes, the tissue was counterstained with eosin (Carl Roth, Karlsruhe, Germany) for 3 minutes. The sections were then dehydrated using an ascending alcohol series and mounted with a xylene-based mounting medium (Mountex, Medite Medical GmbH, Burgdorf, Germany). The histological assessment of liver damage in the HE-stained sections from different experimental groups was performed by an independent examiner. Briefly, random necrosis, single cell degeneration/necrosis or individualization, zonal necrosis (perivenous), vacuolization of Ito cells, and vacuolization of hepatocytes were scored individually with 0 (not observed), 1 (mild), 2 (moderate) or 3 (marked). Then, the mean out of all individual values was calculated for each sample to provide the liver injury score (LIS). Furthermore, plasma levels of liver damage marker glutamic oxaloacetic transaminase (GOT) or aspartate aminotransferase were determined by Arkray Spotchem EZ SP-4430.




2.6 RNA extraction, reverse transcription and semi-quantitative polymerase chain reaction

RNA extraction was conducted from the liver tissue using the Precellys 24 Homogenizer (Bertin Technologies, Montigny-le-Bretonneux, France) through mechanical disruption. The RNeasy assay buffer (Qiagen, Hilden, Germany) was utilized following the manufacturer’s protocol. To eliminate any remaining DNA, the sample underwent treatment with the RNase-free DNase kit (Qiagen, Hilden, Germany). The RNA was qualitatively and quantitatively analyzed using Tecan’s NanoQuant Plate on the Spark M10 Microplate Reader (Tecan, Männedorf, Switzerland). For cDNA synthesis, the iScript™ cDNA Synthesis Kit (BioRad, Hercules, USA) was employed according to the manufacturer’s instructions. Gene expression levels of Tnf (qMnuCED0004141), Cxcl1 (qMnuCED0047655), Il-1β (qMnuCED0045755), and Cxcl2 (qMmuCED0050757) were quantified using the PrimePCR SYBR Green Assay (BioRad, Hercules, USA) with specific primer sets for mice. The housekeeping gene Gapdh (qMnuCED0027467) was quantified as a control. The PCR reaction was performed in a total volume of 25 µl, including the SYBR Green qPCR Master Mix (BioRad), following the manufacturer’s instructions. The reaction took place using the C1000 Touch Thermal Cycler with the CFX96 Touch Real-Time PCR Detection System (BioRad, Hercules, USA). Finally, the relative expression level of each target gene was determined using the comparative threshold-cycle (CT) method (2-ΔΔCT method), which involved normalizing the expression of each target gene to that of Gapdh.




2.7 Quantification of protein expression levels via ELISA

The liver tissue was homogenized in lysis buffer (FNN0021, Invitrogen™) at 4°C, followed by centrifugation at 20,000 x g for 30 minutes at 4°C. The resulting supernatants were stored at -80°C for future analysis. The protein supernatant extracted from liver tissue was stored at -80°C for later analysis of protein concentration of TNF, IL-1β, IL-10 and CXCL1 using mouse-specific ELISA kits (R&D Systems, Minneapolis, USA) according to manufacturer’s guideline. For measuring of CXCL1 plasma samples were diluted in a ratio of 1:2. ELISA quantification was performed using the Infinite M200 microplate reader (Tecan, Männedorf, Switzerland).




2.8 Immunohistological staining of CXCL1, neutrophile elastase and active caspase-3

Paraffin-embedded liver tissue sections (3 µm) were deparaffinized twice for 5 minutes using Roti Histol (Carl Roth, Karlsruhe, Germany), and rehydrated using a gradually decreasing concentration of alcohol at 100%, 90%, and 70%. R-Universal epitope recovery buffer (Aptum, Kassel, Germany) was used to achieve heat-induced epitope retrieval with the 2100-Retriever (Prestige Medical, Blackburn, England) at 121°C for 20 minutes following the manufacturer’s manual. Block of endogenous peroxidase was performed using hydrogen peroxide (Peroxidase UltraVision Block, Thermo Fisher Scientific, Waltham, USA) for 20 minutes. Primary antibodies for CXCL1 (abcam, USA, ab269939, rabbit anti-mouse, 1:300), neutrophile elastase (Bioss, USA, bs-6982R, rabbit anti-mouse, 1:200) or active caspase-3 (Cell Signaling Technology, USA, anti-cleaved caspase-3 (Asp175), #9661, rabbit anti-mouse, 1:300) were diluted according to manufacturer’s recommendation in Antibody Dilution Buffer (Dako Cytomation) and incubated for one hour at room temperature. Subsequently, the secondary antibody conjugated with horseradish peroxidase (Histofine Simple Stain Mouse MAX PO (R), Nichirei Biosciences Inc, 414311F) was incubated for 30 minutes at room temperature and 3-amino-9-ethylcarbazol (AEC, DCS Innovative Diagnostik-Systeme, Hamburg) was used to detect specific binding. Slides were counterstained with hematoxylin (Carl Roth, Karlsruhe, Germany) and mounted (Medite Medical GmbH, Burgdorf, Germany). Imaging was performed using the Zeiss Axio Observer Z1 microscope (40x objective, Zeiss, Göttingen, Germany). The evaluation was performed using ImageJ software. For CXCL1, mean intensity values were measured, while for neutrophile elastase and active caspase-3, positive-counted cells were measured in 25 high-power fields in the 400x magnification.




2.9 Western blotting

The liver tissue was homogenized in lysis buffer (FNN0021, Invitrogen™) at 4°C, followed by centrifugation at 20,000 x g for 30 minutes at 4°C. The resulting supernatants were stored at -80°C for future analysis. Electrophoresis was conducted on 15 µg of protein lysate, which was separated by a 10% polyacrylamide sodium dodecyl sulfate gel and subsequently transferred to a polyvinylidene difluoride membrane (Thermo Fisher Scientific). The blots were blocked in a blocking buffer (5% nonfat dry milk in 1 mM Tris, 150 mM NaCl, pH 7.4) for one hour at room temperature. Subsequently, primary antibodies (in 0.5% bovine serum albumin and 0.5% Tween 20) were incubated overnight at 4°C and constant shaking. IκBα Rabbit polyclonal antibody (9242S, 1:1000), Phospho-IκBα Mouse mAb (9246S, 1:1000), Akt Rabbit mAb (4691S, 1:1000), and Phospho-Akt Rabbit mAb (4060S, 1: 2000, all Cell Signaling Technology) were used as primary antibodies. Monoclonal beta-Actin antibody (4967S, 1:2000 Cell Signaling Technology) was used as housekeeping gene. Then, a horseradish peroxidase-conjugated secondary antibody (abcam) was subsequently applied for 1 hour at room temperature on the shaker. For detection of Phospho-Akt, Akt and IκBα Goat Anti-Rabbit IgG H&L (HRP) (ab288151, 1:10000, Abcam) and for Phospho-IκBα Goat Anti-Mouse IgG H&L (HRP) (ab97023, 1:10000, Abcam) was used as secondary antibody. Proteins were detected using 1 ml ECL™ Western blot detection reagent. After measuring phosphorylated IκBα and phosphorylated Akt the PDVF membrane was placed in TBS, and washed 2x15 minutes in stripping buffer (0.2 M Glycin, 0.1% SDS, 1% Tween20, pH 2.2), and 3x5 minutes in TBST on a rocker with 50 rpm. The membranes were then blocked again for one hour in blocking buffer and incubated with IκBα and Akt primary antibodies at 4°C. After incubation, the membranes were washed 2x15 minutes with TBST and 1x15 minutes with TBS (20 mM Tris-Base, 0.15 M NaCl, pH 7.6), and incubated with the corresponding secondary antibody for one hour at room temperature on the shaker. After incubation, the membranes were washed 2x15 minutes with TBST and 1x15 minutes with TBS, and then proteins were detected using 1 ml ECL™ Western blot detection reagent. Then stripping was performed and proceeded to incubate β-actin as described above. At last, the integrated density of individual bands was determined using ImageJ software for quantification of protein level normalization to β-actin by densitometry.




2.10 Statistical analysis

The statistical analysis was performed using GraphPad Prism 6 (GraphPad Software, Inc., San Diego, CA). Data were tested for normal distribution using Shapiro-Wilk normality test. As the data was not normally distributed Mann-Whitney U test was performed. The results are presented using box and whiskers and min. to max., and statistically significant differences are indicated as p<0.05 (*).





3 Results



3.1 Impact of age on liver damage after THFx

The experimental design is shown in Figure 1A. Hepatic damage resulting from THFx was evaluated by analyzing liver tissue using HE staining (Figure 1B), and a comparison was made among the groups (Figure 1D). The THFx young group exhibited a significant increase in liver damage compared to the sham young group (p<0.05, Figure 1D). Similarly, the THFx aged group displayed a significant increase in liver necrosis compared to the sham aged group (p<0.05, Figure 1D). Moreover, there was a significant elevation in liver damage in the THFx aged group compared to the THFx young group (p<0.05, Figure 1D).




Figure 1 | Impact of aging on liver damage after hemorrhagic shock (trauma/hemorrhage, TH) and femoral fracture (Fx). (A) The experimental design involved young (17-26 weeks) and aged (64-72 weeks) male C57BL/6J mice, as well as sham and trauma groups, with trauma groups undergoing pressure-controlled hemorrhagic shock (HS) followed by resuscitation (R) with Ringer’s solution and Fx (via osteotomy) (THFx) (green and blue line), while sham groups received catheterization and an external fixator but no THFx induction (light blue and red line). Liver tissue samples were obtained 24 hours after the experiment. MABP: mean arterial blood pressure. (B) Representative liver sections upon hematoxylin/eosin (HE) staining, and (C) representative liver sections upon the staining of active caspase-3 of the sham young, sham aged, THFx young and THFx aged groups. Red cells are active caspase-3 positive stained cells. (D) Quantification of liver damage. (E) Quantification of active caspase-3 positively stained cells per high power field (HPF) (D, E); n=6 in each group. (F) Quantification of plasma glutamic oxaloacetic transaminase (GOT); n=4 in each group. * p<0.05 between indicated groups.



Figure 1C presents the apoptosis induction by THFx in the liver, as demonstrated by immunohistochemical staining of activated caspase-3 (red cells, Figure 1C). The quantification of cells positive for active caspase-3, serving as a direct indicator of apoptosis, is presented in Figure 1E. In the THFx young group, a significant increase in caspase-3 positive stained cells compared to the sham young group was observed (p<0.05, Figure 1E). Additionally, the THFx aged group exhibited a significant increase in caspase-3 positive stained cells compared to the sham aged group (p<0.05, Figure 1E). Plasma GOT levels after THFx compared to the respective sham group were significantly increased (p<0.05, Figure 1F). Moreover, there was a significant increase in GOT levels in the THFx aged group compared to the THFx young group (p<0.05, Figure 1F).




3.2 Impact of age on CXCL1 protein expression, systemic CXCL1 levels and neutrophilic infiltration in the liver after THFx

Figure 2A depicts representative liver sections following immunohistochemical staining of CXCL1, while Figure 2C illustrates the protein expression of CXCL1 for each group. The liver exhibited a significant increase in CXCL1 protein expression after THFx in both young and aged animals compared to the corresponding sham groups (p<0.05, Figure 2C). Moreover, CXCL1 protein expression was significantly higher in the aged groups compared to the respective young groups, particularly in the THFx aged group (p<0.05, Figure 2C).




Figure 2 | Impact of aging on CXCL1 protein expression and neutrophilic infiltration after hemorrhagic shock (trauma/hemorrhage, TH) and femoral fracture (Fx). The experimental design involved young (17-26 weeks) and aged (64-72 weeks) male C57BL/6J mice, as well as sham and trauma groups, with trauma groups undergoing pressure-controlled hemorrhagic shock followed by resuscitation (R) with Ringer’s solution and Fx (via osteotomy) (THFx), while sham groups received catheterization and an external fixator but no THFx induction. Liver tissue samples were obtained 24 hours after the experiment. (A) Representative liver sections upon the staining of CXCL1 in the sham young, sham aged, THFx young and THFx aged groups. (B) Representative immunohistological staining of neutrophil elastase (NE) as a marker of polymorphonuclear leukocytes (PMNL) in liver sections. Red arrows indicate NE-positive stained cells. (C) Quantification of CXCL1 protein concentration using mouse-specific ELISA-kits in liver. (D) Quantification of NE-positive stained cells per high power field (HPF); n=6 in each group, (E) Quantification of plasma CXCL1 levels; n=4 in each group. *: p<0.05 between indicated groups.



Given that CXCL1 acts as a chemoattractant for various immune cells, notably neutrophils, we investigated the recruitment of polymorphonuclear leukocytes to the liver after THFx. PMNL infiltration in liver tissue was assessed through immunohistochemical staining (Figure 2B), and the quantification of positively stained cells (red cells) is presented in Figure 2D. There was a significant increase in PMNL infiltration in the THFx young group compared to the sham young group (p<0.05, Figure 2D). Similarly, the THFx aged group exhibited a significant increase in PMNL infiltration compared to the sham aged group (p<0.05, Figure 2D). Additionally, the aged groups displayed a significant increase in PMNL infiltration compared to the respective young group (p<0.05, Figure 2D). Plasma CXCL1 levels after THFx compared to the respective sham group were significantly increased (p<0.05, Figure 2E). Moreover, there was an increase in aged groups compared to young groups (p<0.05, Figure 2E).




3.3 Impact of age on liver inflammatory cytokines after THFx

Protein levels of TNF, IL-1β and IL-10 in homogenized liver tissue were assessed. The results showed that protein concentration of TNF in liver tissue was significantly increased in both aged groups, sham and THFx, compared to the corresponding young group (p<0.05, Figure 3A).




Figure 3 | The impact of aging on TNF, IL-1β and IL-10 protein expression after hemorrhagic shock (trauma/hemorrhage, TH) and femoral fracture (Fx). The experimental design included young (17-26 weeks) and aged (64-72 weeks) C57BL/6J mice in both sham and trauma groups. The trauma groups underwent a pressure-controlled hemorrhagic shock and Fx (via osteotomy) (THFx), while the sham groups underwent catheterization and received an external fixator, but no THFx was induced. After 24 hours, the mice were euthanized, and sampling was performed. Quantification of (A) TNF, (B) IL-1β as well as (C) IL-10 protein concentration in liver tissue using mouse-specific ELISA-kits is shown. n=6 in each group, *: p<0.05 between indicated groups.



The liver exhibited a significant increase in IL-1β protein level after THFx in both young and aged animals compared to the corresponding sham groups (p<0.05, Figure 3B). Moreover, the aged groups showed a significant rise in IL-1β protein concentration compared to the respective young groups (p<0.05, Figure 3B), particularly, the THFx aged group displayed a significant elevation in IL-1β compared to the THFx young group (p<0.05, Figure 3B).

The concentration of IL-10 in liver tissue was significantly decreased in both aged groups, sham and THFx, compared to the corresponding young group (p<0.05, Figure 3C).




3.4 Impact of age on Tnf, Cxcl1, Il-1β, and Cxcl2 gene expression after THFx

Figures 4A-D shows the results of Tnf, Il-1β, Cxcl1 and Cxcl2 gene expression. The relative gene expression of Tnf in liver tissue was significantly higher in THFx young group compared to the sham young group (p<0.05, Figure 4A). Baseline Tnf gene expression in the aged sham group was significantly higher compared to the corresponding young group (p<0.05, Figure 4A).




Figure 4 | Impact of age on Tnf, Cxcl1, Il-1β and Cxcl2 gene expression after hemorrhagic shock (trauma/hemorrhage, TH) and femoral fracture (Fx). The experimental design included young (17-26 weeks) and aged (64-72 weeks) C57BL/6J mice in both sham and trauma groups. The trauma groups underwent a pressure-controlled hemorrhagic shock and Fx (via osteotomy) (THFx), while the sham groups underwent catheterization and received an external fixator, but no THFx was induced. After twenty-four hours, the mice were euthanized, and sampling was performed. The relative gene expression of (A) Tnf, (B) Cxcl1, (C) Il-1β as well as (D) Cxcl2 normalized to Gapdh after qRT-PCR was calculated by using the comparative threshold-cycle 2-ΔΔCT method.; n=6 in each group, *: p<0.05 between indicated groups.



The relative gene expression of Cxcl1 was significantly increased in the sham aged group compared to the sham young group (p<0.05, Figure 4B). There were no significant differences in Il-1β gene expression among all examined groups (Figure 4C). A significant upregulation of relative gene expression of Cxcl2 in the THFx young group compared to all other relevant groups was detected (p<0.05, Figure 4D).




3.5 Impact of age on Akt and IκBα activation after THFx

The impact of aging on Akt and NF-κB pathways was investigated after THFx. Liver tissue homogenates were collected 24 hours after resuscitation, and western blot analysis was performed to measure phosphorylated and non-phosphorylated IκB and Akt. A significant increase in the IκBα phosphorylation ratio in the sham aged group compared to the sham young group was observed (p<0.05, Figures 5A, B). Additionally, the THFx young group exhibited a significant increase in IκB phosphorylation ratio compared to the sham young group (p<0.05, Figure 5B). The THFx aged group displayed a significant decrease in the IκBα phosphorylation ratio compared to the THFx young group as well as to the sham aged group (p<0.05, Figure 5B).




Figure 5 | The effect of aging on IκBα and Akt following hemorrhagic shock (trauma/hemorrhage, TH) and femoral fracture (Fx) in young (17-26 weeks) and aged (64-72 weeks) male C57BL/6J mice. The experimental design included young (17-26 weeks) and aged (64-72 weeks) C57BL/6J mice in both sham and trauma groups. The trauma groups underwent a pressure-controlled hemorrhagic shock and Fx (via osteotomy) (THFx), while the sham groups underwent catheterization and received an external fixator, but no THFx was induced. After twenty-four hours, the mice were euthanized, and sampling was performed. (A) Western blot analysis of phosphorylated and non-phosphorylated IκBα, AKT as well as β-Actin, and quantification of (B) the phosphorylation ratio of IκBα, and (C) AKT in liver tissue. n=4 in each group, *: p<0.05 between indicated groups.



The phosphorylation ratio of Akt was significantly decreased in the THFx aged group compared to all other relevant groups (p<0.05, Figures 5A, C).





4 Discussion

Trauma is a major cause of illness and death worldwide, with initial injuries leading to early mortality and complications contributing to organ failure and post-injury mortality (2, 3). Inflammation plays a crucial role in the recovery and outcome after trauma. Additionally, aging affects the immune system and leads to a chronic, low-grade inflammation known as “inflammaging” (20). Older individuals may have an exaggerated inflammatory response to trauma due to higher cytokine levels or reduced production of anti-inflammatory cytokines (23). In mice, aging is associated with liver degeneration, inflammation, and impaired resolution of fibrosis (27). As the population ages, the number of elderly individuals experiencing severe trauma is expected to rise. Therefore, a deeper understanding of the mechanisms behind age-related changes in inflammation following trauma is important. Our study aimed to investigate the impact of aging on inflammatory alterations and liver injury in mice with femur fracture and hemorrhagic shock. Specifically, it was investigated if the NF-κB as well as Akt signaling pathways, and inflammasome activation are involved in aging-induced heightened inflammatory response and more severe liver damage in mice.

The findings indicate that aging enhances vulnerability to liver injury and inflammation following trauma. In the aged group, more severe liver damage was observed (Figure 1), along with elevated levels of the pro-inflammatory chemokine CXCL1 and PMNL infiltration in the liver (Figures 2A–D). Additionally, the pro-inflammatory cytokines TNF and IL-1β were higher in the aged groups (Figures 3A, B), while the anti-inflammatory cytokine IL-10 was lower (Figure 3C). Gene expression analysis revealed upregulated Tnf and Cxcl1 in the aged sham group (Figures 4A, B). However, no significant differences in gene expression were observed between the young and aged trauma/hemorrhage groups, except for Cxcl2 (Figure 4C), suggesting a greater impact of aging on protein rather than gene expression levels. Moreover, signaling pathways related to inflammation regulation, such as IκBα phosphorylation and AKT phosphorylation, were impaired in the aged trauma/hemorrhage group (Figures 5). In conclusion, aging amplifies liver inflammation and damage following trauma, as evidenced by the aged group’s heightened susceptibility, elevated inflammatory markers, immune cell presence, and disrupted signaling pathways.

The liver plays a crucial role in mediating inflammation by producing acute-phase proteins and modulating immune cell activity (34). It is involved in regulating systemic inflammation and secreting pro-inflammatory cytokines (35). Aging is associated with chronic, low-grade inflammation, which negatively affects physiological function (24). In the context of trauma, the liver’s function in regulating inflammation becomes even more significant. Severe trauma triggers an inflammatory response involving various immune components including among others inflammatory cytokines, and PMNL activation, that can lead to liver injury and multiple organ dysfunction as well as increased mortality after trauma (26, 36, 37). In line with these reports, our results demonstrate increased production and release of pro-inflammatory cytokines and chemokines, IL-1β, TNF and CXCL1 in the liver after THFx (Figures 2C, 3A, B). Similarly, in a fracture-based trauma hemorrhagic liver injury model in rats, it was shown that IL-1β, TNF-α, and CXCL2 increased significantly post-trauma, indicating that inflammatory reactions had occurred in the fraction-induced hemorrhage of liver (38). As also evidenced in our study and as reported before, the activity of the immune system as for example displayed by the increased numbers of infiltrating PMNL in the liver post-trauma (Figure 2D), indicates that injury-induced inflammation stimulates immune cells, and that these changes are associated with aggravations of liver injury (38). Recently, it was shown that apoptosis biomarkers including activated and cleaved caspase-3 were increased in a long-term large animal polytrauma model, as also confirmed by our results (Figure 1E), supporting the damage of the liver after trauma (39, 40). Furthermore, our results revealed a significant activation of the inflammasome by increased IL-1β levels in mice with THFx (Figure 3B), which is consistent with findings of Sadatomo et al. showing that liver injury in ischemia/reperfusion arised from pro-inflammatory cytokines and excessive neutrophil infiltration was inflammasome-mediated (7, 8). The observed changes involve the modulation of signaling pathways, particularly those associated with NF-κB activation. Activation of NF-κB triggers the production of pro-inflammatory mediators such as cytokines, chemokines, and enzymes, which in turn, stimulate further NF-κB activation and its upstream signaling machinery, creating a positive feedback loop that intensifies the inflammatory response mediated by NF-κB and tissue injury after trauma (41–44). Enhanced activation of IκBα after THFx suggests that NF-κB activation contributes to the THFx induced increase of the pro-inflammatory effects related to increased cytokine and chemokine production, inflammasome activation and ensuing liver inflammation and injury.

In the field of trauma and inflammation research, most studies have traditionally focused on very young animals, typically between 6 to 12 weeks of age. While these studies have provided valuable insights into the mechanisms of disease, they may not accurately reflect the processes occurring in adult or aged humans. To address this limitation, we conducted a direct comparison between the response to THFx injury in “young/mature adult” mice (17-26 weeks old) and “aged adult” mice (64-72 weeks old). Our aim was to identify the differences between these two age groups and understand how they relate to humans of different age ranges. According to life tables, mice aged 17-26 weeks correspond to approximate human age of approximately above 18 years of age years, while mice aged 64-72 weeks correspond to approximate human age of above 60 years of age (45). Aging or senescent cells and/or tissues secrete a variety of bioactive molecules, including pro-inflammatory cytokines such as IL-1β, chemokines, growth factors, and proteases, collectively referred as senescence-associated secretory phenotype (SASP), that describe a chronic low-grade inflammation, also known as inflammaging (21, 46). This is in line with our findings showing enhanced TNF, IL-1β, and CXCL levels in the liver of aged sham animals (Figures 2C, 3A, B). The retrograde breaching of the endothelium by neutrophils was governed by enhanced production of the chemokine CXCL1 from mast cells that localized at endothelial cell junctions in aged mice (47). Thus, with implication to the dysregulated systemic inflammation associated with aging, the authors conclude that neutrophils stemming from a local inflammatory site contribute to remote organ damage (47). This is in line with our findings showing enhanced neutrophil infiltration into the liver from aged mice (Figure 2D). A large array of inflammatory factors involved in ageing is linked to the NF-κB system, and it was shown that NF-κB activation has been implicated in various age-related diseases and conditions, including chronic inflammation, neurodegenerative disorders, and certain cancers (48). Our findings underlining IκBα activation in aged sham animals also suggest that the dysregulated inflammatory response leading to the release of pro-inflammatory markers and excessive neutrophil activation was associated with NF-κB signaling pathway as potential ageing phenomenon (Figure 5B).

The post-traumatic inflammatory response and the function of NF-κB in aged liver is complex. Clearly, an enhanced vulnerability to inflammation and liver injury following trauma was present. In the aged THFx group, elevated levels of the pro-inflammatory proteins CXCL1, TNF and IL-1β, and reduced levels of the anti-inflammatory cytokine IL-10, compared to the young THFx group were observed (Figures 2C, 3A–C). The local CXCL1 concentrations in the liver were more than doubled compared to systemic CXCL1 levels, indicating, that the hepatic CXCL1 increase is rather induced by a local response than a systemic effect. Along with the elevated hepatic CXCL1 levels, enhanced neutrophil infiltration into the livers of aged animals were observed (Figures 2C, D). This is in line with previous findings from an in vivo endotoxin model showing elevated hepatic neutrophil numbers and their activity in aged relative to young animals receiving the same endotoxin stimulus (28). Such presence of hepatic inflammation, and liver degeneration, was closely linked to old age in mice (27), while further data indicate that CXCL1 levels and liver damage were higher in aged mice when they were treated with lipopolysaccharide compared to young mice, while e.g. an IL-6 knockout in aged mice exhibited reduced liver injury (28). Although there were noticeable alterations in proteins within aged animals following THFx, the corresponding changes in gene expression levels were not as pronounced. This implies either a disconnect between the observed changes at the protein level and the corresponding genetic regulation, or that the peak expression period of the pro-inflammatory genes has not been captured upon harvesting the livers of the mice 24 hours after THFx. Hill et al. found that gene expression of IL-1β and TNF peaked within 10-18 hours after cerebral ischemia-reperfusion injury in C57BL/6J mice (49). Similarly, Pestka and Amuzie demonstrated that deoxynivalenol-induced gene expression of IL-1β and TNF peaked after one hour in mouse livers (50). To obtain more precise mRNA data for inflammatory factors, future studies should consider adding additional time points for liver harvesting. It is worth noting that gene expression is a dynamic process influenced by various factors. The effects of THFx might primarily affect post-transcriptional or translational processes, impacting protein function or stability without causing significant changes in gene expression. Several factors could contribute to this discrepancy. Additionally, it is important to consider the complexity of gene regulation mechanisms, that can be influenced by a wide range of factors, including transcription factors, epigenetic modifications, and non-coding RNAs. It is possible that THFx primarily affects specific post-transcriptional or translational processes, leading to changes in protein levels without significant alterations in gene expression. This is underlined by the findings of Nyugen et al. and Renshaw et al. regarding the association between aging and impaired Pattern Recognition Receptor (PRR) signaling, particularly focusing on Toll-like receptors (TLRs) in innate immune cells (51, 52). Nyugen et al. demonstrated that aging is linked to impaired signaling through PRRs, possibly due to alterations in TLR protein level in innate immune cells when comparing aged to young individuals (51). Similarly, Renshaw et al. reported significant age-related decreases in TLR gene expression in mice, specifically observing a general decrease in the expression of Tlr1-Tlr9 genes in C57BL/6 aged mice (52). Since the activation of the NF-κB pathway occurs through TLRs on the cell membrane, the reduced expression of TLRs in aged mice may lead to a decrease in NF-κB pathway activation. Also, it was shown before, that NF-κB activation in the liver is greatly reduced in aged mice compared to young mice after hepatic ischemia/reperfusion injury due to the decreased proteasome subunit, non-ATPase 4 expression preventing recruitment of phosphorylated and ubiquitinylated IκBα to the proteasome, resulting in a defect in NF-κB activation (29, 53). This decrease in NF-κB pathway activation is supported by the reduced IκBα phosphorylation ratio in the aged group compared to the young group in the current study utilizing the THFx model (Figure 5B). Also, the crosstalk between the NF-κB and Akt pathway is important in various cellular processes including cell survival, inflammation, and immune response (54, 55). While NF-κB can activate Akt signaling, Akt can also regulate NF-κB activity (54, 55). Since the downregulated AKT phosphorylation was accompanied by reduced IκBα phosphorylation after THFx in aged animals in the current study (Figures 5B, C), the overall link between Akt and NF-κB suggests a complex regulatory network where both molecules can influence each other’s activity and downstream effects in THFx. This interplay between Akt and NF-κB potentially orchestrating the cellular responses to THFx and maintaining cellular homeostasis is deregulated in aged animals. However, the increase in IκBα phosphorylation ratio in the sham aged group may also suggest that other inflammatory pathways, mediated by TNF and IL-1β, might be activated. Interestingly, age-dependent inflammasome activation, impairing the capacity to resolve fibrosis during aging as shown before (30), has been observed in our study as well by enhanced IL-1β protein levels in aged livers following THFx (Figure 3B). Thus, the findings suggest that aging may contribute to a heightened inflammatory response and more severe liver damage in the elderly group through trauma-induced inflammasome activation and disrupted NF-κB, Akt activation.

This study acknowledges several limitations that should be considered when interpreting the results. Firstly, the study was conducted using only male mice, and therefore the conclusions drawn from the study can only be applied to male subjects. In future studies, it is important to examine the effect of sex on the inflammatory response and liver damage caused by aging to obtain a more comprehensive understanding of the topic. Another limitation is that the mice used in the study were healthy, which may not fully represent the complexity of patients in a clinical setting who often have concomitant diseases and more intricate systemic conditions. Additionally, the experimental model used in this study involved implanting an external fixator before performing the osteotomy, whereas in clinical practice, fractures occur before fracture fixation. This difference in the sequence of events may have affected the experimental results and should be considered when interpreting the findings. Moreover, the fracture model used in the study employed a wire saw to create a regular fracture, while clinical situations involve various types of fractures and complex scenarios. Furthermore, the study induced controlled hemorrhagic shock in the animal model, whereas uncontrolled bleeding occurs in actual trauma situations. Such controlled settings may not fully reflect the complexity and severity of fractures and trauma-related bleeding, which should be considered when extrapolating the results to clinical practice. The study primarily focused on the local inflammatory response and liver damage, but it did not include indicators of systemic inflammatory response and liver damage, such as inflammatory mediators and liver enzymes in the blood. Including these indicators in future studies would provide a more comprehensive understanding of the overall effects. Lastly, different inflammatory response and liver damage indicators may appear at different time points. To account for this, future studies should consider including multiple time points to capture the dynamic changes and simulate the clinical scenario more accurately, thereby obtaining more comprehensive and accurate results.

Overall, the findings demonstrate that aging exacerbates liver inflammation and damage following trauma, supported by increased susceptibility, elevated inflammatory markers, immune cell presence, inflammasome activation, and disrupted signaling pathways in the aged group.
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Introduction

Hemolytic–uremic syndrome (HUS) can occur as a systemic complication of infection with Shiga toxin (Stx)-producing Escherichia coli (STEC). Most well-known aspects of the pathophysiology are secondary to microthrombotic kidney disease including hemolytic anemia and thrombocytopenia. However, extrarenal manifestations, such as cardiac impairment, have also been reported. We have investigated whether these cardiac abnormalities can be reproduced in a murine animal model, in which administration of Stx, the main virulence factor of STEC, is used to induce HUS.





Methods

Mice received either one high or multiple low doses of Stx to simulate the (clinically well-known) different disease courses. Cardiac function was evaluated by echocardiography and analyses of biomarkers in the plasma (troponin I and brain natriuretic peptide).





Results

All Stx-challenged mice showed reduced cardiac output and depletion of intravascular volume indicated by a reduced end-diastolic volume and a higher hematocrit. Some mice exhibited myocardial injury (measured as increases in cTNI levels). A subset of mice challenged with either dosage regimen showed hyperkalemia with typical electrocardiographic abnormalities.





Discussion

Myocardial injury, intravascular volume depletion, reduced cardiac output, and arrhythmias as a consequence of hyperkalemia may be prognosis-relevant disease manifestations of HUS, the significance of which should be further investigated in future preclinical and clinical studies.





Keywords: hemolytic-uremic syndrome, Shiga toxin, acute kidney injury, echocardiography, murine model, cardiomyopathy




1 Introduction

Diarrhea-positive hemolytic–uremic syndrome (HUS) is a microthrombotic renal condition often caused by an infection with enterohemorrhagic Escherichia coli (EHEC). It is the most frequent cause of acute kidney injury (AKI) in children (1); further symptoms include thrombocytopenia and acute hemolytic anemia. As key virulence factors, EHEC secrete ribosome-inactivating Shiga toxins (Stx, type 1 and 2), which are often responsible for organ failure. Epidemiological data revealed that Stx2 is more frequently associated with the development of hemorrhagic colitis in HUS (2). Aside from renal and hematological symptoms, neurological and cardiac complications are known (3). Several case reports describe an impairment of cardiac function in patients with HUS. Specifically, patients with HUS exhibited a reduced left-ventricular systolic function and an increase in plasma troponin I—the latter of which is a well-known surrogate (bio)marker of myocardial injury (4–6)—as well as the need for cardiopulmonary resuscitation via cardiopulmonary bypass (4). Troponins are sensitive biochemical markers that are released into the bloodstream during myocardial injury. Cardiac troponin I (cTNI), one of three isoforms, is a specific serum marker of cardiac injury. Increases of cTNI can occur prior to and following severe myocardial dysfunction in HUS (5); however, as troponins are excreted via the kidney, their concentrations may also increase during AKI in the absence of myocardial damage [reviewed in (7)]. In some cases, the cause for the observed cardiac events during HUS was suspected to be ischemic in nature (8). Accordingly, case series of autopsied patients with diarrhea-associated HUS showed microthrombi formation in myocardial tissue (9), myocardial infarction (10), or pericardial purpura (11). The pathophysiological mechanisms leading to severe cardiac complications in some patients but not in others have not been fully understood. Furthermore, no specific treatment options exist for this oftentimes fatal extrarenal manifestation of HUS. Likewise, in atypical HUS (aHUS)—caused by mutations in the complement system in the absence of an EHEC infection—cases of cardiac dysfunction have also been reported with similar clinical presentation (12–14). In aHUS, however, immunomodulatory therapy (15) led to a reversal of cardiac impairment (12).

We have previously established and characterized two murine models of HUS based on the intravenous injection of Stx with two distinct courses of disease progression: an acute model of up to 3 days and a subacute model over the course of 1 week (16). In order to investigate the impact of Stx on the development of cardiac dysfunction in experimental HUS, we expanded our previously published models in a proof-of-concept manner, by performing echocardiography and measuring cardiac markers in the plasma of mice in both the acute and subacute model of HUS to better understand the potential and limitations of these models for the assessment of extrarenal cardiac manifestations of HUS in a pilot study. The echocardiography was complemented by hematological analysis and plasma measurements of kidney function as in previous experiments (16).




2 Materials and methods



2.1 Mice (Mus musculus)

Male wild-type C57BL/6J mice [aged 10–12 weeks, 20 to 30 g body weight (BW)] were randomly assigned to one of the two models, acute or subacute and treatment groups Stx or sham (acute Stx n = 11, all other groups n = 10), by a computer-generated list. Mice were kept under standardized laboratory conditions enriched with shredded paper and paper rolls, and received standard rodent chow and water ad libitum.

Experiments were performed in accordance with approved guidelines and the German law for animal protection. The animal experiment proposal was approved by the Thuringian State Office for Consumer Protection, Bad Langensalza, Germany (registration number 02-073/16).




2.2 Induction of HUS

HUS was induced by either a single i.v. injection of Stx (300 ng/kg BW in 5 mL/kg NaCl 0.9%; acute model) or two i.v. injections of Stx (25 ng/kg BW in 5 mL/kg BW NaCl 0.9% each; subacute model) on days 0 and 3. Sham mice received 5 mL/kg NaCl 0.9% at the corresponding time points. To account for the exacerbation of the condition of mice during anesthesia for echocardiography, the experimental protocol was shortened by 1 (acute model) and 2 days (subacute model), respectively, but remained otherwise unchanged (16). Stx was obtained from the same stock as previous experiments (16). Investigators were blinded for the treatment allocation of mice during the experiment. All mice received a volume resuscitation of 0.5 mL of Ringer’s lactate solution s.c. twice daily in the acute model and 0.8 mL of Ringer’s lactate solution s.c. three times a day in the subacute model. Clinical presentation of animals was assessed three times a day throughout the experiment using a scoring system previously described (16). The HUS score categorizes the following degrees of severity: 1 = no signs of illness, 2 = low-grade, 3 = mid-grade, and 4 = high-grade disease. Pre-defined criteria were assessed to determine whether termination of the experiment was necessary employing humane endpoints. Experiments were terminated on day 2 in the acute model and on day 5 in the subacute model of HUS. Blood samples were obtained by cardiac puncture in deep anesthesia during termination of the experiment.




2.3 Echocardiography

Echocardiography was performed with the Vevo 3100 imaging system (FUJIFILM VisualSonics, Inc., Toronto, ON, Canada) using a 32–55 MHz MX550D transducer (FUJIFILM VisualSonics, Inc.). Ultrasound analyses were performed at three time points in both models of HUS. T0 corresponds to the time point before induction of HUS to measure basic values in a healthy condition. T1 and T2 represent day 1 and day 2 in the acute model, and day 3 and day 5 in the subacute model, respectively. Anesthesia was induced with 3% isoflurane (CP-Pharma, Burgdorf, Germany) and maintained at 1%–1.5%. Ultrasound images were recorded after a stabilization period of approximately 10 min. ECG monitoring was performed during the entire anesthesia using four paw contact electrodes of the Vevo 3100. Body temperature was measured by a rectal thermometer during anesthesia. To assess cardiac function, LV B-mode and M-mode images of parasternal long axis (PSLAX) and short axis (PSAX) as well as B-mode and pulsed-wave (PW) Doppler mode images of the pulmonary artery were recorded. Analyses of ultrasound images were conducted by two independent researchers in a blinded manner using the Vevo LAB 3.2.0 software (FUJIFILM VisualSonics, Inc.). EF and EDV were calculated by manual LV tracing measurement in PSLAX B-mode. Cardiac output (CO) was calculated from the diameter of the pulmonary artery in B-mode and manual velocity time integral (VTI) measurement in PW Doppler mode.




2.4 Hematology and plasma analyses

Whole blood analysis was performed using the scil Vet abc Plus+ hematology analyzer (scil animal care company GmbH, Viernheim, Germany) to quantify red blood cell count, platelet count, hematocrit, hemoglobin, and mean corpuscular volume. Plasma was prepared by centrifugation of heparinized whole blood for 10 min at 3000 g. Creatinine, urea, sodium, and potassium were quantified in plasma samples with the ARCHITECT™ ci16200 System (Abbott, Chicago, IL, USA). NGAL was quantified in plasma samples by ELISA (Cat. No. 443707; BioLegend®, Inc., San Diego, CA, USA). cTnI levels were determined in plasma samples by ELISA (CTNI-1-HSP; Life Diagnostics, Inc., West Chester, PA, USA). Quantification of brain natriuretic peptide (BNP) was performed by an enzyme immunoassay (RAB0386; Sigma-Aldrich, St. Louis, MO, USA). In some cases, not all measurements were possible due to too little plasma volumes.




2.5 Statistical analysis

Data are displayed as mean ± standard deviation (SD) of n observations representing the number of animals. Data were pooled from two replicate experiments. Statistical analysis was performed using GraphPad Prism 7.05 (GraphPad Software, Inc., San Diego, CA, USA). Data were analyzed by Mann–Whitney U test and two-way repeated measures ANOVA followed by Bonferroni’s multiple comparison test as indicated in the respective figure legend (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).





3 Results



3.1 The effect of a single high-dose challenge with Stx on systemic disease and kidney dysfunction and injury

All mice challenged with a single dose of 300 ng/kg Stx (acute model of HUS) developed significant weight loss after 2 days (Figure 1A). When compared with sham-treated mice, plasma concentrations of creatinine, urea, and neutrophil gelatinase-associated lipocalin (NGAL) were increased 2 days after administration of Stx (Figure 1B), indicating acute kidney dysfunction and injury. The disease severity score, i.e., the humane endpoint of this experiment that was implemented as part of the termination criteria (s. HUS score, Supplementary Figure 1A), was significantly increased 48 h after administration of Stx, while sham-treated mice developed no signs of disease. Hematological analysis (Figure 1C) revealed significantly higher levels of hemoglobin and hematocrit in Stx-treated mice than in sham-treated mice. These results were in accordance with our previous work (Dennhardt et al., 2018).




Figure 1 | Clinical presentation of hemolytic–uremic syndrome (HUS) in mice exposed to different Shiga toxin (Stx) application regimes. (A–C) C57BL/6J mice received either a single high dose of 300 ng/kg Stx (Stx acute) or vehicle (sham). Blood was taken at the end of the experiment, 2 days after the induction of HUS (B, C). (A) Weight loss percentage of body weight (sham n = 10, Stx acute n = 11). (B) Plasma levels of creatinine and urea (sham n = 10, Stx acute n = 9) and neutrophil gelatinase-associated lipocalin (NGAL) (sham n = 10, Stx acute n = 10). (C) Platelet count, hemoglobin, and hematocrit (sham n = 10, Stx acute n = 10) (D–F). Mice received either two lower doses of 25 ng/kg Stx (Stx subacute) spaced 72 h apart or vehicle (sham). Blood was taken at end of the experiment, five days after the induction of HUS (E, F). (D) Weight loss percentage of body weight (sham n = 10, Stx subacute n = 10). (E) Plasma levels of creatinine and urea (sham n = 10, Stx subacute n = 9) and NGAL (sham n = 10, Stx subacute n = 10). Platelet count, hemoglobin, and hematocrit (sham n = 10, Stx subacute n = 10). (A–F) Data are presented as scatter dot plot with mean ± SD for n number of observations, *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 vs. the corresponding sham group (A, D: two-way repeated measures ANOVA, Bonferroni’s multiple comparison test; all other: Mann–Whitney U test).






3.2 The effect of repeated administrations of lower doses of Stx on systemic disease and kidney dysfunction and injury

All mice challenged with two doses of 25 ng/kg of Stx (subacute model of HUS) developed significant weight loss after 4 days (Figure 1D), which was more pronounced on the fifth and final day of the experiment. When compared with sham-treated mice, plasma concentrations of creatinine, urea, and NGAL (Figure 1E) were increased 5 days after administration of Stx, indicating acute kidney dysfunction and injury. The disease severity score (s. HUS score, Supplementary Figure 1B) was increased in a subgroup of mice 120 h after administration of Stx, while sham-treated mice showed no signs of disease. The hematological analysis (Figure 1F) revealed higher hemoglobin levels in Stx-treated mice when compared with sham. A subset of mice also developed thrombocytopenia.




3.3 The effect of a single high-dose challenge with Stx on cardiac function

We analyzed left-ventricular function in the acute model of HUS by echocardiography before and after 1 and 2 days after the induction of HUS (Figures 2A–D). When compared with sham-treated mice, ejection fraction (EF) (Figure 2B) and fractional area change (FAC) were increased 2 days after administration of Stx, indicating increased left-ventricular contraction secondary to activation of the sympathetic nervous system (Figure 2D).




Figure 2 | Left ventricular cardiac function in mice with hemolytic–uremic syndrome (HUS) exposed to different Shiga toxin (Stx) application regimes. (A–D) C57BL/6J mice received either a single high dose of 300 ng/kg of Stx (Stx acute, n = 11) or vehicle (sham n = 10). Echocardiography was performed before (T0, baseline) and 1 (T1) and 2 (T2) days after induction of HUS. (A) Representative parasternal long axis (PSLAX) and short axis (SAX) M-mode echocardiograms (0.5 s each) at T2. Left ventricular (LV) (B) ejection fraction (EF), (C) fractional shortening (FS), and (D) fractional area change (FAC) were analyzed to characterize LV cardiac function. (E–H) Mice received either two lower doses of 25 ng/kg Stx (Stx subacute n = 10) spaced 72 h apart or vehicle (sham n = 10). Echocardiography was performed before (T0, baseline) and 1 (T1) and 2 (T2) days approximately 10 min after induction of HUS. (E) Representative PSLAX and SAX M-mode echocardiograms (0.5 s each) at T2. LV (F) EF, (G) FS, and (H) FAC were analyzed to characterize LV cardiac function. (B–D, F–H) Data are presented as scatter dot plot with mean ± SD, **p < 0.01, ***p < 0.001 vs. the corresponding sham group (Mann–Whitney U test).






3.4 The effect of repeated administrations of lower doses of Stx on cardiac function

We analyzed left-ventricular function in the subacute model of HUS, before and after 3 and 5 days after induction of HUS (Figures 2E–H). When compared with sham-treated mice, echocardiographic analysis showed no significant changes in EF (Figure 2F), fractional shortening (FS, Figure 2G), and FAC (Figure 2H) at any time point.




3.5 The effect of a single high-dose challenge with Stx on cardiac function and hemodynamics

We analyzed hemodynamically relevant parameters in the acute model of HUS by echocardiography before and after 1 and 2 days after the induction of HUS (Figures 3A–D). When compared with sham-treated mice, end-diastolic volume (EDV) was reduced 2 days after the induction of HUS (Figure 3A). There were no differences in heart rates (HR) between the groups measured after induction of anesthesia (Figure 3B). Stroke volume (SV) (Figure 3C) and CO (Figure 3D) were reduced 2 days after the induction of HUS, of which CO was also reduced 1 day after the induction of HUS (Figure 3D). There were no differences in heart rates between the groups measured after the induction of anesthesia. Taken together, the hemodynamic changes indicate intravascular volume depletion.




Figure 3 | Hemodynamic parameters in mice with hemolytic–uremic syndrome (HUS) exposed to different Shiga toxin (Stx) application regimes. (A–D) C57BL/6J mice received either a single high dose of 300 ng/kg of Stx (Stx acute, n = 11) or vehicle (sham n = 10). Echocardiography was performed before (T0, baseline) and 1 (T1) and 2 (T2) days after induction of HUS. (A) End-diastolic volume (EDV), (B) heart rate (HR) in beats per minute (BPM) approximately 10 min after induction of anesthesia, (C) stroke volume (SV), and (D) cardiac output (CO) were analyzed to characterize hemodynamic changes. (E–H) Mice received either two lower doses of 25 ng/kg Stx (Stx subacute n = 10) spaced 72 h apart or vehicle (sham n = 10). Echocardiography was performed before (T0, baseline) and 1 (T1) and 2 (T2) days after induction of HUS. (E) EDV and (F) HR in BPM approximately 10 min after induction of anesthesia, (G) SV, and (H) CO were analyzed to characterize hemodynamic changes. (A–H) Data are presented as scatter dot plot with mean ± SD, *p < 0.05, **p < 0.01, ****p < 0.0001 vs. the corresponding sham group (Mann–Whitney U test).






3.6 The effect of repeated administrations of lower doses of Stx on cardiac function and hemodynamics

We analyzed hemodynamically relevant parameters in the subacute model of HUS by echocardiography before and after 3 and 5 days after the induction of HUS (Figures 3E–H). When compared with sham-treated mice, EDV (Figure 3E), HR (Figure 3F), SV (Figure 3H), and CO (Figure 3F) were reduced 5 days after the induction of HUS, of which CO was also reduced 3 days after the induction of HUS. Taken together, the changes indicate intravascular volume depletion exacerbated by bradycardia.




3.7 The effect of a single high-dose challenge with Stx on plasma biomarkers of cardiac injury

In plasma samples, we determined the concentration of cTnI and BNP as markers of cardiac injury in the acute model of HUS 2 days after the induction of HUS (Figures 4A, B). Three of 10 Stx-treated mice demonstrated increased cTnI levels (Figure 4A). All mice with increased cTnI levels exhibited clinical deterioration (HUS score = 3, Supplementary Figure 1); however, other mice with comparable disease severity regarding clinical presentation and laboratory values did not present with increased cTnI levels. The echocardiographic analysis revealed no apparent differences in this small subgroup compared with the other Stx-challenged mice. There were no differences in BNP levels between Stx- and sham-treated mice (Figure 4B).




Figure 4 | Plasma surrogate markers of cardiac injury in mice with hemolytic–uremic syndrome (HUS) exposed to different Shiga toxin (Stx) application regimes. (A, B) C57BL/6J mice received either a single high dose of 300 ng/kg Stx (Stx acute) or vehicle (sham). Blood was taken at the end of the experiment, 2 days after the induction of HUS. (A) Plasma concentrations of cardiac troponin I (cTnI) (sham n = 10, Stx acute n = 10) and (B) brain natriuretic peptide (BNP) (sham n = 9, Stx acute n = 5) were measured as surrogate parameters of cardiac injury. (C, D) Mice received either two lower doses of 25 ng/kg Stx spaced 72 h apart (Stx subacute) or vehicle (sham). Blood was taken at the end of the experiment 5 days after the induction of HUS (C) Plasma concentrations of cTnI (sham n = 10, Stx acute n = 9) and (D) BNP (sham n = 10, Stx subacute n = 7) were measured as surrogate parameters of cardiac injury. (A–D) Data are presented as scatter dot plot with mean ± SD, p < 0.05 vs. corresponding sham group (Mann–Whitney U test).






3.8 The effect of repeated administrations of lower doses of Stx on plasma biomarkers of cardiac injury

In plasma samples, we determined the concentration of cTnI and BNP as markers of cardiac injury in the subacute model of HUS (Figures 4C, D) 5 days after the induction of HUS. cTnI was only detectable in one of the nine Stx-challenged mice (Figure 4C). This animal exhibited a high level of disease severity (HUS score = 3, Supplementary Figure 1), the highest NGAL level in plasma, and the lowest CO in this group. There were no differences in BNP levels between Stx- and sham-treated mice in this dose regimen (Figure 4D).




3.9 The effect of a single high-dose challenge with Stx on plasma electrolytes and electrocardiograms

We analyzed the concentrations of electrolytes in plasma samples of mice in the acute model of HUS 2 days after the induction of HUS (Figures 5A, B). When compared with sham-treated mice, plasma sodium concentrations were unchanged (Figure 5A). All but one Stx-treated mouse showed increased potassium levels (hyperkalemia, Figure 5B). The electrocardiograms that were recorded during echocardiography after reaching a steady state of anesthesia showed no morphological abnormalities in sham-treated mice (Supplementary Figure 2). All stx-treated mice with hyperkalemia showed widening of the QRS complexes and increased height of T waves. A subset of hyperkalemic mice showed bradycardia (Supplementary Figure 3).




Figure 5 | Plasma electrolyte concentrations in mice with hemolytic–uremic syndrome (HUS) exposed to different Shiga toxin (Stx) application regimes. (A, B) C57BL/6J mice received either a single high dose of 300 ng/kg Stx (Stx acute) or vehicle (sham). Blood was taken at the end of the experiment, 2 days after the induction of HUS. Plasma concentrations of (A) sodium and (B) potassium (sham n = 10, Stx n = 10). (C, D) Mice received either two lower doses of 25 ng/kg Stx spaced 72 h apart (Stx subacute) or vehicle (sham). Blood was taken at the end of the experiment, 5 days after the induction of HUS (C). Plasma concentrations of (C) sodium and (D) potassium (sham n = 10, Stx n = 9). (A–D) Data are presented as scatter dot plot with mean ± SD, ***p < 0.001 vs. the corresponding sham group (Mann–Whitney U test).






3.10 The effect of repeated administrations of lower doses of Stx on plasma electrolytes and electrocardiograms

We analyzed the concentrations of electrolytes in plasma samples of mice in the subacute model of HUS 5 days after the induction of HUS (Figures 5C, D). When compared with sham-treated mice, plasma sodium concentrations showed no significant changes (Figure 5C). Four of nine plasma samples of Stx-treated mice showed hyperkalemia (Figure 5D). The electrocardiograms that were recorded during echocardiography after reaching a steady state of anesthesia showed no morphological abnormalities in sham-treated mice (Supplementary Figure 4). Two Stx-treated mice displayed bradycardia, widening of the QRS complexes, and increased height of T waves (Supplementary Figure 5), of which one had hyperkalemia and one lacked the plasma potassium value due to insufficient blood sample size.





4 Discussion

In this exploratory pilot study, we addressed and described for the first time Stx2-induced cardiovascular impairment in preclinical models of HUS. In two distinct experimental setups, we induced disease by either a single high or repeated lower doses of Stx to model an acute or subacute course of disease in mice and found results comparable with previous experiments in these models (16) regarding clinical and laboratory signs of disease, such as disease severity score, weight loss, and indicators of acute kidney injury. In addition to these previously reported readouts, to assess the effect of Stx on the cardiovascular system, echocardiographic and laboratory assessments of cardiac injury were performed, yielding signs of cardiovascular dysfunction with varying degrees in both Stx-treated groups. Both Stx dosage regimens resulted in an impairment of cardiovascular function as assessed by echocardiography. All of these novel findings are summarized in Figure 6.




Figure 6 | Summary of findings. Created with BioRender.com.





4.1 Stx-induced hypovolemia contributes to cardiovascular impairment

Based on an observed hemoconcentration in previous experiments with Stx-induced HUS in mice, we hypothesized that the expected and well-documented hypovolemia may, despite volume substitution, be the cause of the observed cardiovascular dysfunction (which was particularly pronounced in the acute HUS model). We report here for the first time that both murine models of HUS caused by (two different regimens of) administration of Stx resulted in a reduction in CO, EDV, and SV. This was associated with reductions in heart rate in hyperkalemic mice, which, in turn, further exacerbated the deleterious effects of Stx on CO. In addition, hemoconcentration was observed in both models. Thus, the loss of intravascular volume (secondary to endothelial injury-dysfunction and plasma leak) results in a reduction in pre-load, which may have importantly contributed to the observed reductions in CO and SV in HUS mice. In the acute model of HUS, we found (in the early stages of the disease) an increase in EF and FAC, which may be reflective of a compensatory response to hypovolemia secondary to activation of the sympathetic nervous system. The increases may appear inconsistent with the observed decrease in CO. As EF is influenced by changes in both (or either) end-diastolic and end-systolic volumes, EF offers no reliable information on the absolute volume ejected from the heart (and, hence, SV or CO). This means that changes in EF are not necessarily mirrored by changes in CO. Interestingly, the increases in EF associated with decreases in CO observed in our murine model of HUS are also frequently observed in patients with sepsis. Notably, the cardiovascular impairment was less pronounced in the subacute model of HUS. Though often masked by hemolytic anemia, hemoconcentration secondary to dehydration is present in human HUS and has been identified as a risk factor for the development of neurological sequelae (17). Capillary leakage, which has been suspected in human HUS (18), may account for or aggravate intravascular hypovolemia. Despite hypovolemia, there was no increase in heart rate in Stx-treated mice compared with controls. This is consistent with findings from other murine models of hypovolemia: Vogel also found no difference in heart rates in hypovolemic compared with euvolemic BALB/c mice (19). In a more recent study, C57BL/6 did not react with an increase in heart rate in response to hemorrhage (20). In this experimental model of hemorrhagic shock, a mean increase in heart rate of 30–40 beats per minute was observed after fluid resuscitation, which is in the range of variance in our mouse model.




4.2 Stx induces cardiac injury in a subset of mice

A third of Stx-challenged mice in the acute model and one mouse in the subacute model showed increases of cTnI. This is likely secondary to cardiac injury (necrosis of cardiomyocytes). The disease severity in these specific mice was high (as judged by the clinical severity score), but other mice in the acute model with no measurable cTnI presented with even more severe disease. Furthermore, these mice showed no reduction in left-ventricular function or differences in the ST segment of the ECG (both if observed could reflect an acute myocardial infarction secondary to the obstruction of a coronary artery; see below) when compared to mice with normal troponin values. Hence, the role of cardiac injury (rise in cTnI levels) in the observed cardiac dysfunction and, indeed, overall outcome in this HUS model remains unclear. Increased troponin levels in pediatric patients with HUS have been described in both case reports and epidemiological studies (3, 6, 21, 22); however, in the absence of larger studies, the incidence of this laboratory finding in human HUS remains unknown. Therefore, the employed models mimic a potentially important part of HUS pathophysiology, previously often neglected. The origin of the increase in cTnI in HUS remains unknown; however, thrombotic microangiopathy of cardiac vessels (see above) has been found in two autopsy studies of children who died from HUS (23). In a case report of cardiovascular impairment in HUS, the temporal dynamics of plasma troponin were recorded around the cardiac event, showing a peak troponin level 24 h after the event and mild elevations 8 h before the event (5). Should the mouse model prove consistent with this finding, the mild increase in cTnI levels seen in some mice could potentially be indicative of a future cardiac event rather than a past one (i.e., acute myocardial infarction). It should be noted that any observed increases in cTnI levels may also be secondary to an impairment in renal function (7). This is particularly important given the presence of acute kidney injury and impaired renal function in both HUS models.




4.3 Arrhythmias secondary to hyperkalemia may be the cause of significant morbidity

In the analysis of plasma, we consistently observed hyperkalemia in a subgroup of Stx-treated mice. Hyperkalemia was found more frequently in mice receiving the higher dose of Stx, which may indicate a dose-dependent mechanism. AKI frequently causes electrolyte imbalances and the presence of hyperkalemia in this murine HUS model reflects findings from studies of human HUS. Hyperkalemia was found in 27.2% of a cohort of 33 children with HUS (24). Zhao et al. found hyperkalemia in 30% of 20 children with diarrhea-positive HUS in their clinical study (25). The frequency of hyperkalemia in humans is, therefore, similar to that seen in our subacute model of HUS. In our mouse model, we also observed electrocardiographic abnormalities in Stx-challenged mice; we found pathological ECGs typical of and exclusively in mice with hyperkalemia, suggesting hyperkalemia as the underlying cause. One case report describes ventricular arrhythmias following myocarditis and hyperkalemia in human HUS (26). In a case–control study of 17 fatal cases of HUS, hyperkalemia was among the causes of death (27). This is also reflected here, as mice with hyperkalemia had a high clinical HUS score.

However, in human HUS, the electrolyte disturbances and associated acid–base imbalance can potentially be treated with drugs or by various renal replacement procedures if diagnosed in a timely manner. If hyperkalemia is not treated, the resulting conduction disturbances may limit animal survival in preclinical models. Future preclinical models could include electrophysiological analyses of Stx-treated cardiomyocytes to investigate an inherent pro-arrhythmogenic effect of Stx.




4.4 Conclusion and outlook

Cardiovascular impairment occurred in all Stx-treated mice. High-dose Stx treatment resulted in severe hypovolemia, hyperkalemia, and cardiac arrhythmias, as well as more frequent signs of cardiac injury. This was accompanied by a compensatory increase in EF most likely secondary to sympathetic nervous system activation. Lower-dose Stx treatment led to the same symptoms albeit less severe/less frequently; however, typical HUS-like symptoms, such as thrombocytopenia and increased surrogate parameters for acute kidney injury, were more pronounced. This exploratory study is limited by its small sample size and lack of mechanistic investigation. The brevity of the model limits the analysis of certain parameters of heart failure such as heart weight/body weight ratio, which may also be skewed by the weight loss of the mice. It poses a first proof of principle, that both models are, in general, suitable models for the investigation of the pathophysiology of cardiovascular events in HUS, as both dose regimens present findings of cardiovascular impairment observed in human HUS. Further experiments should include histopathological analysis, in particular trichrome-stained images of the heart and markers of cardiac inflammation as a first investigation into the mechanisms underlying this impairment. It would be very useful to further gain a more detailed understanding of the hemodynamic alterations associated with both murine models of HUS reported here by characterizing the hemodynamics beyond this pilot study by continuous recording of blood pressure (e.g., an implantable device). This unfortunately was beyond the scope of this study. It is also not clear whether the surgical intervention necessary to implant the device that would allow a remote hemodynamic monitoring (first hit) would affect the subsequent response to Stx (second hit) and, hence, affect disease severity and pathology (even if not related to cardiac dysfunction). Future translational studies should consider the prognostic relevance of cardiovascular impairment, including hyperkalemia-induced arrhythmias, intravascular volume depletion, and decline of CO for the outcome and mortality of this rare but potentially fatal complication.
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Introduction

Two trauma treatment principles are Early Total Care (ETC), and Damage Control Orthopedics (DCO). Cellular mechanisms that underlie the connection between treatment type, its systemic effects, and tissue regeneration are not fully known. Therefore, this study aimed to: 1) profile microRNA (miRNA) expression in plasma derived Extracellular Vesicles (EVs) from a porcine multiple trauma model at different timepoints, comparing two surgical treatments; and 2) determine and validate the miRNA’s messengerRNA (mRNA) targets.





Methods

The porcine multiple trauma model consisted of blunt chest trauma, liver laceration, bilateral femur fractures, and controlled haemorrhagic shock. Two treatment groups were defined, ETC (n=8), and DCO (n=8). Animals were monitored under Intensive Care Unit-standards, blood was sampled at 1.5, 2.5, 24, and 72 hours after trauma, and EVs were harvested from plasma. MiRNAs were analysed using quantitative Polymerase Chain Reaction arrays. MRNA targets were identified in silico and validated in vivo in lung and liver tissue.





Results

The arrays showed distinct treatment specific miRNA expression patterns throughout all timepoints, and miRNAs related to the multiple trauma and its individual injuries. EV-packed miRNA expression in the ETC group was more pro-inflammatory, indicating potentially decreased tissue regenerative capacities in the acute post-traumatic phase. In silico target prediction revealed several overlapping mRNA targets among the identified miRNAs, related to inflammation, (pulmonary) fibrosis, and Wnt-signalling. These were, among others, A Disintegrin and Metalloproteinase domain-containing protein 10, Collagen Type 1 Alpha 1 Chain, Catenin Beta Interacting Protein 1, and Signal Transducers and Activators of Transcription 3. Validation of these mRNA targets in the lung showed significant, treatment specific deregulations which matched the expression of their upstream miRNAs. No significant mRNA deregulations were observed in the liver.





Discussion

This study showed treatment specific, EV-packed miRNA expression patterns after trauma that correlated with mRNA expressions in the lungs, target organs over distance. A systemic response to the increased surgical trauma in the ETC group was identified, with various miRNAs associated with injuries from the trauma model, and involved in (systemic) inflammation, tissue regeneration. EV-transported miRNAs demonstrated a clear role in multiple trauma, warranting further research into tissue-tissue talk and therapeutic applications of EVs after trauma.
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1 Introduction

Multiple trauma results in a high mortality rate and often invalidating consequences, in part because the sustained injuries can elicit exacerbated immune responses throughout the body, causing conditions such as Systemic Inflammatory Response Syndrome (SIRS) and Compensatory Anti-inflammatory Response Syndrome (CARS) (1). Re-establishing an immunological balance as early as possible after multiple trauma is therefore of vital importance, since this will aid in stabilising the patient and speeding up their recovery. The so called “second hit” inflicted by the surgical trauma potentially aggravates conditions such as SIRS and CARS, warranting for a careful choice between Damage Control Orthopaedics (DCO) and Early Total Care (ETC) in the initial post-traumatic phase (2).

The main difference between DCO and ETC is the invasiveness of the initial fracture treatment. The temporary fixation of long bone fractures in DCO is used to ensure a physiological steady state, prior to converting to more invasive surgical fracture fixation procedures (3). However, primary temporary fixation requires more follow up surgeries which prolongs the inflammatory response and immobilization time. The main aim of ETC is to definitively fixate all long bone fractures within primary fracture surgery, shortening the overall inflammatory response and allowing for more swift recovery (4).

Several studies have identified specific indications for either DCO or ETC, but their exact systemic cellular mechanisms that underlie their differential effects on tissue regeneration after multiple trauma are not yet fully understood (4, 5). Cellular signalling, communication, and functioning are important to adequately respond to traumatic tissue damage, inflammation, and enable for tissues to regenerate. These processes are, in part, facilitated by Extracellular Vesicles (EVs), which are important transporters of cellular mediators. EVs have been increasingly investigated in trauma due to their involvement in the underlying pathophysiology, tissue regeneration, and their ability to enable organ crosstalk (6). The latter is of particular interest in a rather heterogenic condition such as multiple trauma (7). Furthermore, research has shown that multiple trauma enhances the amount of the circulating EVs and influences their composition (8).

Upon stress, cells can release EVs to deliver various compounds, such as lipids, proteins, and microRNAs (miRNAs) at target cells or organs via the systemic circulation (9). MiRNAs are short, non-coding RNA molecules that post-transcriptionally regulate protein expression by blocking messengerRNA (mRNA) translation, or activating the transcription of specific genes by enhancing promoter activity (10). However, the involvement of miRNAs in the field of trauma surgery has predominantly been addressed in the context of local tissue responses, such as bone regeneration (11). Characterization of post-traumatic, systemic miRNA-based cellular communication, e.g. as EV-packed miRNAs, is missing. In particular, the effects of the applied surgical treatment, ETC versus DCO, on the expression of EV-packed miRNAs is still unknown. Transport of EVs to injured organs may facilitate cellular communication over distance in multiple trauma, in part through miRNAs (12).

Taking the above-described characteristics of both EVs and miRNAs into account, we hypothesise that EV-packed miRNAs may be involved in various post-traumatic processes such as immunoregulation and tissue regeneration. A first step in better understanding the role of miRNAs in this complex systemic communication mechanism would therefore be to profile the miRNA fingerprint of circulating EVs after multiple trauma at various timepoints, comparing different surgical treatment strategies.

Therefore, we defined two aims: 1) to profile the expression of miRNAs in plasma-derived EVs from a porcine multiple trauma model at different timepoints after trauma, comparing two different surgical treatment modalities; and 2) to determine and validate the miRNA’s mRNA targets.




2 Methods



2.1 Animal care and experimental groups

The data presented in this paper were collected in the context of a larger study in accordance with the 3R principles as set out by the national centre for the replacement, refinement, and reduction of animals in research (13). All sections of this manuscript adhere to the ARRIVE Guidelines for reporting animal research (14). The study was approved by the German governmental office of animal care and use LANUV (Landesamt für Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen, Recklinghausen, Germany) under the permit number 81.02.04.2020.A215.

All animals were clinically examined by a veterinarian after arriving at the hosting facility. They were subsequently housed for seven days prior to the experiment to acclimatise. For the experiments, a total of 22 male German Landrace pigs (Sus scrofa) of 35 ± 5 kg of body weight and 3 months of age were used. The animals were divided in three experimental groups: sham (n=6), ETC (n=8), and DCO (n=8). The sham group received identical instrumentation, anaesthesia, mechanical ventilation, nutrition, and, if required, vasopressive therapy. After multiple trauma induction, either intramedullary nailing (ETC) (T2 System, Stryker GmbH & Co. KG, Duisburg, Germany) or external fixation (DCO) (Radiolucent Fixator, Orthofix, Texas, USA) of both femoral fractures was performed. Parental nutrition (Aminoven, Fresenius Kabi, Germany) was provided under close monitoring of the fluid balance and vasopressive therapy was provided as required.




2.2 Instrumentation and anaesthesia

The model has been previously described in detail (15). Briefly, after 12 hours (h) of fasting with water ad libitum, azaperone (Stresnil™, Janssen-Cilag GmbH, Neuss, Germany) and ketamine (Ketanest, Pfizer, New York, USA) were injected intramuscularly as premedication. Intravenous propofol (Fresenius SE & Co. KGaA, Homburg, Germany) was used to induce anaesthesia, after which the animals were orotracheally intubated (7.5 ch; Hi-Lo Lanz™, Tyco Healthcare, Hampshire, England). For the administration of fluids, anaesthesia, and continuous monitoring of central venous pressure, a catheter (Four-Lumen Catheter, 8.5 Fr., Arrow Catheter, Teleflex Medical GmbH, Fellbach, Germany) was placed in the external jugular vein. A three-lumen haemodialysis catheter (12.0 Fr., Arrow Catheter, Teleflex Medical GmbH, Fellbach, Germany) and an arterial line (Vygon GmbH & Co. KG, Aachen, Germany) were placed in the right femoral vein and artery to monitor arterial blood pressure and induce haemorrhagic shock. All animals received a suprapubic catheter (12.0 Fr, Cystofix®, B. Braun AG, Melsungen, Germany). For the duration of the study, general anaesthesia was maintained using intravenous propofol, sufentanyl, and midazolam (Panpharma GmbH, Trittau, Germany). Proper fluid intake was guaranteed by continuous crystalloid infusion (Sterofundin ISO®; 2 ml/kgBW/h) (B. Braun AG, Melsungen, Germany). Mechanical, porcine adapted volume-controlled ventilation was applied (8-12 ml/kgBW); Positive End-Expiratory Pressure (PEEP) 8 mmHg (plateau pressure < 28 mmHg) adjusted by capnometry aiming for a pCO2 of 35–45 mmHg (Draeger Evita 4, Draeger Safety AG & Co. KGaA, Lübeck, Germany). The following vital parameters were monitored and, in part, depicted in Table 1: body temperature, blood pressure, heart- and breathing-rate, electrocardiogram recordings, electrocardiogram-synchronised pulse oximetry. Furthermore, blood C-reactive protein concentration, leukocyte count, and lactate were determined at pre-determined timepoints (Table 1).


Table 1 | Overview of the following clinical parameters: mean arterial pressure (MAP), heart rate, noradrenaline requirement, C-reactive protein (CRP) concentration, leukocyte count, and lactate.






2.3 Trauma induction

Prior to multiple trauma induction, baseline conditions were required to be stable for at least 120 min after instrumentation. The fraction of inspired oxygen (FiO2) was set at 0.21 throughout instrumentation, as well as during multiple trauma induction and the subsequent shock phase to mimic ambient air. During the 90 min shock phase following multiple trauma induction, body temperature was not controlled to mimic the real life, out of hospital environment and fluid administration was set to 0.1 ml/kgBW/h to keep infusion lines open for later usage. The surgical treatment groups received the standardised multiple trauma (ISS=27) as described below.

A bolt gun machine (Blitz-Kerner, turbocut Jopp GmbH, Bad Neustadt an der Saale, Germany) with cattle-killing cartridges (9 × 17; DynamitNobel AG, Troisdorf, Germany) was used to induce blunt chest trauma by firing the bolt gun machine onto a pair of steel and lead panels (steel 8 mm and lead 10 mm) that were placed on the right dorsal, lower chest. Bilateral femur fractures were induced using a custom-made punch and the bolt gun machine, positioned on the mid-third of the femora.

To mimic liver laceration, a crosswise incision (4.5 x 4.5 cm) half of the tissues’ depth was made in the upper left liver lobe. Following 30 s of uncontrolled bleeding, liver packing was performed with five sterile packs of 10 x 10 cm gauze. Haemorrhagic shock was performed by withdrawing maximally 45% of the total blood volume, until a Mean Arterial Pressure (MAP) of 40 ± 5 mmHg was achieved. The combined multiple trauma was left untreated for 90 min to mimic a real life shock phase. If sham animals required vasopressive therapy, this was also only provided after 90 min.

After the shock phase, animals were resuscitated in accordance with existing trauma guidelines (ATLS®, AWMF-S3 guideline on Treatment of Patients with Severe and Multiple Injuries®) by adjusting the FiO2 to base values for mechanical ventilation, re-infusion of the withdrawn blood (Citrate Phosphate Dextrose Adenine DONOpacks, Lmb Technologie GmbH, Oberding, Germany) as well as fluids administration (Sterofundin ISO®; 2 ml/kgBW/h). A forced-air warming system was used to achieve and/or maintain normothermia for the animals (sus scrofa: German landrace) (38.7–39.8 °C). Prior to surgery and every 24 h after multiple trauma induction, 2 g of ceftriaxone (Fresenius SE & Co. KGaA, Homburg, Germany) were administered via intravenous infusion. Animals were turned every four to six hours to support the respiratory mechanics in the mechanically ventilated animals.




2.4 Sample collection and EV isolation

Per animal of each experimental group, 1 ml of plasma was collected at the following timepoints: 1.5, 2.5, 24, and 72 h. For the isolation of EVs, samples were subjected to the following standard operating procedure, isolating EVs from 30 to 1000 nm. Plasma samples were sequentially centrifuged at 300 x g for 10 min, 2000 x g for 15 min, and 5000 x g for 15 min at 4°C. Cells, cell debris, and apoptotic bodies were eliminated respectively. The EVs were then pelleted by further centrifugation at 20000 x g for 90 min at 4°C (Avanti J-26XP, Beckman Coulter BV, Woerden, the Netherlands). The acquired precipitate was gathered and suspended in 100 µl Phosphate Buffered Saline (Sigma-Aldrich, St Louis, USA) (52, 53). The collected EVs were then stored at − 80°C.




2.5 RNA isolation and cDNA synthesis

RNA extraction was performed by chloroform phenol extraction, using 1 ml of Trizol reagent (Thermo Fisher Scientific, Waltham, USA) per 100 µl EV containing suspension. Furthermore, GlycoBlue co-precipitant (Thermo Fisher Scientific, Waltham, USA) was used according to the manufacturer’s instructions. The amount and purity of the RNA were determined by spectrophotometry using a CLARIOstar Plate Reader and LVis Plate Adapter (Isogen Life Science, De Meern, The Netherlands), after which the RNA was stored at -80˚C. Per animal, RNA was then used for the transcription of miRNA to cDNA using the miRCURY LNA RT kit (Qiagen, Venlo, The Netherlands) according to manufacturer’s instructions.




2.6 miRNA qPCR arrays

For this study, miRCURY LNA miRNA Serum/Plasma Focus PCR panels (YAHS-106YD-8, Qiagen, Venlo, The Netherlands) were used. This panel kit consists of 179 primers for unique miRNAs, excluding several PCR and reverse transcription controls, housekeeper genes, and interplate calibrators. The expression of miRNAs was determined in the pooled sample per respective treatment group and for each specific timepoint. Gene expression was normalised according to the global Cq method. Sham samples of the respective timepoints were used as control. MiRNA gene expression levels were determined via qPCR by the cycle number (Cq), using the CFX96 Real-Time PCR system (Bio-Rad GmbH, Munich, Germany). To assess the quality of the qPCR array reactions, melting curve analyses were performed in combination with a chosen cut off Cq value of 35, above which miRNAs were not considered for further analysis due to minute or absent presence. Fold regulation (FR) was calculated using comparative 2−ΔΔCt method, in which a downregulation was represented as the negative inverse of the acquired 2−ΔΔCt value. A deregulation, as represented by a FR of ≥ 2 or ≤ -2, was considered significantly deregulated. For each timepoint, a selection of the 20 most deregulated miRNAs among the two treatment groups was composed, and from that, miRNAs that were deregulated at minimally two timepoints were selected for bioinformatic analysis and mRNA target validations.




2.7 Bioinformatic analyses of miRNA-mRNA interactions

Possible miRNA-mRNA interactions were estimated using the analytical platform tools4miRs as well as an extensive literature review. Five different mRNA target prediction algorithms were applied: miRanda, miRmap, RNA22, RNAhybrid, and TargetSpy. A main focus was put on genes that were involved in multiple trauma, SIRS, CARS, MODS, sepsis, and bone regeneration. A miRNA-mRNA interaction was included if it resulted as a true hit in minimally three algorithms.




2.8 mRNA target validation

To examine the systemic effects of the deregulated miRNA in vivo, a selection of mRNAs of interest was analysed in lung and liver samples by means of qPCR based on the in silico target prediction and literature review. The following genes were included for qPCR: A Disintegrin and Metalloproteinase domain-containing protein 10 (ADAM10), Collagen Type 1 Alpha 1 Chain (COL1A1), Catenin Beta Interacting Protein 1 (CTNNBIP1), and Signal Transducers and Activators of Transcription 3 (STAT3). The amplification primers are listed in Supplemental Table 1. Controls included positive and negative PCR controls, as well as reverse transcription controls.

MRNA expression levels were determined via qPCR by the cycle number (Cq), using a CFX96 Real-Time PCR system (Bio-Rad GmbH, Munich, Germany). To assess the quality of the individual qPCR reactions, melting curve analyses were performed in combination with a chosen cut off Cq value of 35, above which mRNAs were not considered expressed. Data were processed using comparative 2−ΔΔCt method, using GAPDH as a housekeeper gene. A FR of ≥ 2 or ≤ -2 was considered significantly deregulated.




2.9 Statistical analyses

Analyses were performed with GraphPad Prism version 9.5.0 (GraphPad Software, San Diego, USA). Shapiro-Wilks test was performed to assess normality. Data are represented as mean or median, accompanied by standard error of the mean or interquartile range as appropriate. Significance was determined using one-way ANOVA with Holm-Šidák’s multiple comparison test. A p ≤ 0.05 was considered statistically significant.





3 Results

Overall, 179 unique miRNAs were examined per timepoint, for each treatment group. In total, 136 miRNAs were deregulated at minimally one timepoint after multiple trauma. Figures 1, 2 display significantly deregulated miRNAs, maximally 10 up and downregulated per timepoint, from the ETC and DCO groups respectively. Table 1 displays the following vital parameters, monitored on the respective timepoints: mean arterial pressure (MAP), heart rate, noradrenaline requirement, and blood C-reactive protein concentration, leukocyte count, and lactate.




Figure 1 | Circulating, extracellular vesicle-packed miRNA expression signature of the ETC group at four timepoints after trauma: 1.5, 2.5, 24, and 72 h.. All depicted miRNAs were significantly deregulated at the respective timepoint. A maximum of 10 up- and downregulated miRNAs are shown. Fold regulation (FR) was calculated using comparative 2−ΔΔCt method, in which a downregulation was represented as the negative inverse of the acquired 2−ΔΔCt value.






Figure 2 | Circulating, extracellular vesicle-packed miRNA expression signature of the DCO group at four timepoints after trauma: 1.5, 2.5, 24, and 72 h.. All depicted miRNAs were significantly deregulated at the respective timepoint. A maximum of 10 up- and downregulated miRNAs are shown. Fold regulation (FR) was calculated using comparative 2−ΔΔCt method, in which a downregulation was represented as the negative inverse of the acquired 2−ΔΔCt value.



In short, compared to the sham control, four and 40 EV-derived miRNAs were respectively down- and upregulated at 1.5 h after multiple trauma in the ETC group. Throughout the acute post-traumatic phase, at 2.5 h after trauma, the number of upregulated miRNAs increased to 51 while six miRNAs were downregulated. At 24 h after multiple trauma, the number of downregulated miRNAs doubled in the ETC group, while the total of upregulated miRNAs decreased from 51 to 12. At 72 h after multiple trauma induction, the overall miRNA expression profile normalised to baseline. Overall, the early circulatory EV-derived miRNA expression signature of the ETC group showed strong deregulations of both anti- and proinflammatory miRNAs, such as miR-29a and miR-192 respectively, as well as miRNAs related to angiogenesis, such as miR-122, and the formation of granulation tissue/fibrosis, such as miR-133a. At 72 h, these expression profiles changed, showing increased expression of miRNAs important for cellular proliferation and differentiation, as well as osteogenesis.

Compared to the sham control, miRNA expression profiles in the DCO group showed significant differences at all timepoints, most prominently at 24 h. For all timepoints, the number of downregulated miRNAs was higher in the DCO group compared to the ETC group. At 1.5 h after multiple trauma, 17 and 13 miRNAs were respectively down- and upregulated. The expression profile changed within the following hour, resulting in 7 down- and 42 upregulated miRNAs at 2.5 h after trauma. This trend reversed itself at 24 h, showing a significant drop in the number of overall upregulated miRNAs to 8, and an increase in the total number of downregulated miRNAs to 27. Lastly, at 72 h after multiple trauma induction, miRNA expression showed strong downregulations, with 35 down- and merely 5 upregulated miRNAs (Supplemental Table 2). Collectively, EV-derived miRNA expression in the acute post-traumatic phase was characterised by an increased expression of anti-inflammatory miRNAs, while also showing both up and downregulations for several miRNAs that are involved in cellular proliferation, migration, and cellular senescence. The later timepoints showed downregulations of miRNAs that were, e.g., anti-apoptotic such as miR-29a, while showing upregulations of miRNAs that enhanced cellular proliferation and differentiation in the ETC group, such as miR-885 and miR-29c.



3.1 Most deregulated miRNAs

MiRNAs that exhibited the greatest difference in fold regulation (FR) between the two surgical treatment groups at minimally two timepoints after trauma were selected from the identified 136 unique miRNAs. In total, this provided 13 miRNAs (Figures 3, 4).




Figure 3 | Flowchart depicting miRNA selection of the most deregulated miRNAs among the two treatment groups, ETC vs DCO.






Figure 4 | Most significantly deregulated miRNAs between the ETC and DCO treatment groups. All depicted miRNAs were significantly up or downregulated at minimally two timepoints after surgical intervention. Fold regulation (FR) was calculated using comparative 2−ΔΔCt method, in which a downregulation was represented as the negative inverse of the acquired 2−ΔΔCt value.



The more invasive character of ETC resulted in an overall upregulation of EV-packed miRNAs. In the acute phase until 2.5 h after multiple trauma, most deregulated miRNA expressions were present in the ETC group, with a steady upregulation over time for several specific miRNAs as compared to control. Contrarily, the DCO group showed less deregulation at 1.5 h than ETC, as compared to baseline. At 2.5 h, various miRNAs revealed significant up- and downregulations. For the ETC group, EV-derived miRNA expression started to normalise at 24 h after multiple trauma, whereas the DCO group demonstrated evident downregulations for all of the selected miRNAs. These highly significant downregulations in the DCO group at 24 h after trauma normalised at 72 h. For the ETC group, strong upregulations were present at 72 h for few miRNAs, but the overall expression profile remained comparable to that of 24 h after trauma.




3.2 Bioinformatic analyses

Tools4miRs identified 214 targets for the 13 selected miRNAs. Targets were involved in various aspects of the immune responses and tissue regeneration, such as response to hypoxia, chemotaxis, inflammation, apoptosis, cellular migration and differentiation, and fibrosis. Interestingly, several miRNAs and their targets were identified that matched (organ) specific injuries from the multiple trauma model. Examples of these are the hepato-specific miR-122, miRNAs 29a and 133 with key functions in pulmonary fibrosis, and the involvement of miRNAs 133 and 192 in systemic inflammation. The in silico target prediction and literature review showed that several mRNA targets overlapped between the identified miRNAs.




3.3 qPCR for mRNA targets

Four key mRNA targets of the deregulated miRNAs were analysed by means of qPCR to assess the potential effect of the deregulated miRNAs in target organs. The mRNA targets were selected based on the bioinformatic analyses combined with the overview of the most deregulated, EV-packed miRNAs between the two treatment groups. A total of four miRNA targets, ADAM10, COL1A1, CTNNBIP1, and STAT3, were chosen for validation in lung and liver samples, based on their functions in tissue regenerative processes in these organs, such as in (pulmonary) fibrosis after trauma, regulation of the inflammatory response, Wingless-related integration site signalling pathway (Wnt-signalling), and liver- and alveolar-tissue homeostasis. MiR-122 and 365, both showing significant deregulations over time, were among the upstream targets of ADAM10. Furthermore, miR-133a, miR-29a, and -29c targeted COL1A1, while CTNNBIP1 was the mRNA target of miR-215 and -885. Lastly, STAT3 was regulated by miR-22 and -29a. Lung and liver samples were of interest due to the nature of the multiple trauma, combined with the observed tissue specific miRNA expression profiles. In the lung, the four analysed mRNA targets were significantly deregulated between the treatment groups (all p < 0.0001). Three of the four mRNA targets, ADAM10, COL1A1, and STAT3, were significantly downregulated in lung tissue from the ETC group. One of the four mRNA targets, CTNNBIP1, was significantly upregulated in lung tissue from the DCO group. These mRNA deregulations were consistent with the deregulation of its upstream miRNAs as well as the in silico target prediction (Figure 5). However, no significant deregulations were observed in the liver.




Figure 5 | miRNA targeted mRNAs are deregulated in lung tissue, depending on the applied surgical treatment strategy: intramedullary nailing (Early-Total-Care) versus external fixation (Damage-Control-Orthopaedics). Black dotted line displays the threshold of a fold regulation of |≥ 2| above or below which a mRNA was considered significantly deregulated. Significant differences in mRNA expression between the same sample types from different treatment groups are marked as follows: ****p-value<0.0001. Error bars depict standard error of the mean.







4 Discussion

Multiple trauma is often complicated by severe, complex immune responses both locally at the sites of injury, as well as in the systemic circulation, influencing tissue damage clearance and regenerative processes (1). This study examined the systemic post-traumatic response by profiling the expression of EV-packed miRNAs in a porcine multiple trauma animal model. In this clinically relevant model, two different surgical treatment methods were compared, ETC and DCO, to examine the effect of surgical invasiveness on miRNA-based organ crosstalk after multiple trauma, using EVs as carriers.

Looking at the miRNA expression data, the individual injuries of the multiple trauma model seem to be represented in the systemic EV-packed miRNA expression. MiR-122 for example, the most abundant liver-specific miRNA, was strongly upregulated in both treatment groups in the acute phase after trauma. This miRNA is a specific systemic biomarker for hepatocyte damage upon acute liver injury, modelled in this current porcine multiple trauma model (16). Consistent with these findings, miR-365 was upregulated in both treatment groups. MiR-365 is an upstream inducer of pro-apoptotic protein synthesis and may be involved in programmed cell death after trauma (17). The kinetics of these two miRNAs were similar between the treatment groups, showing significant upregulations in the acute post-traumatic phase followed by decreased expression at 24 h. The greater upregulation of the hepato-specific miR-122 in the ETC group could indicate that more invasive surgery in the acute phase after multiple trauma aggravates hepatocyte damage, potentially through increased systemic inflammation. This is in line with clinical findings in which the stress response to enhanced surgical trauma increases the risk of liver decompensation in patients with chronic liver disease (18). Unfortunately, translational research on the circulating expression of miR-122 and its potential correlations with liver function in patients suffering from multiple trauma without prior liver disease is lacking.

Both miR-365 and miR-122 have also been connected to pulmonary inflammation (16, 19, 20). MiR-365 elicits anti-inflammatory effects by reducing the expression of inflammatory cytokines after IL-17 provocation in asthmatic inflammation during bronchial asthma (19). MiR-122, accounting for 70-80% of the total miRNA expression in the liver, has proven to elicit acute pulmonary inflammation after liver damage, and aggravate pulmonary infections (20, 21). Moreover, increased circulating miR-122 due to acute liver damage has also been associated with mortality in patients suffering from ARDS (16). The fact that both these miRNAs can affect the lungs are in accordance with the findings from this study in which upregulations of circulating, EV-packed, miR-122 and miR-365 were observed, combined with matching downregulations of its mRNA targets in the lungs. Among others, ADAM10 is targeted by miR-122 and miR-365 and was significantly downregulated in lung tissue from the ETC group, matching the stronger upregulations of both miRNAs in this treatment group (Figures 4, 5).

MiR-885 has also shown associations with both lung and liver pathologies, in part by targeting the Wnt-signalling. It was overexpressed at all timepoints in the ETC group, most evidently in the acute phase after trauma. Apart from being a tumour suppressor gene, miR-885 expression has also shown positive correlations with increased serum liver enzymes (22, 23). Furthermore, miR-885 can alleviate bronchial epithelial cell injury (24). Again, the invasiveness of the applied surgical technique influences systemic, EV-packed expression of this miRNA. While being upregulated at all timepoints in the ETC group, it has only shown a comparatively moderate upregulation at 2.5 h after trauma in the DCO group.

Another key component of the multiple trauma model was the induced haemorrhagic shock. Haemorrhagic shock drives immune and organ failure and contributes to among other SIRS, subsequent CARS, and potentially sepsis (1, 2, 25, 26). MiRNAs 133a and 192 are considered potential biomarkers for the development and severity of sepsis and SIRS (27–29). Both miRNAs showed significant deregulations in both treatment groups, being upregulated at almost all timepoints in the ETC group, while revealing significant downregulations in the DCO group, particularly at 24 and 72 h after trauma. These treatment specific deregulations match the increased surgical trauma and subsequent systemic inflammation, keeping their functions in mind. Consistent with these findings was the expression of COL1A1, a mRNA target of miR-133a, in lung tissue from both treatment groups. COL1A1 expression was downregulated in the ETC group, matching the marked upregulations of its upstream miR-133a.

In fact, the targeting of COL1A1 by miR-133a is an important factor in its involvement in pulmonary fibrosis. Overexpression of miR-133a has been reported to be anti-fibrotic and is thereby involved in the physiological response upon lung injury (30). Another miRNA that is involved in the pathogenesis of pulmonary fibrosis is miR-29a. In fact, a miR-29a mimic has been developed to target COL1A1 as a treatment option for pulmonary fibrosis (31). Furthermore, miR-29a reduces alveolar epithelial PANoptosis in vivo by which it improves acute lung injury (32). MiR-133a and miR-29a exhibited similar expression kinetics within each treatment group, showing most deregulation in the ETC group, consistently upregulated at all timepoints. This overexpression could thus protect against pulmonary fibrosis and inflammatory cell death upon blunt chest trauma (30–32). The expression of COL1A1 in lung tissue from both treatment groups is consistent with its upstream regulator miR-29a (Figures 4, 5).

MiR-29a also has systemic implications in relation to sepsis by targeting STAT3, a key regulator of the inflammatory response in sepsis (33). Like miR-29a, miR-22 also targets STAT3. Both miRNAs resulted similarly deregulated in both treatment groups, with the significant downregulation in pulmonary STAT3 expression matching the upregulations of upstream miRNAs 29a and 22 (Figures 4, 5). Although miR-22 has been identified as an in vivo protective factor in LPS-induced acute lung injury, research into the biomolecular functioning of miR-22 in relation to lung injury, and even more so in relation to liver injury, is scarce (34, 35).

Lastly, miR-215 showed minor upregulations in the ETC group at all timepoints, except at 24 h after trauma. Notably, this miRNA showed strong downregulations in the DCO group, most evidently at 24 and 72 h after trauma. One of its targets is CTNNBIP1, a protein that negatively regulates Wnt-signalling by binding to β-catenin, the main activator of the Wnt-signalling pathway (36). The expression of CTNNBIP1 was significantly downregulated in lung tissue from the ETC group as compared to that of the DCO group. This corresponds to the strong downregulation of miR-215 in the DCO group, reducing the post-transcriptional silencing of its target CTNNBIP1. Although miR-215 has been broadly investigated in various fields, suggesting for example a relation between lung cancer and the upregulation of miR-215, research on miR-215 in relation to trauma is lacking (37). The marked systemic downregulations upon less invasive surgery as compared to upregulations upon more invasive surgery do imply that there might be a systemic involvement of miR-215 after multiple trauma.

The nature of multiple trauma implies an abrupt alteration in physiology that changes the tissue’s overall state and functioning. Immune and tissue regenerative processes are subsequently activated, often starting with inflammation followed by more deliberate, intricate processes that aim at restoring tissues. EVs have gained interest in the field of trauma research due to their role as transporters of cellular mediators in these processes after multiple trauma (7). Limitations of this study are the 72 h duration of the model, which is too short to observe long term complications. The 72 h duration also makes it unfit to investigate clinical outcome in the long term. However, this study is among the first to investigate the expression and role of circulating, EV-packed miRNAs in a multiple trauma model in which two different surgical treatment strategies were compared. This study also showed that, in this translational multiple trauma model, DCO results in a reduced expression of pro-inflammatory miRNAs in the systemic circulation.




5 Conclusion

Multiple trauma is an extraordinary condition that, unlike other diseases, rarely presents with identical symptoms in different patients. Multiple trauma management can therefore be challenging since several injuries in different tissue types and organs require tailored treatment plans. The systemic circulation plays an important role in multiple trauma, first and foremost since it carries oxygen and nutrients to the tissues at stake, but also due to the role that it plays in communication between tissues. This study revealed distinctive, treatment specific EV-packed miRNA expression patterns that correlated to mRNA expressions in target organs. Furthermore, this study demonstrates that EV-derived miRNA expression is a lively process, revealing dynamic miRNA expression kinetics throughout the acute phase until 72 h after multiple trauma. Various of the identified miRNAs are involved in (systemic) inflammatory and tissue regenerative processes which correlated to the key injuries from the multiple trauma model. These miRNA expression patterns exhibited a clear systemic response to the increased surgical trauma in the ETC group, suggesting that inflammatory responses from the sustained injuries may be aggravated, and that the subsequent increase in systemic inflammation requires a more elaborate compensatory anti-inflammatory response. This study demonstrated that EV-transported miRNAs have a clear systemic involvement in multiple trauma, opening doors for further research into tissue-tissue talk in multiple trauma as well as therapeutic applications of EVs.
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Background

Despite major advances in medicine, blood-borne biomarkers are urgently needed to support decision-making, including polytrauma. Here, we assessed serum-derived extracellular vesicles (EVs) as potential markers of decision-making in polytrauma.





Objective

Our Liquid Biopsy in Organ Damage (LiBOD) study aimed to differentiate polytrauma with organ injury from polytrauma without organ injury. We analysed of blood-borne small EVs at the individual level using a combination of immunocapture and high-resolution imaging.





Methods

To this end, we isolated, purified, and characterized small EVs according to the latest Minimal Information for Studies of Extracellular Vesicles (MISEV) guidelines from human blood collected within 24 h post-trauma and validated our results using a porcine polytrauma model.





Results

We found that small EVs derived from monocytes CD14+ and CD14+CD61+ were significantly elevated in polytrauma with organ damage. To be precise, our findings revealed that CD9+CD14+ and CD14+CD61+ small EVs exhibited superior performance compared to CD9+CD61+ small EVs in accurately indicating polytrauma with organ damage, reaching a sensitivity and a specificity of 0.81% and 0.97%, respectively. The results in humans were confirmed in an independent porcine model of polytrauma.





Conclusion

These findings suggest that these specific types of small EVs may serve as valuable, non-invasive, and objective biomarkers for assessing and monitoring the severity of polytrauma and associated organ damage.





Keywords: monocytes, trauma, extracellular vesicles, exosomes, liquid biopsy, biomarker, triage





Background

Blood-borne biomarkers are the simplest and most non-invasive source of biomarkers for all types of diseases, including severe COVID-19 and cancer (1, 2). In the last decade, many exciting biomarkers have been explored, discovered, or validated for clinical use as detectable biomarkers in blood. Among these biomarkers, such as circulating cell-free DNA (ccfDNA), circular RNAs (circRNAs), circulating tumour cells (CTCs), and soluble proteins, extracellular vesicles (EVs) have recently received the most attention (2–5). EVs are vesicles that are naturally released from cells. They consist of a lipid bilayer, lack a functional nucleus, and cannot proliferate. In addition, EVs are classified according to their biogenesis and cellular origin (6, 7). The “Minimal Information for Studies of Extracellular Vesicles 2018” (MISEV2018) includes caveats and protocols and defines small EVs as fractions that may consist of EVs derived from late endosomes (8). EVs are released under steady-state conditions and secreted by activated and apoptotic cells (9).

EVs have been shown to be beneficial for cancer screening in pancreatic carcinoma (10), biliary carcinomas in the gallbladder and cholangiocarcinoma (11), other cancer entities such as hepatocellular carcinoma (12), brain tumours (13), and other non-malignant diseases (14). However, the EV methodology is not limited to cancer screening, and few research groups have explored the potential of EVs in polytrauma and trauma care (15, 16), leading to the conclusion that small EVs might also be beneficial. Recently, it was reported that small EVs may be attributed to a higher mortality rate in polytrauma with haemorrhagic shock (17) and altered platelet levels (18).

Polytrauma remains one of the leading causes of death worldwide and the leading cause of disability in patients younger than 35 years (19). However, classifying potentially severely injured patients in prehospital care and objectively classifying and quantifying the complexity and quality of trauma remain problematic Algorithmic and objective data-based strategies are needed when decisions must be made when medical resources are scarce, not only in triage situations (20, 21). Only limited information about visible and recognizable damage can be obtained during the initial assessment of patients at the scene, in the emergency department, or during transport until maximum care is provided. Novel blood-borne assessment methods based on liquid biopsy could be supportive and objectively provide the required information.

The aim of our Liquid Biopsy in Organ Damage (LiBOD) study was to investigate whether small EVs are altered in polytrauma, including internal organ injury, such as rupture of parenchymal organs, in humans and a porcine polytrauma model. The physiological response to trauma is a complex process, as outlined by Lord et al., who summarized the inflammatory cascades triggered by trauma (22). Following traumatic injury, there is an increase in the frequency of the classic inflammatory monocyte subset in humans, characterized as CD14+CD16−, post-injury (23). We employed the ExoView® Reader R100 to immobilize small EVs and distinguish between different subpopulations of monocytes and platelets, including megakaryocytes, aiming to assess their clinical performance in both human polytrauma (injury severity score (ISS) ≥ 15) and porcine polytrauma models. Our findings revealed that CD9+CD14+ small EVs derived from monocytes exhibited superior performance compared to CD9+CD61+ small EVs in accurately indicating polytrauma with organ damage.





Methods




Ethics: human specimens

This study was developed as a non-interventional and retrospective study according to the Clinical Trials Directive (EU) 2001/20/EC and Clinical Trials Regulation (EU) NO 536/2014. The Ethics Committee of the responsible State Chambers of Medicine in Rhineland-Palatinate, Germany (ANr.: 2020-15050) approved the human study part. Informed consent was obtained from all the patients or their legal representatives. The presented data are part of a study that has been registered on the International Clinical Trials Registry Platform through the German Registry for Clinical Trials (DRKS 00026025; https://drks.de/search/en/trial/DRKS00026025).





Human study cohort

Polytrauma patients were included if they had injury severity scores (ISS) ≥ 15 and i) penetrating injuries to the torso-cervical region, ii) fell from a height of more than 1.5 m, iii) had a traffic accident with frontal impact or intrusion of more than 50–75 cm or change in speed of delta > 30 km/h, and iv) had a two-wheeler collision, such as in a motorcycle, bicycle, e-bike, or e-scooter. Typically, polytrauma patients were excluded when i) there were any doubts about the patient’s ability to provide consent or their legal representatives had signs of dementia, ii) patients were younger than 18 years, or iii) they were pregnant. The general characteristics of the patients are summarized in Supplementary Table 1 and Figure 1. Additionally, blood parameters such as erythrocyte, thrombocyte, and leucocyte levels, in addition to medications and drugs given after admission, are summarized in Supplementary Figure 1. Inclusion and exclusion criteria were set according to the Level 3 guidelines on the treatment of patients with severe or multiple injuries (Association of the Scientific Medical Societies, AWMF Register-Nr. 012/019 - Polytrauma Guideline Update Group).




Figure 1 | Demographics of polytrauma (ISS ≥ 15) patients. Overview of patient’s parameters post-trauma, including ISS score, days in ICU, days with invasive ventilation, and ASA classification (if available), in addition to age and gender distribution. A total of 61 polytrauma patients with internal organ damage (polytrauma OD, n = 32) and polytrauma patients without internal organ damage (polytrauma w/o OD, n = 29) were included in this human study in agreement with the given regulations of the responsible State Chambers of Medicine in Rhineland-Palatinate, Germany (ANr.: 2020-15050). Polytrauma OD includes subgroups such as lacerated parenchymal internal organs such as the liver and spleen, kidney rupture, severe lung contusion, vascular dissection of the aorta, and amputation. Amputation was added to the internal organ damage group due to its severity and strain on the amputee regarding blood loss and pathogen infiltration. For further details, see Supplementary Table 1. ISS, injury severity score; ICU, intensive care unit; ASA, American Society of Anesthesiologists.







Human cell lines

For details, please see Supplement Material and Methods.





Differentiation and stimulation of THP-1 monocyte cells in vitro

Please see Supplement Material and Methods.





Cell surface staining for flow cytometric analysis of THP-1 human cell lines

Please see Supplement Material and Methods.





Isolation and purification of THP-1-derived small EVs by size exclusion chromatography and ultrafiltration from cell culture supernatant

Please see Supplement Material and Methods.





Isolation of THP-1-derived large EVs by centrifugation from cell culture supernatant

Please see Supplement Material and Methods.





Isolation of serum from human blood

Please see Supplement Material and Methods.





Isolation of small EVs from human serum

Human serum (1 mL) was centrifuged at 10,000 × g for 10 min to remove lipemia and most of the large EVs. EV-containing supernatant was filled up to 2 mL with filtered phosphate-buffered saline (PBS) (pH 7.4, 0.22 µm). Diluted and precleared serum (2 mL) was loaded onto a qEV2/70 size exclusion chromatography (SEC) column, and a buffer flow volume of 14.1 mL was discarded, after which five fractions (2 mL each) were collected. These five fractions (each 2 mL) were pooled together and concentrated to 1 mL of the large EV-depleted small EV fraction with a 3-kDa molecular weight cut-off (MWCO) filter for the ExoView® Reader-based study.





Isolation and purification of small EVs from pig plasma

Porcine plasma (1 mL) was centrifuged at 2,500 × g for 15 min at room temperature (RT). The supernatant was filled to 2 mL with filtered PBS (pH 7.4, 0.22 µm). Diluted and precleared porcine plasma (2 mL) was loaded onto a qEV2/70 SEC column. A buffer flow volume of 14.1 mL was discarded, and five fractions (2 mL each) were collected. These five fractions were pooled and concentrated to 1 mL using a 3-kDa MWCO filter for the ExoView® Reader-based study.





Transmission electron microscopy of EVs

Please see Supplement Material and Methods.





Protein isolation and quantification from small EVs

Please see Supplement Material and Methods.





Western blotting analysis

Please see Supplement Material and Methods.





Nanoparticle tracking analysis of small EVs

Please see Supplement Material and Methods.





Small EV quantification

Isolated and purified human and porcine small EV samples were characterized by a single-particle interferometric reflectance imaging sensor (SP-IRIS) using the ExoView® R100 Reader (Unchained Labs, Boston, MA, USA; previously NanoView® Biosciences, Boston, MA, USA). According to the ExoView® kit assay protocol (v380.6, revised August 2021), the human ExoView® Tetraspanin Chip (Unchained Labs, Boston, MA, USA; previously NanoView® Biosciences, Boston, MA, USA, Product No.: EV-TETRA-C) was pre-scanned to detect debris before loading the samples. The human ExoView® Tetraspanin Chips were precoated with anti-CD81, anti-CD63, and anti-CD9 EV capture antibodies and MIgG capture controls to ensure optimal performance.

Small EV samples were diluted in 1 × incubation solution I and immobilized on a human ExoView® Tetraspanin Chip overnight (18 h) at RT. After incubation, the human ExoView® Tetraspanin Chips were washed three times in 1 × solution A, followed by incubation with anti-human tetraspanin antibodies such as anti-CD9, anti-CD63, and anti-CD81 (Supplementary Table 4) for 1 h. The ExoView® Tetraspanin Chips were then washed in 1 × solution B, dried, and imaged using ExoView® R100. The acquired data were analysed using ExoView Analyzer (Version 3.1.4) (24).

For quantification of porcine-derived small EVs, antibody-uncoated ExoFlex® chips were coated with commercially available anti-pig CD9 antibody (Supplementary Table 4) according to the manufacturer’s recommendations. Briefly, CD9 monoclonal antibody (MA1-80307, Invitrogen, Thermo Fisher, Waltham, MA, USA) was conjugated with linker 1 and incubated on ExoFlex® chips. ExoFlex® chips with immobilized CD9+ small EVs were incubated with anti-pig CD14 fluorescein isothiocyanate (FITC) (MA5-28286, Invitrogen) for 1 h, washed in solution B, dried, and imaged using ExoView® R100. The acquired data were analysed using the ExoView Analyzer.

Fluorescent cut-offs were set relative to the MIgG control: anti-human CD14 APC in the CF647 channel, 450; anti-human CD61 PE in the CF555 channel, 300; and anti-pig CD14 FITC in the CF488 channel, 450. All the anti-human and anti-porcine antibodies used are summarized in Supplementary Table 4.





Ethics: porcine study

This study was approved by the responsible State Agency for Nature, Environment, and Consumer Protection of North Rhine-Westphalia (Landesamt für Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen AZ: 81-02.04.2020. A215). Furthermore, a porcine study was designed considering the German legislation governing animal studies, which followed the Principles of Laboratory Animal Care (25). Additionally, all porcine experiments of this study adhered to the ARRIVE Guidelines for reporting animal research (26).





Animals: porcine study

The porcine model was previously established by the Department of Orthopedics, Trauma, and Reconstructive Surgery at the University Hospital RWTH Aachen and has been published elsewhere (27–29). The results of this study were part of a larger study design that included an additional group [for additional subgroup information, see Lupu et al. (29)]. In total, 22 male pigs [German Landrace (Sus scrofa)] weighing 35 ± 5 kg were used for multiple trauma induction experiments. All pigs underwent an initial clinical examination, were acclimated to a new environment for 7 days prior to operation/trauma induction, and were housed in ventilated rooms with food and water ad libitum.





Multiple trauma model: porcine study




a) Instrumentation and anaesthesia

Please see Supplement Material and Methods.





b) Trauma and haemorrhage

Please see Supplement Material and Methods.





c) Group allocation

Please see Supplement Material and Methods.






Plasma isolation from full-blood porcine study

Please see Supplement Material and Methods.





Statistical analysis

All data are presented as medians with a 95% confidence interval (CI). A one-way ANOVA was used to analyse differences among the three experimental groups, followed by a post-hoc test. Fisher’s least significant difference (LSD) test was applied for multiple comparisons of subgroups when one-way ANOVA was positive, and Bartlett’s test for equal variance was successful. The differences between two independent experimental subsets were determined using a two-tailed, unpaired t-test. The area under the receiver operating characteristic curve (AUROC), sensitivity, specificity, and associated cut-off values were calculated. Pearson’s correlation coefficient was calculated to measure the linear correlations between the two sets of data. Statistical results were considered significant if the p-value was <0.05. The experimental strength was calculated post-hoc.

Fluorescence-activated cell sorting (FACS) data were analysed using FlowJo 10 for MAC OSX (Tree Star Inc., Ashland, OR, USA). ExoView data were processed using the ExoView® Analyzer (Version 3.1.4, Unchained Labs). Statistical analysis was performed using GraphPad Prism 9 (GraphPad Software Inc., La Jolla, USA) and the G*Power program (version 3.1.9.2, Düsseldorf, Germany). Figures were created using GraphPad Prism version 9. Some figures were done with the help of BioRender.com.






Results




Antibody validation on cultured THP-1 cells for EV detection

First, we confirmed that non-stimulated THP-1 cells lacked CD14 expression (Figure 2A) (30). Stimulation with phorbol 12-myristate 13-acetate (PMA) or PMA/lipopolysaccharide (LPS) is required to markedly increase CD14 expression. For CD61 and CD14+CD61+ cells, a similar upregulation was achieved with PMA/LPS. Therefore, THP-1 cells are suitable for the evaluation of anti-CD14 and anti-CD61 antibody testing of THP-1-derived EVs in vitro.




Figure 2 | Antibody validation on cultured THP-1 cells and THP1-derived small EVs. (A) In vitro, human THP-1 monocyte cells were treated with PMA alone or PMA/LPS (each n ≥ 3). Values are given as mean with SEM. Column statistical analysis performed by one-way ANOVA test including Fisher’s LSD post-hoc test for multiple comparisons (*p < 0.05; **p < 0.01; ***p < 0.001; CD14+: F = 9325, df = 2, CD61+: F = 754.7, df = 2; CD14+CD61+: F = 1337, df = 2). (B) Overview of small EV generation, SEC isolation, and the use of the ExoView® Tetraspanin kit. Typically, THP-1 was stimulated with 200 nM of PMA and 500 ng/mL of LPS to complete a cell type-specific phenotypical changing cycle within 1 week. (C) EV counts as immobilized by CD9, CD63, and CD81 capture antibodies and subsequently stained with anti-CD14 and anti-CD61 on the ExoView® Tetraspanin microchip. (D) EV size distributions for particles as immobilized by CD9, CD63, and CD81 capture antibodies on the ExoView® Tetraspanin microchip. CFU, centrifugal filter unit; EVs, extracellular vesicles; PMA, phorbol 12-myristate 13-acetate; LPS, lipopolysaccharide; LSD, least significant difference; SEC, size exclusion chromatography.







THP-1 cell culture-derived small EVs and their tetraspanin expression

Per the ExoView® Tetraspanin Chip, 8.5 × 1011 EVs derived from THP-1 cells after SEC and ultrafiltration (UF) purification were used. The EV yield and purity were evaluated via nanoparticle tracking analysis (NTA) measurements, allowing us to load the ExoView® Tetraspanin Chips with the same small EV numbers. Small EVs were captured/immobilized on the chip using CD9, CD63, and CD81. Immobilized small EVs were distributed among CD63, CD81, and CD9 capture antibodies and designated as isotype control MIgG. The whole small EV isolation and analysis procedure including THP-1 cultering is graphically summarised in Figure 2B.

The amount of immobilized small EVs captured by the ExoView® Tetraspanin Chip was set to 100%, and the distribution of small EVs was calculated among designated capture antibody spots: anti-CD63 24,9%, CD81 13%, and CD9 62% (Figure 2C). The captured small EVs were stained for CD14 and CD61. Accordingly, a relatively low number of CD9+CD14+ small EVs was observed compared with CD63+CD14+ and CD81+CD14+ EVs. In the case of CD61, CD9+CD61+ small EVs were predominant over CD63+CD61+ and CD81CD61+ small EVs. The associated representative spot pictures can be found in supplementary (Supplementary Figure 2). Importantly, these data unequivocally demonstrated that our chosen antibodies, anti-CD14, and anti-CD61, were able to detect CD14 and CD61 surface antigens located on small EVs derived from human monocytes/macrophages. Figure 2D depicts the median EV diameters as captured by the CD9/CD63/CD81 probes on the ExoView® Tetraspanin Chip.

We used Western blotting to characterize isolated small EVs based on their protein content, in particular, plasma membrane-associated tetraspanin CD63, secreted calreticulin, cytosolic protein TSG101, and housekeeping protein β-actin as a loading control (see Supplementary Figure 3). In addition to negative calreticulin, CD63, and TSG101 were positive in our isolated small EVs. β-Actin served as a loading control. The preparation of large EVs was run as a control, which led to no detectable signals for TSG101 and calreticulin. CD63 is faint in large EVs and typically enriched in small EVs.





Human serum-derived small EVs are predominantly CD63- and CD9-positive

Figure 3A depicts our standard operating procedure (SOP) for the isolation of small EVs, starting with 1 mL of human serum. Isolated human serum-derived small EVs were characterized by the ExoView® Tetraspanin Chip using anti-CD9, anti-CD63, and anti-CD81 as custom antibodies for exact quantification of small EV subpopulations (CD9+, CD63+, and CD81+ small EVs). The immobilized small EVs were mostly CD9 and CD63 positive, and a small population was CD81 positive (Figure 3B). ExoView® SP-IRIS measurements demonstrated that the size of each captured small EV ranged from 50 nm to 70 nm in diameter (Figure 3C). Accordingly, transmission electron microscopy (TEM; Figure 3D) was used to detect EVs within a size range measured on the chip. Isolated small EVs showed typical morphology and size for EVs, as previously published (24).




Figure 3 | Characterisation of small EVs isolated from polytrauma patients’ serum samples by surface antigens, size, and TEM. ExoView® Reader 100 is capable of determining the diameter of individual captured small EVs binding to a precoated ExoView® Tetraspanin Chip with anti-CD9, anti-CD63, and anti-CD81 on designated capture spots by manufacture. (A) Workflow SOP for isolation from 1 mL of human serum collected from polytrauma patients (ISS ≥ 15), including isolation via SEC and UF and a final interferometric detection system with the ExoView® Reader 100-based methodology. Manufacturer-supplied antibodies, anti-CD9 (CF488A), anti-CD63 (CF647), and anti-CD81 (CF555) were used for the detection of indicated tetraspanins on captured small EVs. (B) Tetraspanin distribution on CD9+, CD63+, or CD81+ captured small EVs on the ExoView® Tetraspanin Chip (n= 3). The graph depicts the median with a 95% confidence interval (CI). (C) Sizes of EVs as immobilized with CD9+, CD63+, or CD81+ on ExoView® Tetraspanin Microchips. (D) Representative transmission electron microscopy (TEM) picture of SEC-isolated small EVs demonstrating small EV sizes ranging from 50 nm to 200 nm. CFU, centrifugal filter unit; EVs, extracellular vesicles; SOP, standard operating procedure; ISS, injury severity score; SEC, size exclusion chromatography; UF, ultrafiltration.







EV subpopulations show unique distribution in polytrauma patients

Anti-CD9, anti-CD63, and anti-CD81 precoated ExoView® Tetraspanin Chips allow quantification of the individual numbers of the three small EV subpopulations as defined by CD9/CD63/CD81 (31). Among all investigated small EV subpopulations and our additional antibodies targeting CD14 and CD61, the following subpopulations could be distinguished: CD9+CD14+ small EVs, CD9+CD61+ small EVs, and double-positive CD9+CD14+CD61+ small EVs. All three types of small EV subpopulations exhibited a higher median count [CD9+CD14+ small EVs (Figure 4A), CD9+CD61+ small EVs (Figure 4B), and double-positive CD9+CD14+CD61+ small EVs (Figure 4C)] and were capable of distinguishing patients with polytrauma organ damage (OD) from patients without polytrauma (polytrauma without OD). Representative ExoView® Tetraspanin capture spots are depicted in Supplementary Figure 4. Accordingly, CD9+CD14+ small EVs in polytrauma OD (median, 5.372 × 105/mL serum) were significantly increased by 11.2-fold (p < 0.001) compared to those in polytrauma without OD (median, 48.0 × 104/mL serum) with a calculated cut-off of 3.6 × 105/mL serum. The associated clinical performance was as follows: AUROC = 0.9461, sensitivity = 81.25%, and specificity = 96.55% (Figure 4A). CD9+CD61+ small EVs (median, 1.747375 × 108/mL serum, Figure 4B) and CD9+CD61+CD14+ small EVs (median, 1.1525 × 105/mL serum, Figure 4C) were 2.6-fold (p < 0.001) and 2.9-fold (p < 0.001) elevated compared to polytrauma without OD, respectively (polytrauma w/o OD: CD9+CD61+ small EVs = 6.74935 × 107/mL serum and CD9+CD14+CD61+ small EVs = 4.0 × 104/mL serum). Associated cut-offs were set for CD9+CD61+ small EVs at 1.05860505 × 108/mL serum with an AUROC of 0.8599, sensitivity of 78.13%, and specificity of 86.21%; for CD9+CD14+CD61+ small EVs, the cut-off was 8.7 × 104/mL serum, AUROC of 0.8699, sensitivity of 86.36%, and specificity of 86.21%. All data for the individual small EV populations and subpopulations are summarized in Supplementary Table 5.




Figure 4 | Quantification of the indicated human serum-derived small EV subpopulation as defined by the small EV marker CD9 plus custom anti-CD14 and anti-CD61 on ExoView® Tetraspanin Chips. (A) CD9+CD14+ small EV counts in polytrauma (ISS ≥ 15, within 24 h post-trauma) with internal organ damage (polytrauma OD) vs. polytrauma without internal organ damage (polytrauma w/o OD). (B) CD9+CD61+ small EV counts in small EVs in polytrauma OD vs. polytrauma w/o OD. (C) CD9+CD14+CD61+ small EV counts in small EVs in polytrauma OD vs. polytrauma w/o OD. Statistical significance was assessed by a two-tailed, unpaired t-test (*p < 0.05; **p < 0.01; ***p < 0.001; (A) t = 6.248, df = 59; (B) t = 5.100, df = 59; (C) t = 4.679, df = 59). All these scatter dot plots show lines at the median with a 95% CI. Post-hoc calculated power (1 − β err prob) is 1.0. Including corresponding AUROC, sensitivity, specificity, and cut-off values. CFU, centrifugal filter unit; EV, extracellular vesicle; ISS, injury severity score; AUROC, area under the receiver operating characteristic curve.







The composition of small EV subpopulations follows the 7-day recovery period for polytrauma patients

Here, we randomly selected 14 polytrauma OD patients based on serum sample availability to be assessed on day 7 post-trauma. Overall, we observed that the median number of CD9+CD14+ small EVs dropped sharply on day 7 from a median of 9.4925 × 105/mL serum (day 1) to a median of 1.3005 × 105/mL serum (p = 0.0002) (Figure 5A). A similar decrease was observed from 24 h post-trauma to day 7 post-trauma for CD9+CD61+ small EVs from a median of 2.0203725 × 108/mL serum to a median of 7.985925 × 107/mL serum CD9+CD61+ small EVs (p = 0.0004) (Figure 5C).




Figure 5 | Small EV release on the investigated time axis (day 7 post-trauma) and correlations with ISS, days of invasive ventilation, and duration of ICU. (A) Median CD9+CD14+ small EV values and (C) median CD9+CD61+ small EV values within 24 h post-trauma vs. day 7 post-trauma in polytrauma OD patients, selected based on the availability of serum samples at day 7. Statistical significance was assessed by a two-tailed, unpaired t-test (*p < 0.05; **p < 0.01; ***p < 0.001; (A) t = 5.063, df = 13; (C) t = 4.783, df = 13). Post-hoc calculated power (1 − β err prob) is 1.0. (B, D) Spearman’s correlation (rsp) analyses for median CD9+CD14+ small EVs and CD9+CD61+ small EV values and associated ISS value (n = 56) as assessed 24 h post-trauma. p and rsp values as indicated. EV, extracellular vesicle; ISS, injury severity score; ICU, intensive care unit.



Next, we studied whether the measured small EV subpopulations in polytrauma patients would correlate with ISS. Indeed, median CD9+CD14+ small EVs (Figure 5B) and CD9+CD61+ small EVs (Figure 5D) values isolated from serum taken within 24 h post-trauma significantly correlated with ISS (both p < 0.001) with rsp values of 0.46 and 0.52 (n = 56), respectively.

Of note, the focus on different qualities and severity of trauma in our study raises the question of whether the presence of small EV subpopulations could predict disease outcomes. This could be measured as the duration of invasive ventilation and an intensive care unit (ICU) stay. Supplementary Figures 5A, B depict Spearman’s correlations of median CD9+CD14+ small EVs and median CD9+CD61+ small EVs as determined 24 h post-trauma with days of invasive ventilation. Median CD9+CD14+ small EVs correlated significantly with the duration of invasive ventilation (p = 0.003), whereas median CD9+CD14+ small EVs did not (p = 0.12). However, the rsp values were below 0.5, 0.42 (Supplementary Figure 5A), and 0.23 (Supplementary Figure 5B). Therefore, they were not useful in the clinical setting and were neglected. Another critical patient parameter was the duration of ICU stay. Here, Spearman’s rsp values were lower than 0.5: for CD9+CD14+ small EVs, rsp = 0.47 (p <0.001, Supplementary Figure 5C), and for CD9+CD61+ small EVs, rsp = 0.32 (p = 0.03, Supplementary Figure 5D).





Alteration in small EV subpopulations distinguishes injured animals in a porcine model of polytrauma

To evaluate whether the porcine polytrauma model would follow small EV distributions as in humans and serve for further evaluation of our study, we investigated 14 pigs before and after surgical induction of polytrauma, as depicted in Figure 6A and described in the Methods section in greater detail. Porcine ethylenediaminetetraacetic acid (EDTA) plasma was utilized as a small EV source before ExoFlex® chip incubation (Figure 6A). Briefly, 16 experimental pigs were traumatized, eight pigs were stabilized with external fixation (Exfix), and eight pigs were stabilized with non-reaming intramedullary nailing (IMN). An additional eight experimental pigs underwent a control-sham operation. Owing to the restricted availability of ExoFlex® chips and anti-porcine antibodies, 14 porcine samples were randomly measured (Figure 6B). Interestingly, an increase in CD9+CD14+ small EVs of 1.6-fold to 18.6-fold was detectable in seven out of nine polytrauma OD pigs compared to the median CD9+CD14+ small EV values prior to vs. post-polytrauma OD (Figure 6C). Small CD9+CD14+ EVs in the sham group remained stable at low levels.




Figure 6 | Porcine polytrauma model and CD9+CD14+ small EV performance before and after polytrauma induction. (A) Porcine plasma requires platelet removal by two 2,500 × g centrifugations prior to SEC-based EV purification, followed by UF of the first five fractions by 3-kDa MWCO centrifugation filters. The ExoFlex® chip was coated with anti-porcine CD9 for the capture of CD9+ EVs. (B) Overview of individual CD9+CD14+ small EV values before and after trauma (24 h) induction for each pig, including the pig’s experimental number. Pigs are divided into three groups: polytrauma OD with external fixation (Exfix, n = 4), eight pigs with non-reaming intramedullary nailing (IMN), and the sham group (n = 5). (C) Overview of intragroup changes before (healthy) and after trauma induction (24 h) in the polytrauma OD and sham groups. (D) Median values of CD9+CD14+ EVs post-trauma in the polytrauma OD pigs compared to sham at 24 h and healthy pigs (defined as all pigs prior to polytrauma induction, baseline values; statistics assessed as follows: (D) one-way ANOVA including Fisher’s LSD post-hoc test for multiple comparisons, F = 3.959, df = 2; (C) two-tailed, unpaired t-test (*p < 0.05; **p < 0.01; ***p < 0.001; t = 1.928, df = 9). Note: CFU, centrifugal filter unit; EV, extracellular vesicle; SEC, size exclusion chromatography; UF, ultrafiltration; MWCO, molecular weight cut-off; OD, organ damage; LSD, least significant difference.



The overall count of CD9+CD14+ small EVs in pigs with polytrauma OD was elevated compared to the sham-operated group (polytrauma OD 24 h: median = 4.762353 × 106/mL plasma CD9+CD14+ small EVs, n = 9, p = 0.04; sham group 24 h: median = 1.945706 × 106/mL plasma CD9+CD14+ small EVs, n = 5, p = 0.04) and compared to the healthy group (blood taken prior to operation: median = 1.799789 × 106/mL plasma CD9+CD14+ small EVs, n = 14) (Figure 6D). One-way ANOVA with Fisher’s LSD test post-hoc test indicated a significant difference (p < 0.01) between the polytrauma OD (24 h) and sham groups (24 h) but no significance was found between the sham group (24 h) and healthy pigs prior to operation (Figure 6D). The calculated cut-off for CD9+CD14+ small EVs was 2.856334 × 106/mL plasma, associated with an AUROC of 0.7778, a sensitivity of 78%, and a specificity of 100% (Figure 6D). The associated representative spot pictures are shown in Supplementary Figure 5.






Discussion

The aim of our LiBOD pilot study was to investigate whether circulating blood-derived small EVs allow objective differentiation between polytrauma patients with and without internal organ damage. To this end, in our retrospective LiBOD pilot study, we offered insights into an objective assessment of polytrauma quality using a liquid biopsy and subsequent quantification of the indicated small EV subpopulations such as CD9+CD14+, CD9+CD61+ small EVs, and CD9+CD14+CD61+. These results could be crucial in practice to capture the quality of polytrauma, for example, when triage is required while medical resources, especially human resources such as paramedics, are scarce or insufficient (20, 21). In addition, overtriage and undertriage could be reduced or prevented. Overtriage may lead to a misperception of urgency and unnecessary consumption of scarce resources (32). Conversely, undertriage may lead to higher patient mortality but is more likely to result in inadequate medical care (33).

The ExoView® Tetraspanin Chips that were used are capable of detecting and quantifying various subpopulations of small EVs derived from monocytes and platelets, including megakaryocytes. The specific antigen combinations used to define these subpopulations are as follows: for monocyte-derived subpopulations, CD9+CD14+, CD63+CD14+, CD81+CD14+, CD9+CD14+CD61+, CD63+CD14+CD61+, and CD81+CD14+CD61+; for platelet-, monocyte-, and megakaryocyte-derived small EVs, CD9+CD61+, CD63+CD61+, and CD81+CD61+. It is important to note that small EVs lacking expression of the three major tetraspanins, CD9, CD63, and CD81, were not immobilized on the ExoView® Tetraspanin Chips (31). Therefore, the method we chose is similar to that of studies using anti-CD9, anti-CD63, and anti-CD81 beads to detect EV subpopulations (34). The advantage of the current measurement technique is its ability to stain the captured EVs on the chip simultaneously distinguish between subpopulations and determine their individual sizes. Thus, this technique allows single-EV resolution for these parameters.

Our analysis of the small EV subpopulations revealed that the CD9+CD14+ subpopulation of small EVs derived from monocytes appeared to be superior overall in accurately indicating polytrauma with organ damage, delivering sensitivity and specificity of 81% and 97%, respectively (Figure 4A), associated with an AUROC of >0.90 (Figure 4A and Supplementary Table 5). These values are more than acceptable in triage conditions and allow for prospective assessment of internal organ damage in blunt trauma in the absence of open wounds, which would clearly indicate internal organ injury. A typical scenario for undertriage can be fatal if internal injuries are not detected in a timely manner or at the first symptoms of unconsciousness due to internal bleeding/haemorrhagic shock (35).

Going in line with our monocyte small EV data, we detected significantly increased levels of CD9+CD61+ small EVs in the sera of patients with polytrauma OD (Figures 4B, C). These small EVs likely originated in part from subsets of monocytes and most likely from platelets and their precursors as megakaryocytes. Platelet activation is an early event in injury, and platelets release EVs (16, 36). However, CD61 alone does not pinpoint platelets as the source of CD9+CD61+ small EVs, which were inferior compared to monocyte-derived small EVs (Supplementary Table 5). Thus, CD9+CD61+ small EVs could likely be released by a novel subset of monocytes, as recently suggested by Hamers A.A.J. et al. based on their high-dimensional mass cytometric analyses of three human CD16+ non-classical monocyte subsets and four CD14+ classical monocyte subsets (37). The classical subset 1 appeared to have high CD61 and CD9 expression (37), making them also potential EV donors for CD9+CD14+CD61+ small EVs (Figure 4C).

We observed a marked and significant decrease in small CD9+CD14+ and CD9+CD61+ EVs 7 days post-trauma compared with 24-h values in patients who did not develop any post-trauma complications such as systemic inflammatory response syndrome (SIRS), acute respiratory distress syndrome (ARDS), or sepsis (38). Other studies have reported that CD14+ small EVs are elevated in ARDS (39). This rapid decrease contrasts with reports in which an increase in CD45+ large EVs was measured over time up to day 28 (40). This discrepancy could easily be explained by the fact that the authors measured CD45+ large EVs (40), CD14+ is only a small part of the CD45+ compartment, and large EVs might have different pharmacokinetic behaviours than small EVs in vivo. As described by Yáñez-Mó et al., the clearance time of EVs in circulation may depend on their steady-state level and the balance between the generation and clearance of each EV population (41, 42).

Next, we investigated whether correlations could be calculated between the measured small EV populations and the ISS. Our data showed that CD9+CD14+ small EVs and CD9+CD61+ small EVs were significantly correlated with ISS [Spearman’s rsp = 0.46 (Figure 5B) and rsp = 0.52 (Figure 5D)]. However, several variables need to be considered: ISS assessment is highly subjective and prone to observer error (43). In their study, the authors observed a probability of only 28% that the assessments of 16 trauma patients by 15 trauma and injury experts were consistent and a probability of 51% for assigning individual cases to the same severity group (43). This limits the validity of our correlations between ISS and reported subpopulations of small EVs. For large EVs, a correlation between ISS and CD61+ large EVs in trauma was reported, with an rsp value of 0.635 (n = 22) (15). We calculated a ranked correlation for CD9+CD61+ small EVs with an rsp value of 0.52 (Figure 5D), showing a similar trend.

As our LiBOD pilot study included only 61 severely injured patients (ISS ≥ 15), we chose a polytrauma animal model for independent validation. Here, we took advantage of an already established porcine trauma model (28, 29, 44) in which pigs received blunt chest trauma, bilateral femur fractures, and standardized liver laceration combined with pressure-controlled haemorrhagic shock (35 ± 5 mmHg) for 90 min, mimicking typical polytrauma (ISS ≥ 15) with internal organ damage (polytrauma OD). Our porcine polytrauma study data mirrored our human patient data, and CD9+CD14+ small EVs successfully separated injured animals from sham-operated animals and samples collected before trauma (Figure 6D). While we were able to successfully replicate our findings from the human study using a porcine trauma model, it is important to note that we intentionally chose porcine plasma as the source of small EVs instead of serum. The binding of small EVs to the thrombus when using serum as an EV source remains speculative and presents a potential systematic flaw in human samples. To mitigate any potential bias or artefacts associated with serum as an EV source, we opted to utilize plasma as the small EV source in our porcine model, thereby ensuring more reliable and accurate results.

Moreover, by using the porcine polytrauma model to validate our findings, we were able to confirm that the medication and drugs administered to human polytrauma patients, such as fibrinogen and tranexamic acid (among others, which can be found in Supplementary Figure 1), did not have a relevant impact on the release of EVs. We conducted Spearman’s correlation analysis to examine the potential relationship between the administered drugs and the release of EVs, as well as their influence on specific subpopulations of small EVs, including CD9+CD14+. The results of this analysis are summarized in Supplementary Table 6.





Conclusion

Our LiBOD pilot study has to be evaluated in a larger cohort size with an increased diversity of traumas, including brain trauma, likely associated with undertriage (45). Desired sampling would be at the scene of the accident to best determine the trauma level as early as possible or during transport to a trauma centre providing an appropriate level of trauma care. Such early decision-making based on LiBOD could potentially not only avoid undertriage but also reduce cost per patient in cases of overtriage (32). Overall, a small EV assessment as part of LiBOD has the potential to assist subjective triage with an objected value to prevent undertriage and overtriage and to assist in providing the best and fastest medical care for trauma patients.
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Purpose

Earlier research has identified several potentially predictive features including biomarkers associated with trauma, which can be used to assess the risk for harmful outcomes of polytraumatized patients. These features encompass various aspects such as the nature and severity of the injury, accompanying health conditions, immune and inflammatory markers, and blood parameters linked to organ functioning, however their applicability is limited. Numerous indicators relevant to the patients` outcome are routinely gathered in the intensive care unit (ICU) and recorded in electronic medical records, rendering them suitable predictors for risk assessment of polytraumatized patients.





Methods

317 polytraumatized patients were included, and the influence of 29 clinical and biological features on the complication patterns for systemic inflammatory response syndrome (SIRS), pneumonia and sepsis were analyzed with a machine learning workflow including clustering, classification and explainability using SHapley Additive exPlanations (SHAP) values. The predictive ability of the analyzed features within three days after admission to the hospital were compared based on patient-specific outcomes using receiver-operating characteristics.





Results

A correlation and clustering analysis revealed that distinct patterns of injury and biomarker patterns were observed for the major complication classes. A k-means clustering suggested four different clusters based on the major complications SIRS, pneumonia and sepsis as well as a patient subgroup that developed no complications. For classification of the outcome groups with no complications, pneumonia and sepsis based on boosting ensemble classification, 90% were correctly classified as low-risk group (no complications). For the high-risk groups associated with development of pneumonia and sepsis, 80% of the patients were correctly identified. The explainability analysis with SHAP values identified the top-ranking features that had the largest impact on the development of adverse outcome patterns. For both investigated risk scenarios (infectious complications and long ICU stay) the most important features are SOFA score, Glasgow Coma Scale, lactate, GGT and hemoglobin blood concentration.





Conclusion

The machine learning-based identification of prognostic feature patterns in patients with traumatic injuries may improve tailoring personalized treatment modalities to mitigate the adverse outcomes in high-risk patient clusters.
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1 Introduction

Severe trauma stands as a noteworthy global public health challenge, constituting nearly 8% of all deaths and resulting in over 4.4 million deaths worldwide annually (1). The World Health Organization highlights road traffic accidents, suicides and homicides as primary contributors to injury and violence-related deaths (1). Advances in prehospital transport and resuscitation strategies have significantly influenced the patterns of traumatic deaths over recent decades (2). Trauma-related fatalities display a bimodal distribution, with a majority occurring in the initial days following the injury, often due to severe head injury or uncontrollable bleeding. Survivors of the initial traumatic event frequently confront a critical illness characterized by prolonged stays in intensive care units (ICU) or hospitals (length of stays, LOS), along with an elevated risk of inflammatory complications (3, 4).

In the realm of post-injury scenarios, the pivotal determinant of outcomes lies in the concurrent immuno-inflammatory response (5, 6). When this response is appropriately controlled in terms of both intensity and duration, it plays a crucial role in restoring the host homeostasis. Conversely, an irregular response is associated with the onset of multiple organ dysfunction syndrome (MODS), culminating in prolonged critical illness and a sustained elevated susceptibility to complications and mortality even post-discharge (7). Experiencing multiple traumas triggers substantial blood loss and the accumulation of necrotic or devitalized tissue within an ischemic-hypoxic environment devoid of oxygen and nutrients, both of which contribute to coagulatory and inflammatory alterations. The inflammatory response following polytrauma plays a pivotal role in the body`s molecular defense mechanisms. The initial phase of inflammation after polytrauma involves two coordinated processes: the systemic inflammatory response syndrome (SIRS) representing a pro-inflammatory reaction, and the compensatory anti-inflammatory response syndrome constituting an anti-inflammatory reaction (8). SIRS manifests through changes in heart rate, respiratory rate, temperature regulation, and activation of immune cells. In the typical course of the inflammatory response following trauma, a delicate equilibrium is maintained between the pro- and anti-inflammatory reactions, ensuring biological homeostasis and fostering controlled regeneration processes that support a normal recovery without significant complications. However, an exaggerated inflammatory response following trauma has the potential to simultaneously activate both innate pro- and anti-inflammatory mediators while suppressing adaptive immunity, that can lead to the early onset of multiple organ dysfunction syndrome (MODS) (9). Furthermore, an extended and dysregulated immune-inflammatory state is linked to delayed recovery and complications, particularly the emergence of late-stage MODS. The intricate interplay of these factors can result in severe SIRS, acute respiratory distress syndrome, sepsis, acute kidney injury, and ultimately MODS. Various influencing factors include the type of injured tissue, post-injury surgical management, age, sex, genetics, and critically, underlying comorbidities and physical conditions, encompassing both exogenous and endogenous factors (7, 10). Accurately identifying the risks faced by patients in ICUs after traumatic injuries is essential for tailoring existing treatment strategies and mitigating subsequent complications, particularly in high-risk patient sub-groups. Consequently, the identification of patients with a heightened risk of unfavorable outcomes can aid clinicians in ascertaining the optimal care setting and treatment modalities during trauma management (11).

Within clinical medicine, there is an increasing interest towards utilizing model predictions. Machine learning tools have been applied to predict outcomes such as acute kidney injury or sepsis and septic shock in hospitalized patients (12–16). Nevertheless, there exists a scarcity of studies exploring the use of distinct machine learning algorithms for predicting risks related to infectious complications and LOS in polytraumatized patients. To address this gap in knowledge, we conducted a cohort study to thoroughly assess the performance of various machine learning algorithms in identifying features including biomarkers for risk assessment and informing clinical decision-making. The aim of this study is to create a prognostic machine learning approach that combines data from electronic medical records, including patient demographics, injury patterns and severity, and laboratory data of polytraumatized patients. The methodology outlined in this study involves the sequential application of feature selection, correlation analyses, clustering, classification, and explainability techniques to anticipate adverse outcome patterns in a cohort of polytrauma patients. Serial blood measurements taken within the first three days of hospital admission, along with routinely recorded data from electronic medical records, were utilized. The risk classification model, employing an ensemble classification algorithm, demonstrated accurate predictions of the risk of infectious complications and prolonged stays in the ICU or hospital with high precision when tested on an independent patient dataset. Furthermore, critical clinical and inflammatory biomarkers for the early-stage prediction of risk patterns following hospitalization were identified.




2 Materials and methods



2.1 Data collection and sampling

A total of 317 polytraumatized patients were enrolled in the study at the emergency department (ED) of the University Hospital Frankfurt of the Goethe University from 2012 to 2016. The enrollment was done prospectively in accordance with the ethical committee approval and the Declaration of Helsinki as well as following the Strengthening the Reporting of Observational Studies in Epidemiology guidelines (17). All included patients provided the written informed consent forms themselves or informed consent was obtained from the nominated legally authorized representative consented on the behalf of participants as approved by the ethical committee (312/10). Part of the data that were obtained in the ED was published before (18). The study included polytraumatized patients with an injury severity score (ISS) of 16 or higher, aged 18 or above, who were admitted to the ICU and expected to survive beyond the initial 24 h post-injury. Certain exclusion criteria were applied, such as known pre-existing immunological disorders, immunosuppressive and anti-coagulant medication, burns, concomitant acute myocardial infarction, or thromboembolic events. All patients were treated in the ED according to the Advanced Trauma Life Support standards and the guidelines for polytrauma management (19).

Demographic and clinical data were collected from electronic medical records, including age, sex, ISS, abbreviated injury scale (AIS), length of stay (LOS) in the ICU and hospital LOS. Various severity scores were calculated daily during hospitalization, including the Glasgow Coma Scale (GCS), acute physiology and chronic health evaluation (APACHE) II and sequential organ failure assessment (SOFA) score.

Blood samples were collected daily on ten consecutive days post-injury from the patients in pre-chilled ethylenediaminetetraacetic acid tubes (BD vacutainer, Becton Dickinson Diagnostics, Aalst, Belgium) and kept on ice. Blood was centrifuged at 2000×g for 15 min at 4°C and the supernatant was stored at -80°C until IL-6 or IL-10 analyses according to the manufacturer`s instructions (IL-6 and IL-10 Elipair ELISA-Assay Diaclone, Hoelzel Diagnostica, Cologne, Germany). Blood was withdrawn daily as follows: the initial blood draw upon arrival in the ED; within 24h (D1), 48h (D2) and 72h (D3) of admission to the ED as a part of routine care. Data were obtained from ED to day ten post-injury. For the machine-learning approach described in Section 2.2, the mean of the results from D1-D3 were applied for analysis to predict the trauma associated outcome patterns at an early stage after admission to the ED. In some instances, it was not possible to obtain samples due to conflicts with clinical care or removal from the ICU.



2.1.1 Optimization of the study cohort

The polytrauma cohort study was designed to investigate complications such as SIRS, pneumonia, and sepsis in trauma patients. The prospectively collected data were based on previous theory on risk factors for polytrauma such as injury patterns, injury severity scores, blood markers for organ dysfunction as well as immune and inflammatory markers. For the proposed classification model, a subset of all collected data was selected as candidate predictor variables based on the consideration that data should be readily available and routinely collected also in the ICU. We considered 29 variables as candidate predictors and two variables (procalcitonin and antithrombin activity) were excluded due to missing values exceeding 70%.




2.1.2 Outcomes

The primary outcome of the predictive model was the classification of polytrauma patients into different complication patterns: no complications (n=194), SIRS (n=51), pneumonia (n=39) and sepsis (n=33). The criteria for diagnosing SIRS, pneumonia, and sepsis were based on established definitions and guidelines. Briefly, SIRS definition met the following criteria: heart rate >90 beats per minute; respiratory rate >20 breaths per minute or arterial carbon dioxide tension <32 mmHg; body temperature >38°C or <36°C; and white blood cell count >12.000 cells/mm3 or <4.000 cells/mm3, or with >10% immature (band) forms. SIRS was diagnosed when two or more of these criteria were fulfilled. The diagnose of pneumonia was defined by clinical, radiologic, and bacteriologic findings including new pulmonary infiltrates on chest X-ray as well as one of the following criteria: positive blood culture, bronchial alveolar lavage, and/or sputum culture (20). Sepsis was assessed by applying the 2005 criteria outlined by the International Sepsis Forum diagnosing sepsis by fulfilling SIRS criteria and having a proven infection (21). Apart from the inflammatory complication patterns described above, we have defined a second outcome scenario associated with a long stay in the ICU or total-hospital stay. In order to identify and compare biomarker risk patterns corresponding to a long LOS in LCU or hospital, we have defined a threshold of ICU stay for >14 days and/or LOS for >30 days as a separate class for polytrauma patients at higher risk.





2.2 Model development



2.2.1 Feature extraction and correlation analysis

The feature extraction and correlation analysis were performed based on the Spearman’s correlation coefficient with respect to their importance on the outcome class, and features with positive correlation and which has significant correlation with class labels were selected for the classification workflow described in Sec. 2.3.




2.2.2 Filtered k-means clustering

To identify distinct patient risk patterns, present in the first 3 days after injury, the patients outcome risk class for the 317 patients admitted to the ICU after trauma were subjected to filtered k-means clustering. The euclidian distance was used as a distance function with S=15 as seed number.





2.3 Classification

The classification was carried out using Python and pycharm. Missing data was imputed using k-nearest-neighbor imputation with the number of neighbors n=3. Hyperparameter of different classifiers (random forest, naive bayes and ensemble classifiers) were optimized to minimize the final prediction error.



2.3.1 Synthetic data creation

The original data set contained information on 317 patients, with 194 patients having no complications and 123 patients exhibiting hyperinflammatory or infectious complication patterns, such as SIRS (n=51), pneumonia (n=39) and sepsis (n=33). The class imbalance in the data set for the adverse outcomes (pneumonia and sepsis as infectious complications or risk for long ICU stay or long total hospitalization time) was addressed using Synthetic Minority Oversampling Technique (SMOTE), which generates synthetic training examples by linear interpolation for the minority class (22). These synthetic training examples are generated by randomly selecting one or more of the k-nearest neighbors for each example in the minority class. SMOTE technique is applied for oversampling in which each sampled instance of minority class is generated using 3 nearest neighbors. After the oversampling process, the data is reconstructed, and various classification techniques can be employed for the processed data.




2.3.2 Evaluation of model performance

The model performance evaluation was done by a k-fold cross validation ranging from 2-fold to 20-fold during the model development using a train-test split for the patient data. In this method, 20% of the patients were excluded while training the model and the excluded patients were then used to test the model. The model performance was assessed using area under the receiver operating characteristic (ROC) curve (AUC), F1 score and predication accuracy. The best performing model from the above criteria is then used to interpret the biomarker importance with exploitability methods.




2.3.3 Model interpretation using SHAP values

We have explained our models that are used for classification using SHAP (SHapley Additive exPlanations) values that offer a high level of interpretability for our proposed risk analysis model (23). The SHAP values for each patient feature explain the intensity and direction of impact on predicting the class labels (11). The SHAP tree explainer was used to explain the XGBoost prediction, which uses decision trees for classification, and to visualize the results in beeswarm plots.





2.4 Statistical analysis

Descriptive statistics and non-parametric tests were used to analyze the demographic, clinical, and inflammatory data using Origin (Version 2019b). Descriptive measures included mean, median, standard error of the mean, and interquartile range for continuous variables and percentages for categorical variables. Furthermore, non-parametric tests were used for testing whether group means, or medians are distributed the same across groups by ranking each attribute from our data set. The non-parametric Wilcoxon rank-sum test of the null hypothesis between two independent samples (patient subgroup showing no complications with patient subgroups showing complications) was tested in MATLAB using the function rank-sum. The extension of the Wilcoxon rank-sum test for more than two groups, the Kruskal-Wallis ANOVA test was conducted in Origin (Version 2019b). A significant Kruskal–Wallis test indicates that at least one sample stochastically dominates one other sample.





3 Results



3.1 Demographics and outcome-related features for risk assessment

The aim of this study was to utilize feature selection and correlation analysis to identify the most important features from clinical patients` data for polytrauma outcome classification. For optimization of our study cohort, patients discharged prior to day 10 from the ICU and 21 patients who died before discharge were excluded, which yielded a total of 317 patients used in the current study. We utilized feature extraction, clustering, and classification to identify attributes correlating with complication patterns (SIRS, pneumonia, and sepsis) observed in the patient cohort (Figure 1). Demographic metrics, injury patterns and other outcome related characteristics for the 317 trauma patients for the analysis are shown in Table 1 and Supplementary Figures S1–S4.




Figure 1 | Study design. (A) Summary of the polytrauma patient cohort, including their outcome pattern: group 1 - no complications (n=194), group 2 – systemic inflammatory response syndrome (SIRS) (n=51), group 3 - pneumonia (n=39), and group 4 - sepsis (n=33). (B) Study design for machine-learning-based data analysis for risk assessment included: Identification of feature importance, correlation analysis, clustering and classification.




Table 1 | Overview of the polytrauma patient cohort and associated injury patterns.



Subsequently, the patient cohort (n=317) was divided into four sub-groups based on commonly occurring complications of trauma patients. Out of 317 patients, 16.1% developed SIRS, 12.3% had pneumonia and 10.5% were septic within 10 days after admission to the ED, whereas the majority of 61.2% patients showed none of the previously mentioned complications. The patient sub-group with sepsis had the longest hospital stay (Table 1). No statistically significant differences among the sub-groups in regard to age or sex were detected. The sub-group with sepsis had significantly higher ISS compared to the no complication and pneumonia sub-groups (Table 1).




3.2 SIRS patients showed the weakest feature correlation among the investigated complications

The prospectively collected data was subjected to the non-parametric Wilcoxon rank-sum test for two independent samples (patient sub-group showing no complications with patient-subgroups showing complications) and the Kruskal-Wallis ANOVA test for multiple independent samples with a significance level of p<0.05. The results in Table 2 show that the least statistical significance is observed for the SIRS group with 8 out of 29 features that reject the null hypothesis, followed by the pneumonia group with 9 out of 29 features (Table 2). The highest degree of significance is observed for the septic group with 19 out of 29 attributes. The Glasgow Coma Scale based on motor responsiveness, verbal performance and eye opening to an appropriate stimulus was designed to assess the depth and duration coma and impaired consciousness after traumatic injuries is showing a high significance in all complication sub-groups compared to the reference group having no complications (Table 2). Moreover, the partial thromboplastin time (PTT) that is a measure for the overall clotting speed of the blood by the intrinsic pathway and common pathway of coagulation as well as hemoglobin (Hb), the oxygen-binding metalloprotein of erythrocytes were found to be significant in all risk groups (Table 2). Based on the feature importance ranking and the correlation analysis, the most informative features in classifying a certain complication pattern are shown in Figure 2 and Supplementary Figure S5. The highest ranking and therefore most-informative features for infectious complications are the SOFA score (rank 1) and the GCS (rank 3, Supplementary Figure S5). Besides, the overall injury severity represented by the ISS (rank 6) has shown that the traumatic injury pattern is of relevance for the risk assessment with AIS Head (rank 11) among the top 20 ranking features. The Hb level as a measure for assessing acute blood loss after trauma were ranked on position 13, respectively. The transpeptidase and transaminases gamma glutamyl transpeptidase (GGT, rank 5), glutamic oxaloacetic transaminase (GOT, rank 17) and glutamic pyruvic transaminase (GPT, rank 18) were found to be of high relevance for identification of adverse outcome patterns in the investigated patient cohort (Supplementary Figure S5).


Table 2 | Kruskal-Wallis ANOVA test and Wilcoxon rank sum test for discrimination between patient sub-groups with no complications with patient sub-groups having systemic inflammatory response syndrome (SIRS), pneumonia or sepsis for a significance level of p <0.05.






Figure 2 | Heat maps of the feature correlation of the clinical attributes with respect to the different complication classes (no complication, systemic inflammatory response syndrome (SIRS), pneumonia and sepsis). Correlation strength is color-coded (red to white: positive correlations; white to blue: negative correlations). AIS, abbreviated injury scale; AP, alkaline phosphatase; APACHE, acute physiology and chronic health evaluation; CRP, C-reactive protein; GCS, glasgow coma scale; GLDH, glutamate dehydrogenase; GGT, gamma glutamyl transpeptidase; GOT, glutamic oxaloacetic transaminase; GPT, glutamic pyruvic transaminase; Hb, hemoglobin; IL, interleukin; INR, international normalized ratio; ISS, injury severity score; K, potassium; Na, sodium; PT, prothrombin time; PTT, partial thromboplastin time; SOFA, sequential organ failure assessment.






3.3 Cluster analysis revealed distinct biomarker patterns for hyperinflammatory and infectious complications

To identify the number of patient risk clusters, present during the 3 days after injury, 317 patients admitted to the ICU after trauma were subjected to filtered k-means clustering. This analysis yielded four major cluster groups that were distinguished by distinct inflammatory profiles for days 0-3 post-injury. These clustering techniques produced the following patient groups: a favorable outcome group with “no complications” (cluster 1), a SIRS group with high inflammatory load (cluster 3) and unfavorable infectious outcome groups suffering from sepsis or pneumonia (cluster 2 and 4) (Table 3 and Supplementary Table S1).


Table 3 | Overview of polytrauma patient cohort and associated injury patterns.



In the following, we discuss the unique parameter differences and additional clinical considerations for each respective patient cluster and their associated outcome risk. The identified cluster revealed a very distinct injury pattern among each other (Figure 3).




Figure 3 | Visualization of outcome-related patient clusters with respect to clinical scores: the total injury severity represented by the injury severity score (ISS) and the disease severity scores acute physiology and chronic health evaluation (APACHE) II and sequential organ failure assessment (SOFA). Data points represent the individual patients, and the colored ellipsoids represent the cluster areas. SIRS, systemic inflammatory response syndrome.



Patients that belonged to cluster 1 (n=101) were mainly associated to the sub-group showing no complications. Therefore, the AIS related to different body parts, the disease severity scores APACHE II and SOFA, and the cytokines IL-6 and IL-10 are significantly lower than the average of the overall patient cohort (Table 3). The 99 patients clustered in cluster 2, where the majority of septic patients was observed, showed a low AIS of the head (0.31 points) and a high AIS of the thorax (3.18 points) with significantly elevated level of IL-6 (257.93 pg/ml), GPT (101.23 U/l) and GOT (169.71 U/l) compared to the centroid of the full data set (Table 3). In comparison to the patients in cluster 2 with high thorax and low head injury, 58 patients in cluster 3 had high AIS for head (3.67 points) and thorax (3.17 points) injury and showed mainly a pro-inflammatory complication pattern (SIRS) accompanied with higher cytokine levels (IL-6 concentration of 229.61 pg/ml and IL-10 concentration of 56.52 pg/ml) and disease severity scores (APACHE II of 16.38 points and SOFA of 5.73) above average (Table 3). 59 patients in cluster 4 have significantly higher head injury scores (AIS Head with 4.25 points) whereas the other body regions were mostly without traumatic injuries and showed pneumonia as a main complication class (Table 3). The patients with an isolated traumatic brain injury in cluster 4 had lower cytokine levels (IL-6 concentration of 127.98 pg/ml and IL-10 concentration of 37.37 pg/ml) and lower levels of biomarkers related to the liver function (GLDH, GGT, GOT, GPT) that were comparable with cluster 1 (mainly patients with no complications) (Table 3).




3.4 Ensemble classifiers predicted adverse outcomes with high accuracy

Classification analysis was conducted on the patient cohort illustrated in Figure 1 with the demographics and outcomes given in Table 1. The patient subgroup with SIRS was neglected in the classification due to their relatively low impact on adverse outcome patterns (Figure 2) and the weakest correlation observed in the Wilcoxon rank sum test compared to the sub-group that showed no complications (Table 2). The patient sub-group with pneumonia and sepsis are combined in an “infectious complication” group since more than 72% of the patients with sepsis also developed pneumonia during their hospitalization. For the classification of polytrauma patients in risk groups (no complications, infectious complication) several classifiers (naive bayes, random forest and ensemble classifiers) were optimized to achieve a high F1 score and best receiver operating characteristics (ROC) (Supplementary Tables S2, S3).

The best classification performance was achieved with the ensemble classifier XGBoost, a boosting algorithm designed to turn week classifiers such as decision trees as base classifiers into an ensemble of strong classifiers. XGBoost performs well even for imbalanced class problems. The biomarker predictor ranking was analyzed by gradient boosting and features governing these results are explained using SHAP values (Figure 4). Based on boosting ensemble classification XGBoost, 18 from 20 patients (90%) in the test set were correctly classified as low-risk group (no complications). For the high-risk groups associated with development of pneumonia and sepsis, 8 from 10 patients in the test set (80%) were correctly identified (Figure 5).




Figure 4 | SHAP values for the 20 most relevant features in the XGBoost model for the investigated class labels (A) for infection risk, and (B) risk for long stay (ICU and total hospital stay) ranked by mean absolute values. x-axis: SHAP values and y-axis: features ranked by importance. AIS (–), abbreviated injury scale; AP (U/l), alkaline phosphatase; APACHE, acute physiology and chronic health evaluation; CRP (mg/dl), C-reactive protein; GCS, glasgow coma scale; GGT (U/l), gamma glutamyl transpeptidase; GOT (U/l), glutamic oxaloacetic transaminase; GPT (U/l), glutamic pyruvic transaminase; Hb (g/dl), hemoglobin; IL(pg/ml), interleukin; INR, international normalized ratio; ISS, injury severity score; PT (%), prothrombin time; SOFA, sequential organ failure assessment.






Figure 5 | Results for the classification of infectious outcomes in polytrauma patients. (A) Decision tree, (B) Confusion matrix, and (C) Receiver operating characteristic (ROC) curve for risk classification with the following outcome groups as classes: group 1 (with no complications) and group 2 with infectious complications (pneumonia and/or sepsis). The leaves of (A) correspond to the final nodes of the decision tree where the data does not split any further and points to the predicted risk classes of the respective patient cohort: no complications (purple) and infectious complications (yellow). The prediction accuracy between the true class (columns) and the predicted class (rows) is given in % as true positive or false negative rate. The confusion matrix for the classification problem was achieved by the ensemble learning algorithm XGBoost. AIS, abbreviated injury scale; APACHE, acute physiology and chronic health evaluation; CRP (mg/dl), C-reactive protein; Extrem., extremities; Glasgow, glasgow coma scale; GGT (U/l), gamma glutamyl transpeptidase; Hb (g/dl), hemoglobin; IL (pg/ml), interleukin; INR, international normalized ratio; SOFA, sequential organ failure assessment.



The classification results were explained by SHAP values, which calculate the importance of a feature by comparing the model predictions with and without the selection of certain features. Based on the explainability analysis with SHAP values, the clinical and immunological trauma features that had the largest importance on the model performance were identified. The top clinical feature for both investigated risk scenarios (infectious complications and long ICU stay) were SOFA score, GCS, Lactate, GGT and Hb in a slightly varying order (Figure 4). Furthermore, the immunological features of total leukocyte counts and IL-6 concentration were found to be top ranking in both scenarios, whereas the anti-inflammatory cytokine IL-10 had a higher feature importance in the infectious complication patterns than in the length of stay risk prediction.

Figure 5 is showing the resulting decision tree after ten learning cycles (M = 10) with a learning rate of 0.001. According to the feature ranking, the disease severity scores SOFA score and GCS, the injury-related scores such as ISS and AIS, the anti-inflammatory biomarker IL-10, the liver function parameters (GGT and GOT) as well as bleeding and coagulation-related parameters (Hb) were branches of the decision tree (Figure 5).

In comparison to the infectious classification scenario, the prediction accuracy for the length of stay risk classification (ICU stay for >14 days and/or LOS for >30 days) slightly decreased to 67% for the low-risk group and 87% for the high-risk group (Figure 6).




Figure 6 | Results for the classification of the length of stay of polytrauma patients in the ICU or the total hospital stay. (A) Decision tree, (B) Confusion matrix, and (C) Receiver opertainig characteristic (ROC) curve for risk classification with the following outcome groups as classes: group 1 (with low risk) and group 2 with high risk for a long LOS. The leaves of (A) correspond to the final nodes of the decision tree where the data does not split any further and points to the predicted risk classes of the respective patient cohort: low risk (blue) and high risk (red). The prediction accuracy between the true class (columns) and the predicted class (rows) is given in % as true positive or false negative rate. The confusion matrix for the classification problem was achieved by the ensemble learning algorithm XGBoost. AP (U/l), alkaline phosphatase; APACHE, acute physiology and chronic health evaluation; Glasgow, glasgow coma scale; GOT (U/l), glutamic oxaloacetic transaminase; GPT (U/l), glutamic pyruvic transaminase; Hb (g/dl), hemoglobin; IL (pg/ml), interleukin; INR, international normalized ratio; ISS, injury severity score; SOFA, sequential organ failure assessment.







4 Discussion

The objective of this study was to use various machine learning algorithms and explainability based on SHAP values based on clinical features collected in the early hospitalization phase to identify clinical and inflammatory biomarker in a polytrauma study cohort with various injury patterns. The focus was on adverse outcome patterns such as SIRS and infectious complications like pneumonia and sepsis, analyzing feature patterns within three days post-injury. Through filtered k-means clustering, four distinct clusters with different injury and feature patterns were identified. These clusters exhibited variations in clinical features and inflammatory profiles upon admission and during the initial three days post-injury.

Regarding the risk classification of patient sub-groups, the results showed that ensemble-based methods outperformed naive Bayes or random forest classifiers in terms of accuracy. The best classification performance was achieved with XGBoost, a boosting algorithm designed to turn week classifiers such as decision trees as base classifiers into an ensemble of strong classifiers. XGBoost is an ensemble approach which is efficient in predicting the plausible classes accurately since sometimes only base classifier alone cannot classify the class labels and the predictions can be biased. Gradient boosting helps in overcoming this effect by building sequence of base classifiers such that each successor aims in reducing the error of the predecessor employing a gradient descent approach. Extreme gradient boosting is a type of gradient boosting approach which uses second order optimization function to optimize the errors in the predictions (24). The exact form of the pseudo-loss is under control of the algorithm so that the weak classifier can focus also on the groups which are hardest to distinguish from the correct group. The XGBoost ensemble classifier achieved 90% accuracy in classifying patients without complications and 80% accuracy in identifying patients with infectious complications (pneumonia and sepsis). The higher rate of misclassified cases in the pneumonia and sepsis group may be attributed to complex comorbidities and medication history of these patients. Due to the relatively small sample size of patients with sepsis (n=33) and pneumonia (n=39), future validation studies in larger cohorts and a rigorous study designs are needed to enhance classification accuracy further.

Even though disease severity scores are not the key elements of treatment, they are however, an essential part of improvement in clinical decisions and in identifying patients with unexpected outcomes, such as the investigated subjective score variables APACHE II and SOFA that are collected daily in our study (25).Consistent with the previous results of Tranca et al. (2016), the ensemble classifier predicts that most patients with a SOFA cut-off score below 3.45 points did not develop sepsis (26). Moreover, in line with Tranca et al. (2016) (26), it was confirmed that patients with APACHE II score below 10 points did not develop sepsis and indicate a discrimination between the pneumonia subgroup from patients without complications. Based on the AIS head, a cut-off score of AIS head=1.5 in combination with other predictive features were found to separate low-risk from the high-risk patient sub-group.

Consistent with previous studies, this prospective machine learning study also highlighted the importance of measuring pro- and anti-inflammatory cytokines (e.g. IL-6 and IL-10) for risk classification in trauma patients (27, 28). The immunological features of total leukocyte counts and IL-6 concentration were found to be top ranking in both scenarios (infectious complications and long ICU stay), whereas the anti-inflammatory cytokine IL-10 had a higher feature importance in the infectious complication patterns than in the length of stay risk prediction. Together, elevated IL-6 levels (>95 pg/ml) and decreased IL-10 levels (<21 pg/ml) in combination with other features were predictive of infectious risk classification. This study demonstrated the potential for early risk stratification of severely injured trauma patients into sub-groups at risk for specific clinical trajectories. This approach may aid in tailored research and clinical therapies for polytrauma patients, aligning with the findings of Liu et al. (2020) (7). By utilizing the explainability analysis based on SHAP values, it was elucidated how clinical and immunological biomarkers that were routinely collected during ICU admission impact the decision-making process of black-box machine learning models. Thus, the present study validated the clinical predictors for infectious complications and the LOS in the hospital.

Some additional features including the importance of GGT as a feature for clustering remain intriguing. Fisher et al. have shown that GGT as a useful and simple biomarker at admission is among the independent indicators and predictors of in-hospital mortality in older hip fracture patients (29). In the realm of clinical models, the role of GGT is intricate, and subject to various factors and contextual nuances. GGT, an enzyme distributed in the liver, biliary tract, and diverse tissues, can undergo elevation in response to a spectrum of medical conditions, encompassing liver damage, alcohol consumption, and cholestatic liver disease (30, 31). Its levels can also be influenced by medications and concurrent health issues. To discern why GGT assumes a noteworthy role in this study, several key considerations come into play. It is essential to note that individuals with a documented history of chronic diseases were deliberately excluded from this study. However, the impact of GGT in this model may hinge on the timing of measurements. The model employs the mean GGT value from the first three days post-admission. Nonetheless, the fluctuating nature of GGT levels over time should be acknowledged, as elevated levels can signify distinct conditions at different stages of illness. Moreover, undisclosed pre-existing medical conditions and concurrent health issues among patients could significantly impact GGT levels and their clinical relevance, potentially confounding the results. Understanding the interrelationships between GGT, GOT, GPT, bilirubin levels, and other markers of liver function is pivotal. These relationships could offer a more comprehensive understanding of liver health and potential causes of their elevation, since notably, these markers rank among the top 20 most relevant features for classification in our model.

Our study contains several limitations. The sepsis sub-group meets the SIRS criteria, with the added specificity of including individuals with bloodstream infections. It’s important to note that the sepsis sub-group also encompasses patients with pneumonia who developed sepsis, whereas the pneumonia group does not involve sepsis, and the SIRS group excludes both pneumonia and sepsis cases. It must be acknowledged that a re-classification of patients according to the more recent sepsis-3 definition will be of higher clinical relevance (32). A retrospective re-classification of patients from the present study according to sepsis-3 criteria was performed, however, there are serious limitations in the patient records, which only provided a single daily recording of the worst SOFA score for ten consecutive days post-hospital admission. Thus, the retrospective re-classification according to sepsis-3 criteria referred only to SOFA score changes of ≥2 points within 24 hours. Despite this challenge, all 33 septic patients in the presented sub-group do meet the sepsis-3 criteria based on the records. This data should not be overinterpreted, although Kim et al. have reported that some validity on the assessment of the prognostic accuracy of the initial SOFA score at the time of sepsis recognition which was lower than the 24-h maximal SOFA score in ED patients with septic shock (33). Their insights, while valuable, emphasize the need for continuous monitoring of SOFA scores over an extended period. Our study, on the other hand, contends that assessing the worst SOFA score within 24 hours may capture a critical moment in a patient’s condition, offering practicality in historical data analyses. While the retrospective nature of such approaching definitely poses limitations, the assessment of the worst SOFA score within 24 hours during the hospital stay may provide some clinically relevant information. Yet, clearly, prospective studies with continuous SOFA scoring during the progression of sepsis are crucial for a more comprehensive understanding, and we acknowledge the need for further validation through such studies.

In addition, the distinction between the sepsis group, characterized by systemic infection, and the pneumonia group, where bacteriological diagnosis primarily resides in the lungs, underscores the complexity of infections in trauma patients. A pivotal question emerges regarding the utility of antibiotic treatment initiation on a specific day as a surrogate for infection. The lack of valid and reliable records on antibiotic regimens in the assessed patient cohort complicates such assessment. Sepsis, a complex condition, may not always necessitate bacteriological confirmation, as demonstrated in the present study where a bacteriological diagnosis was consistently found. Its definition has evolved to reflect a dysregulated host response to infection, irrespective of the infectious agent’s nature—bacteria, viruses, fungi, or even non-infectious triggers. While bacteriological confirmation holds value, sepsis diagnosis relies significantly on clinical presentation and established criteria encompassing signs such as body temperature fluctuations, increased heart rate, and abnormal white blood cell counts (32). The notion of using the initiation of antibiotic treatment on a certain day as a surrogate for infection poses challenges. Prophylactic antibiotic use is crucial in certain trauma scenarios, such as traumatic brain injuries (TBI), penetrating injuries, open fractures, and high-risk orthopedic procedures (34). However, initiating antibiotics early, though important in suspected infections, does not inherently confirm the presence of an infection, and must be critically discussed in terms of their role in the development of post-traumatic infections and microbial selection (34). Empirical antibiotic initiation in critically ill patients is often a necessity, with subsequent treatment decisions guided by culture results and clinical response. Clinical judgment, complemented by other diagnostic modalities such as blood cultures, imaging studies, and biomarkers, should collectively guide the diagnosis and management of sepsis and associated infections in trauma patients. In addition, trauma patients, particularly those with brain injuries, may face an elevated risk of developing ventilator-associated pneumonia (VAP) (35), confirming the data from the present study revealing higher AIS head values in patients with pneumonia compared to other groups. Thus, multiple factors including compromised immune function, prolonged mechanical ventilation, impaired airway protection mechanisms but also the injury patterns demand a careful management including antibiotics regimes to prevent complications such as VAP in trauma patients.

The model development process and findings in the present study could be employed to predict the clinical course and identify high-risk individuals for inflammatory or infectious complications among severely injured trauma patients. The presented ensemble methods identified key features in polytraumatized patients, that allowed to predict patient`s outcomes. Thus, implementing such models may enhance clinical decision-making by enabling personalized treatment strategies based on individual risk profiles in future.
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Introduction

Supplementation with increased inspired oxygen fractions has been suggested to alleviate the harmful effects of tissue hypoxia during hemorrhagic shock (HS) and traumatic brain injury. However, the utility of therapeutic hyperoxia in critical care is disputed to this day as controversial evidence is available regarding its efficacy. Furthermore, in contrast to its hypoxic counterpart, the effect of hyperoxia on the metabolism of circulating immune cells remains ambiguous. Both stimulating and detrimental effects are possible; the former by providing necessary oxygen supply, the latter by generation of excessive amounts of reactive oxygen species (ROS). To uncover the potential impact of increased oxygen fractions on circulating immune cells during intensive care, we have performed a 13C-metabolic flux analysis (MFA) on PBMCs and granulocytes isolated from two long-term, resuscitated models of combined acute subdural hematoma (ASDH) and HS in pigs with and without cardiovascular comorbidity.





Methods

Swine underwent resuscitation after 2 h of ASDH and HS up to a maximum of 48 h after HS. Animals received normoxemia (PaO2 = 80 – 120 mmHg) or targeted hyperoxemia (PaO2 = 200 – 250 mmHg for 24 h after treatment initiation, thereafter PaO2 as in the control group). Blood was drawn at time points T1 = after instrumentation, T2 = 24 h post ASDH and HS, and T3 = 48 h post ASDH and HS. PBMCs and granulocytes were isolated from whole blood to perform electron spin resonance spectroscopy, high resolution respirometry and 13C-MFA. For the latter, we utilized a parallel tracer approach with 1,2-13C2 glucose, U-13C glucose, and U-13C glutamine, which covered essential pathways of glucose and glutamine metabolism and supplied redundant data for robust Bayesian estimation. Gas chromatography-mass spectrometry further provided multiple fragments of metabolites which yielded additional labeling information. We obtained precise estimations of the fluxes, their joint credibility intervals, and their relations, and characterized common metabolic patterns with principal component analysis (PCA).





Results

13C-MFA indicated a hyperoxia-mediated reduction in tricarboxylic acid (TCA) cycle activity in circulating granulocytes which encompassed fluxes of glutamine uptake, TCA cycle, and oxaloacetate/aspartate supply for biosynthetic processes. We further detected elevated superoxide levels in the swine strain characterized by a hypercholesterolemic phenotype. PCA revealed cell type-specific behavioral patterns of metabolic adaptation in response to ASDH and HS that acted irrespective of swine strains or treatment group.





Conclusion

In a model of resuscitated porcine ASDH and HS, we saw that ventilation with increased inspiratory O2 concentrations (PaO2 = 200 – 250 mmHg for 24 h after treatment initiation) did not impact mitochondrial respiration of PBMCs or granulocytes. However, Bayesian 13C-MFA results indicated a reduction in TCA cycle activity in granulocytes compared to cells exposed to normoxemia in the same time period. This change in metabolism did not seem to affect granulocytes’ ability to perform phagocytosis or produce superoxide radicals. 
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1 Introduction

Hemorrhage and traumatic brain injury (TBI) are the major determinants of outcome after severe physical injury. Hemorrhage results in tissue oxygen debt (1) due to the blood loss-related reduction of circulating blood volume and O2 transport capacity. In patients with TBI, it is well established that ischemic or hypoxic tissue regions can persist despite adequate systemic resuscitation measures (2). Consequently, increasing the inspired O2 concentration is often used during the acute management of TBI and hemorrhagic shock (HS) to alleviate harmful effects of hypoxia like hypoxia-induced inflammation (3). Theoretically, hyperoxemia could be especially beneficial for patients with atherosclerosis or coronary artery disease suffering from inherent perfusion impairment (4). In fact, we had demonstrated that therapeutic hyperoxia during the early phase of resuscitation attenuated heart and kidney injury in swine with coronary artery disease (5). Similar positive effects could manifest for TBI patients by counteracting TBI-induced vasodilation and brain edema due to allowing the reduction of intracranial pressure (ICP) while maintaining tissue oxygen supply (6). In this regard, we had recently demonstrated that targeted hyperoxemia improved neurological function in a porcine model of combined acute subdural hematoma (ASDH) and HS (7, 8).

However, therapeutic hyperoxia remains a contentious topic in critical care. Hyperoxemia causes increased reactive oxygen species (ROS) generation (6, 9), especially in the context of ischemia reperfusion injury, e.g. during resuscitation from HS. Both oxygen availability and physical injuries are known factors that can interact with immune cell behavior and metabolism and potentially affect their effector functions (10, 11). Furthermore, hyperoxemia has been associated with increased oxidative stress in a broad variety of cells (12–14) including platelets and leukocytes. It is theorized that this increase in oxidative stress could potentially impact the immune and coagulatory functions of these cell subsets (14, 15).

Immunometabolism explores how changes in the metabolism of immune cells direct and guide their function (16, 17). These metabolic alterations can be elucidated by metabolic flux analysis (MFA), a technique for calculating production, consumption, and transformation rates within a biological system (18, 19). MFA most commonly relies on balancing fluxes within a stoichiometric network and employing nonlinear regressions. We have adapted MFA to a Bayesian approach, which is more computationally intensive than the conservative method, but in turn yields full probability distributions of fluxes, their joint credibility intervals, and their correlations (20). With a parallel tracer approach of 1,2-13C2 glucose, 13C6 glucose, and 13C5 glutamine we were able to cover major glycolytic and glutamine-fueled pathways like glycolysis, the pentose phosphate pathway (PPP), and the tricarboxylic acid (TCA) cycle.

In the present study, we utilized high resolution respirometry and 13C-MFA to investigate whether shock and targeted hyperoxemia impact the immunometabolism of circulating immune cells, specifically peripheral blood mononuclear cells (PBMCs) and granulocytes, in healthy and atherosclerotic pigs. We further investigated immune cell function by analyzing their capacity to perform phagocytosis and produce ROS with flow cytometry and electron spin resonance (ESR) spectroscopy, respectively. As hyperoxia could either have beneficial or ROS-mediated detrimental effects on immune cells, we placed special focus on the interplay between metabolic pathways and superoxide (O2•−) production. For this reason, we analyzed systematic changes in metabolism and function with a principal component analysis (PCA), which allowed capturing both cell type-specific and time-dependent metabolic plasticity of circulating immune cells during combined porcine ASDH and HS, and resuscitation. With these methods, we explored cell type-specific immunometabolic patterns of adaptation with the potential effects of i) exposure to hyperoxia, ii) cardiovascular co-morbidity, and iii) the response to combined ASDH and HS, and resuscitation per se.




2 Methods



2.1 Animals, preparation, and sample origin

Experiments were performed according to the guidelines of the National Institute of Health on the Use of Laboratory Animals and the European Union “Directive 2010/63 EU on the protection of animals used for scientific purposes” after approval from the local Animal Care Committee of Ulm University and the Federal Authorities for Animal Research (Regierungspräsidium Tübingen, Germany, Reg.-Nr. 1316). This study is an exploratory post hoc analysis of blood samples obtained during two long-term studies of combined ASDH and HS investigating swine with or without coronary artery disease over a period of three days (7, 8). The experimental procedures were identical for both studies except for the utilization of the two different swine strains (7, 8). Data of studies pertaining to survival, hemodynamics, gas exchange, acid-base state, brain perfusion, oxygenation, and neurologic outcome are reported in the respective publication. Briefly, animals were instrumented and ASDH was induced by injection of 0.1 mL/kg autologous blood into the subdural space. HS was initiated by passive removal of 30% of the animals’ calculated blood volume under maintenance of a cerebral perfusion pressure (CPP, difference between mean arterial pressure (MAP) and ICP) ≥ 50 mmHg. For resuscitation, the shed blood was returned 2 h after induction of HS and noradrenaline (NoA) was continuously administered intravenously as required to restore the MAP to pre-shock levels and maintain CPP ≥ 75 mmHg. Animals were randomly assigned to control (normoxemia (NormOx), target arterial partial pressure of oxygen (PaO2) = 80 – 120 mmHg) or targeted hyperoxemia (HyperOx, target PaO2 = 200 – 250 mmHg for 24 h after treatment initiation, thereafter target PaO2 as in the control group). Resuscitation was maintained to a maximum of 48 h after shock before experiment termination. The experimental protocol is visualized in Figure 1.




Figure 1 | Experimental setup. After instrumentation, pigs were subjected to ASDH and HS by injection of 0.1 mL/kg autologous blood into the subdural space and passive removal of 30% of the calculated blood volume. After 2 h of ASDH and shock, swine underwent resuscitation comprising retransfusion of shed blood, fluid resuscitation and i.v. NoA titration to maintain MAP at pre-shock levels and CPP ≥ 75 mmHg. Intensive care was maintained up to a maximum of 48 h. Animals were randomly assigned to control (normoxemia, target PaO2 = 80 – 120 mmHg) or targeted hyperoxemia (target PaO2 = 200 – 250 mmHg for 24 h after treatment initiation. Thereafter, target PaO2 as in the control group). Resuscitation was maintained to a maximum of 48 h after shock before experiment termination. Blood was drawn at time points T1 = after instrumentation, T2 = 24 h post ASDH and HS, and T3 = 48 h post ASDH and HS. PBMCs and granulocytes were isolated from whole blood to perform ESR for superoxide quantification, high resolution respirometry and 13C-MFA.



The first data set originated from a study that investigated Familial hypercholesterolemia-Bretoncelles Meishan (FBM) pigs. It comprised 14 adult pigs of either sex (6 females, 8 castrated males) with a median body weight of 63 kg (interquartile range (IQR) 56;71) and a median age of 38 months (IQR 36;41). This strain is characterized by a homozygous R84C mutation in the low-density lipoprotein receptor, making them susceptible to atherosclerosis and coronary artery disease. Animals were fed a cholesterol-enriched diet for at least 9 months to encourage atherosclerotic progression.

The second analyzed data set included 14 adult pigs of the Bretoncelles-Meishan-Willebrand (BMW) strain with a median body weight of 75 kg (IQR 73;76) and an age of 16 months (IQR 15;18) of both sexes (4 females and 10 castrated males). As pigs are typically hypercoagulatory (21) and this strain presents with reduced activity of the von Willebrand factor, the resulting reduced coagulatory phenotype resembles that of humans (22). In contrast to the coronary artery disease present in the FBM strain, BMW are cardiovascularly healthy (7, 8, 23, 24).




2.2 Cell isolation from whole blood

We isolated PBMCs and granulocytes from whole blood samples to detect changes in immunometabolism in response to combined ASDH and HS and hyperoxemia as previously described (20, 25). Blood was drawn at three different time points over the course of the experiment: T1: after (neuro)surgical instrumentation following a stabilization period; T2: 24 h after ASDH and HS, i.e. at the end of the exposure to targeted hyperoxia; T3: 48 h after ASDH and HS, i.e. at the end of the intensive care period. The precise timeline is depicted in Figure 1. Approximately 125 mL of arterial blood were drawn in lithium heparin monovettes (9 mL, Sarstedt, Nümbrecht, Germany) and 1:1 (v/v) diluted with PBS (without CaCl2, MgCl2) at each time point. For cell separation, the dilution was layered on top of two density gradient solutions (9 mL 1.119 and 8 mL 1.088 g/mL solution, Pancoll, PAN Biotech, Aidenbach, Germany) and centrifuged at 764 g for 20 min at room temperature (RT) with the break deactivated. This procedure yielded a PBMC top layer and a bottom layer containing red blood cells (RBCs) and granulocytes. RBC residuals were removed by osmotic lysis. A single lysis was sufficient for PBMCs, while the granulocyte-RBC layer had to be subjected to osmotic lysis three times before all RBC contamination was removed. Subsequently, cells were washed once with 1× PBS and counted in a Neubauer counting chamber.




2.3 High resolution respirometry

Mitochondrial respiration of isolated cells was derived from the measurement of O2 consumption with high resolution respirometry. We used the Oroboros-2K (Oroboros Instruments, Innsbruck, Austria) for this purpose, which is a device for simultaneous recording of the O2 concentration in two parallel chambers (20, 25). Briefly, chambers were calibrated with 2 mL of mitochondrial respiration medium MiR05 (composition available in Supplementary Table 1) adjusted to pH 7.1 with KOH and equilibrated with 21% O2 at 37°C. For measurement of cell respiration, we filled each chamber with 10× 106 PBMCs/granulocytes suspended in MiR05. Within the chambers, cells were continuously stirred at 750 rpm. After sealing, the first derivative of the O2 concentration was recorded and yielded the oxygen flux (JO2), which was normalized for the cell number. The subsequent injection of substrates and inhibitors enabled the analysis of specific mitochondrial respiration functions: i) Routine respiration was recorded prior to injecting inhibitors or substrates once a stable JO2-value was achieved. ii) The LEAK-state represents the respiratory activity required to maintain a stable membrane potential in absence of ATP-turnover and was measured after addition of 2.5 μM oligomycin to block the ATP-synthase. iii) The ETS-state is defined as the maximum respiratory activity in the uncoupled state and corresponds to state 3 of Chance and Williams et al. (26). It was achieved by titration of carbonyl cyanide p-(trifluoromethoxy)-phenylhydrazone (FCCP) in 1 µM steps.




2.4 Quantification of superoxide anion with electron spin resonance spectroscopy

Immediately after arterial blood withdrawal at the same time points as for cell isolation, 25 µL of whole blood were mixed 1:1 (v/v) with CMH spin probe solution containing 400 µM CMH spin probe (1-hydroxy-3-methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine), 25 µM deferoxamine, and 5 µM diethyldithiocarbamate solved in Krebs-HEPES-Buffer (KHB) (Noxygen, Elzach, Germany). As previously described (20, 25), the mixture was transferred to a 50 µL glass capillary, sealed, and placed in an EMXnano ESR spectrometer (Bruker, Billerica, MA, USA). After a 5 min incubation period at 37°C, the measurement was started with device settings detailed in the Supplementary File. O2•− quantification was performed with eight radical standards of various CP• (3-Carboxy-2,2,5,5-tetramethyl-1-pyrrolidinyloxy) concentrations solved in KHB. The blank sample (KHB mixed 1:1 with spin probe solution) was subtracted from the result for final values.

For the determination of O2•− production by immune cells, 25 µL of cell suspension (2.5× 106 cells/mL RPMI 1640 medium (glucose 1.8 mg/mL, glutamine 0.6 mg/mL, NaHCO3 100 µg/mL)) were mixed 1:1 (v/v) with CMH spin probe solution directly prior to the measurement. Samples were measured 8 times over a 30 min interval to calculate O2•− production rates. All other settings were analogous to whole blood radical determination. The blank sample (RPMI 1640 mixed 1:1 with spin probe solution) was subtracted from the result for final values. We used the Xenon_nano software (version 1.3; Bruker BioSpin GmbH, Rheinstetten, Germany) and Microsoft Excel for data analysis.




2.5 Phagocytosis assay

Purified granulocytes were resuspended in fluorescence-activated cell sorting (FACS) buffer + 10% pig serum (Bio-Rad Laboratories, Hercules, CA, USA) and kept on ice before staining. Cells were used within 3 h from blood withdrawal and 1 h from purification. Granulocytes were treated according to manufacturer’s instructions of the pHrodo™ Bioparticles Phagocytosis Kit for Flow Cytometry (Thermo Fisher Scientific, Waltham, MA, USA). Briefly, 10× 106 granulocytes, were initially blocked with 100% pig serum and incubated on ice for 10 min. 1× 106 cells per sample were transferred into 100 µL RPMI-medium and kept on ice for further processing. Negative control on ice (Nci) and Negative control at 37°C (Nc37), each containing cells only, were incubated at 4°C (Nci) or 37°C (Nc37) for 20 min. Positive Control on ice (Pci), Positive control at 37°C (Pc37) and samples were incubated with 20 µL of 1 mg/mL pHrodo® E.coli BioParticles® conjugate at 37°C for 10 min and 20 min (Pci and Pc37), respectively. Phagocytosis was stopped by transferring the samples onto ice and washing with washing buffer. The samples were subsequently resuspended in FACS buffer containing 10% pig serum for incubation with porcine-specific antibodies against granulocyte markers (2B2, 6D10; Bio-Rad Laboratories, Hercules, CA, USA). The samples were transferred to FACS buffer without pig serum and kept on ice until further analysis with a Beckman Coulter CytoFLEX Flow Cytometer (Beckman Coulter Life Sciences, Brea, CA, USA).

Granulocytes were gated according to their forward (FSC) and side scatter (SSC) characteristics in conjunction with porcine granulocyte specific antibody staining (2B2+, 6D10+). Fluorescence spillover was corrected by compensation using single stained porcine specific antibodies and pHrodo™ signal. Gating approaches included post-density gradient separation, live/dead cell distinction (PI-staining), exclusion of doublet signals (FSC-H vs. FSC-A blot), and pHrodo-positive granulocyte populations (6D10+, 2B2+, pHrodo+). A total of 20,000 events were acquired for each sample. The phagocytic activity of each population was foremost measured by the median fluorescent intensity (MFI) of the pHrodo signal (PE-channel) and subsequently normalized (27). Briefly, MFI scores of Pc37 were divided by the MFI of their dedicated sample with thermally inhibited phagocytosis at 4°C (Pci), concluding with normalized MFI (nMFI) as describing dimension. Thus, phagocytic activity was calculated using Equation 1:



As the fluorogenic pHrodo dye increases fluorescence as its surroundings become more acidic, PE signal intensity directly correlated with internalized particles. For statistical validation, positive control at 37°C (Pc37) samples were tested as triplicates, all other samples were measured as singular values. All samples were analyzed with CytExpert 2.4 software (Beckman Coulter Life Sciences, Brea, CA, USA).




2.6 Ex vivo 13C tracer experiments

This method has been previously utilized and described in detail in Wolfschmitt et al. (20). For 13C parallel tracer experiments, we incubated three times 5× 106 cells in 1 mL RPMI supplemented with one of the following tracers each: 1,2-13C2 glucose, 13C6 glucose, and 13C5 glutamine (Cambridge Isotope Laboratories, Andover, MA, USA). Directly prior to the start of the 3-day experiment, the respective medium was supplemented with the tracers and NaHCO3 and pH was adjusted to 7.4 by addition of 1M HCl or NaOH. Final concentrations are specified in Supplementary Table 2. Cells were incubated at 37°C for 2 h for 13C labeling experiments. For analysis of stimulated granulocyte metabolism, 5× 106 of freshly isolated cells were washed with RPMI and subsequently resuspended in 200 µL RPMI + 10% pig serum. 50 µL of pHrodo® E.coli BioParticles® conjugate were added to the cells and tubes were incubated in a water bath at 37°C for 20 min. Afterwards, cells were washed with 1 mL washing buffer and then resuspended in 1 mL RPMI supplemented with isotopic tracers. All other steps followed those of the parallel tracer approach of granulocytes/PBMCs.

After incubation for 2 h, 850 µL of supernatant were transferred to a crimp neck glass vial after spin down centrifugation at 4°C for analysis of 13CO2 production and lactate released into the medium. The vial was frozen upside down at −20°C to prevent gas from escaping until gas chromatography/mass spectrometry (GC/MS) analysis. The leftover supernatant was discarded. Pellets were frozen at −80°C after washing them once with 1× PBS and removal of all liquid.



2.6.1 Quantification of 13CO2 release

The cumulative cellular 13CO2 production was calculated with enrichment analysis. We injected 25 µL 1M HCl through the septum into the thawed supernatant and shook the sample to release CO2 from the NaHCO3 buffer system into the gaseous phase. Each sample was measured 10 times with each 5 µL headspace gas injected into the GC/MS system (Agilent 6890 GC/5975B MSD, Agilent Technologies, Waldbronn, Germany). To capture both labeled and unlabeled CO2, we analyzed the m/z of 44 and 45 in the selected ion monitoring (SIM) mode. The isotopic enrichment tracer-to-tracee-ratio (TTR) was calculated for each sample according to Equation 2:



This resulted in the calculation of the 13CO2 production with Equation 3



where E is the concentration of sodium bicarbonate in the RPMI medium. After analysis, the medium was frozen at −20°C until lactate measurement with GC/MS.




2.6.2 Measurement of lactate released into the medium

For lactate quantification, two times 100 µL of supernatant were thawed and one of the 100 µL samples was spiked with 1 µg of internal standard (IS, corresponding to 20 µL of 50 µg/mL 13C3 sodium lactate solution). 500 µL acetonitrile were added to each replicate. After centrifugation (13000 rpm, 5 min, RT), samples were decanted into vials suited for derivatization and dried in a Savant2010 SPD 2010 SpeedVac concentrator (Thermo Scientific, Waltham, MA, USA) (45°C, 14 mTorr) for about 50 min. For derivatization of lactate, 100 µL acetonitrile and 25 µL N-(tert-butyldimethylsilyl)-N-methyltrifluoroacetamide (MTBSTFA, abcr, Karlsruhe, Germany) were added and samples were incubated at 80°C for 1 h. Standard samples comprised the following: 0.1 µg/0.2 µg/0.5 µg/0.75 µg/1 µg of sodium lactate with an additional 1 µg of IS each, samples with 1 µg of IS only, samples with blank RPMI, and samples RPMI with 1 µg of IS. Detailed equations for lactate quantification can be found in the supplements of Wolfschmitt et al. (20).




2.6.3 Detection of intracellular metabolites

All steps of extraction were performed on ice to avoid enzyme activation. For metabolite extraction from intracellular compartments, pellets were resuspended in 100 µL of ice-cold water, sonicated for 10 min, and mixed with 500 µL of acetonitrile. After centrifugation, the clear supernatant was transferred into a GC/MS vial suitable for derivatization. In analogy to the measurement of supernatant-derived lactate, we derivatized the intracellular metabolites with MTBSTFA. Steps of derivatization are mentioned in 2.6.2. Standards were prepared as follows: one standard series with 0.1 µg/0.2 µg/0.5 µg/0.75 µg/1 µg of lactate and a mix with the respective amount of aspartate, glutamine, and glutamate.

We performed GC/MS detection of TBDMS metabolites and corresponding suitable ion fragments (Supplementary Table 4) with SIM for an optimal signal to noise ratio. SIM methods, device settings, and oven programs are mentioned in the Supplementary File. Peak area integration was performed with our in-house program (28). Mass isotopomer distributions (MIDs) were converted into carbon mass distributions (CMDs) by deducting isotopic interferences with a correction matrix approach (20, 29). It is important to note that our definition of “labeling” includes natural 13C abundance, which was not corrected for.





2.7 Metabolic flux analysis

We have implemented a model for combined PPP/glycolysis and TCA cycle metabolism in RStan (R interface to stan, package rstan) (30). This model has been utilized in a previous form in Stifel et al. (31) and in a similar scope in our work investigating the effect of sodium thiosulfate on circulating immune cells (20).

Rstan is a sampling-based tool for Bayesian statistics. In our implementation, it draws random values for all parameters (fluxes) and calculates the corresponding theoretical CMDs for metabolites in the network according to our model description. If the theoretical CMDs come close to the actual GC/MS data, the value is considered a true value of the underlying posterior distribution and collected in a Markov chain Monte Carlo (MCMC) chain. The mathematical model of the biological network used for CMD calculations was built with the elementary metabolite unit (EMU) strategy (32). Detailed model explanations can be found in the supplements of Wolfschmitt et al. (20). Statistical properties like posterior mean, posterior standard deviations and credibility intervals were derived from the final MCMC chain of each parameter. Our priors were chosen to be relatively uninformative. Details of parameter bounds and prior specifications are listed in Supplementary Tables 5 and 6. Quantification was achieved by inclusion of 13CO2 production and lactate secretion into the medium. Briefly, ratios were determined by CMD data only with a first Rstan model and then transformed into absolute values with another stan model by accordingly scaling ratios to fit lactate release and 13CO2 production data. The parallel tracer setup of 1,2-13C2 glucose, 13C6 glucose, and 13C5 glutamine enabled improved flux determination, as all posterior parameters must apply to sets of measurements obtained from each tracer.




2.8 Statistical analysis

This study included samples from 14 FBM and 14 BMW pigs. Animals were randomly assigned to Hyperoxia or Normoxia treatment groups (FBM: NormOx and HyperOx; BMW: NormOx and HyperOx; each n = 7) (7, 8). Data are presented as median with IQR. Due to the nature of this project, a previous sample size determination was impossible due to the lack of preexisting data. Furthermore, original power estimations were calculated with clinical parameters as primary criteria rather than the immunometabolic analysis. Therefore, missing measurement time points for T1 and T3 due to insufficient cell yield and/or premature termination of an experiment greatly impacted our options for statistical evaluations (e.g. the use of repeated measures methods). For this reason, we present individual data points for better transparency and emphasize the exploratory nature of this study. P values should be treated with the latter in mind. Experimental data were considered to be non-parametric due to small sample sizes. We conducted the comparison between groups with Mann-Whitney U tests, while the effect of time within one group was analyzed with the Kruskal-Wallis rank sum test and a post hoc Dunn’s multiple comparisons test. Statistical and graphical presentation was performed with GraphPad Prism 10, version 10.0.2 (GraphPad Software Inc., La Jolla, CA, USA).

The PCA was performed with varying combinations of the following data sets: FBM PBMCs (n = 34), BMW PBMCs (n = 28), FBM granulocytes (n = 27), BMW granulocytes (n = 31), and BMW E.coli bioparticle-stimulated granulocytes (n = 31). All relevant fluxes were included in this analysis, as well as data from O2•− production and mitochondrial Routine respiration (n = 22 parameters total). Data were standardized to a sample mean of zero and a unit sample SD of 1. The PCA was performed in R (version 4.3.1 (2023-06-16 ucrt)) and RStudio (version 2023.06.1) with prcomp, varimax, pracma and fviz_eig. To ensure PCA stability, we employed the jackknife method, a cross validation technique that works according to a “leave one out” principle. Briefly, it estimates a parameter for the whole data set and subsequently skips one element before recalculating the parameter as a “partial estimate” (33). This procedure was extended to correct for a directional change in the scores and loadings (“reflection”, as proposed by (34)) and was repeated until each element had been dropped once. Mean and SD of all partial estimates were then calculated. If the mean for the PCA parameter was still significant, this parameter was considered for interpretation as a significant contributor.





3 Results

This is an exploratory study of data obtained from two studies investigating the effects of hyperoxia during ASDH and HS in different swine strains. In the following, we will discuss the respective impact of targeted hyperoxia, swine strain, and ASDH and HS on immune cell behavior. We have analyzed each of these factors according to their influence on immunometabolism. For this reason, we took both absolute values and the differences between measurement time points into consideration. The latter indicated the progression of individual animals over time, as it excluded pre-existing particularities presented at baseline.



3.1 Targeted hyperoxia dampened TCA cycle activation in circulating granulocytes

As a first factor we investigated the impact of increasing O2 availability on the metabolism of circulating immune cells with a focus on changes that persist after ex vivo isolation of PBMCs and granulocytes from whole blood. In this context, the metabolic network comprising glycolysis, PPP, and the TCA cycle was of particular interest (Figure 2). The complete metabolic model with all flux balances is provided in the Supplementary Figure 1. Animals had been exposed to targeted hyperoxia or control between time points T1 and T2 for a period of 24 hours. In conclusion, we observed both the absolute values of groups at T2 as well as the time-related development between those two measurement time points (i.e., the difference between values at T1 and T2 for individual animals, ΔT2-T1). As data from both swine strains were pooled for this analysis, we have indicated the respective origin of each data point in the graphs.




Figure 2 | Overview over the pathways covered by the Bayesian 13C-MFA model. Left: PPP model. Right: TCA cycle model. Glyc: glycolytic flux. Q: flux within the PPP. F: flux within the TCA cycle. L: flux of metabolite leaving the network, e.g. for biosynthetic processes. Additional considered metabolite inputs (pyruvate, OAA, acetyl-CoA) and losses (pyruvate) are not shown in the graphic, but are presented and visualized in Supplementary Figure 1. The Figure is taken from Wolfschmitt et al. (20), with permission.



Figure 3 shows flux results obtained for granulocytes. The most striking difference between HyperOx and NormOx groups was seen in glutamine-fueled TCA cycle activity, as HyperOx-treated granulocytes displayed a dampened increase in TCA cycle fluxes (F3, F4), glutamine utilization (F8), and aspartate/oxaloacetate “loss” (LOAA) from T1 to T2 (Δ T2-T1) (Figure 3B). In our analysis, “losses” were defined as the flux of metabolite leaving the described metabolic network, e.g., for protein or nucleotide biosynthesis. In addition, also the absolute values for TCA cycle fluxes (F3, F4) were reduced in the HyperOx group at T2, i.e., the end of targeted hyperoxemia treatment (Figure 3C). In summary, the typically occurring increase in TCA cycle activity from the first to the second measurement time point was dampened under targeted hyperoxia (Figure 3A).




Figure 3 | Effects of targeted hyperoxia on circulating granulocytes. Triangles with filled symbols indicate data originating from BMW animals, and empty symbols FBM data. Bars indicate the median with IQR (NormOx: blue bars, HyperOx: red bars). (A) The increase in TCA cycle activity from the first to the second measurement time point was reduced after cells were exposed to targeted hyperoxia. (B) Differences in time-related behavior of fluxes between NormOx and HyperOx groups. On the left side of each graph is the change in flux between T1 and T2, on the right side the change between T2 and T3. ΔT2-T1: NormOx (FBM n = 3, BMW n = 6), HyperOx (FBM n = 6, BMW n = 6), and ΔT3-T2: NormOx (FBM n = 2, BMW n = 4), HyperOx (FBM n = 6, BMW n = 5). (C) Absolute flux values of central TCA cycle fluxes at T2. Graphs including all measurement time points are available in Supplementary Figure 2. NormOx (FBM n = 7, BMW n = 6), HyperOx (FBM n = 7, BMW n = 6). (D) Absolute values of central TCA cycle fluxes at T2 in isolated granulocytes after ex vivo stimulation with E.coli bioparticles. Graphs including all measurement time points are available in Supplementary Figure 3. NormOx (BMW n = 6) and HyperOx (BMW n = 6). (E) Differences in time-related behavior of fluxes between NormOx and HyperOx groups in isolated granulocytes after stimulation with E.coli bioparticles. ΔT2-T1: NormOx (BMW n = 6), HyperOx (BMW n = 6), and ΔT3-T2: NormOx (BMW n = 4), HyperOx (BMW n = 4). F3: flux from α-ketoglutarate to oxaloacetate, F4: oxaloacetate to α-ketoglutarate. F8: glutamate to α-ketoglutarate. LOAA: flux indicating amount of oxaloacetate/aspartate leaving the investigated network. dTAL: net flux in non-oxidative PPP activity (Q9-Q10). P-values are indicated in the graphs. We performed Mann-Whitney U tests for intergroup differences, and Kruskal-Wallis rank sum tests for time-related effects.



The HyperOx-mediated reduction in TCA cycle fluxes was still visible in granulocytes after ex vivo stimulation with E.coli bioparticles for both absolute (Figure 3D) and ΔT2-T1 values (Figure 3E). Interestingly, stimulated HyperOx granulocytes further displayed reduced ability to increase non-oxidative PPP (dTAL, net flux Q9-Q10) fluxes from T1 to T2 (Figure 3E). However, phagocytic stimulation was only performed for BMW animals, so data analysis suffered from low sample availability. This is also reflected in the rather large data spread.

Targeted hyperoxia-mediated effects on circulating PBMCs were less pronounced. We found a hyperoxia-induced decrease in oxidative PPP utilization (Q3) from T2 to T3, while NormOx PBMCs increased Q3 in the same time frame. This decrease in ΔQ3 coincided with the same behavior in acetyl-CoA loss (LACC). Both pathways are involved in lipid synthesis, the former by providing NADPH and the latter by supplying acetyl-CoA. However, this effect only applied to BMW animals (Figure 4). Overall, effects of targeted hyperoxia on PBMCs pertained to the readaptation to normoxia rather than immediate effects at T2 and did not apply to animals with cardiovascular co-morbidity.




Figure 4 | Effects of targeted hyperoxia on circulating PBMCs of BMW animals. Bars indicate the median with IQR (NormOx: blue bars, HyperOx: red bars). Fluxes with differences in time-related development between NormOx (ΔT2-T1: n = 6, ΔT3-T2: n = 4) and HyperOx (ΔT2-T1: n = 6, ΔT3-T2: n = 4) groups in isolated PBMCs from BMW animals. Q3: flux representing oxidative PPP activity. LACC: flux indicating amount of acetyl-CoA leaving the investigated network. P-values are indicated in the graphs. We performed Mann-Whitney U tests for intergroup differences, and Kruskal-Wallis rank sum tests for time-related effects.



Graphs depicting absolute values for all measurement time points, O2•− production, and respiration are available in the supplements (Supplementary Figures 2–5).




3.2 Strain-specific differences in immunometabolism

As a second factor, we were interested in distinct and characteristic immunometabolic patterns that can be attributed to the different phenotypes of the FBM and BMW swine strains. Figure 5A shows that PBMCs and granulocytes from the hypercholesterolemic FBM animals displayed increased O2•− production levels compared to BMW animals after T1. With progressing measurement time points, this trend became clearer for both PBMCs (T2: p = 0.1782, T3: p = 0.0012) and granulocytes (T2: p = 0.0045, T3: p = 0.0005). Similarly, FBM animals also showed higher whole blood O2•− concentrations when combining data from both treatment groups (T2: p = 0.0426; T3: p = 0.0464). As visualized in Figure 5A, BMW data points were much more “consistent”, i.e., displayed a noticeably lower spread in O2•− data than FBM animals. Interestingly, FBM animals also required much more cardiovascular support, which manifested in doubled median NoA infusion rates required to achieve hemodynamic targets during the experiment (FBM 1.76 μg/kg·min (IQR 0.8;2.3), BMW 0.86 μg/kg·min (IQR 0.56;0.98), p = 0.031).




Figure 5 | Strain-specific effects of ASDH and HS on immunometabolism. Diamonds indicate non-cell type-specific data. PBMCs are depicted as circles and granulocytes as triangles with filled symbols indicating data originating from BMW animals, and empty symbols FBM data. (A) O2•− production by PBMCs and granulocytes and O2•− concentration in whole blood as determined by ESR at the indicated measurement time points. Averaged noradrenalin (NoA) amount required during the experiment by FBM and BMW animals. PBMCs and granulocyte production: T1 (FBM n = 12, BMW n = 14), T2 (FBM n = 12, BMW n = 12), T3 (FBM n = 9, BMW n = 9). Whole blood concentration: T1 (FBM n = 12, BMW n = 14), T2 (FBM n = 10, BMW n = 12), T3 (FBM n = 9, BMW n = 8). NoA administration: FBM n = 14, BMW n = 12. (B) Phagocytic activity of E.coli bioparticle-stimulated granulocytes. Data is either presented as normalized mean fluorescence intensity (nMFI) or fraction of phagocytic granulocytes within the granulocyte subset (6D10+ Phago+). T1 (FBM n = 10, BMW n = 14), T2 (FBM n = 12, BMW n = 12), T3 (FBM n = 9, BMW n = 9). (C) Fluxes with differences in time-related development in granulocytes between FBM and BMW groups. On the left side of each graph is the change in flux between T1 and T2, on the right side the change between T2 and T3. ΔT2-T1: FBM n = 9, BMW n = 12, and ΔT3-T2: FBM n = 8, BMW n = 9. (D) Fluxes with differences in time-related development in PBMCs between FBM and BMW groups. ΔT2-T1: FBM n = 13, BMW n = 12, and ΔT3-T2: FBM n = 9, BMW n = 8. Q3: flux representing oxidative PPP activity. F2: pyruvate-derived fraction of acetyl-CoA. F4: flux from oxaloacetate to α-ketoglutarate. P-values are indicated in the graphs. We performed Mann-Whitney U tests for intergroup differences, and Kruskal-Wallis rank sum tests for time-related effects.



As shown in Figure 5B, stimulated granulocytes from BMW animals had higher phagocytic activity than FBMs at T1 and T2, which had normalized by T3. Furthermore, the percentage of granulocytes engaging in phagocytosis gradually decreased in FBMs, while BMW cells increased the fraction from T2 to T3. Unstimulated granulocytes also differed regarding their oxidative PPP. In FBM granulocytes, the oxidative PPP flux Q3 decreased upon ASDH and HS, while it increased slightly in BMWs (Figure 5C). This relationship reversed from T2 to T3 for both strains, however, with overall marginal differences between groups. We further detected a higher increase in the TCA cycle flux F4 in BMW animals between measurement time points T2 and T3.

Interestingly, PBMCs showed comparable behavioral patterns in terms of strain-specific differences as granulocytes (Figure 5D). However, additionally to patterns in oxidative PPP and TCA cycle utilization, we saw that in FBM PBMCs, the pyruvate-derived fraction of acetyl-CoA (F2) decreased upon ASDH and HS while it increased in BMWs; mirroring the pattern of the oxidative PPP. This trend in F2 was exclusive to PBMCs.




3.3 A principal component analysis revealed systematic changes in immunometabolism due to ASDH and HS

Principal component analysis is a powerful tool to detect systematic patterns in larger datasets. It enables to detect links between parameters (in our case flux analysis, mitochondrial respiration and O2•− production) by describing the variation of the data with fewer dimensions, called principal components. Data from all three measurement time points were included to find sets of fluxes/parameters that behave in systematic manners in response to ASDH and HS. Here, the time frame from T1 to T2 should indicate metabolic adaptations induced by ASDH, HS and the intervention, while T2 to T3 represents effects of ongoing intensive care and, for the HyperOx group, the readaptation to normoxia.

As third components usually covered only a minimal set of fluxes with no recognizable pattern, we focused on the first and second component in our analysis unless mentioned otherwise. They are included in the component overview in Table 1, which describes PCA nomenclature (A-D), all components, their linked parameters, and their covered variance. In all performed PCAs that included all measurement time points, we could not find clustering of HyperOx vs NormOx, or FBM vs BMW groups. We therefore conclude that data variation was mainly caused by cell type and measurement time points and less by intervention or swine strain.


Table 1 | Results from principal component analysis.



PCA of all PBMC and granulocyte data revealed a cell type-specifc axis (A-PC 1, 37%) that confirmed increased O2•− production, glycolysis, and PPP metabolism in granulocytes compared to PBMCs, while PBMCs displayed comparatively higher glutamine-fueled TCA cycle utilization. The latter comprised of higher glutamine uptake (F8), the TCA cycle flux F3 and oxaloacetate/aspartate loss (LOAA). A second axis matched negatively with progressing measurement time points (A-PC 2, 22%) and included fluxes of TCA cycle pathways and Routine respiration (Figure 6A).




Figure 6 | Principal component analysis of experimental data. Granulocytes are depicted as triangles and PBMCs as circles. Stimulated granulocytes are indicated as half-filled triangles. For the measurement time points, the following color code was chosen: T1: grey; T2: green; T3: violet. PC 1 and PC 2 scores were plotted in a x-y graph for each dataset. (A) Combined data from granulocytes and PBMCs (n = 123, FBM and BMW). Granulocyte and PBMC data are each depicted with their 95% confidence interval (CI) as grey ellipses. (B) PCA of combined PBMC data (n = 63, FBM and BMW). Data from each measurement time point are shown with their 95% CI. (C) PCA of combined granulocyte data (n = 60, FBM and BMW). Data from each measurement time point are shown with their 95% CI. (D) PCA of combined data of BMW granulocytes and E.coli bioparticle-stimulated granulocytes (n = 64, BMW). Data from granulocytes and stimulated granulocytes are each presented with their 95% CI.



When performing the PCA with only PBMC data, variation included two axes describing movement along measurement time points: B-PC 1 (34%) was positively linked to increased glycolysis, non-oxidative PPP (dTAL), Routine respiration and O2•− production with values moving along this axis from T1 to T2. The second component (B-PC 2, 22%) was negatively linked with glutamine-fueled TCA cycle activity, Routine respiration and O2•− production, implying that these pathways increased from T2 to T3 (Figure 6B). Even though there was no link between oxidative PPP activity and O2•− production in either PC, Spearman correlations showed linear relations between superoxide production and the oxidative PPP flux Q3 (r< 0.57), TCA cycle flux F3 (r< 0.40), and Routine respiration (r< 0.52), respectively (data not shown).

In granulocyte data, a first component (C-PC 1, 30%) encompassed fluxes of increased glucose uptake (Q1), glycolysis and PPP. This axis could not be assigned to an identifiable data subset but made up a large proportion in data variance. A second component (C-PC 2) described increased glutamine-fueled TCA cycle fluxes including increased pyruvate carboxylase (F6), Routine respiration, and negatively linked pyruvate-derived acetyl-CoA (F2) and acetyl-CoA loss (LACC). This component coincided with increasing measurement time points (Figure 6C). In contrast to PBMC data, there was no correlation between O2•− production, TCA cycle or oxidative PPP activity (Q3). When including flux data from both the granulocyte and stimulated granulocyte dataset, we yielded one larger component linked to glycolytic, non-oxidative PPP (dTAL) and TCA cycle pathways (D-PC 1, 39%) and loosely aligning with increasing measurement time points, and a smaller second component (D-PC 2) explaining about 18% of data variance. The latter component unambiguously separated granulocytes from stimulated granulocytes and entailed variance in PPP fluxes and O2•− production (Figure 6D). The third, comparatively large component entailed further variation in non-oxidative PPP activity (D-PC 3, 18%).





4 Discussion

The present work investigated the effect of targeted hyperoxemia on alterations of immunometabolism in granulocytes and PBMCs in swine with (FBM) and without (BMW) cardiovascular comorbidity. Regarding the clinical parameters, both studies found improved modified Glasgow Coma Scale (MGCS) values in the hyperoxemia groups (7), but only FBM swine had yielded higher brain tissue PO2 levels during targeted hyperoxemia (8). Neither study reported any other major beneficial or deleterious effects of hyperoxemia during resuscitation and intensive care. As oxygen availability is a major factor in immunometabolism, our study intended to uncover potential undetected effects of targeted hyperoxemia, the swine strain used, and ASDH and HS on circulating immune cells. PBMCs and granulocytes were isolated from whole blood before ASDH and HS (T1), 24 h post ASDH and HS (T2), i.e. at the end of the exposure to targeted hyperoxia, and 48 h post ASDH and HS (T3). Effects of HyperOx or NormOx were expected to manifest at T2 earliest, as treatment was initiated only upon the beginning of resuscitation.

Neutrophilic granulocytes are severely impacted by substrate and oxygen availability (35). They comprise up to 50 − 70% of the leukocyte population, making them the most abundant circulating immune cells. Neutrophils fight pathogens with a variety of mechanisms including phagocytosis, respiratory burst, and neutrophil extracellular trap (NET) generation. The metabolism of neutrophils is known to be highly glycolytic. Metabolized glucose is broken down into two pyruvate molecules, of which the majority (~ 97%) is converted into lactate while ~ 2% is used to fuel minimal TCA cycle activity. Granulocytes contain less mitochondria than other circulating immune cells, but require intact mitochondrial function for maintaining extended neutrophil activity (36). The PPP, another glucose dependent pathway, is required for ROS production and NETosis (37, 38). This general behavioral pattern is represented in our data showing minimal mitochondrial respiration and otherwise heavy dependence on glycolytic pathways (A-PC 1). After incubation with E.coli-derived particles, we saw that both the O2•− production and the oxidative and non-oxidative PPP activity were markedly increased (D-PC 2). Interestingly, phagocytic stimulation did not impact lactate production. Awasthi et al. have referred lactate production as measured by extracellular acidification to be essential for NETosis (39). Hence, our data suggests a lactate-independent focus on respiratory burst and phagocytosis rather than NETosis by porcine neutrophils that were stimulated ex vivo.

With progressing measurement time points, granulocytes increasingly engaged in glutamine-fueled TCA cycle utilization, correlating with increased mitochondrial respiration (C-PC 2). This metabolic adaptation can be explained by greater fractions of immature granulocytes with experiment progression (due to HS and/or blood sampling for immune cell isolation), as de novo synthesized granulocytes typically rely on TCA cycle activity and oxidative phosphorylation during differentiation (40–42). The increase in TCA cycle activity was linked with aspartate production (aspartate/oxaloacetate “loss”), which is essential for nucleotide and protein synthesis. The linkage of respiration in this axis can be explained by proliferating cells requiring respiration for aspartate synthesis (43, 44). However, while Sullivan et al. and Birsoy et al. attributed the increase in aspartate synthesis to reductive carboxylation of α-ketoglutarate, our model could not confirm these assumptions, as the utilization of this pathway was not reflected in our labeling patterns (e.g. a higher 13C5 glutamine tracer-induced m+3 fraction on aspartate). A second axis detected by PCA encompassed glycolysis and both oxidative and non-oxidative PPP activity including ribose-5-phosphate synthesis, indicating variance in neutrophil activation and proliferation (C-PC 1). Surprisingly, in contrast to activated granulocytes, there was no relation or linkage between O2•− production and oxidative PPP utilization in unstimulated granulocytes. This suggests that baseline O2•− production in granulocytes was supported by pathways other than the PPP.

Investigation of PBMCs was more complex than granulocytes due to the very diverse nature of this cell population. Interestingly, by applying PCA we saw that they moved along two distinct metabolic axes over the course of the experiment: During ASDH, HS and subsequent resuscitation, PBMCs firstly increased glycolysis and non-oxidative PPP activity (B-PC 1), and later TCA cycle activity including glutamine uptake and oxaloacetate/aspartate production during long term intensive care (B-PC 2). Both axes were linked with increased mitochondrial respiration and O2•− production. The linkage of TCA cycle activity, aspartate production, and Routine respiration of the later measurement time points has been similarly observed in granulocytes, while the correlation of O2•− production with TCA cycle activity, Routine respiration and non-oxidative PPP activity was exclusive to PBMCs. Even though we saw a correlation between O2•− production and the oxidative PPP flux Q3 according to the Spearman test, neither component included a linkage of these two parameters. This raises the possibility that changes in O2•− production might have been mediated by superoxide formation within the respiratory chain (45). Li et al. suggested mitochondrial electron transport chain-derived O2•− as a source of ROS in monocytes and macrophages, which might contribute to this relation (46). Interestingly, Zink et al. reported no effect of ASDH on PBMC metabolism using the same methods, although with a much more rudimentary metabolic model (47). Moreover, while ASDH was combined with HS in our current study, Zink et al. had investigated ASDH alone in the absence of HS and, hence, without systemic oxygen debt. Therefore, the PCs 1 and 2 aligning with time-dependent effects might be mainly attributed to HS as opposed to ASDH.

The FBM swine strain is characterized by a homozygous R84C mutation in the low-density lipoprotein receptor, leading to a genetic predisposition for atherosclerosis and coronary artery disease whose progression was promoted by a cholesterol-enriched diet. Hypercholesterolemia is known to promote inflammation, e.g., via neutrophil activation accompanied by NETosis and elevated ROS production (48). We saw that FBM animals presented with both elevated O2•− concentration levels in whole blood and O2•− production rates by granulocytes (T2: p = 0.0045; T3: p = 0.0005) and PBMCs (T3: p = 0.0012). In conclusion, the FBM phenotype increased O2•− concentration in whole blood and O2•− production rates by immune cells after induction of ASDH and HS, with a more delayed impact on PBMCs. As mentioned before, O2•− production as measured with ESR was not linked to fluxes of the oxidative PPP and, in conclusion, acts independently in non-stimulated cells, while phagocytic activation leads to a mutual increase. As a metabolism- and phenotype-independent cause we suspected an impact of noradrenalin infusion, since FBM animals required more NoA support during ASDH and HS than BMW animals. However, the role of catecholamines, in particular NoA, on immune cell function in shock and sepsis is complex and cannot be easily mapped (49). There are a variety of known pro- and anti-inflammatory mechanisms, like pro-inflammatory activity via activation of α-receptors (50, 51), high doses of NoA leading to increased ROS and apoptosis in PBMCs (52), prevention of immune cell mobilization in murine trauma (53), or potential deactivation of catecholamines by auto-oxidation (54). Therefore, an atherosclerosis-induced effect on O2•− production that is not mediated by the metabolic pathways covered in this study has higher plausibility. Another potential factor could be the age of animals, as FBMs were about twice as old as BWM animals due to the required feeding period of the cholesterol-enriched diet (a median of 38 vs 16 months, respectively). Overall, FBM and BMW were overlapping in the PCA and could therefore not cleanly be separated based on different flux behavior in 13C-MFA analysis.

While the effect of hypoxia on circulating immune cells is often a topic of investigation, information on hyperoxia-induced changes on metabolism is scarce. Our results suggest that targeted hyperoxemia had attenuated the granulocyte-specific increase in glutamine-fueled TCA cycle activity 24 h post shock. Sagone et al. suggested impaired mitochondrial activity in lymphocytes by hyperoxia, although our results did not replicate the effect of hyperoxia on i) glycolysis, ii) mitochondrial respiration, and iii) other lymphocyte subsets (55). Nevertheless, our study suggests a specific inhibition of TCA cycle acceleration in circulating granulocytes in response to ASDH and HS, without affecting mitochondrial respiration. This could also be caused by a decreased fraction of immature granulocytes. In contrast to granulocytes, there was no consistent effect of hyperoxia across multiple analyzes in PBMCs, except for a slight trend in the utilization of lipid synthesis indicated by the NADPH-providing oxidative PPP and the acetyl-CoA loss. Cells impacted by targeted hyperoxia had a more pronounced decrease in their lipid biosynthesis from the end of differential treatment until the end of the experiment than cells from the control group. However, this effect was only present in animals without cardiovascular co-morbidity.



4.1 Limitations of the study

As mentioned above, the diversity of PBMCs greatly complicated data interpretation. Metabolic plasticity could both be attributed to metabolic switches and changes in population composition. To a lower degree, similar problems arose for granulocytes in terms of mature/immature subsets with different metabolic profiles. Another limitation was sample availability: especially for the NormOx FBM granulocyte T1 data set there were problems with limited cell numbers after purification, as cell requirements were high but the maximally tolerable amount of blood drawn at the individual measurement time points had yielded too few granulocyte numbers. Missing data points of early experiment terminations exacerbated this issue. This was especially relevant for principal component analysis, which greatly benefits from rich data sets, and for statistical analyzes with repeated measures. A third limitation was caused by flux analysis, as not all flux determinations were equally precise. Most reliable were TCA cycle and glycolytic fluxes, while fluxes with greater distance from metabolites captured with GC/MS suffered in precision. This was especially the case for “small” inputs and outputs at pyruvate and acetyl-CoA nodes and for PPP fluxes, as the latter could only be determined through lactate labels. Main PPP metabolites, i.e., sugar phosphates, could not be captured with our derivatization method.





5 Conclusion

In a model of resuscitated porcine ASDH and HS, we saw that ventilation with increased inspiratory O2 concentrations to achieve target a PaO2 = 200 – 250 mmHg for 24 h after treatment initiation did not impact mitochondrial respiration of PBMCs or granulocytes. However, Bayesian 13C-MFA results indicated a reduction in TCA cycle activity in granulocytes compared to cells exposed to normoxemia in the same time period. This change in metabolism did not seem to affect granulocytes’ ability to perform phagocytosis or produce superoxide radicals. Animals with a hypercholesterolemic phenotype presented with higher superoxide burden than healthy pigs.
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Background

Trauma, a significant global cause of mortality and disability, often leads to fractures and hemorrhagic shock, initiating an exaggerated inflammatory response, which harms distant organs, particularly the lungs. Elderly individuals are more vulnerable to immune dysregulation post-trauma, leading to heightened organ damage, infections, and poor health outcomes. This study investigates the role of NF-κB and inflammasomes in lung damage among aged mice post-trauma.





Methods

Twelve male C57BL/6J mice underwent hemorrhagic shock and a femoral fracture (osteotomy) with external fixation (Fx) (trauma/hemorrhage, THFx), while another 12 underwent sham procedures. Mice from young (17-26 weeks) and aged (64-72 weeks) groups (n=6) were included. After 24h, lung injury was assessed by hematoxylin-eosin staining, prosurfactant protein C (SPC) levels, HMGB1, and Muc5ac qRT-PCR. Gene expression of Nlrp3 and Il-1β, and protein levels of IL-6 and IL-1β in lung tissue and bronchoalveolar lavage fluid were determined. Levels of lung-infiltrating polymorphonuclear leukocytes (PMNL) and activated caspase-3 expression to assess apoptosis, as well as NLRP3, ASC, and Gasdermin D (GSDMD) to assess the expression of inflammasome components were analyzed via immunostaining. To investigate the role of NF-κB signaling, protein expression of phosphorylated and non-phosphorylated p50 were determined by western blot.





Results

Muc5ac, and SPC as lung protective proteins, significantly declined in THFx versus sham. THFx-aged exhibited significantly lower SPC and higher HMGB1 levels versus THFx-young. THFx significantly increased activated caspase-3 versus both sham groups, and THFx-aged had significantly more caspase-3 positive cells versus THFx-young. IL-6 significantly increased in both sham and THFx-aged groups versus corresponding young groups. THFx significantly enhanced PMNL in both groups versus corresponding sham groups. This increase was further heightened in THFx-aged versus THFx-young. Expression of p50 and phosphorylated p50 increased in all aged groups, and THFx-induced p50 phosphorylation significantly increased in THFx-aged versus THFx-young. THFx increased the expression of inflammasome markers IL-1β, NLRP3, ASC and GSDMD versus sham, and aging further amplified these changes significantly.





Conclusion

This study’s findings suggest that the aging process exacerbates the excessive inflammatory response and damage to the lung following trauma. The underlying mechanisms are associated with enhanced activation of NF-κB and increased expression of inflammasome components.





Keywords: femur fracture, hemorrhagic shock, aging, pulmonary injury, inflammasome, NF-KappaB




1 Introduction

Trauma is a major leading cause of death among young adults worldwide, whereby femur fracture being a significant type of traumatic musculoskeletal injury that increases mortality and can cause pulmonary complications such as acute respiratory distress syndrome (ARDS) (1, 2). Femoral fractures are often accompanied by hemorrhagic shock (HS) (3), that can reduce oxygen or nutrient supply to vital organs (4), leading to remote lung injury (RLI). Damaged tissues in a state of ischemia and hypoxia following HS can release damage-associated molecular patterns (DAMPs) and other inflammatory mediators like cytokines, including interleukin (IL)-1β or IL-6 (5–7). These biomolecules can activate and attract neutrophils, leading to apoptosis in the lungs (8–11). IL-6, a biomarker and key driver of injury-induced inflammation after trauma and HS (7, 12), can be transiently suppressed in a murine model by administering anti-IL-6 antibody, which resulted in reduced lung injury and suppression in the levels of key inflammatory mediators following trauma and HS (7). Trauma-induced pro-inflammatory changes can be concomitant with enhanced neutrophil infiltration and apoptosis, as well as general lung injury, and increased activation levels of the nuclear factor-kappa (NF-κ)B in vivo (12–14). Adjacent to the NF-κB signaling pathway, which comprises the p50/p65 and the inhibitor of κB (IκB) protein, it was shown that femoral fracture and hemorrhagic shock induced presence of pro-inflammatory markers, of which among others the inflammasome-activated IL-1β was associated with enhanced neutrophil infiltration into the lungs, apoptosis and general lung injury in mice (15). Trauma-induced oxidative stress and DAMPs can trigger the formation of the nucleotide-binding domain (NOD)-like receptor protein (NLRP)3 inflammasome (16, 17). Once initiated by stimuli, for instance endotoxin such as lipopolysaccharide, NLRP3 proteins polymerize in the NLRP3 inflammasome multiprotein complex, which in turn promotes the recruitment and activation of Pro-caspase-1, and thus, the maturation of IL-1β leading to inflammatory response (18). Reduced NLRP3 inflammasome-mediated IL-1β release and decreased caspase-3 concentrations, thus lead to inhibited apoptosis and pyroptosis alleviated pulmonary pathological damage and improved the survival rate of the sepsis mice via the MAPK/NF-κB/NLRP3 pathway (19).

The epidemiology of trauma-associated complications during the hospital stay continues to evolve. Recently, it was shown that an ageing population with increasing incidence of multiple organ failure, particularly in males, stay longer on intensive care units (ICU) and requires increasingly more hospital resources without improvement in survival (20). Aging is accompanied by an increase in circulating pro-inflammatory cytokines and pro-apoptotic factors, even in the absence of infection, suggesting a low-level chronic inflammatory state, known as “inflammaging” (21, 22). This state is evident in the elevated levels of circulating as well as pro-inflammatory cytokines in the lung, such as of IL-1β, IL-6, IL-8, and TNF-α (23, 24). The aging process leads to changes in primary and secondary lymphoid tissues, which causes the lung tissue to become less flexible, and decreasing the lung’s ability to respond to trauma (23). Moreover, there is a higher activity of caspase-3 in aged individuals’ heart, which further exacerbates the problem (25). Unbiased genome-wide analyses exposed age/stress-related epigenetic effects with a proinflammatory profile and altered NF-κB-related gene networks (26).

Thus, the pulmonary environment becomes more inflammatory with increasing age (27, 28). Interestingly, there is an increased NLRP3 inflammasome activity in aged and stressed lungs, which increased the expression of mature IL-1β in aged individuals (29, 30). These age-related changes in innate and adaptive immunity suggest that aged individuals may not respond to immunological threats such as trauma as effectively as younger individuals. However, the exact mechanistic drivers of aging-related inflammatory modulations in trauma are not entirely understood. Based on this background, the study aimed to investigate the effect of aging on inflammatory changes and the underlying mechanisms that cause lung injury in mice after femur fracture and hemorrhagic shock, with a distinct focus on the NF-κB signaling pathway as well as on the expression of inflammasome components.




2 Materials and methods



2.1 Animal husbandry

All animal studies were carried out in strict accordance with the German Animal Law and with the permission of the local authorities in Lower Saxony, Germany (approval number: 33.12-42502-04-17/2491). Young (17 - 26 weeks) and aged (64-72 weeks) male C57BL/6J mice (Janvier Labs, Le Genest-Saint-Isle, France) were used for the experiments (31). The animals were kept in individual cages under standardized conditions at the Central Animal Laboratory of the Hannover Medical School, where cages, bedding and drinking bottles were frequently changed and standard softwood granules (Altromin GmbH, Lage, Germany) for experimental animals were used as litter material.




2.2 Group distribution

24 male C57BL/6J mice held in conventional animal room were randomly assigned to one of the four groups. Animals in sham groups (sham young: n = 6; sham aged: n = 6) received the femoral artery catheterization and an external fixator, but no osteotomy or blood loss were induced. In trauma groups (THFx young: n = 6, THFx aged: n = 6) hemorrhagic shock with resuscitation was induced and an external fixator followed by osteotomy (Fx) of the femur was applied (trauma/hemorrhage, THFx). Young mice were 17 - 26 weeks and aged mice were 64 - 72 weeks old. The animals were sacrificed 24 hours after experiment induction.




2.3 Experimental model

All surgical procedures were performed under deep inhalation anesthesia using isoflurane (Baxter Deutschland GmbH, Unterschleißheim, Germany) as described before (3, 31, 32). Surgical procedure was initiated after repeated periodic verification of the negative interphalangeal reflex in mice. Mice were kept warm during the procedure using a heating pad and the eyes were protected from drying out with Bepanthen eye ointment. An intraoperative analgesia with 5 mg/kg body weight carprofen (Zoetis inc.) and 1 mg/kg body weight butorphanol (Zoetis inc., USA) were injected subcutaneously (s.c.). Prilocaine hydrochloride Aspen Germany GmbH, Germany was used for local anesthesia at the surgical site. Metamizole (Ratiopharm GmbH, Germany) at 200 mg/kg bodyweight was mixed into drinking water for postoperative analgesia, and carprofen and butorphanol were injected s.c. according to indication. After surgery, the animals were placed under warmth and red light until full consciousness is regained, then housed in independent cages to avoid them behaving aggressively towards each other, which could affect the healing of the surgical wound. After surgery, animals were regularly controlled and assessed for vital signs and mobility. All surgical procedures were conducted as described before (3, 31, 32). In the sham and trauma groups, a catheter was inserted into the left femoral artery and an external fixator (MouseExFix simple L 100%, RISystem, Davos, Switzerland) was implanted into the right femur. Animals in the trauma groups (THFx young; THFx aged) underwent a pressure-controlled hemorrhagic shock (HS). In brief, after insertion of the catheter into the left femoral artery, blood was collected until the mean arterial blood pressure reached 35 ± 5 mm Hg. The hypovolemic state of shock was maintained for a total of 90 minutes. The animals were then re-infused with four times the amount of blood drawn (up to maximum 2.4 ml) using body warm Ringer’s solution within 30 minutes and afterwards the catheter was removed. The external fixator was placed, and diaphysis was osteotomized in THFx groups centrally between the two middle pins using a 0.44 mm diameter wire saw (Gigly wire saw, RISystem). Prolene 6-0 (Ethicon, Cincinnati, USA) was used to suture the wounds and the animals were allowed to move freely immediately after the experiments were completed.




2.4 Harvesting procedures

After 24 hours of surgery, the animals were euthanized with an intraperitoneal injection of 75 mg/kg body weight of ketamine (Zoetis inc.) and 1 mg/kg body weight of medetomidine (Zoetis inc.). The abdominal cavity was opened, and a heparinized sharp 25-gauge syringe was used to puncture the heart for blood collection, followed by cervical dislocation. Afterwards, the incision was widened along the chest wall to the trachea. To flush the lungs, a 25-gauge needle was punctured into the trachea and a 19-gauge syringe containing 1.1 ml of phosphate-buffered saline (PBS) was inserted. The lungs were flushed with 1.1 ml of PBS and 800 µl of bronchoalveolar lavage fluid (BALF) were collected. BALF was centrifuged at 1164 x g for 5 min at 4°C and the supernatant was frozen at -80°C for subsequent analysis. The upper trachea was closed with a blunt clamp followed by perfusion of 20 ml of PBS through the heart using a 21-gauge blunt-tipped syringe to ensure systemic perfusion of the mouse. The left lung was ligated and removed, rapidly frozen in liquid nitrogen, and stored at -80°C. Furthermore, 10 ml of 4% buffered Zn-Formalin was perfused using a 21-gauge syringe for the right lung lobe, which was then removed and fixed overnight for subsequent (immuno)histological analyses.




2.5 Examination of lung damage

The samples were fixed in 4% buffered Zn-Formalin overnight, then, embedded in paraffin and sliced into 3 µm sections, which were stained with hematoxylin-eosin (HE). Specifically, the lung sections were deparaffinized, rehydrated, and stained with hemalum solution according to Mayer’s method (Carl Roth, Karlsruhe, Germany) for 10 minutes at room temperature (RT). After decolorization in rinse water for 10 minutes, the sections were counterstained with eosin (Carl Roth, Karlsruhe, Germany) for 3 minutes at RT. Histological damage in the HE-stained sections was assessed for each group in a blinded manner. To quantify the histopathological damage in the lungs, independent examiners assessed the lungs using the method described previously. Briefly, sections of lungs were examined for desquamation, dystelectasis/atelectasis, emphysema, congestion, interstitial thickness/infiltration with inflammatory cells, and bronchial exudate (33, 34).




2.6 Quantification of protein expression levels in BALF

To assess the severity of lung injury and the status of the lung barrier, levels of pro-inflammatory mediators in the BALF were evaluated. The concentrations of cleaved IL-1β and IL-6 in BALF were determined by performing mouse-specific enzyme-linked immunosorbent assays (ELISAs) using kits from R&D Systems (Minneapolis, USA) following the manufacturer’s instructions. The measurements were obtained using an Infinite M200 microplate reader (Tecan, Männedorf, Switzerland).




2.7 Ribonucleic acid isolation, reverse transcription and semi-quantitative polymerase chain reaction

RNA extraction from the lung homogenate that was obtained by mechanical disruption using the Precellys 24 Homogenizer (Bertin Technologies, Montigny-le-Bretonneux, France) and the buffer from the RNeasy assay (Qiagen, Hilden, Germany) was performed following the manufacturer’s protocol. To remove any remaining DNA, the sample was treated with the RNase-free DNase kit (Qiagen, Hilden, Germany). Qualitative and quantitative analysis of RNA was conducted with the Tecan’s NanoQuant Plate on the Spark M10 Microplate Reader (Tecan, Männedorf, Switzerland). For cDNA synthesis, the iScript™ cDNA Synthesis Kit (BioRad, Hercules, USA) was used according to the manufacturer’s instructions. Quantification of gene expression levels for Muc5ac (qMnuCED0061472), Nlrp3 (qMmuCID0010647), and Il-1β (qMnuCED0045755) was performed using the PrimePCR SYBR Green Assay (BioRad, Hercules, USA) with specific primer sets for mouse. The housekeeping gene (control), Gapdh (qMnuCED0027467), was also quantified. Gapdh was chosen as control since no observed differences between aged, traumatized or sham groups were found. For all primers, the amplification specificities were confirmed by melting curve analysis, and no template controls were applied for detecting contamination or non-specific amplification. The PCR reaction was carried out with a total reaction volume of 25 µl and SYBR green qPCR Master Mix (BioRad) according to the manufacturer’s instructions. The reaction was performed using the C1000 Touch Thermal Cycler with the CFX96 Touch Real-Time PCR Detection System (BioRad, Hercules, USA). Finally, the relative expression level of each target gene was determined using the comparative threshold-cycle (CT) method (2-DDCT method), which involved normalizing the expression of each target gene to that of Gapdh.




2.8 Western blotting

Lung tissue was homogenized in lysis buffer (Invitrogen™, FNN0021) at 4°C and centrifuged at 20.000 x g for 30 min at 4°C. The resulting supernatants were stored at -80°C for later analysis. Electrophoresis was performed on 20 µg protein lysate separated by a 12% polyacrylamide SDS gel and then transferred to a nitrocellulose membrane (Amersham-Buchler, Braunschweig, Germany). A rabbit polyclonal anti-NFkB p105/p50 (phospho S337) antibody (ab28849, 1:1000 dilution) was used to detect phosphorylated p50, and a rabbit monoclonal recombinant anti-NFkB p105/p50 antibody [E381] (ab32360, 1:2000 dilution) (Abcam, Cambridge, UK) was used to detect non-phosphorylated p50. Monoclonal beta-Actin antibody (sc-47778, 1:1000 dilution, Santa Cruz) was used as loading control for measuring beta-actin. Blots were blocked in a blocking buffer (10% non-fat dry milk in 1 mM Tris, 150 mM NaCl, pH 7.4) for one hour at RT, then incubated with primary antibodies in bovine serum albumin (BSA) containing 0.5% Tween 20 and 0.5% BSA at 4°C on a 35 rpm shaker overnight according to the manufacturer’s instructions. As secondary antibody a horseradish peroxidase-conjugated anti-rabbit IgG antibody (ab288151, 1:10000 dilution, Abcam) was subsequently applied for one hour at room temperature on the shaker. Proteins were detected using ECL™ Western blot detection reagent (GE Healthcare, Munich, Germany). After measuring the phosphorylated p50, nitrocellulose membrane was washed in TBS, then pp50 antibody was eluted for 2 × 15 minutes in stripping buffer (0.2 M glycine, 0.1% SDS, 1% Tween20, pH 2.2), and washed 3 × 5 minutes in TBST (0.05% Tween20 in TBS) on rocker with 50 rpm. The membrane was blocked for 1.5 hours in blocking buffer, and then incubated with p50 or β-actin antibodies overnight at 4°C. After incubation, the membrane was washed 2 × 15 minutes with TBST and 1 × 15 minutes with TBS (20 mM Tris-Base, 0.15 M NaCl, pH 7.6), and afterwards incubated with the secondary antibody as described above. The signals were digitized, and the ImageJ software was used to determine the integrated density of the individual bands for protein expression normalization to β-actin by densitometry using ImageJ software.




2.9 Immunohistology staining of NLRP3, HMGB1, ASC, Gasdermin D, SPC, active caspase-3 and neutrophil elastase

The lung tissue sections (3 μm) were subjected to dewaxing using Xylene (Merck, Darmstadt, Germany) or Roti Histol (Carl Roth, Karlsruhe, Germany) twice for 5 minutes and then rehydrated using descending alcohol series with 100%, 90%, and 70% concentrations sequentially for 2 x 5 minutes, then rinsed in distilled water for 2 x 5 minutes. Heat-induced epitope retrieval (HIER) was conducted using R-Universal epitope recovery buffer (Aptum, Kassel, Germany) in the 2100-Retriever (Prestige Medical, Blackburn, England) at 121°C for 20 minutes following the manufacturer`s manual. The slides were blocked and permeabilized with 150 µl of blocking solution (5% goat serum (Jackson immunoresearch), 0.05% TritonX, 0.05% Tween 20 in 1 x PBS) for 20 minutes at room temperature in a humidified incubation chamber. Afterwards, slides were washed in distilled water twice for 3 minutes. Lung sections were incubated with primary antibodies against Nucleotide-binding oligomerization domain (NOD)-like receptor (NLR) protein (NLRP)3 (1:200, rabbit anti-mouse, Cell signaling Technology, USA, #151015), Apoptosis-associated speck-like protein containing a CARD (ASC) (1:200, rabbit anti-mouse, Cell signaling Technology, USA, #67824), Gasdermin D (GSDMD) (1:200, rabbit anti-mouse, Cell signaling Technology, #39754), Prosurfactant protein C (SPC) (1:500, rabbit anti-mouse, Abcam USA, Ab90716), and High-mobility group box 1 protein (HMGB1) (1:200, rabbit anti-mouse, Abcam USA, Ab18256), which were diluted as suggested by the manufacturers in the Antibody Dilution Buffer (Dako Cytomation) and incubated overnight at 4°C in a humidified incubation chamber. Active caspase-3 (1:300, rabbit anti-mouse, anti-cleaved caspase-3 (Asp175), #9661, Cell Signaling Technology, USA), and neutrophil elastase (NE) (1:200, rabbit anti-mouse, Bioss, bs- 6982R, USA) antibodies were incubated for one hour at room temperature in a humidified incubation chamber. Incubation of primary antibodies was followed by washing according to the washing steps after blocking. Endogenous peroxidase was blocked by adding 3% hydrogen peroxide and incubation for 15 minutes at room temperature followed. After another washing step, the secondary antibody conjugated with horseradish peroxidase (Histofine Simple Stain Mouse MAX PO (R), Nichirei Biosciences Inc.) was incubated for 60 minutes at room temperature in a humidified incubation chamber  according to manufacturers' instructions. This was followed by another washing procedure and 3-amino-9-ethylcarbazol (AEC, DCS Innovative Diagnostik-Systeme, Hamburg) was used to detect specific binding. Hematoxylin (Carl Roth, Karlsruhe, Germany), was used for counterstaining, and stained slides were mounted with mounting medium (Merck, 108562). Unstained sections for tissue background control were used. No primary antibody controls incubated with just the antibody diluent, without the primary antibodies were applied to determine if the secondary antibody is binding non-specifically to cellular components that do not contain the protein of interest, resulting in false positives or non-specific binding. Isotype control antibodies Normal Rabbit IgG (rabbit, Cell signaling Technology, USA, #2729) and Rabbit IgG, polyclonal - Isotype Control (rabbit anti-mouse, Abcam USA, Ab171870) were used in the control samples and incubated with the same concentrations under the same experimental conditions as applied for the corresponding primary antibody. Imaging was conducted using the Zeiss Axio Observer Z1 microscope with a 40 x objective except for ASC, that was captured with a 63 x objective (Zeiss, Göttingen, Germany). ImageJ software was used for evaluation, with counting of positively stained cells in 25 high-power fields (HPF).




2.10 Statistical analysis

The statistical analysis was conducted using GraphPad Prism 6 (GraphPad Software, Inc., San Diego, CA). Data were tested for normal distribution using Shapiro-Wilk normality test. Based on the histogram and Shapiro–Wilk test, the non-parametric Kruskal-Wallis test, which does not assume a normal distribution of the residuals, followed by Dunn’s post hoc test for the correction of multiple comparisons was applied. The results were presented as mean and standard error of the mean, and statistically significant differences are indicated as p-value less than 0.05.





3 Results



3.1 Impact of aging on lung damage after THFx

In this experiment, animals received an external fixator and underwent osteotomy and hemorrhagic shock with subsequent resuscitation as shown in Figure 1A. The study analyzed the differences in lung histomorphology, gene expression of the lung protective protein Muc5ac in homogenized lung tissue, prosurfactant protein C (SPC) expression as a marker of alveolar damage, and HMGB1 expression in lungs between groups (Figures 1, 2). The results showed that THFx induced a strong histopathological lung injury with alveolar wall thickening and resulting alveolar space loss, with the most prominent damage observed in the THFx aged group compared to all other groups (Figure 1B). The histomorphological differences between the groups show increased lung injury in the THFx young group and further enhanced in the THFx aged group compared to both sham groups (lung injury score: sham young = 2, sham aged = 2, THFx young = 3, and THFx aged = 4). In addition, the gene expression of Muc5ac was significantly decreased in the THFx groups compared to the sham groups (p < 0.05, Figure 1C). In order to investigate apoptosis in aged lungs after trauma, active caspase-3 staining was used as a direct indicator of apoptosis (p < 0.05, Figures 1D, E). The results showed a significantly higher number of active caspase-3 positive cells (red arrows) in the THFx groups compared to the sham groups (p < 0.05, Figure 1E). Additionally, the number of caspase-3 positive cells was higher in the THFx aged group compared to the THFx young group (p < 0.05, Figure 1E). Prosurfactant protein C was significantly decreased in both aged groups compared to the corresponding young group (p < 0.05, Figures 2A, B). In addition, SPC presence was significantly decreased in the THFx groups compared to the sham groups (p < 0.05, Figure 2B). HMGB1 staining showed a significantly higher number of HMGB1 positive cells (red arrows) in the THFx groups compared to the sham groups (p < 0.05, Figures 2C, D). Additionally, the number of HMGB1 positive cells was higher in aged groups compared to the young groups (p < 0.05, Figure 2D).




Figure 1 | The effects of aging on lung damage after hemorrhagic shock (HS) and femoral fracture (Fx) were investigated. (A) The experimental design involved young (17 - 26 weeks) and aged (64 - 72 weeks) male C57BL/6J mice, as well as sham (green line) and trauma (blue line) groups. Trauma groups underwent pressure-controlled HS followed by resuscitation (R) with Ringer’s solution and Fx (via osteotomy) (THFx), while sham groups received catheterization and an external fixator but no THFx induction. Lung tissue samples were obtained 24 hours after the experiment, and Muc5ac gene expression and positive active caspase-3 cells were assessed. (B) Representative lung sections upon hematoxylin/eosin (HE) staining. (C) Relative gene expression of Muc5ac. (D) Representative lung sections upon the staining of activated caspase-3 with red arrows indicating caspase-3 positively stained cells, and (E) quantification of caspase-3 positively stained cells per high power field (HPF). n = 6 per group, * p < 0.05 between indicated groups.






Figure 2 | The impact of aging on Prosurfactant protein C (SPC) and High-mobility group box 1 protein (HMGB1) expression after hemorrhagic shock (HS) and femoral fracture (Fx). The experimental design included young (17 - 26 weeks) and aged (64 - 72 weeks) male C57BL/6J mice in both sham and trauma groups. The trauma groups underwent pressure-controlled HS followed by resuscitation (R) with Ringer’s solution and Fx (via osteotomy) (THFx), while the sham groups received catheterization and an external fixator but no THFx induction. After 24 hours, the mice were euthanized, and (A) SPC (red arrows) in lung tissue sections were quantified (B). (C) Representative immunohistological HMGB1 staining (red arrows), and (D) positively stained cells per high power field (HPF). n = 6 per group, * p < 0.05 between indicated groups.






3.2 Impact of aging on IL-6 and neutrophil infiltration after THFx

The study evaluated the protein levels of IL-6 in homogenized lung tissue and IL-6 protein concentration in the BALF. The results showed that protein expression of IL-6 in lung tissue was significantly increased in both aged groups, sham and THFx, compared to the corresponding young group (p < 0.05, Figure 3A). IL-6 protein expression in the BALF was significantly increased in THFx compared to the young sham group (p < 0.05, Figure 3B).




Figure 3 | The impact of aging on interleukin (IL)-6 protein expression and neutrophil infiltration after hemorrhagic shock (HS) and femoral fracture (Fx) was investigated. The experimental design included young (17 - 26 weeks) and aged (64 - 72 weeks) male C57BL/6J mice in both sham and trauma groups. The trauma groups underwent pressure-controlled HS followed by resuscitation (R) with Ringer’s solution and Fx (via osteotomy) (THFx), while the sham groups received catheterization and an external fixator but no THFx induction. After 24 hours, the mice were euthanized, and IL-6 protein expression (A) in lung tissue homogenates and (B) in bronchoalveolar lavage (BAL) fluid was analyzed. (C) Quantification of Neutrophil elastase (NE) positively stained cells per high power field (HPF). (D) Representative immunohistological staining of NE as a marker of polymorphonuclear leukocytes (PMNL) in lung sections with red arrows indicating NE-positively stained cells. n = 6 per group, * p < 0.05 between indicated groups.



Neutrophil infiltration in the lung was quantified by immunohistological staining, showing a significantly increased infiltration of neutrophils in both THFx groups compared to the corresponding sham group (p < 0.05, Figures 3C, D). Additionally, the THFx aged group had significantly increased neutrophil infiltration compared to the THFx young group, indicating that aging can worsen the inflammatory response in the lung after trauma (p < 0.05, Figures 3C, D).




3.3 Impact of aging on NF-κB activation after THFx

In this study, the impact of aging on the NF-κB signaling was investigated after THFx. Lung tissue homogenates were collected 24 hours after resuscitation, and western blot analysis was performed to measure phosphorylated and non-phosphorylated p50, as indicator for NF-κB activation. The results showed that non-phosphorylated p50 expression levels were significantly higher in both THFx groups compared to the young sham group (p < 0.05, Figures 4A, B). Additionally, the THFx young group showed significantly increased levels of non-phosphorylated p50 versus the young sham group, while there was no difference among the aged groups (p < 0.05, Figures 4A, B).




Figure 4 | The effect of aging on NF-κB following hemorrhagic shock (HS) and femoral fracture (Fx) in young (17 - 26 weeks) and aged (64 - 72 weeks) male C57BL/6J mice is shown. The experimental design included sham and trauma groups, with the trauma groups subjected to pressure-controlled HS followed by resuscitation (R) with Ringer’s solution and Fx (via osteotomy) (THFx). The sham groups underwent catheterization and received an external fixator, but no THFx was induced. After 24 hours, the mice were euthanized, and samples were collected. (A) Representative western blot analysis of phosphorylated and non-phosphorylated p50 and β-actin, and quantification of (B) non-phosphorylated p50 and (C) phosphorylated p50 in young and aged sham and THFx mice. n = 4 per group, * p < 0.05 between indicated groups.



Phosphorylated p50 expression levels were significantly higher in both aged groups compared to their corresponding young groups (p < 0.05, Figures 4A, C).




3.4 Impact of aging on the expression of inflammasome components after THFx

The gene expression of Nlrp3 and Il-1β was assessed in homogenized lung tissue. Results showed that the expression of Nlrp3 was significantly higher in THFx groups versus young sham group (p < 0.05, Figure 5A).




Figure 5 | The effect of aging on the presence of inflammasome components after hemorrhagic shock (HS) and femoral fracture (Fx) in male mice. The experimental design included young (17 - 26 weeks) and aged (64 - 72 weeks) C57BL/6J mice in both sham and trauma groups. The trauma groups underwent pressure-controlled HS followed by resuscitation (R) with Ringer’s solution and Fx (via osteotomy) (THFx), while the sham groups underwent catheterization and received an external fixator, but no THFx was induced. After 24 hours, the mice were euthanized, and sampling was performed. (A) The relative gene expression of nucleotide-binding domain (NOD)-like receptor protein (NLRP)3, and (B) of interleukin (IL)-1β in lung tissue homogenates. (C) Quantification of IL-1β protein concentration in bronchoalveolar lavage (BAL) fluid. n = 6 per group, * p < 0.05 between indicated groups.



In addition, the relative gene expression of Il-1β in lung tissue was significantly higher in both THFx groups compared to their corresponding sham group (p < 0.05, Figures 5B).

The concentration of IL-1β in the BALF was significantly higher in THFx groups compared to their corresponding sham group (p < 0.05, Figure 5C).

In order to further investigate the expression of inflammasome components in aged lungs after trauma, several markers including NLRP3, ASC and GSDMD were used (Figure 6). The results showed a significantly higher number of NLRP3 positive cells (red arrows) in the THFx groups compared to the corresponding sham group (p < 0.05, Figures 6A, B). The number of NLRP3 positive cells was significantly higher in the aged groups compared to the young groups, while the NLRP3 increase was significantly enhanced in the THFx aged group compared to all other groups (p < 0.05, Figure 6B).




Figure 6 | The impact of aging on Nucleotide-binding oligomerization domain (NOD)-like receptor (NLR) protein (NLRP)3, Apoptosis-associated speck-like protein containing a CARD (ASC), and Gasdermin D (GSDMD) expression after hemorrhagic shock (HS) and femoral fracture (Fx). The experimental design included young (17 - 26 weeks) and aged (64 - 72 weeks) male C57BL/6J mice in both sham and trauma groups. The trauma groups underwent pressure-controlled HS followed by resuscitation (R) with Ringer’s solution and Fx (via osteotomy) (THFx), while the sham groups received catheterization and an external fixator but no THFx induction. After 24 hours, the mice were euthanized, and (A) NLRP3 protein expression was assessed and quantified (B) in lung tissue sections. (C) Representative immunohistological staining of ASC and (D) quantification of ASC positively stained cells per high power field (HPF). (E) Representative immunohistological staining of GSDMD and (F) quantification of GSDMD positively stained cells per HPF. n = 6 per group, * p < 0.05 between indicated groups.



The number of ASC positive cells (red arrows) was significantly higher in the THFx groups compared to the corresponding sham groups (p < 0.05, Figures 6C, D). The number of ASC positive cells was higher in the sham aged group compared to the sham young group (p < 0.05, Figure 6D). In the THFx aged group ASC was significantly higher compared to all other groups (p < 0.05, Figure 6D).

The number of GSDMD positive cells (red arrows) was significantly higher in the THFx groups compared to the corresponding sham groups (p < 0.05, Figures 6E, F). Furthermore, the number of GSDMD positive cells was higher in the sham aged group compared to the sham young group (p < 0.05, Figure 6F), and in the THFx aged group GSDMD was significantly higher compared to all other groups (p < 0.05, Figure 6F).





4 Discussion

The objective of our study was to explore the mechanisms that cause lung injury in young and aged mice after THFx. Trauma is the leading cause of death and disability worldwide (35). In young mice, femoral fracture following pressure-controlled hemorrhagic shock can cause increased uncontrolled inflammation in the lungs as well as disruption of the pulmonary barrier (33), yet the current research has not fully explained the effects of aging on lung injury and the pulmonary inflammatory response after THFx. Our study aimed to investigate how aging influences the typical NF-κB signaling pathway as well as the expression of inflammasome components that mediate the lung inflammatory response after THFx. Specifically, the study compared the response of young mice aged 17 - 26 weeks and old mice aged 64 - 72 weeks, to gain a better understanding of underlying mechanisms for age-related changes impacting lungs, especially in the context of trauma and hemorrhagic shock. In a recent study applying this model, it was shown that aged mice had significantly lower total bone and callus volume, decreased share of callus per total bone volume, less trabecular structures as well as the reduction of the elastic limit (31), thus, our model of femoral fracture mimics the human situation. Furthermore, it was demonstrated that THFx induced an uncontrolled inflammatory response and lung barrier breakdown in young mice (33), findings that support our hypothesis. This study’s results have the potential to guide future research and pre-clinical approaches for addressing these conditions in both younger and older populations.

The results suggest that trauma-induced inflammation and lung damage are exacerbated by the aging process through activation of the NF-κB signaling pathway and eventually inflammasome. The reduction in surfactant protein C in both THFx groups suggests an impaired lung protective response following trauma, which was further exacerbated in the THFx aged group (Figures 1, 2). Reduced Muc5ac gene expression in the THFx groups supports increased lung damage following trauma (Figure 1C). Additionally, the increase in activated caspase-3 positive cells in both THFx groups indicates an increased apoptosis after THFx, which was more prominent in the THFx aged group compared to the THFx young group (Figures 1D, E). Similarly, the higher levels of HMGB1 and IL-6 suggest an amplified pro-inflammatory response in aging (Figures 2, 3). The PMNL increase in both young and aged THFx groups compared to sham groups suggests that trauma-induced inflammation attracts more inflammatory cells to the lung, again, with the THFx aged group experiencing a more pronounced effect (Figure 3C). Enhanced expression of p50 and phosphorylated p50 in all aged groups indicates that the NF-κB signaling pathway is activated in aging (Figure 4). Also, the increased expression of inflammasome components as shown by increased IL-1β gene expression and concentration, as well as enhanced NLRP3, ASC and GSDMD expression in lungs following trauma suggests an involvement of the inflammasomes in the exaggerated inflammatory response in the lung following trauma in aged mice (Figures 5, 6). Overall, the study highlights the role of aging in exacerbating the inflammatory response to trauma in lungs.

Trauma-induced cellular destruction with DAMPs release, as also demonstrated in the present study by HMGB1 increase, or translocation of pathogen-associated molecular patterns into the bloodstream is accompanied with the production and release of various inflammatory signals such as IL-1β, TNF-α and IL-6, as well as a significant increase in PMNL activation and infiltration in the lungs (36, 37). In line with these reports, our results demonstrate an increase in the production as well as in the release of pro-inflammatory cytokines, including IL-6 and IL-1β after THFx. Typically, the release of inflammatory mediators after trauma is linked to an enhanced PMNL activity and infiltration in lungs. Störmann et al. found a significant increase in PMNL infiltration in the lungs after polytrauma in pigs (36), which was attributed to the lipid mediator leukotriene (LT)B4 that activates and attracts PMNL to the lungs to participate in post-traumatic lung inflammation (36, 38). Kalsotra et al. have shown that both LTB4 levels and PMNL infiltration were increased in the lungs of mice with brain contusion, and furthermore, were attributed to pulmonary complications following brain injury (39). It was also demonstrated before that IL-6 plays a significant role in inflammatory conditions (7, 12, 40, 41). In our previous in vivo study, we found significantly increased IL-6 levels in lung and liver samples after polytrauma compared to sham (42). In line with those and other reports, here, a significant PMNL infiltration into the lungs and an elevated concentration of IL-6 in BAL after THFx was observed (Figure 3). Thus, the development of lung injury and apoptosis in lung cells following THFx is closely associated with the release of inflammatory mediators. Studies using mouse models of indirect acute lung injury (ALI) induced by hemorrhagic shock and sepsis showed that lung inflammation is characterized by the caspase-3-dependent apoptosis of pulmonary epithelial cells (43, 44). The project presented here revealed an increase in caspase-3 levels and SPC indicating lung damage in mice with THFx (Figures 1, 2), which is in consistence with the findings of Zhang et al. (45).

The transcription factor NF-κB complex consists of a group of isoforms that regulate genes involved in the inflammatory response, as well as other biological processes such as cell growth and survival (46). Activation of NF-κB is closely linked to the development of various diseases, including cancer, autoimmune disorders, and chronic inflammation (47). Traumatic injury as also observed in this study, infections, and aging can lead to the activation of the NF-κB pathway and promotion of inflammatory signals (48). Apart from the NF-κB pathway induced by trauma, various DAMPs triggered by trauma, such as mitochondrial DNA, HMGB1, and ATP, can activate Nod-like receptors (NLRs) and promote the formation and activation of NLRP3 (49). The activated NLRP3 inflammasome leads to caspase-1 activation, resulting in the release of mature forms of IL-1β and IL-18 that promote exaggerated inflammatory responses in the circulation and peripheral tissues, leading to cell death, a process known as pyroptosis (50–53). Animal studies have also demonstrated that NLRP3 inflammasomes in lung endothelial cells and alveolar macrophages (AMs) are increasingly activated after hemorrhagic shock, leading to lung inflammation and increased IL-1β expression (54–56). Additionally, the activation of endothelial cell pyroptosis as shown by Yang et al. resulted in increased inflammation and lung damage in mice undergoing HS and LPS challenge (55). Furthermore, Xu et al. reported an increase in NLRP expression in lung endothelial cells after HS, leading to higher IL-1β levels detected in BAL (56). In consistence with these studies, we demonstrated here a significant increase in lung inflammation after THFx, as indicated by a significantly upregulated gene expression of Nrlp3 in the lung and an increased concentration of IL-1β in BAL (Figure 5). Also, enhanced protein expression of NLRP3, ASC and GSDMD after trauma (Figure 6), and further amplification of these trauma-induced inflammasome-related mediators support the hypothesized of a possible activation of inflammasomes after trauma, and indicate that the heightened expression of inflammasome components may be linked to lung damage after THFx.

As all organisms age, there is a gradual and ongoing increase in chronic inflammation that is not caused by infection or injury (57). Senescent tissues produce various molecules, collectively called senescence-associated secretory phenotype (SASP) such as pro-inflammatory cytokines among others IL-1 (58). These molecules promote the further release of inflammatory cytokines and affect the local environment, leading to systemic and local inflammation through the blood circulation (23). Neutrophil elastase a marker for neutrophils is also associated with aging. In the brain tissue of Alzheimer’s disease patients, the activity and concentration of neutrophil elastase gradually increase with age (59). However, the ability of neutrophils to phagocytosis and chemotaxis decreases with aging (60). Aged mice have been shown to have a high frequency of transendothelial migration of neutrophils, which can infiltrate the lungs and cause remote lung injury (RLI) (61). Corberand and colleagues found that there is an increased proportion of neutrophils in bronchoalveolar lavage fluid of healthy older adults (62). Additionally, the pro-inflammatory pulmonary mononuclear macrophage subpopulation increases with age, leading to the secretion of pro-inflammatory cytokines including IL-6, which contribute to inflammation (63, 64). This is in line with our findings showing enhanced pro-inflammatory cytokine levels in lungs from aged mice. According to Balistreri et al., the inflammatory response to trauma in aging mice may be exacerbated due to a stronger activation of NF-κB, indicating that aging may worsen the response through this signaling pathway (65). Similarly, Zhao et al. suggested that NF-κB activity is upregulated in aging mice (66). Also, data from our study indicate that aged mice have stronger NF-κB activation compared to young mice (Figure 4). Notably, the increased levels of apoptotic markers in aging mice are related to the accumulation of mutant mRNA in senescent cells, and the results of Kujoth et al. suggest that aged mice expressed higher levels of caspase-3 in multiple organs (67). In line with these reports, our results show a significant increase in caspase-3 levels in aged mice after trauma (Figures 1D, E). Also, the NLRP3 inflammasome is involved in the pathogenesis of many age-related diseases. Trauma-induced and aging-related DAMPs are known to induce NLRP3 and IL-1β cleavage (18, 68, 69). It is noteworthy that the discoveries shown in this study disclosed higher levels of gene expression for Il-1β and Nlrp3 as well as enhanced NLRP3, ASC and GSDMD protein expression in traumatized elderly mice, alongside elevated IL-1β protein levels in BAL fluid (Figures 5, 6). Furthermore, this experiment detected a more significant degree of neutrophil infiltration, and lung damage indicated by SPC and HMGB1 in aged lung tissues following THFx compared to younger mice. These findings imply that the aging process intensifies the production of inflammatory agents and neutrophil infiltration in the lung post THFx, resulting in a more severe inflammatory response and damage of the lung tissue.

This study has several limitations that should be acknowledged. Firstly, only male mice and not female mice were used in our experiments. Therefore, the conclusion can only be drawn in the male population, and we need to take factor sex into account in future studies. Secondly, in the clinical setting, geriatric patients may have many relatively complex chronic inflammatory diseases, and we have chosen healthy mice, which may have some impact on the results of studies on inflammation. Moreover, the model we used to induce femur fracture and subsequent immune responses in mice may not fully reflect the clinical situation in humans. The clinical scenario usually involves traumatic injury, hemorrhagic shock caused by uncontrolled bleeding, and femur fixation, whereas our model involves pressure-controlled hemorrhagic shock followed by the insertion of a fixator and femoral osteotomy. Moreover, we did not ventilate with intubation during the anesthesia, and the animals are allowed to perform fully weight-bearing activities directly after they awaken from anesthesia, which is very different from the clinical situation. Another limitation of this study is the lack of protein analyses via western blot. Additionally, we only analyzed lung tissue and BAL fluid from a single time point, which limits the generalizability of our findings to other time points. Future studies examining immune responses at multiple time points and prolonged observation of mice after trauma, are necessary to provide more reliable conclusions.

The study aimed to understand how aging affects lung injury and the pulmonary inflammatory response after THFx in mice. Results showed that aging exacerbates trauma-induced inflammation and lung damage through activation of the NF-κB signaling pathway and increased expression of inflammasome components. Thus, the findings highlight the importance of understanding the mechanisms that contribute to an immunosenescent state in aging and how this may impact the inflammatory response following trauma, and furthermore suggests that the vulnerability to dysregulated post-traumatic immune responses increases with age, which may contribute to a higher risk of trauma-induced organ damage, infectious complications, and increased morbidity and mortality in older patients.
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The heightened risk of ionizing radiation exposure, stemming from radiation accidents and potential acts of terrorism, has spurred growing interests in devising effective countermeasures against radiation injury. High-dose ionizing radiation exposure triggers acute radiation syndrome (ARS), manifesting as hematopoietic, gastrointestinal, and neurovascular ARS. Hematopoietic ARS typically presents with neutropenia and thrombocytopenia, while gastrointestinal ARS results in intestinal mucosal injury, often culminating in lethal sepsis and gastrointestinal bleeding. This deleterious impact can be attributed to radiation-induced DNA damage and oxidative stress, leading to various forms of cell death, such as apoptosis, necrosis and ferroptosis. Damage-associated molecular patterns (DAMPs) are intrinsic molecules released by cells undergoing injury or in the process of dying, either through passive or active pathways. These molecules then interact with pattern recognition receptors, triggering inflammatory responses. Such a cascade of events ultimately results in further tissue and organ damage, contributing to the elevated mortality rate. Notably, infection and sepsis often develop in ARS cases, further increasing the release of DAMPs. Given that lethal sepsis stands as a major contributor to the mortality in ARS, DAMPs hold the potential to function as mediators, exacerbating radiation-induced organ injury and consequently worsening overall survival. This review describes the intricate mechanisms underlying radiation-induced release of DAMPs. Furthermore, it discusses the detrimental effects of DAMPs on the immune system and explores potential DAMP-targeting therapeutic strategies to alleviate radiation-induced injury.
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Introduction

The increasing threat of unexpected exposure to ionizing radiation implicates the urgent unmet need for developing medical countermeasures. The global communities must be united to confront a broad range of nuclear threats. These encompass the detonation of sophisticated and improvised nuclear weapons, potential terrorist deployment of radiologic dispersal devices (i.e., dirty bombs), attacks on nuclear power plants, and the occurrence of accidents at these facilities caused by technical failure or natural disasters as happened in Chernobyl, Ukraine in 1986 and Fukushima, Japan in 2011 (1–4). Exposure to high doses of radiation can cause serious health problems known as acute radiation syndrome (ARS), consisting of three major sub-syndromes, hematopoietic (H), gastrointestinal (GI), and neurovascular (NV) ARS (5, 6). Medical countermeasures for ARS are classified into radioprotectors administered before radiation exposure, radiation mitigators administered shortly after radiation exposure and before symptoms appear, and radiation therapeutics administered after symptoms of radiation exposure appear (7). At the moment, the U.S. Food and Drug Administration (FDA) has approved two radioprotectors to be used in the context of radiotherapy: the free radical scavenger Amifostine and the recombinant human keratinocyte growth factor Palifermin (8). The FDA has also approved six radiomitigating medical countermeasures: the granulocyte colony-stimulating factors (G-CSF) Neupogen (filgrastim), Neulasta (pegfilgrastim), Udenyka (pegfilgrastim-cbqv), and Stimufend (pegfilgrastim-fpgk), the granulocyte-macrophage colony-stimulating factor (GM-CSF) Leukine (sargramostim), and thrombopoietin receptor agonist Nplate (romiplostim) (9). These radiomitigators are not approved as radioprotectors and only mitigate hematopoietic dysfunction to some extent. There are no FDA-approved medical countermeasures available for GI-ARS or NV-ARS. The major mechanisms of medical countermeasures currently under development include free radical scavenging, DNA damage reduction, DNA repair promotion, apoptosis inhibition, and GI recovery, in addition to the promotion of hematopoiesis (10, 11).

Exposure to ionizing radiation induces the release of damage-associated molecular patterns (DAMPs) by DNA damage and several types of cell death (12). A growing body of evidence suggests that DAMPs play pro-inflammatory roles and are associated with disease severity and organ damage in several diseases (13, 14). DAMPs hold the potential to function as mediators that exacerbate radiation-induced organ injuries, ultimately worsening survival outcomes. This review aims to comprehensively outline the mechanisms underlying radiation injury, with a particular focus on the involvement of DAMPs. Furthermore, we delve into potential therapeutic interventions aimed at mitigating radiation-induced DAMPs and their associated consequences.





Acute radiation syndrome (ARS)

The hematopoietic system emerges as the most vulnerable organ to ARS, with discernible symptoms of H-ARS manifesting following exposure to total body irradiation (TBI) exceeding 2 gray (Gy) in humans (15). Depending on the dose of ionizing radiation, death of hematopoietic stem and progenitor cells and apoptosis of lymphocytes occur (16). Notably, lymphopenia becomes apparent within 6-24 hours after radiation exposure (17). Subsequent to this initial event of the loss of lymphocytes, neutropenia, thrombocytopenia, and anemia ensue, depending on the radiation dose, based on the half-life of these cells and cell fragments in the circulation (18). GI-ARS generally occurs in individuals following exposure to TBI exceeding 5 Gy (19). Radiation exposure damages progenitor cells in the crypts and differentiated cells in the villi cannot turn over due to the loss of the progenitor and stem cells (20, 21). Injury to the intestinal mucosal barrier results in the infiltration of antigens and bacteria into the intestinal wall from the lumen. This breach gives rise to various complications, including the onset of secretory diarrhea resulting in severe protein loss and electrolyte dysfunction, bacterial translocation from the intestinal lumen into the circulation, and intestinal hemorrhage (22). These complications collectively contribute to the lethal sepsis and bleeding along with neutropenia and thrombocytopenia due to H-ARS (23). NV-ARS occurs after TBI with over 10 Gy in humans (19). Damage to the central nervous system involves disruptions in capillary circulation, blood-brain barrier integrity, interstitial edema, and the onset of acute inflammation. NV-ARS results in death within a few days of radiation exposure (19). Human data following radiation exposure indicates that the LD50/60, estimating the radiation dose causing lethality in 50% of a population within 60 days, ranges from 3.3-4.5 Gy without medical management to 6-7 Gy with medical intervention, including antimicrobial agents and blood transfusions (17, 23). In addition to ionizing radiation, nuclear explosions also release energy in the form of heat and shock waves (3). Thus, in situations involving nuclear explosions, 60-70% of victims may suffer from a radiation-combined injury (RCI) that includes burns and trauma (24). As a result, RCI can be lethal at low radiation doses due to infections (and possibly increased release of DAMPs, as described later in this review) in patients with burns and trauma (22, 25).

Oxidative stress causes DNA damage by reactive oxygen species (ROS) generated after the ionization of water in the cells. Ionizing radiation can also induce direct DNA damage including single- and double-strand breaks (26). The DNA damage response induces a reversible cell cycle arrest to give cells time to repair damage (12). When DNA damage cannot be resolved by the repair process, the DNA damage response converts into a signal pathway of apoptotic cell death or senescence, most often through p53-dependent mechanisms (27). Mitotic catastrophe can occur when cells undergo DNA damage during mitosis or enter mitosis with DNA damage. Mitotic catastrophe causes the formation of cells with multi-micronuclei or two nuclei (28). These cells are unable to complete the cell cycle, ultimately leading to their entry into senescence or their demise through apoptosis or necrosis (27). Exposure to ionizing radiation can affect not only nuclear DNA, but also other cellular organelles including mitochondria, Golgi apparatus, and lysosomes (29). Mitochondria serve as the primary generators of ROS within the cells. Radiation-induced mitochondrial DNA damage induces ROS generation, leading to a decrease in mitochondrial membrane potential and inducing mitochondria outer membrane permeabilization (MOMP) (29). The subsequent release of cytochrome c and activation of caspase-9 lead to apoptosis (30).

Recent studies have unveiled non-apoptotic signaling pathways of programmed cell death such as necroptosis, pyroptosis, and ferroptosis as additional forms of ionizing radiation-induced cell death. For instance, oxidative stress induced by ionizing radiation activates the inflammasome pathway, causing pyroptosis and contributing to organ damage (31, 32). Necroptosis in the intestine has been shown to contribute to mortality after lethal radiation exposure (33). Furthermore, the accumulation of ROS resulting from radiation exposure has been linked to the induction of ferroptosis, correlating with H-ARS, GI-ARS, and radiation-induced lung injury (34–36).





Damage-associated molecular patterns (DAMPs)

The immune system initiates an immune response against invasive pathogens based on the distinction of ‘self’ from ‘non-self’ (37). Innate immune cells express pattern recognition receptors, such as Toll-like receptors (TLRs), recognizing pathogen-associated molecular patterns (PAMPs) (37). Pathogen-independent immune responses are also initiated by recognition of DAMPs released from stressed or damaged cells (38). DAMPs activate innate immune cells such as neutrophils, macrophages, and dendritic cells (39). Consequently, various cytokines and chemokines are released, activating adaptive immune responses (40). DAMPs also activate non-immune cells such as epithelial cells, endothelial cells, and fibroblasts, leading to the release of inflammatory mediators (37). Typical endogenous DAMPs include extracellular cold-inducible RNA-binding protein (eCIRP), high mobility group box 1 (HMGB1), histones, heat shock proteins (HSPs), ATP, and nuclear and mitochondrial DNA (mtDNA), extracellular RNA (exRNA), and uric acid (38). The major DAMP-recognizing pattern recognition receptors include TLRs, NOD-like receptors (NLRs), RIG-I-like receptors, and C-type lectin receptors (41). Following the recognition of DAMPs, TLRs interact with myeloid differentiation factor 88 and TIR-domain-containing adaptor-inducing beta interferon to phosphorylate downstream mitogen-activated protein kinases, leading to activation of the transcription factors, activator protein-1 and nuclear factor kappa B (NF-κB) (37). DAMPs also transduce signals through the receptor for advanced glycation end products (RAGE), triggering receptor expressed on myeloid cells-1 (TREM-1), G-protein-coupled receptors, transient receptor potential, and P2X7 receptor channels (37).

The release of DAMPs has been observed in radiation injury and a number of other diseases including sepsis, trauma, ischemia-reperfusion injury, brain injuries, and radiation exposure (39, 42–45). In sepsis, host recognition of DAMPs is a critical contributor to an excessive immune response. Circulating DAMPs correlate with disease severity, and their inhibition has been shown to improve outcomes in experimental models of sepsis (38, 39). In severe trauma, the escalation of the innate immune response due to exposure to DAMPs leads to coagulopathy and excessive inflammation, resulting in multiple organ dysfunction, such as intestinal barrier dysfunction and acute lung injury (46). In intestinal ischemia-reperfusion injury, circulating mtDNA correlates with inflammatory responses and contributes to intestinal injury (43). Excessive inflammatory signaling induced by DAMPs can exhaust hematopoiesis and induce dysfunction of hematopoietic stem cells (47). Furthermore, the DAMPs-mediated neuroinflammation after traumatic brain injury, subarachnoid hemorrhage, and cerebral ischemia exacerbates secondary damage of the central nerve system by promoting cerebral edema or triggering vascular spasm and microthrombi (48). Given that these clinical complications are frequently observed in ARS, it is evident that the release of DAMPs can exacerbate the outcomes in ARS.





DAMP release after radiation injury

Radiation-induced cell damage can signal the immune system to potential danger through the release of DAMPs, akin to the molecular pattern recognition seen in microorganisms. Inflammation resulting from an excess of DAMP release has the potential to worsen radiation-induced tissue and organ damage, emphasizing the significance of DAMP modulation as potential mitigation for radiation injury (49). Here, we provide a summary of the major DAMPs released during radiation injury, and explore interventions aimed at enhancing outcomes (Table 1).


Table 1 | Targeting DAMPs in radiation injury.






Extracellular cold-inducible RNA-binding protein (eCIRP)

Intracellular CIRP is an RNA chaperone that functions as a cellular stress response protein (58). Once outside of the cell, eCIRP plays an important role as an endogenous inflammatory mediator acting as a new DAMP in radiation injury, sepsis, hemorrhagic shock, and ischemia-reperfusion injury (58, 59). eCIRP induces the production of proinflammatory cytokines and chemokines in macrophages via the TLR4/MD2 complex and NF-κB signaling axis. Accordingly, it contributes to tissue damage by upregulating ICAM-1 expression and promoting excessive NET formation in neutrophils (58, 60). eCIRP can also bind to TREM-1, worsening organ damage and prognosis by promoting inflammation (61). eCIRP has been shown to suppress the bacterial phagocytosis of macrophages by promoting the formation of STAT3-βPIX complex and suppressing the activation of Rac1 (62). We have recently demonstrated that high-dose ionizing radiation induces eCIRP release in the peritoneal cavity of irradiated mice and in the cell culture supernatant of irradiated mouse peritoneal cells (49). Moreover, the radiation-induced eCIRP release upregulated the expression of TREM-1 on macrophages, and mice knocked out for CIRP or TREM-1 had improved 30-day survival rates after 6.5 Gy TBI (49). Therefore, targeting the eCIRP-TREM-1 axis holds promise as a therapeutic strategy for post-radiation injury, potentially attenuating lethal infections and sepsis (49).





High mobility group box 1 (HMGB1)

HMGB1 is a nuclear protein that acts as a DNA chaperone (63). As a DAMP, HMGB1 binds to pattern recognition receptors, including RAGE, TLR2, TLR4, TLR9, and TREM-1, to induce inflammatory responses (64, 65). In a murine model of sepsis, HMGB1, released from macrophages, has been shown to function as a late lethal mediator (66). In acute lung injury and hepatic ischemia-reperfusion injury models, administration of anti-HMGB1 antibody reduces lung neutrophil influx and pulmonary edema and mitigates liver damage (67, 68). Exposure to ionizing radiation increases in both cellular mRNA expression and serum protein levels of HMGB1 in a dose-dependent manner in experimental mice model (69). Glycyrrhizin, one of the inhibitors of HMGB1, reduced the release of serum inflammatory cytokines in abdominal irradiated mice (6.5 Gy) through the downregulation of the HMGB1/TLR4 signaling pathway and significantly attenuated intestinal injury (50). In thoracic irradiated mice, glycyrrhizin also reduced inflammatory cytokines in the bronchoalveolar lavage fluid and mitigated radiation-induced lung injury by inhibiting downstream transcription factors related to the HMGB1/TLR4 axis (51).





Mitochondrial DNA (mtDNA)

mtDNA is susceptible to ionizing radiation compared to nuclear DNA due to the lack of protective histones and limited repair mechanism (29). Mitochondrial dysfunction resulting from failure of DNA repair leads to the release of mitochondrial components including cytochrome c, ATP, mtDNA, and mtRNA (29). The mtDNA in the cytosol is recognized by the cyclic GMP-AMP synthase (cGAS) to activate the stimulator of interferon genes (STING) signaling pathway, resulting in the production of type I interferons (IFNs) (65, 70). Excessive production of type I IFNs can cause exhaustion in hematopoietic stem cells (71, 72). In the 6 Gy TBI model, mtDNA released into the cytosol has been reported to activate the cGAS-STING pathway and induced type I IFN production, and inhibition of the mtDNA release ameliorated hematopoietic tissue injury (52). The mtDNA released into the cytoplasm can also bind to and activate the NLRP3 inflammasome, which leads to the release of inflammatory cytokines such as IL-1β and IL-18 followed by pyroptosis (31). Previous studies have shown that pyroptosis in intestinal cells occurred through NLRP3 activation, inducing intestinal injury in the abdominal irradiation model (73, 74). These studies suggest that mtDNA exacerbates ARS pathophysiology and could be a potential therapeutic target for GI-ARS by mitigating pyroptosis and inflammation.





Extracellular RNA (exRNA)

exRNA from host cells is carried along microvesicles and exosomes which protect exRNA from enzyme degradation (75). exRNA acts as a pivotal signaling molecule to mediate communication between cells, but can also serve as DAMPs (75, 76). TLR3 has been known to recognize not only double strand RNA released from virus-infected cells but also endogenous exRNA released from necrotic cells, promoting inflammation and organ dysfunction in autoimmune diseases and sepsis (77–79). It has been shown that large exRNA released from the host small intestine after ionizing radiation exposure induced extensive crypt cell death via TLR3 and inhibition of exRNA binding to TLR3 improved survival in 10 Gy TBI by preventing GI-ARS (53). In the mouse model after 9 Gy TBI, the release of microRNAs (miRNAs) via exosomes worsened intestinal injury by promoting apoptosis and DNA damage of intestinal cells (54). These findings implicate a potential detrimental role for exRNA in ARS.





Serum amyloid A (SAA)

In a radiological event, mass screenings are necessary to triage exposed and non-exposed individuals and to determine the severity of the radiation dose to the exposed population (55). Established biomarkers for estimating radiation dose in exposed individuals are quantification of chromosomal aberrations and γ-H2AX, a marker of DNA double-strand breaks, but these tests are only available in laboratories with trained personnel. Serum amyloid A (SAA) is one of the proteins associated with acute phase reactions resulting from inflammation, infection, trauma, or other events (80). SAA has also been reported as a radiation-responsive biomarker in TBI and partial-body irradiation (PBI) models (55–57, 81). In the mice, after 2-8 Gy TBI, SAA is significantly increased at 24 hours after irradiation compared to controls (55, 56). In the mouse PBI model of GI-ARS, SAA levels significantly increase 3 and 4 days after irradiation with 12 Gy and 14 Gy, respectively (57). Although the serum concentration of SAA increases within a few hours after irradiation and returns to the baseline within 7 days after irradiation, combinations of SAA with other biomarkers provide greater accuracy for the assessment of radiation injury especially, at the acute phase (56, 81).






Mechanisms of DAMP release – passive pathways

The pathways of DAMP release can be categorized into two primary pathways: i) passive release and ii) active release (38). Passive release is primarily linked to cell death processes, including apoptosis, necrosis/necroptosis, pyroptosis, and ferroptosis. Concurrently, DAMPs are actively released through secretion mechanisms such as exocytosis in the forms of lysosomes and exosomes (38). Below, we have outlined the universal approaches to DAMP release. Given that radiation injury is directly associated with these cell death events or initiates pathways relevant to the active release of DAMPs, it is reasonable to infer that these processes are linked to the mechanisms governing DAMPs release in ARS (Figure 1).




Figure 1 | Radiation-induced DAMPs release. Exposure to ionizing radiation causes direct DNA damage or ROS-induced DNA damage to activate the intrinsic pathway of apoptosis. Mitochondrial damage by ionizing radiation amplifies ROS production and contributes to DNA damage. ROS accumulation after radiation exposure due to GPX4 impairment and GSH depletion induces the oxidation of polyunsaturated fatty acids in membrane phospholipids, leading to ferroptosis. Radiation-induced ROS leads to activation of the NLRP3 inflammasome. The NLRP3 inflammasome complex activates caspase-1 to cleave GSDMD and form a membrane pore with the GSDMD-N domain, inducing pyroptosis. Ionizing radiation causes the activation of RIPK1, which recruits RIPK3 to phosphorylate MLKL. Phosphorylated MLKL forms MLKL oligomers, leading to necroptosis. DAMPs including eCIRP, HMGB1, ATP, histones, exRNA, and mtDNA can be released as a passive release mechanism after these cell deaths. Mitochondrial dysfunction results in the release of mitochondrial components including mtDNA into the cytosol. Secretion mechanisms such as exocytosis in the forms of lysosomes and exosomes cause active release of DAMPs. DAMPs, damage-associated molecular patterns; ROS, reactive oxygen species; GPX4, glutathione peroxidase 4; GSH, glutathione; NLRP3, NLR family pyrin domain containing 3; GSDMD, Gasdermin D; RIPK, receptor-interacting serine/threonine-protein kinase; MLKL, mixed lineage kinase domain like pseudokinase; eCIRP, extracellular cold-inducible RNA-binding protein; HMGB1, high mobility group box 1; exRNA, extracellular RNA; mtDNA, mitochondrial DNA; MOMP, mitochondria outer membrane permeabilization; MVBs, multivesicular bodies; ILVs, intraluminal vesicles.






Apoptosis

Apoptosis is a form of programmed cell death, initiated by two distinct p53-dependent signaling pathways: the extrinsic and intrinsic apoptosis (82). In the extrinsic receptor-mediated pathway, extracellular death receptors are activated by ligand binding and death-inducible signaling complex (DISC) is formed at the intracellular tail of the receptor to activate pro-caspase-8, or pro-caspase-10, with adapter proteins such as Fas-associated via death domain. The extrinsic apoptosis is also induced by dependence receptors, which mediate lethal signals in the absence of their ligand, and pro-caspase-9 is activated (83, 84). Activated caspase-8 (or caspase-10) and caspase-9 eventually activate executioner caspase-3 and caspase-7 to induce apoptosis (83). On the other hand, severe DNA damage induced by radiation mainly activates the intrinsic pathway (82). A transcription factor p53 induces pro-apoptosis Bcl family proteins including BAX, NOXA and PUMA (85, 86). These proteins mediate MOMP, resulting in the release of mitochondrial proteins into the cytosol (82). Cytochrome c binds to apoptotic peptidase-activating factor 1 and pro-caspase-9 to form apoptosomes that ultimately activate caspase-3 and caspase-7 via the activation of caspase-9 (12, 82). During apoptosis, DAMPs such as HMGB1, ATP, histones, and exRNA are released into the extracellular space (87–90).





Necrosis/necroptosis

Necrosis is an accidental cell death caused by external stimuli such as physical and chemical stress and heat (91). In necrotic cell death, the increased cell expansion disrupts the plasma membrane. As a result, cytoplasmic contents and pro-inflammatory molecules are released into the extracellular space (92). DAMPs, including HMGB1, HSP, and ATP, are shown to be released from necrotic cells (91, 93, 94). Necroptosis is a form of programmed cell death dependent on the activation of receptor-interacting serine/threonine-protein kinase 1 (RIPK1). RIPK1 activation can be caused by the stimulation of tumor necrosis factor (TNF) receptor and other death receptors such as Fas. Activated RIPK1 recruits RIPK3 and this complex phosphorylates mixed lineage kinase domain-like pseudokinase (MLKL) (95). Phosphorylated MLKL forms MLKL oligomers and translocates to the plasma membrane, resulting in inducing membrane permeabilization and cell disruption (95). The inhibition of necroptosis has been shown to decrease HMGB1 release in an LPS-induced intestinal injury model, demonstrating the contribution of necroptosis to the release of HMGB1 (96). eCIRP has also been demonstrated to be released by necroptosis in a sepsis model (97).





Pyroptosis

Pyroptosis is a lytic cell death process that allows the release of potential immunostimulatory molecules. This programmed cell death can be induced by the canonical and non-canonical pathways (98). In the canonical pathway, pathogen-derived molecules are recognized by inflammasomes. For example, cell stressors including bacteria, viruses, and DAMPs induce potassium efflux, leading to NIMA-related kinase 7 binding to NLR family pyrin domain containing 3 (NLRP3). Subsequently, NLRP3 oligomerization is induced to activate pro-caspase 1 through the adaptor protein ASC (apoptosis-associated speck-like protein containing a CARD) (99). Caspase-1 processes and activates pro-IL-1β and pro-IL-18 and cleaves Gasdermin D (GSDMD) to form a membrane pore with the GSDMD-N domain. In the non-canonical pathway, endotoxin from Gram-negative bacteria directly activates pro-caspase-4 or pro-caspase-5 in humans (or pro-caspase-11 in mice), which also cleave GSDMD. Small DAMPs such as eCIRP (17-19 kDa) are then released through GSDMD’s pores along with IL-1β and IL-18 (100, 101). The release of larger DAMPs, such as HMGB1, can ensue when irreversible GSDMD pores cause terminal cell rupture (102, 103).





Ferroptosis

Ferroptosis is a form of programmed cell death characterized by the iron-dependent accumulation of lipid peroxidation (104). At the steady state, intracellular glutathione peroxidase 4 (GPX4) utilizes glutathione (GSH) to reduce lipid peroxidation generated by ROS. However, ROS accumulation due to the impairment of GPX4 and depletion of GSH causes the oxidation of polyunsaturated fatty acids in membrane phospholipids through an intracellular iron-dependent mechanism, leading to ferroptosis (83, 104). DAMPs released by ferroptosis include eCIRP, HMGB1, and decorin, a small leucine-rich proteoglycan of the extracellular matrix (105–107). Decorin, similar to HMGB1, binds to TLR4 and RAGE to induce pro-inflammatory signaling (107, 108).






Mechanisms of DAMP release – active pathways




Exosomes

Exosomes are nano-sized membrane vesicles released upon fusion of multivesicular bodies (MVBs) with the plasma membrane and contain a variety of proteins, lipids, and nucleic acids (109). The endosomal membranes in early endosomes invaginate to form intraluminal vesicles (ILVs) in the lumen of the vesicular organelles (110). ILVs mature into MVBs by the endosome sorting complex required for transporting (ESCRT)-dependent or ESCRT-independent mechanism. MVBs are then transported to the plasma membrane dependent on their interaction with actin and the microtubule cytoskeleton to be released into the extracellular environment as exosomes (110). Exosomal DAMPs include HMGB1, HSPs, ATP, histones, mtDNA, and eCIRP (111–116). Increased DAMPs in exosomes induce inflammation and exacerbate organ dysfunction in a plethora of disorders including sepsis (117).





Lysosomal exocytosis

Lysosomal exocytosis is another mechanism of active release of DAMPs. After stimulation of a cell receptor, an increase in intracellular Ca2+ is detected by synaptotagmin, which is an intracellular calcium sensor on lysosomes. The lysosomes are mobilized to the microtubule organizing center to be associated with the kinesin and transported to the site of secretion (118). The lysosomes dock and fuse with the plasma membrane through soluble N-ethylmaleimide-sensitive factor attachment proteins receptor (SNARE) complex Rab proteins, leading to secretion of the soluble components (118, 119). HMGB1, ATP, and eCIRP have been shown to be released by lysosomal exocytosis (58, 120, 121).






DAMPs in sepsis and multiple organ failure after radiation injury

Sepsis from enteric microorganisms in GI-ARS is the major cause of morbidity and mortality in radiation injury (19). The breakdown of the mucosal barrier due to disruption of the intestinal epithelium leads to severe secretory diarrhea and translocation of bacteria into the systemic circulation, resulting in severe sepsis (20). Furthermore, damage to the intestinal mucosa and sepsis of enteric origin occur even after TBI in the H-ARS dose range (122). DAMPs generated by the disruption of the intestinal mucosal barrier in sepsis are transported through the mesenteric lymphatics into the systemic circulation, developing multiple organ failure such as acute lung injury and further deteriorating intestinal barrier injury (123). In RCI with burn and trauma, the pathophysiological role of DAMPs remains unexplored. In severe burns, DAMPs are released from the injured tissue, inducing systemic inflammatory response (124). Immunological exhaustion due to the excessive inflammatory response leads to inhibition of the innate and acquired immune systems, resulting in increased susceptibility to bacterial infections not only from the skin but also from the lung or gut microbiota to cause severe sepsis (124, 125). Furthermore, DAMPs release in trauma is associated with the development of organ injuries such as acute lung injury and acute renal failure (126, 127). DAMPs are also involved in the activation of coagulation pathways, leading to coagulopathy during trauma (124). Additionally, DAMPs have been suggested to induce post-traumatic immunosuppression (42). In the context of RCI, DAMPs may play a critically detrimental role in multiple organ failure and compromised immune systems, thereby exacerbating the prognosis of the patients.





Future perspectives

Medical countermeasures for ARS are currently limited and only available for H-ARS (128). We described DAMPs as exacerbating factors and potential therapeutic targets for ARS. Pharmacological strategies targeting DAMPs to inhibit immune responses include the uses of monoclonal antibodies, peptides, decoy receptors, and small molecules (129). CIRP-derived small peptides that inhibit eCIRP binding to the TLR4-MD2 complex and binding to TREM-1 have been developed and shown to attenuate sepsis, acute kidney injury, and hepatic ischemia-reperfusion injury (61, 130–132). A molecule that directly neutralizes eCIRP has also been identified to improve acute lung injury and survival in sepsis (133). Additionally, we have recently described an engineered oligopeptide that effectively promotes eCIRP clearance from the circulation leading to markedly improved outcomes in sepsis (134). Anti-HMGB1 antibodies have been to be effective in various experimental models such as abdominal sepsis and hemorrhagic shock (63, 135, 136). Small molecules that bind to and block HMGB1, such as glycyrrhizin, and decoy receptors that block HMGB1-RAGE signaling, such as soluble RAGE, also improved several inflammatory disease models (137, 138). exRNAs include non-coding RNA (ncRNA) such as miRNAs, long non-coding RNAs, and circular RNAs as well as messenger RNAs. Recently, miRNAs have been identified as potential biomarkers for various diseases, including radiation injury (139). In experimental radiation models, serum miRNA profiling has been shown to be able to identify exposure to radiation and predict the extent of ARS and the probability of survival, potentially facilitating timely intervention after radiation exposure (140, 141). The high stability and reproducibility of serum miRNAs make them attractive candidates as biomarkers of radiation injury (141). The function of specific ncRNAs as DAMPs in radiation injury remains unclear and may be the subject for future research. In the context of RCI resulting from nuclear explosions, more than half of the patients are accompanied by burns and trauma, resulting in more complicated and severe radiation injury (24). FDA-approved countermeasures for H-ARS alone have failed to improve survival in RCI (24). DAMPs released in burn and trauma injury have potential links with the mechanical injury, ischemia/reperfusion injury, metabolic acidosis, and hypoxia, culminating in multiple organ failure (124). These findings underscore the potential of DAMPs-targeting strategies in addressing the challenges posed by RCI.





Conclusions

In conclusion, exposure to ionizing radiation causes direct DNA damage and oxidative stress, leading to cell death. The subsequent release of DAMPs has the potential to worsen ARS across various body compartments. However, there is a scarcity of studies specifically addressing DAMPs in the context of radiation injury. A more profound comprehension of the role of DAMPs in radiation injury could pave the way for the development of innovative therapeutic strategies to mitigate the impact of nuclear and radiological threats and accidents.
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Introduction

Various immune cell types play critical roles in sepsis with numerous distinct subsets exhibiting unique phenotypes even within the same cell population. Single-cell RNA sequencing (scRNA-seq) enables comprehensive transcriptome profiling and unbiased cell classification. In this study, we have unveiled the transcriptomic landscape of immune cells in sepsis through scRNA-seq analysis.





Methods

We induced sepsis in mice by cecal ligation and puncture. 20 h after the surgery, the spleen and peritoneal lavage were collected. Single-cell suspensions were processed using a 10× Genomics pipeline and sequenced on an Illumina platform. Count matrices were generated using the Cell Ranger pipeline, which maps reads to the mouse reference transcriptome, GRCm38/mm10. Subsequent scRNA-seq analysis was performed using the R package Seurat.





Results

After quality control, we subjected the entire data set to unsupervised classification. Four major clusters were identified as neutrophils, macrophages, B cells, and T cells according to their putative markers. Based on the differentially expressed genes, we identified activated pathways in sepsis for each cell type. In neutrophils, pathways related to inflammatory signaling, such as NF-κB and responses to pathogen-associated molecular patterns (PAMPs), cytokines, and hypoxia were activated. In macrophages, activated pathways were the ones related to cell aging, inflammatory signaling, and responses to PAMPs. In B cells, pathways related to endoplasmic reticulum stress were activated. In T cells, activated pathways were the ones related to inflammatory signaling, responses to PAMPs, and acute lung injury. Next, we further classified each cell type into subsets. Neutrophils consisted of four clusters. Some subsets were activated in inflammatory signaling or cell metabolism, whereas others possessed immunoregulatory or aging properties. Macrophages consisted of four clusters, namely, the ones with enhanced aging, lymphocyte activation, extracellular matrix organization, or cytokine activity. B cells consisted of four clusters, including the ones possessing the phenotype of cell maturation or aging. T cells consisted of six clusters, whose phenotypes include molecular translocation or cell activation.





Conclusions

Transcriptomic analysis by scRNA-seq has unveiled a comprehensive spectrum of immune cell responses and distinct subsets in the context of sepsis. These findings are poised to enhance our understanding of sepsis pathophysiology, offering avenues for targeting novel molecules, cells, and pathways to combat infectious diseases.
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Introduction

Sepsis is a critical infectious disease condition accompanied by organ dysfunction due to dysregulated host immune response to invading pathogens (1). It is estimated that 49 million people suffer from sepsis, resulting in 11 million deaths worldwide every year (2). Pathogen-associated molecular patterns (PAMPs), such as LPS, and damage-associated molecular patterns (DAMPs), including, but not limited to, extracellular cold-inducible RNA-binding protein (eCIRP), high mobility group box 1 (HMGB1), and histone H3, initiate immune responses through the stimulation of pattern recognition receptors (PRRs), leading to the activation of transcription factors, such as NF-κB, to induce inflammation (3–6). Different kinds of immune cells, such as neutrophils, macrophages, B cells, and T cells, coordinately play critical roles during sepsis (7). It is now known that each cell type consists of quite a few subsets (8). Those subsets exhibit a distinct phenotype reflected by genomic differences even within the same cell population (8). For instance, neutrophils, which were traditionally thought as a terminally differentiated single population, are now known to consist of many subsets, such as aged, antigen-presenting, intercellular adhesion molecule-1 (ICAM-1)-expressing, and low-density neutrophils and antigen-presenting aged neutrophils (APANs) in sepsis (9–13). T-cell and macrophage polarization is no longer highlighted as a simple Th1/Th2 and M1/M2 dichotomy as once thought (8). In addition, numerous cellular molecules change their status cell by cell in sepsis, contributing to the disease development (14). It should also be noted that the distribution and phenotype of cells differ between the organs in sepsis. Considering that immune cells mediate crosstalk between the site of infection and systemic inflammation in sepsis (15, 16), assessments of immune cell activities at the focus of infection along with that of remote organs are important to precisely delineate the pathophysiology of this deadly disorder.

Single-cell RNA sequencing (scRNA-seq) enables us to comprehensively screen the genetic status in individual cells and classify the cells into clusters in an unbiased way (17, 18). We are able to not only identify major cell populations, such as neutrophils, macrophages, and lymphocytes, but also further clusterize them into minor subsets unbiasedly (17). Moreover, based on the differentially expressed genes of the cluster, activated pathways can be statistically determined using specific algorithms, such as gene set enrichment analysis (GSEA) (19). A growing number of studies implement scRNA-seq to accelerate the understanding of different disorders (20–22). Furthermore, it also facilitates drug development and transition from the bench to the bedside (20, 21). In this study, we have delved into the transcriptomic landscape of immune cells in sepsis through scRNA-seq analysis. Using intraabdominal septic mice, we have revealed the frequency and status of neutrophils, macrophages, B cells, and T cells in the peritoneal cavity, the focus of infection, and spleen, a remote immune organ, simultaneously. We further classified those major cell populations into subtypes, which showed distinct characteristics in inflammatory response, cellular aging, and metabolism. These discoveries identifying new pathways offer future research areas in sepsis to advance our understanding of its pathophysiology, potentially leading to therapeutics targeting the novel molecules, cells, and pathways to address this deadly disease syndrome.





Materials and methods




Animals

Male C57BL/6 mice, 8–12 weeks old, were purchased from Charles River Laboratories (Wilmington, MA). The mice were housed in a temperature-controlled room with 12-h intermittent light and dark cycles and fed a standard mouse chow diet with drinking water. All animal experiments were performed following the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by our Institutional Animal Care and Use Committee (IACUC).





Mouse model of sepsis

Polymicrobial sepsis was induced in mice by cecal ligation and puncture (CLP) (9). In brief, mice were anesthetized with 2% isoflurane inhalation, and a midline abdominal incision was created. The cecum was securely tied off with a 4–0 silk suture at 1 cm proximal from its distal extremity and then punctured twice using a 22-gauge needle to create two small through-and-through pores. Sham animals were subjected to a laparotomy without CLP. Following the surgery, 1 mL of normal saline was subcutaneously (s.c.) injected to avoid surgery-induced dehydration and 0.05 mg/kg buprenorphine was s.c. injected as an analgesic. 20 h after the surgery, the peritoneal lavage and spleen were harvested. Samples were pooled from three mice per group.





Isolation of peritoneal cells and splenocytes

Peritoneal lavage was collected by washing with cold PBS and centrifuged at 300 × g for 5 min at 4°C. The cell pellets were then resuspended into complete RPMI medium. Spleens were grounded and passed through a 70-μm nylon cell strainer. The splenocyte suspension was centrifuged at 300 × g for 5 min at 4°C. The cell pellet was suspended in 1-mL red blood cell (RBC) lysing buffer (BD Biosciences) to lyse the RBCs in the suspension, followed by washing of the cells with PBS. The cell pellets were then resuspended into complete RPMI medium.





Droplet-based scRNA-seq and genomic mapping

Cells from the peritoneal cavity and spleen of sham and CLP mice were sorted for scRNA-seq using the 10× Genomics Chromium platform. Library preparation was conducted according to the recommended protocol for the Next GEM Single Cell 3' Library Kit v3.1 (no. 1000121; 10× Genomics). Libraries were sequenced on the Illumina NextSeq 2000 sequencing platform to a mean depth of approximately 40,000 reads per cell. The Cell Ranger count pipeline (v6.0.0, 10× Genomics) was used to align FASTQs to the mouse reference genome (gex-mm10-2020-A, 10× Genomics) and produce digital gene-cell count matrices and to perform quality control of the mapping results.

Primary assessment with Cell Ranger for cells from the peritoneal cavity of septic mice reported 6,596 cells with a median of 4,972 unique molecular identifiers per cell and a median of 1,122 genes per cell at 75.3% sequence saturation, with a mean of 46,465 reads per cell. Primary assessment with Cell Ranger for cells from the spleen of septic mice reported 7,423 cells with a median of 3,483 unique molecular identifiers per cell and a median of 1,310 genes per cell at 72.0% sequence saturation, with a mean of 41,567 reads per cell. Primary assessment with Cell Ranger for cells from the peritoneal cavity of sham mice reported 5,462 cells with a median of 12,014 unique molecular identifiers per cell and a median of 2,984 genes per cell at 56.2% sequence saturation, with a mean of 46,645 reads per cell. Primary assessment with Cell Ranger for cells from the spleen of sham mice reported 8,148 cells with a median of 3,741 unique molecular identifiers per cell and a median of 1,362 genes per cell at 64.4% sequence saturation, with a mean of 35,614 reads per cell.





Single-cell sequencing quantification

DoubletFinder was used to identify doublets. After filtering out doublets, Seurat v4.1.3 was used to filter out cells expressing less than 200 genes and all cells with more than 5% mitochondrial genes. Among cells from the peritoneal cavity of septic mice, 6,164 singlets were kept and 432 cells were removed through quality control. Among cells from the spleen of septic mice, 3,137 singlets were kept and 4,286 cells were removed through quality control. Among cells from the peritoneal cavity of sham mice, 4,288 singlets were kept and 1,174 cells were removed through quality control. Among cells from the spleen of sham mice, 5,367 singlets were kept and 2,781 cells were removed through quality control. Gene expression normalization and cell clustering were done using the SCTransform pipeline (23) with percent mitochondrial reads regressed out and batch effects corrected using Harmony (24). To apply the SCTransform process implemented in Seurat (25), we began by using the “SCTransform” function to normalize the data and regress out mitochondrial mapping percentage as a confounding source of variation, as is standard (23). We then used the “RunPCA” function to run a principal component analysis (PCA), using the variable features (genes) to compute the principal components (PCs). Next, we used Harmony to correct for batch effects (based on sequencing run and the origin of the cells from peritoneal cavity vs. spleen), with the SCTransformed data used as the input, for a maximum of 50 rounds of Harmony (each involving at most 100 rounds of clustering and a correction step). Subsequently, we used the “RunUMAP” function to utilize the Uniform Manifold Approximation and Projection (UMAP) approach to dimensionality reduction, using the first 20 dimensions of the harmonized data as the input features to the UMAP. Finally, the “FindNeighbors” function was used to compute the 20 nearest neighbors for a given dataset based on the first 20 dimensions of the harmonized data, and the “FindClusters” function was applied to identify clusters of cells by a shared nearest neighbor (SNN) modularity optimization-based clustering algorithm.





Gene set enrichment analysis

A gene set enrichment analysis (GSEA) was performed using fgsea 1.26.0, an R package. In this case, Molecular Signatures Database (MSigDB) v2022.1 was used as the source of annotated gene sets for GSEA. GSEA was conducted separately for each cell cluster of interest identified using Seurat.





Statistical analysis

For single-cell sequencing analysis using Seurat, differential expression testing was based on the Wilcoxon rank-sum test (also known as the Mann–Whitney U test), a non-parametric test used to compare two independent samples (26).

For GSEA using fgsea, an enrichment score (ES) was calculated based on a vector of gene-level t-statistics from a differential expression test, with an empirical null distribution calculated by sampling random gene sets for each input pathway of interest. Then, a P-value was estimated by taking the number of random gene sets with the same or more extreme ES value divided by the total number of generated gene sets, and multiple hypothesis correction was applied, yielding adjusted P-values.






Results




Profiles of neutrophils, macrophages, B cells, and T cells in sepsis

We induced sepsis in mice by CLP and isolated cells from the peritoneal cavity and spleen. The cells were then processed via the 10× Genomics scRNA-seq pipeline. After quality control (Supplementary Figure 1), we subjected the entire data set to unsupervised classification. This classification resulted in 14 clusters (#0–13), which were lined up in the order of cell numbers (Figure 1A, Supplementary Figures 2, 3). Then, we sought to identify the cell types of the four major clusters using the putative markers Cd14, myeloid cells; Cd19, Ms4a1, B cells; and Cd2, Cd3d/e, Cd4, Cd8a, T cells (Figure 1B), along with the markers for other cell types (Supplementary Figure 4). Two major clusters were identified to be myeloid cells (#0, #1) (Supplementary Figure 5), and we further distinguished them by the markers for neutrophils (Ly6g) and macrophages (Adgre1). As such, each of the four major clusters was identified as follows: #0, neutrophils; #1, macrophages; #2, B cells; #3, T cells (Figure 1A). Next, we assessed the differences in cell distribution among the two compartments in sham and septic conditions. Neutrophils existed predominantly in the peritoneal cavity of septic mice and to a lesser extent in the spleen of sham and septic mice, whereas they were barely detectable in the peritoneal cavity of sham mice (Figure 1C). Macrophages existed predominantly in the peritoneal cavity of sham mice and to a lesser extent in the spleen of sham and septic mice, whereas they were barely detectable in the peritoneal cavity of septic mice (Figure 1C). B cells existed mainly in the peritoneal cavity and spleen of sham mice and to a lesser extent in the spleen of septic mice, whereas they were barely detectable in the peritoneal cavity of septic mice (Figure 1C). T cells were found mainly in the spleen of sham and septic mice and to a lesser extent in the peritoneal cavity of sham and septic mice (Figure 1C). Hence, variations in the presence of innate and adaptive immune cells across different compartments have been noted under both normal and septic conditions.




Figure 1 | Identification of neutrophils, macrophages, B cells, and T cells. (A) UMAP plots showing the results of post-filtering unsupervised random forest classification of all groups combined. (B) Violin plots of key markers used for identifying cell types. (C) UMAP plots showing the post-filtering unsupervised random forest classification of each group (peritoneal cavity of sham and CLP, spleen of sham and CLP).







Transcriptomic heterogeneity in neutrophils, macrophages, B cells, and T cells in sepsis

We then compared transcriptomic differences caused by sepsis in each cell type by identifying differentially expressed genes and pathways in CLP mice compared with sham mice. In neutrophils, the most differentially expressed genes in septic mice compared with the control were Cxcl2, Ccl4, CCl3, Il1rn, Fth1, Cxcl3, Thbs1, Acod1, Ier3, and Sod2 (Figure 2A, Supplementary Table 1). Based on these differentially expressed genes, pathways activated in the neutrophils of CLP mice were determined to be the ones related to inflammatory signaling such as NF-κB and responses to PAMPs, cytokines, and hypoxia (Table 1). In macrophages, the most differentially expressed genes after sepsis include S100a9, S100a8, Hbb-bs, Fth1, AW112010, Spic, Cxcl2, Cd14, Hmox1, and Vcam1 (Figure 2B, Supplementary Table 2). Activated pathways in macrophages of septic mice were the ones related to cell aging, inflammatory signaling such as NF-κB, and responses to PAMPs (Table 2). In B cells, the most upregulated genes in septic mice were Ighg2c, Jchain, Ighm, Iglv1, Mtq, Xbp1, Gm49980, Herpud1, Ly6c2, and Sec11c (Figure 2C, Supplementary Table 3). Activated pathways relevant to B cells according to these genes were mostly the ones related to endoplasmic reticulum stress (Table 3). In T cells, the most differentially expressed genes in septic mice include Cxcl2, Emb, Junb, Vps37b, Ifngr1, 4932438A13Rik, Ptpn22, Mt1, Zeb1, and S100a8 (Figure 2D, Supplementary Table 4). The activated pathways in T cells of septic mice were the ones related to inflammatory signaling such as NF-κB, responses to PAMPs, and acute lung injury (Table 4). Overall, in sepsis different kinds of cells are activated and exhibited enhanced inflammatory signaling pathways in response to inflammatory mediators and circulatory failure.




Figure 2 | Transcriptomic heterogeneity caused by sepsis. Volcano plots showing the differentially expressed genes of CLP vs. sham in (A) neutrophils, (B) macrophages, (C) B cells, and (D) T cells.




Table 1 | Differentially expressed pathways in septic neutrophils.




Table 2 | Differentially expressed pathways in septic macrophages.




Table 3 | Differentially expressed pathways in septic B cells.




Table 4 | Differentially expressed pathways in septic T cells.







Neutrophil subset analysis

To explore potential subsets within a cell type, we individually subjected each cell type to further classification. We found that neutrophils consisted of four clusters (Figure 3A). Cluster #0 was the major population and almost exclusively found in the peritoneal cavity of septic mice (Figure 3B), suggesting that this subtype plays a dominant role specifically at the site of infection. On the other hand, cluster #1 was found in both peritoneal cavity and spleen (Figure 3B), suggesting that this subset may migrate and localize in different compartments transiently. cluster #2 was almost exclusively found in the peritoneal cavity of septic mice similar to cluster #0 (Figure 3B). Cluster #3, the smallest population, was mostly found in the peritoneal cavity of septic mice but also to a lesser extent in the spleen of sham and septic mice (Figure 3B). Next, we listed the most differentially expressed genes for each cluster compared with the rest of neutrophils. In cluster #0, Csf3, Chka, Hmox1, Hcar2, Camp, Cstb, Gde1, Gadd45g, Cpeb4, and Syne1 were the most upregulated genes (Supplementary Table 5). Positively differential pathways in this cluster were the ones related to iron uptake, transport and homeostasis, secondary lysosome and amino acid regulation by mammalian target of rapamycin complex 1 (mTORC1), and glycolysis and glucogenesis (Table 5). In cluster #1, the most upregulated genes were Il1b, Pou2f2, Emp3, Ifitm1, Gm19951, Nr4a1, Pglyrp1, Prr13, S100a6, and Klf2 (Supplementary Table 5). The activated pathways were the ones related to cell aging, negative regulation of protein serine/threonine kinase, e.g., MAPK, and immunoregulatory cell–cell interaction (Table 5). In cluster #2, Saa3, Orm1, Il10, Plin2, Csf3, Sod2, Lamp1, Gde1, Fnip2, and Cd63 were the most upregulated genes (Supplementary Table 5). The activated pathways in this cluster were the ones related to hematopoietic late progenitor cells, protein–lipid complex, plasminogen activation, inflammatory response, and fever generation (Table 5). In cluster #3, Edn1, Rpsa, Rpl13, Spp1, Rpl32, Rps24, Rps20, Rps19, Rps8, and Rplp0 were the most upregulated genes (Supplementary Table 5), which reflected the activated pathways related to ribosome (Table 5). Taken together, neutrophils consist of different kinds of subsets, which include enhanced effector functions or immunoregulatory properties as well as altered cell metabolism.




Figure 3 | Distribution of neutrophil subsets. UMAP plots showing the subsets of neutrophils in (A) all groups combined and (B) each group.




Table 5 | Differentially expressed pathways in neutrophil subsets.







Macrophage subset analysis

Macrophages consisted of four clusters (Figure 4A). Two major clusters, cluster #0 and #1, were mostly found in the peritoneal cavity of sham mice (Figure 4B), suggesting they are bona fide peritoneal resident macrophages. Cluster #2 was the main population in the spleen of sham and CLP mice and also found in the peritoneal cavity of sham mice (Figure 4B), indicating that this population may have motility. Cluster #3, the smallest population, was mostly found in the peritoneal cavity of CLP mice (Figure 4B), suggesting they are specific to the site of infection. In cluster #0, the most upregulated genes were Slpi, Chil3, S100a4, S100a6, Fabp5, Prtn3, Apoc2, Cd52, Tmem176b, and Fabp4 (Supplementary Table 6). Activated pathways in this cluster were signal-recognition particle (SPR)-dependent cotranslational protein targeting the membrane, ribosome, and cell aging (Table 6). In cluster #1, the most upregulated genes were Cxcl13, Apoc1, Vsig4, Wnt2, Tgfb2, Timd4, C4b, Cald1, Scn1b, and Cdkn2a (Supplementary Table 6). Activated pathways in this cluster were related to extracellular matrix organization, cytokine activity, coagulation, and cell adhesion mediated by integrin (Table 6). In cluster #2, the most upregulated genes were S100a9, S100a8, Cd74, AW112010, Hmox1, Vcam1, Hbb-bs, Marcks, Spic, and Aif1 (Supplementary Table 6). Pathways activated in this cluster were cell aging and lymphocyte activation, adhesion, and proliferation (Table 6). In cluster #3, the most upregulated genes were S100a9, S100a8, Cd74, AW112010, Hmox1, Vcam1, Hbb-bs, Marcks, Spic, and Aif1 (Supplementary Table 6). Pathways activated in this cluster were E2F and Myc targets (Table 6). Together, macrophage subsets exhibit different properties in cell aging, inflammatory activity, and mobility.




Figure 4 | Distribution of macrophage subsets. UMAP plots showing the subsets of macrophages in (A) all groups combined and (B) each group.




Table 6 | Differentially expressed pathways in macrophage subsets.







B-cell subset analysis

B cells consisted of four clusters (Figure 5A). Cluster #0 was found mainly in the spleen of sham mice and to a lesser extent in the peritoneal cavity of sham and spleen of septic mice (Figure 5B). Cluster #1 was found mainly in the peritoneal cavity of sham mice and to a lesser extent in the spleen of sham and septic mice (Figure 5B). Clusters #2 and #3 consisted of a low number of cells and were found in three different samples (Figure 5B). B cells are known to be classified into B-1 and B-2 cells. Using the genes identified to be specific for either B-1 and B-2 cells in a previous study (27), clusters #0 and #2 aligned well with B-2 cells and cluster #1 aligned well with B-1 cells (Supplementary Figure 6). In cluster #0, the most upregulated genes were Ighd, Ebf1, Mef2c, Fcer2a, Btg1, BE692007, H2-Aa, Vpreb3, H2-Ab1, and Cd69 (Supplementary Table 7). Pathways activated in this cluster were as follows: mature B lymphocyte, MHC protein complex, plasma cell, large pre-B-2 lymphocytes, protein complex binding (Table 7). In cluster #1, the most upregulated genes were S100a6, Crip1, Vim, Ahnak, Plac8, S100a4, Iglc1, Lgals1, Tagln2, and Lyz2 (Supplementary Table 7). Activated pathways according to these genes were related to ribosomes and aging (Table 7). In cluster #2, the most upregulated genes were Hmgb2, Ncl, Mif, Npm1, Hist1h1b, Eif5a, Ran, Nme1, Stmn1, and Pclaf (Supplementary Table 7). Activated pathways in this cluster were mostly the ones related to cell aging (Table 7). In cluster #3, the most upregulated genes were Jchain, Ighg2c, Jchain, Ighg2b, Igkc, Ighm, Slpi, Iglv1, Hsp90b1, Xbp1, and Iglc1 (Supplementary Table 7). Activated pathways in this cluster were related to the endoplasmic reticulum (Table 7). Taken together, B cells encompass both B-1 and B-2 cell types, with their respective subsets exhibiting distinct phenotypes indicative of cell maturation or aging. This represents the diverse developmental stages these cells undergo, playing crucial roles in both innate and adaptive immune functions during sepsis.




Figure 5 | Distribution of B cell subsets. UMAP plots showing the subsets of B cells in (A) all groups combined and (B) each group.




Table 7 | Differentially expressed pathways in B cell subsets.







T-cell subset analysis

T cells consisted of six clusters (Figure 6A). Cluster #0 was found almost exclusively in the spleen of CLP mice and to a lesser extent in the peritoneal cavity of CLP mice (Figure 6B). On the other hand, clusters #2 and #3 were exclusive to the spleen of sham mice (Figure 6B). Cluster #1 was found mainly in the spleen of sham mice and also existed in the peritoneal cavity of sham mice and to a lesser extent in the spleen of CLP mice (Figure 6B). Cluster #4 was found mainly in the spleen of CLP mice and to a lesser extent in the spleen of sham mice and peritoneal cavity of CLP mice (Figure 6B). Cluster #5 formed a small population in the spleen of sham and CLP mice and the peritoneal cavity of sham mice (Figure 6B). Considering the high expressions of Cd8b1 and Cd8a (Supplementary Table 8), cluster #3 seemed to be CD8 T cells. In cluster #0, the most upregulated genes were Emb, Vps37b, Ifngr1, Junb, Fam241a, Ptpn22, Gramd3, Klhl6, 4932438A13Rikm, and Zeb1 (Supplementary Table 8). The pathways revealed that ribosome, cytoplasmic translation, and serum and rapamycin sensitive genes were upregulated (Table 8). In cluster #1, the most upregulated genes were Igfbp4, Tspan32, Actb, Uba52, Cd52, Ly6c1, Tmsb4x, Ifi27l2a, Trbc2, and Limd2 (Supplementary Table 8). Activated pathways in this cluster were related to ribosome- and SRP-dependent co-translational protein targeting to the membrane (Table 8). In cluster #2, the most upregulated genes were Ccl5, S100a6, Ly6c2, S100a4, Lgals1, Nkg7, AW112010, S100a10, Crip1, and Ahnak (Supplementary Table 8). Activated pathways in this cluster were mostly related to cell aging (Table 8). In cluster #3, the most upregulated genes were Cd8b1, Cd8a, Dapl1, Ccr9, Arl4c, Nkg7, Uba52, Tubb5, Cd52, and Dnajc15 (Supplementary Table 8). Activated pathways in this cluster were related to ribosome and structural molecule activity (Table 8). In cluster #4, the most upregulated genes were Cxcl2, Lcn2, Fth1, Ccl4, Slpi, Ccl3, Neat1, Fcer1g, Ifitm2, and Mt1 (Supplementary Table 8). Activated pathways in this cluster were related to hypoxia, cell aging, and TNF-α signaling via NF-κB (Table 8). In cluster #5, the most upregulated genes were Cd74, Igkc, H2-Aa, Cd79a, H2-Eb1, H2-Ab1, Ighm, Ly6d, Iglc2, and Ebf1 (Supplementary Table 8). Activated pathways in this cluster were mostly irrelevant to T cells (Table 8), suggesting that the population was too small to be classified properly. Together, T cells subsets have distinct characteristics in molecular translocation or cell activation.




Figure 6 | Distribution of T-cell subsets. UMAP plots showing the subsets of T cells in (A) all groups combined and (B) each group.




Table 8 | Differentially expressed pathways in T cell subsets.








Discussion

In this study, we have explored the transcriptomic profiling of immune cells including neutrophils, macrophages, B cells, and T cells in intra-abdominal sepsis using scRNA-seq, recognizing the pivotal roles these cells play in the host’s defense against pathogens. We have unveiled the frequency, phenotype, and subsets of those cell populations in the peritoneal cavity and spleen. While millions of cells were conveniently isolated from the peritoneal cavity of each mouse, the processing capacity for scRNA-seq using the 10x Genomics kit was limited to a maximum of 10,000. Consequently, the UMAPs generated reflect the proportion of the processed cells rather than the absolute cell counts. Notably, in CLP-induced sepsis mice, neutrophils emerged as the predominant population within the peritoneal cavity, thereby causing other cell types to appear relatively few in the UMAP (in terms of percentage of whole-cell population). We chose spleen as it is one of the most important lymphoid organs for the immune system. Moreover, circulating cells pass through or are trapped within the spleen; thus, splenocytes reflect the blood cells to a certain extent. Peritoneal cavity was chosen as the site of infection, where robust innate immune activities can be observed in response to the pathogens. We did not include PBMCs as they barely contain neutrophils, which are arguably the most important cell type during sepsis (3). Whole blood leukocytes, which contain neutrophils, would be worth evaluating but could be fragile for lengthy red blood cell lysis.

It has been traditionally thought that sepsis consists of an acute pro-inflammatory (hyperdynamic) phase and a later immunosuppressive (hypodynamic) state. This could still hold true in terms of the overall immune balance, but it is now known that both pro- and anti-inflammatory mediators and cells coexist from the early stage of sepsis (28). Thus, it is important to evaluate the status of cells not in bulk but individually to precisely understand their roles and potential interaction with other cells during sepsis. In fact, our scRNA-seq analysis revealed that the most cell types exhibited pro-inflammatory phenotypes such as increased gene levels of chemokines and DAMPs, including Cxcl2, Ccl4, CCl3, S100a9, and S100a8, and NF-κB activation in septic mice, whereas many of the subsets within the cell type were not characterized by the typical pro-inflammatory genes or pathways. Considering the fact that previously proposed sepsis drugs, which target the canonical pro-inflammatory mediators or signaling such as PAMPs or PRRs, have failed in the clinical trials (29), a more focused cell-specific approach might be needed to break through the current situation.

In the present study, we have identified multiple subsets within each major cell population in an unbiased way. Differentially expressed genes indicated that subsets were distinct from others in different ways, such as enhanced effector functions, immunoregulatory responses, cellular metabolism, and aging. The further assessments of phenotypical changes in different environments for individual clusters would enable us to define the characteristics of those subsets more clearly. It may also be interesting to investigate whether those subsets play any roles in other disease conditions. In fact, M1/M2 macrophages, which were initially studied extensively in oncology (30), are now known to contribute to sepsis and other disorders as well (31). The subsets in the present study were statistically defined in an unbiased way based on their gene expressions. Nevertheless, it is important to validate their significance in a focused approach. Isolation of specific subsets by cell sorting and studying them in vitro or adoptively transferring them in vivo would certify their impacts on the diseases more directly and strongly.

All major cell populations we analyzed here contained at least one subset possessing cellular aging properties. Cellular aging is regulated by metabolic and epigenetic changes and has a close relation with cell death mechanisms, both of which can be reflected by transcriptomics (32). We have previously shown that aged neutrophils significantly contributed to the development of sepsis. eCIRP, the major DAMP in sepsis, inhibited neutrophil apoptosis to induce aged neutrophils (10). Neutrophils possessing both aged and antigen-presenting properties induced Th1 differentiation to aggravate acute lung injury and worsen survival in sepsis (9). Moreover, this novel neutrophil subset was also identified in septic patients (9). In addition to neutrophils, however, cellular aging has not been studied extensively in most of other immune cell types such as macrophages and lymphocytes especially in sepsis. Our study implies the need for investigating cellular aging in different populations to better understand sepsis pathophysiology. Cellular aging can occur in response to cellular stress or damage irrespective of animals’ age (9, 10). Mice used in our study were in the same age for each group; thus, the difference in cellular aging status was unlikely to be due to the age of the animals. Nevertheless, it would be worth investigating whether cellular aging can be influenced by the age of the animals during sepsis in the future studies. It is also meaningful to evaluate the molecules and pathways related to cell death simultaneously to grasp the mechanisms of cellular aging from a wider perspective. Our previous studies revealed several novel subtypes of neutrophils, including APANs, nectin-2, and serpin B2 neutrophils, which were found to be upregulated during sepsis (9, 10, 33). However, our latest scRNA-seq data could not distinctly demonstrate these specific neutrophil subtypes. This discrepancy might be attributed to the limited resolution in the clustering process and the relatively low occurrence of these cell types in our current dataset.

Each cell population also contained subpopulations expressing the genes related to ribosomes, the organelles that facilitate protein synthesis from mRNA (34). Ribosomes are composed of ribosomal RNA, such as 18S (35), and ribosomal proteins (RP), such as RPSA, RPL13, and RPS24 (36). The roles of ribosomes are better known in viral rather than bacterial infection since host ribosomes are crucial for the expression of viral proteins (37). Our data suggest that ribosomes could be an interesting focus to be investigated in bacterial sepsis too. Ribosomal activities may be enhanced in sepsis with the demand for producing inflammatory molecules against infection or compensating lost proteins due to cellular damage. This system needs to be tightly regulated to avoid aberrant immune responses, which can cause tissue injury. It would also be of significance to combine the transcriptomics with proteomics to evaluate ribosomal activities since mRNA is translated to proteins by ribosomes (34).

To induce sepsis, we subjected mice to CLP, which is arguably the most-used animal model of sepsis. CLP depicts intraabdominal polymicrobial sepsis, a severe pathological condition with an extremely poor prognosis (38). Nevertheless, it has to be carefully considered when interpreting preclinical findings of sepsis and applying it in patients since sepsis is a heterogenetic disorder that can be caused in different ways. In addition to the polymicrobial model of sepsis, studying E. coli or endotoxemia or in some sterile injury model of sepsis can be informative to compare and contrast the gene expression profile among various model systems and conclude which model may mimic more closely with human sepsis in terms of transcriptional landscape (38). In this study, we analyzed samples from two compartments, peritoneal cavity and spleen. Since sepsis is accompanied by injury in multiple organs, including, but not limited to, lungs, liver, kidneys, and central nervous system (1), it would be of interest to further analyze our data along with the transcriptome of those different organs.

We studied the transcriptomic profile of immune cells in sepsis using the samples collected at 20 h after CLP. This specific time point was selected based on our extensive research in this area (5, 9, 13, 39). At that time point of CLP-induced sepsis, we have observed significant immune responses characterized by changes in leukocyte count, increased activation of immune cells, increased release of pro-inflammatory cytokines, and the elevation of organ injury markers in blood (5, 9, 13, 39). Conducting analyses at various time points is crucial; however, it often yields complex datasets that can be challenging to analyze comprehensively and conclusively correlate. Our data offer a valuable foundation for generating hypotheses and further exploration. Further studies on the dynamics of specific genes/pathways of interest as selected from our scRNA-seq data could enhance our understanding of disease severity. This approach would enable the correlation of gene expression profiles with systemic inflammation and organ function, thereby providing a more comprehensive understanding of the intricate dynamics underlying sepsis progression.

We acknowledge the limitations of our study. First, we collected the samples only at one time point as aforementioned; therefore, some of the cell populations were barely found in certain samples. This could also be the reason why some prominent pathways that are well known to be activated in sepsis, such as NLRP3 inflammasome pathway (40), were not significantly altered in our data. Additional evaluation at earlier and later time points would precisely depict the kinetics of the cell frequency and phenotype. Second, only observational data were included in the present study and the interventional studies were not conducted on the genes or cells we mentioned here. Knockdown or specific depletion of those genes or cells would firmly demonstrate the significance of our findings. Third, our paper does not contain human data. Recently, more and more scRNA-seq data have been available in the public database (41). Nevertheless, in addition to blood samples, it is still challenging to obtain patient samples from closed compartments or organs, such as peritoneal cavity or spleen, especially during sepsis. Incorporating patient data from these regions would contribute valuable insights and enhance the clinical relevance of animal studies.

In summary, we have comprehensively evaluated the distribution, phenotype, and subsets of immune cells under normal and septic conditions by implementing scRNA-seq. The frequency and characteristics of cells altered dramatically after sepsis in different compartments, and each cell population consisted of distinct subtypes. We have identified novel areas within sepsis that remain largely unexplored, notably encompassing cell aging across diverse cell types and ribosomal activities. These less traveled scientific areas present an enticing opportunity for future investigations. To further substantiate our current findings, there is a need for more targeted interventional studies concentrating on specific molecules and cells. The eagerly anticipated results from such studies will add rigor to and validate our present discoveries.
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The pathogenic mechanisms of bacterial infections and resultant sepsis are partly attributed to dysregulated inflammatory responses sustained by some late-acting mediators including the procathepsin-L (pCTS-L). It was entirely unknown whether any compounds of the U.S. Drug Collection could suppress pCTS-L-induced inflammation, and pharmacologically be exploited into possible therapies. Here, we demonstrated that a macrophage cell-based screening of a U.S. Drug Collection of 1360 compounds resulted in the identification of progesterone (PRO) as an inhibitor of pCTS-L-mediated production of several chemokines [e.g., Epithelial Neutrophil-Activating Peptide (ENA-78), Monocyte Chemoattractant Protein-1 (MCP-1) or MCP-3] and cytokines [e.g., Interleukin-10 (IL-10) or Tumor Necrosis Factor (TNF)] in primary human peripheral blood mononuclear cells (PBMCs). In vivo, these PRO-entrapping 2,6-dimethal-β-cyclodextrin (DM-β-CD) nanoparticles (containing 1.35 mg/kg PRO and 14.65 mg/kg DM-β-CD) significantly increased animal survival in both male (from 30% to 70%, n = 20, P = 0.041) and female (from 50% to 80%, n = 30, P = 0.026) mice even when they were initially administered at 24 h post the onset of sepsis. This protective effect was associated with a reduction of sepsis-triggered accumulation of three surrogate biomarkers [e.g., Granulocyte Colony Stimulating Factor (G-CSF) by 40%; Macrophage Inflammatory Protein-2 (MIP-2) by 45%; and Soluble Tumor Necrosis Factor Receptor I (sTNFRI) by 80%]. Surface Plasmon Resonance (SPR) analysis revealed a strong interaction between PRO and pCTS-L (KD = 78.2 ± 33.7 nM), which was paralleled with a positive correlation between serum PRO concentration and serum pCTS-L level (ρ = 0.56, P = 0.0009) or disease severity (Sequential Organ Failure Assessment, SOFA; ρ = 0.64, P = 0.0001) score in septic patients. Our observations support a promising opportunity to explore DM-β-CD nanoparticles entrapping lipophilic drugs as possible therapies for clinical sepsis.
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Introduction

Bacterial infections and associated sepsis are probably the most prominent causes of death in hospitals, accounting for almost 20% of total deaths globally (1). Its pathogenic mechanisms partially attribute to dysregulated inflammatory responses to microbial infections that are initiated by early cytokines [e.g., interleukin-1 (IL-1) and tumor necrosis factor (TNF)] but sustained by late-acting mediators including high mobility group box 1 (HMGB1) (2, 3) and procathepsin-L (pCTS-L) (4, 5). For example, upon initial innate recognition of many “pathogen-associated molecular patterns molecules” (PAMPs, e.g., bacterial lipopolysaccharide, LPS) by corresponding pattern recognition receptors (PRRs) such as the toll-like receptor 4 (TLR4) (6), monocytes and macrophages sequentially produce “early” cytokines [e.g., TNF and interleukin-1β (IL-1β)] (7–9), toxic chemicals (e.g., lactate) (10–12), and late-acting mediators such as HMGB1 (2) and pCTS-L (4). In comparison with early cytokines, these late-acting mediators can be therapeutically targeted in delayed regimens (4, 13), thereby offering relatively wider therapeutic windows (5). It is therefore necessary to find small molecule drugs capable of suppressing pCTS-L-mediated dysregulated inflammation to develop potential therapeutic strategies for inflammatory diseases.

The US Drug Collection contains 1360 FDA-approved small molecule drugs that have reached clinical trials as evidenced by their assignment of the United States Adopted Names (USAN) and inclusion in the United States Pharmacopeia (USP) Dictionary, the authorized list of established names for drugs in the United States. These small molecule drugs can interact with specific protein targets in the body to confer a therapeutic effect, but possess distinct advantages such as oral administration convenience, target specificity, cell penetration, and cost-effectiveness. They serve as a basis for high throughput screening of established drugs for potential new activities (14). In this study, we developed a 96-well-based assay to screen for small molecule drugs that could suppress the pCTS-L-mediated dysregulated inflammation and confer protection against experimental sepsis. Here, we presented substantial evidence to suggest: i) a hormone, progesterone (PRO), as an inhibitor of pCTS-L-mediated dysregulated inflammation; and ii) a PRO-entrapping 2,6-dimethyl-β-cyclodextrin (DM-β-CD) nanoparticles as a potential therapy in a preclinical setting.





Materials and methods




Materials

Murine macrophage RAW 264.7 cell line was purchased from the American Type Culture Collection (ATCC). Human blood samples were obtained from the New York Blood Center (Long Island City, NY, USA) to harvest primary human peripheral blood mononuclear cells (PBMCs) by density gradient centrifugation as previously described (4, 15, 16). Both macrophage cultures and PBMCs were routinely incubated in DMEM media containing 1% streptomycin/penicillin and 10% fecal bovine serum or 10% human serum. When cell densities reached 80-90% confluence, adherent macrophages or PBMCs were stimulated with bacterial endotoxins (lipopolysaccharides, LPS, E. coli 0111:B4, #L4130, Sigma-Aldrich) or recombinant human or murine pCTS-L protein in the absence or in the presence of each of the 1360 compounds in the U.S. Collection of Drug (10 mM in DMSO), as well as progesterone (Cat. # P0130, Sigma-Aldrich) solubilized in ethanol (5 mg/ml) or entrapped into 2,6-dimethyl-β-cyclodextrin (DM-β-CD, Cat. #H0513, Sigma-Aldrich) nanoparticles. The progesterone-carrying DM-β-CD nanoparticles (containing 84.4 mg progesterone per 1000 mg of the PRO/DM-β-CD complex) were also purchased from Sigma-Aldrich (Cat. # P7556). The extracellular levels of various cytokines and chemokines were respectively measured by using ELISA kits or Cytokine Antibody Arrays as previously described (4, 15, 16).





Generation and purification of recombinant murine and human pCTS-L proteins

Recombinant murine and human pCTS-L proteins containing an N-terminal 6×Histidine tag were respectively expressed in E. coli BL21 (DE3) pLysS cells and purified to homogeneity as previously described (4, 16). Briefly, upon sonication to disrupt the bacterial cell wall, the inclusion bodies containing pCTS-L proteins were harvested via differential centrifugation technique following sequential washings in 1% Triton X-100 dissolved in 1 × PBS buffer The purified inclusion bodies were subsequently dissolved in high concentration of urea solution (8.0 M), and then refolded by dialysis in Tris buffer (10 mM, pH 8.0). Afterward, recombinant pCTS-L proteins were purified by histidine-affinity chromatography technique and Triton X-114 extractions. The endotoxin content of recombinant pCTS-L proteins was estimated to be < 0.01 U per µg of pCTS-L protein.





High-throughput screening of U.S. collection of drugs for pCTS-L inhibitors

We obtained the U.S. Collection of 1360 drugs (Supplementary Table 1, 10 mM in DMSO) from the MicroSource Discovery System Inc., and used this chemical library to search for potential pCTS-L inhibitors as previously described (16). Briefly, murine macrophage-like RAW 264.7 cells were challenged with murine pCTS-L protein in the absence or in the presence of each drug at several concentrations for 16 h, and levels of TNF in macrophage-conditioned medium was measured using specific TNF DuoSet ELISA kit (Cat# DY410, R&D Systems).





Murine or Human Cytokine Antibody Arrays

Murine Cytokine Antibody Array Kits (Cat.# AAM-CYT-3-8, RayBiotech Inc., Norcross, GA, USA) were employed to measure the relative levels of 62 cytokines/chemokines in macrophage cell culture-conditioned medium or murine serum as previously described (4, 15, 16). Similarly, human Cytokine Antibody C3 Array Kits (Cat.# AAH-CYT-3-8) were employed to measure the relative levels of 42 cytokines/chemokines in human PBMC-conditioned culture medium as previously described (4, 15, 16).





Animal model of experimental sepsis

Adult male and female Balb/C mice (7-8 weeks old, 20-25 g body weight) were purchased from Charles River Laboratories (Wilmington, MA), housed in a temperature-controlled room on a 12-h light-dark cycle, and acclimated for at least 5-7 days before usage. Every attempt was made to limit the number of animals used in the present study as per the ARRIVE guidelines for reducing the number of animals in scientific research developed by the British National Centre for the Replacement, Refinement and Reduction of Animals in Research (NC3Rs). Additionally, all experiments were performed in accordance with the International Expert Consensus Initiative for Improvement of Animal Modeling in Sepsis - Minimum Quality Threshold in Pre-Clinical Sepsis Studies (MQTiPSS) (17), which includes practices such as randomization of animals in each experimental group, delayed therapeutic interventions with therapeutic agents (e.g., PRO-entrapping DM-β-CD nanoparticles) (18), establishment of specific criteria for euthanasia of moribund septic animals (e.g., labored breathing, minimized response to human touch, and immobility), as well as the administration of fluid resuscitation and antibiotics (19). This study was administratively approved by the IACUC of the Feinstein Institutes for Medical Research (FIMR, Protocol # 2017-003 Term II; Date of Approval, April 28th, 2020).

Adult male or female Balb/C mice aged 7-8 weeks and weighing 20-25 g underwent a surgical procedure referred to as “cecal ligation and puncture” (CLP) to induce experimental sepsis as previously outlined (4, 15, 16). Briefly, the cecum of Balb/C mice was surgically exposed, ligated approximately 5.0 mm from the cecal tip, and punctured once with a 22-gauge syringe needle. Prior to CLP surgery, all experimental animals received a buprenorphine injection (0.05 mg/kg, s.c.) to alleviate immediate surgical pain, because repetitive use of buprenorphine in the CLP model could paradoxically elevate sepsis surrogate markers and animal lethality (20, 21), leading to unnecessary use of more animals per experimental group. Additionally, a small dose of bupivacaine and lidocaine was locally injected around the incision site immediately after CLP surgery. Approximately 30 min post CLP surgery, all experimental animals were subcutaneously injected with imipenem/cilastatin (0.5 mg/mouse) (Primaxin, Merck & Co., Inc.), followed by resuscitation with sterile saline solution (20 ml/kg). Septic animals were only given a single dose of antibiotics before pharmacological administration of PRO-entrapping DM-β-CD nanoparticles at 24 h post CLP, worrying that subsequent antibiotics treatment may adversely affect the therapeutic efficacy of PRO-entrapping DM-β-CD nanoparticles. Before treatment, animals were randomly assigned to control vehicle and experimental groups, and PRO dissolved in sesame oil (Cat. #S3547, Sigma-Aldrich; 2.0 mg/ml) or water after complexation with DM-β-CD to form nanoparticles (containing 84.4 mg PRO per 1000 mg of PRO/DM-β-CD complex) was intraperitoneally injected to septic mice at various time points post CLP surgery. Animal survival was observed for two weeks to ensure no late death occurred. To elucidate the potential protective mechanisms of PRO-entrapping DM-β-CD nanoparticles, a separate group of Balb/C mice were subjected to CLP, and DM-β-CD vehicle (14.65 mg/kg) or PRO-entrapping DM-β-CD nanoparticles (containing 1.35 mg/kg PRO and 14.65 mg/kg DM-β-CD) were administered at 2 h and 20 h post CLP. At 24 h post CLP, animals were euthanized to collect blood and measure serum levels of various cytokines and chemokines using murine Cytokine Antibody Arrays or markers of tissue injury using specific colorimetric enzymatic assays.





Measurement of tissue injury markers

Blood samples were harvested at 24 h post CLP following intraperitoneal administrations of DM-β-CD vehicle (14.65 mg/kg) or PRO-entrapping DM-β-CD nanoparticles (containing 1.35 mg/kg PRO and 14.65 mg/kg DM-β-CD) at 2 h and 20 h post CLP, and centrifuged at 3000 x g for 10 min to collect serum. Serum levels of liver injury markers such as aspartate aminotransferase (AST, Cat. No. 7561), and lactate dehydrogenase (LDH, Cat. No. 7572) were determined using specific colorimetric enzymatic assays (Pointe Scientific, Canton, MI) according to manufacturer’s instructions as previously described (15).





Open Surface Plasmon Resonance (SPR)

We employed the Nicoya Lifesciences’ gold-nanoparticle-based Open Surface Plasmon Resonance (OpenSPR) technology (Kitchener, ON, Canada) to characterize protein-drug interaction following the manufacturer’s instructions. Briefly, recombinant pCTS-L was immobilized on NTA sensor chip (Cat. # SEN-Au-100-10-NTA) as previously described (4, 22), and DMSO solution of PRO was applied as an analyte at different concentrations. The sensorgrams of the dynamic ligand-analyte interaction were recorded over time to estimate the equilibrium dissociation constant (KD) (Nicoya Lifesciences).





Systemic accumulation of PRO and pCTS-L in septic patients

This study was administratively approved by the institutional review board (IRB) of the FIMR (IRB protocol #18-0184) and consented by all patients participants who were diagnosed with sepsis or septic shock based on the Sepsis-3 criteria (23). Small volume of blood samples (5.0 ml) was obtained from eleven septic patients recruited to the Long Island Jewish Medical Center or North Shore University Hospital between 2018-2019 at three time points: Time 0 (within 24 h of the initial diagnosis); Time 24 h (24 h post the initial diagnosis); and Time 72 h (72 h post the initial diagnosis). The demographics of these eleven septic patients have been reported previously (4), but briefly described in the Supplementary Table 2. These clinical samples were assayed for pCTS-L levels using human pCTS-L ELISA kit (Cat.# MBS7254442, MyBioSource.com) with reference to standard cure generated from using recombinant human pCTS-L. In parallel, the serum concentrations of progesterone were measured by using highly sensitive ELISA kit (Cat. # ADI-901-011, ENZO Life Sciences, Inc., Farmingdale, NY, USA).





Statistical analysis

All data were initially evaluated for normality by the Shapiro-Wilk test before conducting appropriate statistical tests. The Student’s t test was used to compare two independent experimental groups. For comparison among multiple groups with non-normal (skewed) distribution (as assessed by the Shapiro-Wilk test), the statistical difference was evaluated with the non-parametric Kruskal-Wallis ANOVA test followed by the Dunn’s test. The Kaplan-Meier method was employed to compare the differences in mortality rates between two different groups along with the nonparametric log-rank post hoc test. Finally, the Spearman rank correlation coefficient test was used to evaluate associations between two quantitative variables that exhibited non-normal distribution. Statistical significance was defined as a P value less than 0.05.






Results




Identification of PRO as an inhibitor of pCTS-L-mediated TNF secretion

To explore novel pCTS-L inhibitors, we adapted a macrophage cell-based bioassay that we recently developed (16) to screen a U.S. Collection of 1360 drugs supplied as 10.0 mM Dimethyl Sulfoxide (DMSO) solutions in seventeen 96-well microplates for possible activities to inhibit pCTS-L-stimulated TNF secretion (Figure 1A). We optimized the experimental conditions by respectively titrating the concentration of pCTS-L protein (to 1.0 μg/ml) and the confluence of macrophage cultures (to 80-90%). A complete screening of 1360 drugs of the U.S. Collection resulted in the identification of progesterone (PRO) and three analogs (i.e., dydrogesterone, exemestane, and medroxyprogesterone acetate; Figure 1B) as inhibitors of pCTS-L-stimulated TNF production. When dissolved in DMSO, PRO dose-dependently attenuated pCTS-L-mediated TNF secretion with an estimated IC around 20.0 µM (Figure 1B) without affecting mitochondrial metabolic activity (MTT assay) or cell viability (Trypan blue uptake, Supplementary Figure 1).




Figure 1 | High-throughput screening of a U.S. Collection of 1360 Drugs for potential inhibitors of pCTS-L-mediated TNF production. (A) The scheme for the 96-well plate-based high-throughput screening of potential pCTS-L inhibitors was adapted from our recent publication (16). Murine macrophage-like RAW 264.7 cells were cultured until 80-90% confluence and challenged with recombinant murine pCTS-L in the absence or in the presence of each of the 1360 compounds at different concentrations for 16 h. The levels of TNF in the macrophage-conditioned medium were measured by using ELISA. (B) Effects of progesterone and three analogs on pCTS-L-induced TNF secretion by murine macrophage cultures. Note that all four lead compounds dose-dependently inhibited pCTS-L-induced TNF secretion by murine macrophage cultures. *, P < 0.05 versus “- pCTS-L”; #, P < 0.05 versus “+ pCTS-L”, non-parametric Kruskal-Wallis ANOVA test.







PRO inhibited pCTS-L-mediated secretion of TNF and several chemokines in primary human peripheral blood mononuclear cells (PBMCs)

To confirm PRO’s pCTS-L-inhibitory activities, we first dissolved it in ethanol before testing its effects on pCTS-L-stimulated production of 42 cytokines and chemokines in primary human PBMCs. In agreement with our earlier report (4), pCTS-L markedly stimulated the secretion of a few chemokines (e.g., ENA-78, GRO, and MCP-1) and cytokines (e.g., TNF, IL-6 and IL-10) (Figure 2). However, the pCTS-L-mediated TNF production was markedly inhibited by the co-administration of PRO at a relatively high dose (40 μM, Figure 2), an almost most effective dose that suppressed pCTS-L-induced TNF secretion in dose-response studies using murine macrophages (Figure 1B) as well as primary PBMCs from several different donors. Likewise, the pCTS-L-triggered secretion of several other cytokines (e.g., IL-10) and chemokines (e.g., ENA-78 and MCP-1) was similarly suppressed by PRO (Figure 2). Consistent with our earlier reports (16, 24), endotoxins effectively stimulated the secretion of several chemokines (MCP-1, ENA-78 and GRO) and cytokines (e.g., TNF, IL-6 and IL-10) in primary human PBMCs (Figure 2). However, PRO was unable to affect LPS-induced production of any cytokines/chemokines (Figure 2) even at the concentration that markedly inhibited pCTS-L-mediated cytokine/chemokine production, suggesting that PRO selectively inhibited pCTS-L-mediated inflammation.




Figure 2 | Progesterone selectively suppressed the pCTS-L-mediated productions of several cytokines/chemokines in primary human peripheral blood mononuclear cells (PBMCs). Human PBMCs were challenged with human pCTS-L (2.0 μg/ml) or LPS (0.2 μg/ml) in the absence or in the presence of PRO (40 μM in ethanol) for 16 h. The levels of various cytokines and chemokines in human PBMC-conditioned medium were measured by using Cytokine Antibody Array kits (in arbitrary units, AU). *, P < 0.05 versus “- pCTS-L”; #, P < 0.05 versus “+ pCTS-L”, non-parametric Kruskal-Wallis ANOVA test.







PRO-carrying 2,6-dimethyl-β-cyclodextrin (DM-β-CD) nanoparticles similarly inhibited pCTS-L-induced inflammation

The β-cyclodextrin (β-CD) is defined as cyclic oligosaccharides of seven glucopyranoses in its β-chair conformation (Figure 3A), thereby displaying the shape of truncated cone with an outer hydrophilic surface that render it water-soluble and an inner hydrophobic core (25) that can entrap hydrophobic molecules (e.g., PRO). To increase the water-solubility of β-CD, the hydroxyl groups of the inner hydrophobic cavity (position 2) and the outer hydrophilic surface (position 6) of β-CD can be substituted with hydrophobic methyl moieties to produce the 2,6-dimethyl-β-cyclodextrin (DM-β-CD, Figure 3A), which still displayed the shape of cone with slightly less symmetry and smaller inner cavity (Figure 3A). As a lipophilic sterol, PRO could be inserted into the hydrophobic inner cavity of two DM-β-CD molecules at 1:2 molar ratio (Figure 3A). These PRO-carrying DM-β-CD nanoparticles dose-dependently suppressed pCTS-L-mediated production of a few cytokines (e.g., TNF, IL-6 and IL-10) and chemokines (GRO, IL-8 and MCP-3) in human PBMCs (Figure 3B), confirming that PRO-carrying DM-β-CD nanoparticles maintained pCTS-L-inhibiting properties of PRO under pharmacological conditions.




Figure 3 | PRO-carrying DM-β-CD nanoparticles significantly inhibited pCTS-L-stimulated production of several cytokines and chemokines in human PBMCs. (A) Structures of DM-β-CD and PRO as well as the inclusion complex of these two molecules. Given its lipophilic nature, PRO can easily be intercalated and embedded into the hydrophobic inner cavity of the truncated cone structure of two DM-β-CD molecules. (B) PRO significantly inhibited pCTS-L-stimulated production of several cytokines and chemokines. Human PBMCs were challenged with recombinant human pCTS-L in the absence or in the presence of DM-β-CD/PRO complexes at different concentrations (µM) for 16 h, and extracellular concentrations of cytokines and chemokines were measured by using Cytokine Antibody Arrays. *, P < 0.05 versus “- pCTS-L”; #, P < 0.05 versus “+ pCTS-L”, non-parametric Kruskal-Wallis ANOVA test.







PRO-carrying DM-β-CD nanoparticles protected both male and female mice from microbial infections

To assess the PRO’s therapeutic efficacy, we first dissolved PRO in Sesame oil containing various unsaturated fatty acids that could emulsify and dissolve lipophilic PRO in the form of micelles (26–30). When dissolved in sesame oil, PRO did not show any protection against sepsis within a dose range of 1.0 mg/kg to 8.0 mg/kg (Figure 4A, Left Panel). When given intraperitoneally at a relatively high dose (16 mg/kg) at 2 h and 24 h post CLP, PRO promoted a marked protection against sepsis, significantly increasing animal survival rates from 30% to 70% (Figure 4A). In an effort to enhance its pharmacological efficacy, PRO was entrapped into DM-β-CD nanoparticles to enhance its water-solubility and bioavailability, and further tested in an animal model of experimental sepsis induced by cecal ligation and puncture (CLP). The PRO-carrying DM-β-CD nanoparticles was given at 24 h after CLP, which was a time point when circulating pCTS-L plateaued and some animals started to succumb to death (4). As a vehicle control, DM-β-CD (14.65 mg/kg) itself did not affect animal survival rate when it was given at 24 h and 48 h post CLP surgery (Figure 4A). In contrast, the PRO-carrying DM-β-CD nanoparticles significantly rescued both male and female mice from infections even when the 1st dose was intraperitoneally administered at 24 h post CLP (Figure 4A). This effective protective dose of PRO entrapped in the DM-β-CD nanoparticles (even when initially given at 24 h post CLP) was almost 10-fold lower than the dosage of progesterone dissolved in sesame oil (when first given at 2 h post CLP.) The calculated molar concentration of PRO (MW = 314.47 Daltons; 1.4 mg/kg) intraperitoneally injected into septic animals was estimated to be > 4.5 μM and comparable to the effective concentrations (10 µM) of PRO in inhibiting pCTS-L-induced dysregulated inflammation in vitro (Figure 3B).




Figure 4 | PRO-carrying DM-β-CD nanoparticles rescued mice from sepsis partially by attenuating sepsis-triggered inflammation. (A) PRO-containing sesame oil or PRO-entrapping DM-β-CD nanoparticles protected or rescued mice from experimental sepsis. Male (M) and/or female (F) Balb/C mice were subjected to CLP, and PRO-containing sesame oil or PRO/DM-β-CD nanoparticles were intraperitoneally administered at indicated doses and time points. *, P < 0.05 versus saline or vehicle (sesame oil or DM-β-CD) controls. (B, C) PRO-carrying DM-β-CD nanoparticles attenuated CLP-triggered systemic inflammation and tissue injury. Balb/C mice were subjected to CLP, and PRO/DM-β-CD nanoparticles (containing 1.35 mg/kg PRO and 14.65 mg/kg DM-β-CD) or DM-β-CD vehicle (14.65 mg/kg) were administered at 2 h and 20 h post CLP, and then euthanized at 24 h post CLP to collect blood and measure serum levels of various cytokines and chemokines (in arbitrary units, AU) as well as markers of tissue injury (AST and LDH) using specific colorimetric enzymatic assays. *, P < 0.05 versus “ - CLP”; #, P < 0.05 versus “+ CLP”, non-parametric Kruskal-Wallis ANOVA test.



To elucidate the underlying protective mechanisms of PRO, we assessed its impact on CLP sepsis-triggered inflammation and tissue injury. In agreement with our previous report (4), experimental sepsis markedly elevated blood levels of G-CSF, MIP-2 and sTNFR1 (Figure 4B). In contrast to DM-β-CD vehicle, which did not affect sepsis-triggered systemic accumulation of any cytokines or chemokines, PRO-carrying DM-β-CD nanoparticles significantly reduced sepsis-triggered elevation of MIP-2 and sTNFRI (Figure 4B). Furthermore, in contrast to DM-β-CD vehicle, which did not affect sepsis-triggered release of liver enzymes (such as AST) or other general tissue injury markers such as LDH, PRO-carrying DM-β-CD nanoparticles significantly reduced the levels of AST and LDH in septic animals (Figure 4C), suggesting that PRO-entrapping DM-β-CD nanoparticles protect mice against infections partly by suppressing sepsis-mediated dysregulated inflammation and tissue injury.





PRO interacted and positively correlated with pCTS-L in clinical sepsis

To gain further insight into PRO’s protective mechanisms, we examined the possible interaction and relationship between systemic accumulation PRO and pCTS-L in clinical sepsis. SPR analysis revealed a strong interaction between PRO and pCTS-L, as evidenced by the relatively low equilibrium dissociation constant (KD, Figure 5A) for PRO-pCTS-L interaction, suggesting that PRO might bind pCTS-L to inhibit its proinflammatory properties under pharmacological conditions. In agreement with previous findings of a marked (1 - 5 folds) elevation of blood PRO levels in septic animals (31) or patients with severe sepsis (32) or septic shock (33), we found a significant increase of serum PRO levels in septic mice (Figure 5B), as well as a parallel positive correlation with Sequential Organ Failure Assessment (SOFA, Supplementary Table 1) score and serum pCTS-L concentrations in patients with clinical sepsis (Figure 5C), confirming a possible progesterone upregulation as a potential protective mechanism against infections.




Figure 5 | PRO interacted and positively correlated with pCTS-L in clinical sepsis. (A) SPR analysis of PRO/pCTS-L interaction. Recombinant pCTS-L with an N-terminal 6 × His tag was immobilized onto nitrilotriacetic acid (NTA)-conjugated chip, and an analyte of PRO solution (in DMSO) was injected at several increasing concentrations (6.25, 12.5, 25.0, 50.0 and 100.0 µM) to estimate the KD of PRO-pCTS-L interaction. PRO was injected for a contact time of 250 seconds at increasing concentrations, and dissociation was monitored for 300 seconds. The 1:1 model fit to the raw data is shown as solid black lines. The KD was shown as the mean ± SEM of three independent experiments. (B) Elevation of serum PRO levels in septic mice at 24 h post CLP surgery. Male Balb/C mice were subjected to CLP surgery, and animals were sacrificed at 24 h post CLP to harvest blood and to compare serum PRO levels between normal healthy (“N”) and septic (“S”) mice. *, P < 0.05 versus normal healthy mice (N), non-parametric Kruskal-Wallis ANOVA test. (C) Correlation between serum PRO concentrations and sequential organ failure assessment (SOFA) score as well as serum pCTS-L levels in septic patients.








Discussion

Currently, there is no effective therapies for clinical sepsis other than some adjunctive care such as administration of antibiotics and resuscitation of fluid (34–36). Therefore, it might still be important to explore small-molecule inhibitors to attenuate late-acting pathogenic mediators that may have relatively wider therapeutic windows (5). Here, we showed that a lipophilic hormone, PRO, selectively impaired pCTS-L-triggered production of several chemokines (e.g., ENA-78, MCP-1 or MCP-3) and cytokines (e.g., TNF, IL-6 or IL-10) without affecting LPS-induced TNF production. Our findings were in agreement with previous reports that PRO failed to inhibit LPS-stimulated TNF production in human PBMCs (37, 38). Nevertheless, it has been shown that PRO could inhibit LPS-stimulated production and secretion of TNF, IL-6, IL-12 or nitric oxide in other types of immune cells such as macrophages (39–43) and microglial cells (44, 45) potentially via PRO receptor-independent mechanisms (42). The discrepancies between divergent effects of progesterone on LPS-induced responses in different cell types remain a subject of future investigation. Nevertheless, as a steroid hormone produced primarily by the ovaries in women and, to a lesser extent, by the adrenal glands in both men and women, PRO occupies a crucial role in regulating menstrual cycles of the female reproductive system as well as innate immune responses against microbial infections.

Consequently, PRO-carrying DM-β-CD nanoparticles rescued both male and female mice from microbial infections even when they were initially given at 24 hours post the disease onset. This finding mirrored previous observations that systemic administration of PRO attenuated endotoxin-induced hypotension (46), CLP-induced systemic inflammation (47), as well as dysregulated inflammatory responses elicited by viral infections with SARS-CoV-2 (48, 49) and hepatitis C virus (50). When given locally, however, subcutaneous implanting PRO adversely thinned the cervicovaginal epithelium and adversely enhanced vaginal transmission of Simian immunodeficiency virus (SIV) (51), genital herpes infection (52) or HIV infection (53). It will thus be important to determine whether systemic administration of PRO at pharmacological doses will confer universal protection against all bacterial and viral infections in future preclinical and clinical investigations.

Because the lipophilic PRO is not soluble in water, we employed either sesame oil to emulsify it into micelles or DM-β-CD to complex with it to produce water-soluble PRO-carrying DM-β-CD-based nanoparticles. In the water solution, DM-β-CD displays the shape of truncated cone with a hydrophilic outer surface that renders it water-soluble and a hydrophobic inner cavity that entraps small hydrophobic molecules such as PRO (54, 55). This combined internal hydrophobic cavity along with external hydrophilicity enables DM-β-CD to form “host-guest” complexes with hydrophobic PRO via van der Waals forces and hydrophobic interactions (56). Although both a partial and a complete inclusion may occur, free-energy calculations favored the partial inclusion event for DM-β-CD and PRO (56), in which the complexation was initiated by inclusion of PRO into the first DM-β-CD to produce the 1:1 complex, but continued with the engagement of the second DM-β-CD to generate the more stable 1:2 complex (55, 57). Therefore, the hydrophobic part of PRO can be hidden within the inner hydrophobic cores of two DM-β-CD molecules, thereby potentially improving the solubility, stability, as well as bioavailability of the PRO in vivo (58). However, the entrapment of this hydrophobic PRO by DM-β-CD is reversible, enabling rapid dissociation of PRO from the complexes upon their dilution in biological fluids (58, 59). PRO was released from DM-β-CD within hours (59), and the dissociated PRO could potentially bind pCTS-L to interrupt some of its proinflammatory properties. The free DM-β-CDs could be gradually removed from the circulation within 36 h, destining to organs with increased blood flow velocities such as the spleen, liver, and kidney (60), where it can be metabolized (60) or excreted via glomerular filtration (61).

Regardless of whether PRO was solubilized in organic solvents (e.g., DMSO or ethanol) or entrapped in DM-β-CD-based nanoparticles, it similarly suppressed pCTS-L-induced secretion of several chemokines (e.g., ENA-78, MCP-1, GRO, or MCP-3) and cytokines (e.g., TNF or IL-10) in human PBMCs. The intricate mechanisms of PRO-mediated suppression of pCTS-L-stimulated inflammation will be an interesting subject for future investigations. In light of the essential involvement of TLR4 and RAGE in pCTS-L-induced inflammation (4), it will be interesting to determine whether PRO interacts with pCTS-L to interfere with its interaction with TLR4 or RAGE receptors. This is plausible, because pCTS-L-neutralizing antibodies inhibited pCTS-L-stimulated inflammation by disrupting pCTS-L interaction with PRRs such as TLR4 and RAGE (4).

To our best knowledge, the DM-β-CD-based nanoparticle technology has not yet been used to explore the therapeutic potential of PRO in any animal models of microbial infections. Consistent with its inhibitory activity in inhibiting late-acting mediator pCTS-L-induced cytokine/chemokine production in human PBMCs, we found that delayed administration of PRO-carrying DM-β-CD nanoparticles effectively rescued both male and female mice from microbial infections even when they were initially given at 24 h post onset of infections. Currently, the mechanism for PRO-mediated protection remains elusive, but appeared to attribute to its attenuation of sepsis- or pCTS-L-induced dysregulated inflammation and tissue injury. Indeed, PRO-carrying DM-β-CD nanoparticles significantly attenuated sepsis-triggered accumulation of G-CSF, sTNFRI and MIP-2/GRO-β, three pCTS-L-inducible surrogate markers of experimental sepsis (20, 62, 63). Our findings were in agreement with an earlier report (47), and support the possibility that PRO protects mice against sepsis partially by suppressing sepsis-triggered dysregulated inflammation. In light of the pathogenic involvement of pCTS-L in other inflammatory diseases such as pancreatitis (64), atherosclerosis (65), renal disease (66), vascular intimal hyperplasia (67), arthritis (68) and colitis (69), it will be interesting to explore the therapeutic potential of PRO-carrying DM-β-CD nanoparticles in other inflammatory diseases.

There are a few limitations in the current study: (i) We did not assess systemic inflammatory cytokine profiles at later stages of sepsis, because many septic animals in the control group might have succumbed to sepsis between 24 - 48 h post CLP (as depicted in Figure 4A), rendering blood sampling at later time points after the death of some septic animals in the control vehicle group practically infeasible. Even if post-mortem blood collection was still feasible, post-mortem tissue decomposition could lead to the release of cellular contents (including cytokines) into the surrounding environment, resulting in artificially elevated cytokine levels in post-mortem samples. Thus, sampling at later time points particularly after the death of septic animals in the control group might introduce confounding variables that hinder the interpretability of the systemic inflammatory profile, rendering them ineligible for the inclusion of comprehensive assessment of systemic inflammation at later points (e.g., 48 h post CLP). (ii) We do not know if PRO-entrapping DM-β-CD nanoparticles are orally active and protective against sepsis and other bacterial or viral infections. (iii) We do not know why progesterone selectively inhibits pCTS-L-mediated inflammation, although the robust interaction between progesterone and pCTS-L may contribute to the observed selectivity, allowing progesterone to inhibit pCTS-L-mediated inflammation without impacting LPS-mediated cytokine/chemokine production. (iv) It remains elusive why PRO-entrapping DM-β-CD nanoparticles exhibited a bell-shaped dose-response curve in inhibiting pCTS-L-mediated inflammatory response, although this type of bell-shaped dose-response curve has also been observed in the context of PRO-mediated protection against cerebral ischemic injury (70, 71), wherein a higher dose (32 mg/kg) exhibited reduced efficacy compared to lower doses (e.g., 8 mg/kg or 16 mg/kg). Bell-shaped concentration-response curves typically indicate more complex biological effects, such as receptor saturation or dual mechanisms of action with multiple binding sites or targets of DM-β-CD complexes. For instance, at extremely higher concentrations (5 - 50 mM), β-CD and derivatives (e.g., DM-β-CD) can extract lipophilic molecules such as cholesterol from cytoplasmic membranes (72, 73), thereby disrupting lipid rafts to interfere with innate immune responses to microbial infections (74, 75). Similarly, at extremely high concentrations (in the ranges of mM), another β-CD derivative, 2-Hydroxypropyl-β-cyclodextrin, also exhibited some pro-inflammatory properties as evidenced by the increased expression and release of cytokines (such as TNF and CCL2/MCP-1) by murine macrophages (75). At present, it is not yet known whether DM-β-CD possesses similar weak proinflammatory properties in complexation with PRO that could be attributed to the bell-shaped dose-response cure of PRO/DM-β-CD complexes. Despite these limitations of this study, our findings of PRO as a selective inhibitor of pCTS-L-mediated dysregulated inflammation have supported a promising opportunity of developing novel DM-β-CD-based nanoparticles to treat microbial infections. Therefore, it will be critical to further develop PRO-entrapping DM-β-CD-based nanoparticles and further translate our pre-clinical research into clinical treatment of bacterial infections.
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Background

Acute Respiratory Distress Syndrome (ARDS) is a common condition in the intensive care unit (ICU) with a high mortality rate, yet the diagnosis rate remains low. Recent studies have increasingly highlighted the role of aging in the occurrence and progression of ARDS. This study is committed to investigating the pathogenic mechanisms of cellular and genetic changes in elderly ARDS patients, providing theoretical support for the precise treatment of ARDS.





Methods

Gene expression profiles for control and ARDS samples were obtained from the Gene Expression Omnibus (GEO) database, while aging-related genes (ARGs) were sourced from the Human Aging Genomic Resources (HAGR) database. Differentially expressed genes (DEGs) were subjected to functional enrichment analysis to understand their roles in ARDS and aging. The Weighted Gene Co-expression Network Analysis (WGCNA) and machine learning pinpointed key modules and marker genes, with ROC curves illustrating their significance. The expression of four ARDS-ARDEGs was validated in lung samples from aged mice with ARDS using qRT-PCR. Gene set enrichment analysis (GSEA) investigated the signaling pathways and immune cell infiltration associated with TYMS expression. Single-nucleus RNA sequencing (snRNA-Seq) explored gene-level differences among cells to investigate intercellular communication during ARDS onset and progression.





Results

ARDEGs are involved in cellular responses to DNA damage stimuli, inflammatory reactions, and cellular senescence pathways. The MEmagenta module exhibited a significant correlation with elderly ARDS patients. The LASSO, RRF, and XGBoost algorithms were employed to screen for signature genes, including CKAP2, P2RY14, RBP2, and TYMS. Further validation emphasized the potential role of TYMS in the onset and progression of ARDS. Immune cell infiltration indicated differential proportion and correlations with TYMS expression. SnRNA-Seq and cell-cell communication analysis revealed that TYMS is highly expressed in endothelial cells, and the SEMA3 signaling pathway primarily mediates cell communication between endothelial cells and other cells.





Conclusion

Endothelial cell damage associated with aging could contribute to ARDS progression by triggering inflammation. TYMS emerges as a promising diagnostic biomarker and potential therapeutic target for ARDS.





Keywords: ARDS, aging, TYMS, WGCNA, machine learning, immune infiltration, snRNA-seq




1 Introduction

Acute Respiratory Distress Syndrome (ARDS) represents a life-threatening manifestation of severe respiratory failure that can occur in any condition or disease that causes lung injury (1). The pathological changes in ARDS are characterized by diffuse alveolar damage, including damage to alveolar epithelial and pulmonary capillary endothelial cells, inflammation and infiltration of immune cells, widening of interstitial edema, protein-rich edema fluid in the alveoli, fibrous protein deposition, formation of transparent membranes, and microthrombosis (2). These changes lead to dysregulation of the ventilation/perfusion (V/Q) ratio, impaired gas exchange, a significant increase in intrapulmonary shunting, decreased lung compliance, reduced lung volume (baby lung), and ultimately acute hypoxemic respiratory failure (3). The mortality rate of ARDS is as high as 40% (4), making it one of the main reasons for patients to be transferred to the ICU (5). Based on statistics, the incidence rate of ARDS is several tens of cases per 100,000 person-years (6). Numerous studies have shown that elderly patients account for a high proportion of ARDS patients, and age is a significant risk factor affecting the development and prognosis of ARDS (7). Currently, the diagnosis of ARDS mainly relies on clinical manifestations, but the problem of missed diagnosis and delayed diagnosis remains unresolved. Therefore, studying the molecular biological mechanisms of ARDS and identifying potential biomarkers is of great significance for early recognition, diagnosis, and assessment of the severity and prognosis of ARDS.

Increasing evidence suggests that the pathogenesis of ARDS involves multiple biological functions, including inflammatory response (8), oxidative stress (9), apoptosis (10, 11), and endoplasmic reticulum autophagy (12). Amidst these factors, aging is pivotal in the genesis and advancement of ARDS. Aging is a complex and multidimensional process that leads to widespread organ dysfunction (13) and various age-related diseases (14), such as neurodegenerative disorders, diabetes, idiopathic pulmonary fibrosis, etc. (15). DNA damage serves as a primary catalyst for aging, whereas DNA repair acts as a pivotal determinant of aging. Additionally, deficiencies in DNA repair can accelerate the progression of various age-related diseases (16). Lung aging is associated with molecular and physiological changes that result in altered lung function, impaired lung remodeling and regeneration, and increased susceptibility to acute and chronic lung diseases (17). Older patients with sepsis have worse outcomes, which may be related to the decline in immune system function and changes in the pulmonary vascular system in the elderly (18, 19). Immune cell activation is a major mediator of ARDS inflammation, and immunosenescence may affect the pathogenesis and prognosis of elderly ARDS subgroups (20). A cross-age study of ARDS patients showed a correlation between age and neutrophil biomarker myeloperoxidase (MPO) in bronchoalveolar lavage fluid (BALF) (21). Compared with younger groups, Tregs and inflammatory markers increased in older groups (22). Aging is implicated in various pathways of ARDS pathogenesis, yet the precise mechanisms remain elusive. Therefore, further research is needed to understand the relationship between cellular aging, immune infiltration landscape, and their interplay in the context of ARDS disease.

Over the past decade, high-throughput sequencing has experienced rapid development and has permeated various fields of life sciences, significantly advancing the progress of basic medical research (23). GSE163426 is a dataset related to ARDS, containing a large number of samples (47 ARDS patients and five control individuals). In this study, we used various bioinformatics methods to obtain age-related characteristic genes for ARDS. Four hub ARDS-ARDEG genes demonstrated significant diagnostic performance and were validated in external datasets. Additionally, we corroborated the expression levels of the selected genes through animal experiments. Thymidylate Synthetase (TYMS) was identified as a promising diagnostic biomarker for ARDS in aging individuals. We assessed the enriched signaling pathways associated with TYMS expression and involvement in immune cell infiltration. Single-nucleus RNA sequencing highlighted elevated TYMS expression in endothelial cells, indicating its potential role in endothelial dysfunction seen in ARDS. These findings highlight TYMS’s multifaceted involvement, particularly its modulation of immune responses and contribution to endothelial proliferation and vascular injury repair, presenting TYMS as a potential therapeutic target for precise intervention in ARDS among the elderly ICU population.




2 Materials and methods



2.1 Data sources

In our study, we acquired two bulk RNA sequencing (bulk-RNAseq) datasets, specifically GSE163426 and GSE84439, from the GEO database. The GSE163426 dataset was utilized as the training set, encompassing 47 ARDS patients and five control individuals. The validation group, comprising seven sepsis patients and 8 ARDS patients, was derived from the GSE84439 dataset. Additionally, we utilized publicly available single-nucleus RNA sequencing (snRNA-Seq) data obtained from autopsy lung tissues of 19 COVID-19 patients and seven healthy donors. These data, including the corresponding clinical information, can be accessed at the GEO database using the accession number GSE171524.




2.2 Downloading and organizing aging-related genes

In order to identify ARGs for our study, we downloaded data from the HAGR database (https://genomics.senescence.info/) (24). This database comprises the GenAge dataset (307 genes) and the CellAge dataset (949 genes). After combining these datasets and eliminating duplicate genes, we obtained 1256 ARGs for subsequent analysis.




2.3 Identification of aging-related DEGs

To identify ARDEGs, we utilized the R package limma for differential analysis (25). The filtering criteria were set as |logFC|>1 and P<0.05. This analysis was performed on the ARDS and control samples. The intersection of the DEGs with the ARGs resulted in the identification of ARDEGs.




2.4 Construction of PPI network

Using the Search Tool for the Retrieval of Interacting Genes (STRING) database, we constructed a protein-protein interaction (PPI) network for evaluating the gene interactions among ARDEGs (26).




2.5 Functional and pathway enrichment analysis

The Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology (GO) were used in the functional enrichment analysis of ARDEGs (27). The GO analysis involved exploring the biological processes (BP), cellular components (CC), and molecular functions (MF) associated with these ARDEGs.




2.6 Weighted gene co-expression network analysis

The WGCNA analysis was conducted to construct a co-expression network in the GSE163426 dataset, utilizing the scale-free topology criterion (28). The dynamic tree-cutting method with a minimum module size of 30 was used to identify co-expressed gene modules. Gene significance (GS) values and module membership (MM) values were employed to assess the association between gene modules and both ARDS and aging, ultimately determining the key modules.




2.7 Identification of hub ARDS-ARDEGs

The least absolute shrinkage and selection operator (LASSO), Random Forest (RF), and Extreme Gradient Boosting (XGBoost) algorithms were employed as the methods for screening and identifying key ARDS-ARDEGs. LASSO analysis was performed with the glmnet program, and 10-fold cross-validation was used to assess the penalty parameter (29). This approach outperforms traditional regression analysis methods in the assessment of high-dimensional data. XGBoost, a machine learning algorithm based on gradient boosting trees, was employed to assess the importance of ARDEGs in both ARDS and aging (30). The R package XGBoost aided in determining the significance of models constructed with various sets of ARDEGs. The random forest algorithm with recursive feature elimination (RFE) is a supervised machine learning method (31). The RFE approach was conducted by setting the number of decision trees to 500 and identifying aging-associated signature genes with relative importance greater than one. The intersection of aging-associated signature genes obtained through three machine learning filters using the R package Venn was defined as hub ARDS-ARDEGs. To assess the diagnostic utility of hub ARDS-ARDEGs in aging ARDS patients, the receiver operating characteristic curve (ROC) analysis was performed on the GSE1919 and GSE89408 datasets.




2.8 Experimental animals

This study was conducted in accordance with ethical guidelines and received ethical approval from the Ethics Committee of Hangzhou Hibio Technology Co., Ltd. (HB2311003). C57BL/6 mice, including males and females, were procured from Jiangsu Jiangsu Huachuang sino Pharma Tech Co., Ltd. The study utilized young mice (3 months old) and aged mice (18 months old). The ARDS mouse model was induced by intraperitoneal injection of lipopolysaccharide (LPS) (Sigma-Aldrich) at 5mg/kg for young mice and 2.5mg/kg for aged mice. Following 72 hours of LPS administration, the mice were euthanized, and lung tissues were collected for subsequent analysis.




2.9 Histopathological observation of lung tissue

Lung tissue was collected from the middle lobe of the right lung in mice. Following alcohol dehydration, paraffin embedding, and sectioning, the samples were stained with H&E and subsequently examined under an optical microscope to evaluate the extent of lung tissue damage. The freshly removed lung tissue from the left lobe was weighed using an analytical scale to obtain the wet weight (W). The tissue was then dried in an oven until a consistent weight was reached to calculate the dry weight (D). To determine the degree of pulmonary edema, the formula W/D × 100% was applied to obtain the wet-to-dry weight ratio.




2.10 Quantitative real-time PCR

Reverse transcription of total RNA into complementary DNA (cDNA) was performed using the TOROBlue® qPCR RT Kit after RNA extraction from the upper lobe of the right lung was performed using Trizol (Vazyme). TOROGreen®qPCR Master Mix was used for qRT-PCR. The primer sequences for hub ARDS-ARDEGs are presented in Table S9 of the Supplementary Materials. Internal reference gene GAPDH was employed. Each group included six biological samples.




2.11 Analysis of SnRNA-seq data

The raw matrix in each dataset was normalized using the “LogNormalize” function in Seurat (version 4.3.1) (32). The “RunHarmony” function in the “harmony” package was utilized to reduce the batch effect (33). The “FindVariableFeatures” function was employed to select the top 2000 most variable genes as input data. Principal component analysis was used to determine the 19 best principal components for data integration. Following the acquisition of principal components, several cell types were distinguished using established cell-specific markers, and uniform manifold approximation and projection were utilized to view the cells.




2.12 Cell–cell communication analysis

Based on ligand-receptor interactions, cell-cell communication between several cell clusters was inferred and visualized using the R software’s “CellChat” package (34). The “CellChat” tool was used to import the snRNA-seq data that had been normalized using the “Seurat” package. We focused on the secreted signaling pathways and analyzed the communication between all cell types. Moreover, endothelial cells acted as signal senders and receivers in our particular analysis and visualization of the communication between these cells and other cell types.




2.13 Statistical analysis

R software (version 4.3.1) was used to conduct statistical analysis. Two groups were compared using Wilcoxon tests. The association between immune cell infiltration and hub ARDS-ARDEGs expression levels was examined using Spearman correlation analysis. A statistical significance threshold of P < 0.05 was applied. The mean ± standard deviation of a minimum of six independent experiments was used to present the statistical analysis of the qRT-PCR data, and unpaired two-tailed Student’s t-tests were employed to evaluate differences (*P < 0.05; **P < 0.01; ***P < 0.001). For statistical significance, a P-value of less than 0.05 was used.





3 Results



3.1 Identification of ARGEGs

The study’s procedural diagram is depicted in Figure 1. A total of 2448 DEGs between control and ARDS tracheal aspirates were identified, with 1312 genes up-regulated and 1136 genes down-regulated (Figure 2A). 134 ARDEGs were obtained by the intersection of ARGs and DEGs (Figure 2B; Supplementary Table S1). Using the R program limma, expression matrices of ARGs were taken out of the training set, and their differences were examined. A gene expression heat map was created to see the top 50 genes with the most significant differences (Figure 2C). A close association between ARDEGs at the protein level was found by the PPI protein network analysis (Figure 2D; Supplementary Table S2).




Figure 1 | The flowchart outlining the methodology of this investigation.






Figure 2 | Identification of ARDEGs between control and ARDS. (A) The differential gene expression between the control and ARDS groups is displayed using a volcano plot. (B) A Venn diagram illustrates the overlap between ARGs and DEGs in the ARDS and control groups. (C) A heatmap is presented illustrating the expression patterns of the 50 most significant ARDEGs, based on the smallest p-values, in both the control and ARDS groups. (D) An interaction network map shows protein interactions among the 134 ARDEGs.






3.2 Functional enrichment analysis of ARDEGs

To understand the potential mechanisms of ARDEGs in ARDS and aging, we employed the R package clusterProfiler to perform GO and KEGG enrichment studies on ARDEGs (Supplementary Tables S3, 4). The GO enrichment analysis in BP showed that the first five ARDEG enrichments were primarily associated with protein phosphorylation, cellular response to DNA damage stimulus, negative regulation of apoptotic process, peptidyl-threonine phosphorylation, and positive regulation of transcription from RNA polymerase II promoter (Figure 3A). The top 20 enriched elements in MF and CC are shown in Figures 3B, C. Furthermore, these ARDEGs were considerably enriched in Cellular senescence, Cell cycle, FoxO signaling pathway, Longevity regulating pathway, and Autophagy (Figure 3D).




Figure 3 | Functional enrichment analysis of ARDEGs. (A) Depicted are the outcomes of GO enrichment analysis for BP, (B) CC, and (C) MF. The bubble plot illustrates the top 20 significantly enriched functions, with bubble size representing the number of DEGs (larger circles indicate more DEGs) and color representing the adjusted p-value (redder colors indicate smaller p-values). (D) KEGG enrichment analysis results are visualized in a Sankey dot pathway enrichment plot, displaying the top 10 significantly enriched pathways.






3.3 Construction of the weighted gene co-expression network

The R package WGCNA was employed for co-expression network construction, utilizing the variance in gene expression of the initial 75% of genes as a screening criterion. A total of 13,906 genes were encompassed in this network assembly. The determination of the soft threshold power at 12 yielded a scale-free index of 0.85, along with notably favorable mean connectivity, enabling the establishment of a scale-free network (Figures 4A, B). Following this, cluster analysis was conducted to identify highly analogous modules, resulting in the display of the cluster dendrogram (Figure 4C). The correlation among these modules was calculated (Figure 4D). The findings revealed a notable correlation between the MEmagenta module and ARDS (cor=0.34; p=0.01), as well as aging (co=-0.34; p=0.01) (Figure 4E; Supplementary Table S5). Moreover, a significant correlation between MM and GS for ARDS within the magenta module (cor=0.3; p=3.8e-14) was observed, as well as aging (co=0.39; p=1.4e-23) (Figures 4F, G). The genes in the magenta module were selected as the candidate genes and compared with ARDEGs, resulting in the identification of 14 genes that were both in the magenta module and associated with ARDS and aging (Figure 4H).




Figure 4 | WGCNA analysis and identification of ARDS-ARDEGs in GSE163426. (A) The soft thresholding power of WGCNA is shown. (B) The average connectivity of WGCNA is displayed. (C) The top 75% of the gene clustering tree’s variance is displayed, with each gene represented by a branch and a co-expression module by a color underneath. (D) The association of feature genes between modules is displayed on a heatmap. (E) A heatmap illustrating the correlations between the modules and traits is displayed; each color corresponds to a co-expression module, and the numbers indicate the p-values and module-trait correlation coefficients. (F) The relationship between the ARDS GS and the magenta module’s MM is displayed as a scatter plot. (G) A scatter plot illustrates the relationship between the magenta module’s MM and aging GS. (H) The intersection of ARDEGs along with significant genes in the magenta module is shown in a Venn diagram.






3.4 Correlation and enrichment analysis of ARDS-ARDEGs

We used the Pearson correlation coefficient to assess the relationship between the ARDS-ARDEGs. PSMA2 exhibited a high correlation with TTBPL1 (cor=0.84) (Figure 5A). The KEGG pathway enrichment analysis demonstrated that the top ten enriched pathways associated with ARDS-ARDEGs were primarily involved in Spinocerebellar ataxia, Proteasome, Measles, Hepatitis C, Necroptosis, Influenza A, and the NOD-like receptor signaling pathway (Figure 5B; Supplementary Table S6). According to the GO enrichment analysis, ARDS-ARDEGs are enriched in BP, including the regulation of hematopoietic stem cell differentiation, deoxyribose phosphate biosynthetic process, negative regulation of G2/M transition of the mitotic cell cycle, regulation of the innate immune response, and deoxyribonucleotide biosynthetic process (Figures 5C, D; Supplementary Table S7). The map illustrating the interactions among BP was subsequently constructed (Figure 5E).




Figure 5 | The correlation and enrichment analysis of ARDS-ARDEGs. (A) The ARDS-ARDEG correlation analysis is shown, with statistical significance denoted by *P<0.05, **P<0.01, and ***P<0.001. (B) A circular plot illustrates the top 10 entries for KEGG enrichment analysis of ARDS-ARDEGs. (C) A chord plot shows the top 10 BP entries for GO enrichment. (D) A bubble plot is presented, displaying the BP entries for GO enrichment. (E) A network plot indicates the BP entries associated with the ARDS-ARDEG analysis.






3.5 Identification of hub ARDS-ARDEGs via machine learning

Three machine learning algorithms were used to screen hub ARDS-ARDEGs in order to identify signature genes in the elderly population with ARDS: LASSO (Figures 6A, B), RF (Figures 6C, D), and XGBoost (Figure 6E). Following the integration of the outcomes from the three algorithms, we ultimately identified four hub genes: CKAP2, P2RY14, RBP2, and TYMS (Figure 6F; Supplementary Table S8).




Figure 6 | Selection of hub ARDS-ARDEGs using machine learning. (A) LASSO coefficient computation. The vertical dashed line shows the ideal lambda value. (B) Ten-fold cross-validation for LASSO model parameter adjustment. Every curve represents a gene. (C) The correlation between the mistake rate and the number of trees in the random forest. (D) Relative relevance ranking for ARDS-ARDEGs. (E) XGBoost modeling in the ARDS training set. (F) Venn diagram illustrating the intersection of genes selected as aging markers using LASSO, random forest, and XGBoost algorithms.






3.6 Diagnostic efficacy of hub ARDS-ARDEGs

The ROC analysis revealed that the four hubs ARDS-ARDEG had high diagnostic values in the training set. The area under the curve (AUC) of ROC for these signature genes was observed as follows: 0.902 for CKAP2, 0.843 for P2RY14, 0.770 for RBP2, and 0.834 for TYMS (Figures 7A–D). Furthermore, the screened signature genes demonstrated higher expression levels in individuals with ARDS than those in the healthy control group, indicating a potential role of these genes in the pathogenesis of ARDS (Figures 7E–H). Subsequently, a correlation analysis was conducted between patient age and the expression of hub ARDS-ARDEGs (Figures 7I–L). As patient age increased, the expression of these genes decreased, with TYMS demonstrating the strongest correlation with the aging process.




Figure 7 | Performance of hub ARDS-ARDEGs in the GSE163426 dataset. (A-D) ROC curves demonstrate the chosen genes’ diagnostic efficacy. The AUC is computed to assess the gene’s diagnostic accuracy. (E–H) Violin plots show the differences in the expression levels of particular genes between the ARDS patient group and the control group. The control and ARDS patient groups are shown on the x-axis, while the gene expression values are represented on the y-axis. The width of the violin plot represents the density of gene expression values, with a broader plot indicating a higher expression density. (I-L) Relationship between the age of ARDS patients and the expression levels of the chosen genes. The x-axis represents the age of ARDS patients, and the y-axis represents the gene expression levels. Each point on the scatter plot represents an individual ARDS patient.



In addition, the diagnostic efficacy of each signature gene in predicting ARDS was evaluated in an external validation cohort. By GSE84439, the AUC values of ROC for CKAP2, P2RY14, RBP2, and TYMS were 0.411, 0.321, 0.607, and 0.821, respectively (Figures 8A–D). In comparison to sepsis patients, only TYMS demonstrated significant changes in expression among these characteristic genes in ARDS patients, indicating a remarkable upregulation (Figures 8E–H). These observations indicate that TYMS exhibits superior diagnostic efficiency for ARDS, irrespective of whether it is used to distinguish elderly ARDS patients or differentiate sepsis patients.




Figure 8 | Performance of hub ARDS-ARDEGs in the GSE84439 dataset. (A-D) Violin plots compare the expression levels of particular genes in patients with ARDS and those with septic shock. (E-H) ROC curves indicate the diagnostic performance of the identified genes about ARDS.






3.7 Aging inhibited TYMS induction in mice after ARDS modeling

The murine model of ARDS was established by administering LPS to both aged (18 months) and young (3 months) mice. Despite being challenged with a lower dose of LPS (2.5 mg/kg) compared to young adult mice (5 mg/kg), aged mice exhibited more severe lung injury (Figures 9A, B). At 72 hours after LPS administration, aged mice exhibited lung edema, a condition not observed in young adult mice (Figure 9C). To confirm the mRNA expression levels of hub ARDS-ARDEGs, qRT-PCR was performed on total mRNA extracted from lung tissues (Figures 9D–G). After ARDS modeling, the expression of characteristic genes CKAP2, P2RY14, RBP2, and TYMS was significantly altered. Notably, there was a significant disparity in TYMS expression between the young and aged mice after modeling. The findings demonstrated that the four characteristic genes were strongly activated following the onset of ARDS, whereas aging inhibited the proper induction of TYMS expression in the progression of ARDS.




Figure 9 | Validation of hub ARDS-ARDEGs through total RNA sequencing. (A) Histopathological images of lung tissues in LPS-induced ARDS young and aged mice. Scale bar, 50 μm. (B) Lung injury scoring analysis based on alveolar wall congestion and inflammatory cell infiltration, bronchovascular peribronchial hemorrhage and inflammatory cell infiltration, bronchial lumen exudate, and endothelial cell swelling, with assignment of each slide area to a severity score ranging from 1 (average) to 4 (severe injury). (C) Lung wet-to-dry ratio in young adult and aged mice 72 hours post LPS exposure. (D-G) CKAP2, P2RY14, RBP2, and TYMS expression levels in young and aged ARDS mouse models,n = 6 in each group.The data are shown as mean ± standard deviation, and asterisks (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001) denote statistical significance; "ns" indicates no significance.






3.8 Difference analysis and GSEA analysis of TYMS grouping

Based on the median TYMS value and a significant threshold of “P<0.05” and “|log2FC|>1,” tracheal aspirate samples from ARDS patients in the GSE163426 dataset were classified into two groups: a high-expression group and a low-expression group. As a result, 582 genes exhibited up-regulation, and 544 genes displayed down-regulation (Figure 10A). The heat map depicted the top 30 DEGs (Figure 10B). To evaluate the signaling pathways linked to TYMS, GSEA analysis was conducted (Figures 10C–H). The findings demonstrated a significant correlation between TYMS and the regulation of immune system processes, defense response, negative regulation of alpha-beta T cell activation, blood vessel morphogenesis, regulation of cell population proliferation, and negative regulation of inflammatory response.




Figure 10 | The GSEA of different TYMS expression groups in ARDS patients. (A) A volcano plot shows the differential gene analysis results between the ARDS patient groups with high and low TYMS expression. (B) A cluster heat map, ordered by p-value, displaying the top 30 genes linked to TYMS that are differentially expressed. (C–H) In the TYMS high expression group of ARDS patients, enrichment analysis reveals the upregulation of signaling pathways involved in the regulation of immune system processes, defense response, negative regulation of alpha-beta T cell activation, blood vessel morphogenesis, regulation of cell population proliferation, and negative regulation of inflammatory response in the TYMS high expression group of ARDS patients.






3.9 Evaluation and analysis of immune cell infiltration

The single-sample gene set enrichment analysis (ssGSEA) algorithm was employed to analyze immune cell infiltration, aiming to discern immunological features (Supplementary Table S10). In ARDS samples, the infiltration levels of Activated CD4 T cells, Activated CD8 T cells, and Effector memory CD4 T cells were significantly increased compared to the healthy control. Conversely, the infiltration of CD56dim natural killer cells and Natural killer cells in ARDS samples was significantly reduced (Figure 11A). Following this, a correlation analysis was conducted, linking the expression of hub genes with immune cell infiltration in ARDS patients (Figure 11B). Notably, a strong correlation exists between TYMS expression and the infiltration of various immune cells. Subsequent analysis involved grouping individuals based on TYMS expression levels to explore the relationship between TYMS and immune cell proportion (Figure 11C). The analysis revealed a significant upregulation in the proportion of activated B cells, Memory B cells, and Type 2 T helper cells in the group exhibiting high TYMS expression.




Figure 11 | The ssGSEA immune infiltration analysis in ARDS patients. (A) Boxplot showing the difference in immune cell infiltration between controls and ARDS patients (controls vs. ARDS patients). (B) Heatmap depicting the correlation between hub ARDS-ARDEGs expression and different immune cell infiltrations. (C) Boxplot showing the differences in immune cell infiltration between high and low expression groups of ARDS patients according to TYMS expression. (high versus low). (D–I) The proportion of activated B cells, memory B cells, type 2 T helper cells, CD56dim natural killer cells, central memory CD4 T cells, and immature dendritic cells in ARDS patients correlated with TYMS’s expression levels. The significance levels are: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.



Conversely, there was a distinct decrease in the proportion of CD56dim natural killer cells, Central memory CD4 T cells, and Immature dendritic cells. Figures 11D–I demonstrate the six correlations between TYMS and the immune cells. These findings indicate an association between TYMS and the regulation of immune responses, thereby enhancing the ability to resist pathogenic microorganisms and inhibiting excessive inflammatory responses.




3.10 Discrimination of cell source of TYMS at single-cell resolution

To investigate the cellular origin of TYMS, we acquired snRNA-Seq data, including data from autopsy lung tissues of approximately 116,000 nuclei taken from the lungs of nineteen individuals who died from COVID-19 and seven control individuals from GSE171524. Based on the clinical information of these 19 patients, it is evident that they were over 55 and presented with concomitant respiratory symptoms. Unsupervised analysis identified 19 distinct cell clusters (Figure 12A). These clusters were recognized as distinct cell types based on the expression levels of established markers: alveolar type I (AT1) cells, alveolar type II (AT2) cells, airway epithelial cells, B cells, CD4+ T cells, CD8+ T cells, cycling NK/T cells, dendritic cells, endothelial cells, fibroblasts, macrophages, mast cells, monocytes, NK cells, neuronal cells, other epithelial cells, plasma cells, smooth muscle cells, and Tregs. The disruption of alveolar epithelial and endothelial barriers was attributed to the loss of AT1 cells, AT2 cells, and endothelial cells and the proliferation of mononuclear/macrophage cells, fibroblast cells, and neuronal cells (Figure 12B). It was discovered that endothelial cells exhibited high TYMS expression (Figure 12C). Compared to the control group, patients with respiratory symptoms manifested a discernible upregulation in TYMS expression within endothelial cells (Figure 12D). The findings above indicate that TYMS is primarily expressed in endothelial cells, and moderate induction may contribute to endothelial regeneration and the maintenance of endothelial barrier integrity, thereby reducing the infiltration of inflammatory cells and inhibiting the progression of ARDS.




Figure 12 | Analysis of single-nuclei RNA-Seq data. (A) A uniform manifold approximation and projection map showing the 19 cell types found using unsupervised analysis. The data is sourced from post-mortem lung tissue samples of COVID-19 fatal cases and seven healthy donors. (B) The 19 cell type proportions. (C) Dot plot illustrating the hub ARDS-ARDEGs expression levels in several cell types. (D) A violin plot showing how COVID-19 patients and healthy donors differ in the expression of TYMS in endothelial cells.






3.11 Investigation of communication between endothelial cells and other cell types

In order to evaluate intercellular communication, expression levels of ligands and their matching receptors are examined. The results above indicate that TYMS is primarily expressed in endothelial cells and is associated with immune cell infiltration. To investigate intercellular communication further, we employed the “CellChat” software package for a comprehensive analysis. Circular plots were generated to visualize the secretion signals involved in intercellular communication across all cell types (Figures 13A, B). The analysis demonstrated that endothelial cells communicate with airway epithelial cells through the VISFATIN signaling pathways (Figure 13C). Moreover, endothelial cells primarily receive signals from AT1 cells, fibroblasts, smooth muscle cells, neuronal cells, fibroblasts, and macrophages (Figure 13D).




Figure 13 | Network representation of cell-cell communication. (A) Frequency-based network diagram demonstrating the varying degrees of interactions among different cell types. (B) Intensity-based network diagram showcasing the strength of interactions among diverse cell populations. (C) Communication pathways and their associated intensities originating from endothelial cells are illustrated in a network diagram. (D) Communication pathways and their respective strengths through which endothelial cells receive signals are visualized in a network diagram. (E) Scatter plot detailing the ligand-receptor signaling patterns emitted by endothelial cells. (F) Scatter plot depicting the ligand-receptor signaling received by endothelial cells. (G) Chord diagram illustrating the intricate SEMA3 signaling pathway.



Furthermore, we conducted a ligand-receptor pair analysis that identified specific signaling interactions. Endothelial cells were found to preferentially send signals via the NAMPT - INSR pathway while receiving signals through the VEGFA - VEGFR1, IGF1 - IGF1R, ANGPT1 - TEK, SEMA3A - (NRP1+PLXNA2), SEMA3C - (NRP1+PLXNA2), and SEMA3D - (NRP1+PLXNA2) pathways (Figures 13E, F). Intercellular communication between endothelial cells and other cells is predominantly mediated by the SEMA3 signaling pathway, with endothelial cells serving as the primary receiver cells in this pathway (Figure 13G). The SEMA3 signaling pathway exerts a significant influence on the vascular system, contributing to the development and regeneration of blood vessels. Conclusively, these discoveries provide invaluable perspectives on the intercellular dialogue between endothelial cells and various cell types, shedding light on the distinct signaling pathways and molecules implicated in this intricate process.





4 Discussion

ARDS is a common and severe respiratory condition, particularly in the elderly (35). Extensive research has established a close association between ARDS and the patient’s systemic or localized inflammatory response, with impairment of the pulmonary endothelial barrier function significantly contributing to lung injury and poor prognosis in sepsis and ARDS (36). Accumulating evidence also emphasizes the role of aging in this context, as ARDS incidence and mortality rates are increased in the elderly population (≥65 years old) (37). Research conducted by Soo Jung Cho et al. suggests that the susceptibility of the elderly to pulmonary diseases may be related to age-related changes in the composition and functionality of endothelial cells (11). Relevant studies have found elevated levels of ATP2B1 expression in ARDS patients, which is associated with endothelial barrier disruption (38). Aging impairs lung resident endothelial cell-mediated endothelial regeneration, leading to persistent inflammatory lung injury and high mortality rates (39). Aging exposes the immune system to sustained immune stressors and inflammatory assaults, contributing to immune senescence (40). These findings provide a solid basis to support the potential link between aging and immune regulation in ARDS.

With the current application of bioinformatics in the field of medicine, new avenues have opened up for scientific research on ARDS, allowing for the discovery of potential essential target genes. This study combines bioinformatics analysis with machine learning strategies to investigate the pathogenesis of ARDS from an aging perspective.

Through our analysis of normal and ARDS patient samples, we have identified 134 ARDEGs. Based on the results of GO and KEGG enrichment analyses, these ARDEGs are primarily involved in cellular responses to DNA damage stimuli, inflammatory reactions, negative regulation of innate immunity, and the FoxO signaling pathway and cellular senescence pathway. Our research highlights the involvement of these genes in inflammation response and aging. Increasing evidence supports the influence of aging on the occurrence of ARDS. For instance, elevated levels of reactive oxygen species production enzyme NADPH oxidase 4 in aging mice enhance endothelial cell permeability, impairing endothelial barrier function (41).

Additionally, KEGG pathway enrichment analysis indicates that these ARGs predominantly participate in the FoxO signaling pathway and lifespan regulation. FOXO transcription factors are crucial determinants of aging and longevity (42). Further research is needed to explore the hub ARDS-ARDEGs.

We identified four hub ARDS-ARDEGs (CKNP2, P2RY14, RBP2, and TYMS) using WGCNA analysis and three machine learning screenings (LASSO, RF, XGBoost). Our results indicated that four hub ARDS-ARDEGs were considerably elevated in samples from ARDS patients and had a robust diagnostic ability to predict ARDS.

CKAP2 (Cytoskeleton-associated protein 2, a crucial protein that controls cell proliferation), particularly during mitosis and cytokinesis (43). CKAP2 is up-regulated in a variety of malignant tumors and has diagnostic value in osteosarcoma (44), triple-negative breast cancer (45), gastric cancer, and other tumors (46). It has been reported that the CKAP2 gene plays a role in cell senescence (47), but its pathway needs to be confirmed by further studies. TYMS (Thymidylate synthase) is a gene that plays a crucial role in DNA replication and repair (48). Chen Y reported that the knockdown of TYMS resulted in reactive oxygen species generation, DNA damage, and cellular senescence (49). Restoring the expression and activity of FoxM1 may potentially enhance the functionality of endothelial cells and promote vascular neogenesis and repair (50). Additionally, as a downstream target of FoxM1, TYMS could be involved in the endothelial cell repair process (51). RBP2 (Retinoblastoma binding protein 2) facilitates the uptake, absorption, and metabolism of retinol (52). Moreover, it is implicated in the development of obesity and associated metabolic disorders (53). Several studies indicate that RBP2 plays a central role in maintaining innate immunity in the intestinal tract (54). Nevertheless, extensive research is still required to attain a comprehensive understanding of RBP2’s role in ARDS pathology. P2RY14, a G-protein coupled purinergic receptor, manifests its expression within the placenta, adipose tissue, intestine, stomach, and lung (55). Under conditions of tissue stress, alterations in the expression levels of P2Y14 occur, thereby influencing the processes of cellular aging and apoptosis (56). The expression of P2Y14R in human alveolar epithelial type 2 cells and its impact on IL-8 secretion and neutrophil recruitment suggest its pivotal role in the activation of airway epithelial cells and modulation of immune response (57).

To further validate the results of the bioinformatics analysis, we conducted qRT-PCR to identify and screen the four hub genes using lung tissue samples from both the control and ARDS model groups of mice. Remarkably, we observed significantly higher expression levels of all four genes in the lung tissues of ARDS mice, aligning with the findings of the bioinformatics analysis. Notably, there was a significant difference in TYMS expression between elderly and young mice after modeling, suggesting its potential as a diagnostic biomarker for elderly ARDS patients. Therefore, our subsequent research will focus on TYMS as the target gene for further exploration.

To investigate the possible biological functions and pathways TYMS may be involved in ARDS, we divided the ARDS dataset GSE163426 into groups based on the expression levels of TYMS and performed GSEA. The results revealed that TYMS plays a critical role in ARDS development by influencing immune inflammation and vascular morphogenesis. These findings are consistent with previous research on ARDS. We then conducted further research to evaluate the immunological infiltration in ARDS utilizing ssGSEA. In ARDS samples, we discovered a substantial increase in the infiltration levels of effector memory CD4 T cells, activated CD8 T cells and activated CD4 T cells. Additionally, TYMS demonstrated a negative correlation with CD56dim natural killer cells, Central memory CD4 T cells, and immature dendritic cells, and a positive correlation with activated B cells, memory B cells, and Type 2 T helper cells by correlation analysis with immune cells. It has been established that inflammatory and immune-infiltrating cells, such as Type 2 T helper cells, which are mainly responsible for producing IL-4, IL-5, and IL-13 involved in humoral immunity, serve a purpose in the development of ARDS (58).

However, the intricate interaction among these immune cells, their distinct roles in ARDS, and the intricate molecular mechanisms involved still require further investigation for a comprehensive understanding.

Furthermore, we investigated the cellular localization of TYMS based on snRNA-Seq data. The results revealed different proportions of AT1 cells, AT2 cells, endothelial cells, mononuclear/macrophage cells, fibroblast cells, and neuronal cells between the control group and COVID-19-ARDS patients. Remarkably, the proportion of endothelial cells in ARDS patients was significantly lower compared to the healthy control group, indicating impaired endothelial cell function in ARDS patients. The increased proliferation of B cells is associated with improved survival rates in ARDS (59). Additionally, there was a decrease in alveolar epithelial cells in ARDS patients, consistent with the findings of a study by Feng et al. (60). TYMS showed high expression in the endothelial cells of ARDS patients, and moderate induction may contribute to endothelial regeneration and the maintenance of endothelial barrier integrity, thereby reducing the infiltration of inflammatory cells and inhibiting the progression of ARDS.

Within the microenvironment of the tissue, intercellular communication among diverse cell types assumes a consequential role. The results of this study demonstrate that endothelial cells communicate with airway epithelial cells through the VISFATIN signaling pathway. Additionally, endothelial cells receive ligand signals from other cell types, including AT1 cells, fibroblast cells, smooth muscle cells, neurons, fibroblast cells, and macrophages. The SEMA3 signaling pathway mainly mediates cell-to-cell communication between endothelial cells and other cells. The SEMA3 signaling pathway significantly impacts the vascular system, promoting vascular development and regeneration (61). In conclusion, these findings provide valuable insights into the intercellular communication between endothelial cells and other cell types, elucidating the specific signaling pathways and molecules involved.

Our research has limitations. Firstly, information from open databases served as the foundation for all analysis. The species representation, sequencing platforms, molecular types, sample grouping, and sample quality of the GEO collection are all limited. Nevertheless, the datasets utilized in this investigation were the only ones readily available for our analysis. Even though our cohorts have been constructed and confirmed, prospective research with additional validation would be ideal. Extensive research is also required to investigate the possible roles of hub genes in the pathophysiology of ARDS.





Conclusion

Our study utilized bioinformatics analyses and machine learning methods to identify four potential aging-related genes associated with ARDS. The essential genes CKAP2, P2RY14, RBP2, and TYMS were validated using animal samples to determine their expression levels in an animal model through the protective role of TYMS in maintaining the integrity of the pulmonary microvascular endothelial barrier, promoting endothelial cell regeneration, and restoring its function. It could be a novel approach to the management and prevention of ARDS. These discoveries have immediate therapeutic implications, opening the door to more accurate diagnoses and individualized treatment plans. In the end, our study provides important insights for further investigation into ARDS and its treatment modalities while laying the groundwork for experimental and clinical research in the future.
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Introduction

Hemorrhagic shock is characterized by derangements of the gastrointestinal microcirculation. Topical therapy with nitroglycerine or iloprost improves gastric tissue oxygenation but not regional perfusion, probably due to precapillary adrenergic innervation. Therefore, this study was designed to investigate the local effect of the parasympathomimetic carbachol alone and in combination with either nitroglycerine or iloprost on gastric and oral microcirculation during hemorrhagic shock.





Methods

In a cross-over design five female foxhounds were repeatedly randomized into six experimental groups. Carbachol, or carbachol in combination with either nitroglycerine or iloprost were applied topically to the oral and gastric mucosa. Saline, nitroglycerine, or iloprost application alone served as control groups. Then, a fixed-volume hemorrhage was induced by arterial blood withdrawal followed by blood retransfusion after 1h of shock. Gastric and oral microcirculation was determined using reflectance spectrophotometry and laser Doppler flowmetry. Oral microcirculation was visualized with videomicroscopy. Statistics: 2-way-ANOVA for repeated measurements and Bonferroni post-hoc analysis (mean ± SEM; p < 0.05).





Results

The induction of hemorrhage led to a decrease of gastric and oral tissue oxygenation, that was ameliorated by local carbachol and nitroglycerine application at the gastric mucosa. The sole use of local iloprost did not improve gastric tissue oxygenation but could be supplemented by local carbachol treatment. Adding carbachol to nitroglycerine did not further increase gastric tissue oxygenation. Gastric microvascular blood flow remained unchanged in all experimental groups. Oral microvascular blood flow, microvascular flow index and total vessel density decreased during shock. Local carbachol supply improved oral vessel density during shock and oral microvascular flow index in the late course of hemorrhage.





Conclusion

The specific effect of shifting the autonomous balance by local carbachol treatment on microcirculatory variables varies between parts of the gastrointestinal tract. Contrary to our expectations, the improvement of gastric tissue oxygenation by local carbachol or nitroglycerine application was not related to increased microvascular perfusion. When carbachol is used in combination with local vasodilators, the additional effect on gastric tissue oxygenation depends on the specific drug combination. Therefore, modulation of tissue oxygen consumption, mitochondrial function or alterations in regional blood flow distribution should be investigated.





Keywords: tissue oxygenation, microcirculation, microvascular recruitment, hemorrhagic shock, carbachol, nitroglycerine, iloprost, local drug application




1 Introduction

Despite intensive research, acute traumatic hemorrhage remains a global burden, with a high mortality rate particularly within the first month after injury (1). During this period, the maintenance of intestinal tissue integrity seems to be crucial to reestablish global homeostasis and avoid secondary diseases (2). Unfortunately, hemorrhagic shock is characterized by microcirculatory failure, that is particularly pronounced within the gastrointestinal tract (3) leading to regional hypoxia and tissue injury. Therefore, there is need to detect therapeutic interventions that improve intestinal microcirculation during hemorrhagic shock. As there is a mismatch of macro- and microcirculatory variables in critically ill patients, the sole use of macrocirculatory measurements seems to be insufficient to guide the restoration of regional microcirculation during severe shock states (4). Meanwhile microcirculatory variables revealed to predict multi organ failure more sensitively than macrocirculatory variables in critically ill patients, highlighting the role of microvascular derangements in critically ill patients (5, 6).

There are two mechanisms mainly discussed leading to microvascular impairment during hemorrhagic shock within the gastrointestinal tract. First, excessive blood loss results in intravascular hypovolemia with reduced microvascular perfusion. Here the transfusion of blood products represents a therapeutic concept for hemorrhagic shock treatment (7, 8). Secondly, adrenergic vascular innervation and circulating catecholamines, aiming to ensure the maintenance of an adequate mean arterial perfusion pressure (9, 10), lead to regional vasoconstriction and thus to intestinal hypoperfusion and ischemia (11). The therapeutic approach to reopen collapsed vessels, increase total vessel density and enhance microvascular tissue oxygenation by pharmacological interventions is called microvascular recruitment (12, 13). From an integrated point of view, vascular tone is not only regulated by neurogenic innervation and circulating catecholamines, but is also influenced by regional metabolites like nitric oxide, adenosine and prostaglandins (14). Focusing on the metabolic part of microvascular blood flow regulation, Hilty et al. reported, that challenging the microcirculation by local nitroglycerine exposition is able to quantify the microvascular reserve in healthy volunteers (15), giving the perspective to deal with unphysiological conditions of restricted oxygen availability (16). This concept was successfully transferred into perioperative patients (17). Especially during acute heart failure the titration of low-dose nitroglycerine increases perfused capillary density (18), improves myocardial microcirculation and reduces cardiac filling pressure (19). Further, nitroglycerine reverts clinical manifestations of poor peripheral perfusion in patients undergoing circulatory shock (20). Likewise, iloprost, a prostacyclin analogue with vasodilative properties, demonstrated beneficial effects on microvascular variables and ameliorated endotoxemia-related acute kidney injury as a consequence of an improved tissue oxygenation in rats (21). Beside its potent effect on the microvasculature, iloprost also exerts beneficial effects on intestinal ischemia-reperfusion injury (22, 23) and reduces oxidative stress in a model of colitis in rodents (24).

In accordance with these findings, we successfully used local nitroglycerine and iloprost to increase gastric mucosal oxygenation during hemorrhagic shock in dogs in a previous study. In addition, nitroglycerine attenuated shock-induced impairment of the mucosal barrier integrity (25). Despite the well described vasodilative effect of both agents, regional perfusion markers remained unchanged after topical drug application (25). We supposed that precapillary adrenergic innervation during acute hemorrhage might counteract metabolic vasodilatation by nitric oxide and prostacyclin. Therefore, reducing adrenergic vasoconstriction could reveal as a possible target to maintain residual tissue perfusion. In previous studies, complete regional blockade of the sympathetic nervous system by epidural anesthesia revealed to maintain gastric tissue oxygenation under physiological conditions despite slightly compromised macrocirculatory variables. Unfortunately, peridural anesthesia exerted unfavorable effects on gastric tissue oxygenation during hemorrhagic shock (26, 27). This emphasizes the importance of at least partially preserved functionality of the sympathetic nervous system during hemorrhagic shock. Because the parasympathetic nervous system is the functional antagonist of adrenergic stimulation (28), the application of parasympathomimetic agents could restore the autonomic balance and maintain gastrointestinal perfusion without provoking disadvantageous effects of sympathetic blockade during acute hemorrhage. Therefore, this study was designed to investigate, if carbachol, a parasympathomimetic agent that acts as an agonist of muscarinic and nicotinic receptors, induces microvascular recruitment, improves oral and gastric microvascular perfusion and enhances tissue oxygenation in hemorrhagic dogs. Beside those microcirculatory considerations, carbachol is reported to improve intestinal barrier function by strengthening apical tight junctions and associated proteins during acute pancreatitis (29), lipopolysaccharide-induced intestinal damage (30) and ethanol-induced epithelial injury (31). Finally, carbachol induces intestinal mucus formation as a part of the physical barrier (32). In summary, these mechanisms including vascular and non-vascular effects could lead to reduced cell and tissue damage as reported during hypoxic challenges (33).

Whether the application of a parasympathomimetic is able to reestablish autonomous balance and leads to an increase of microvascular perfusion and tissue oxygenation during shock is unclear. Additionally, a parasympathomimetic agent in combination with nitroglycerine or iloprost might counteract precapillary adrenergic vasoconstriction and thus additionally improve microvascular flow. The systemic application of nitroglycerine, iloprost and carbachol could further diminish hemodynamic stability. In this context, our group reported the gastrointestinal microcirculation to be susceptible for topical therapies without systemic side effects during hemorrhagic shock (34–36). Thus, we studied the impact of local application of all substances.

The following study was designed to address the following questions:

	(i) Does local application of the parasympathomimetic carbachol induce microvascular recruitment of oral microcirculation and increases gastric and oral tissue oxygenation during hemorrhagic shock?

	(ii) Does additional local carbachol application further improve microcirculation, when applicated additionally to local nitroglycerine or iloprost treatment during acute hemorrhage?

	(iii) Does local carbachol or the combination with either nitroglycerine or iloprost exert systemic side effects on circulatory variables?






2 Materials and methods



2.1 Animals and standard instrumentation

The data set was derived from five healthy female dogs (foxhounds, age: 3 – 10 years, weighing: 28 – 36 kg), that were treated repetitively in accordance with the NIH guidelines for animal care. All experiments were approved by the Local Animal Care and Use Committee (North Rhine- Westphalia State Agency for Nature, Environment, and Consumer Protection, Recklinghausen, Germany; ref. AZ 84-02.04.2012.A152). Animals were bred for experimental purposes and obtained from the animal research facility (ZETT, Zentrale Einrichtung für Tierforschung und wissenschaftliche Tierschutzaufgaben) of the Heinrich-Heine-University Duesseldorf. Food was withheld for 12 h prior to the experiments with free water access to ensure gastric depletion, since digestive activity might change gastrointestinal perfusion. Each dog underwent every experimental protocol in a randomized order and served as its own control (crossover design). Repeated experiments at the same individual reduce the total number of experiments needed to gain statistically significant results according to the 3R principle. Drug application was blinded to the investigators. After the experiments animals did not participate in any other experiment for at least three weeks to avoid carryover effects especially referring to the autonomous vegetative system. No animal was sacrificed during or after the experiments.

All experiments were performed under general anesthesia [induction of anesthesia: 4 mg·kg-1 propofol; maintenance of anesthesia: end-tidal sevoflurane 3.0 Vol % (37)] and mechanical ventilation [FiO2: 0.3, VT: 12.5 ml·kg-1 (38)]. No opioids were used due to the atraumatic instrumentation and lack of surgical stimulus and to avoid tissue protection via opioid receptors as side effect. In previous experiments we could show that systemic and regional hypercapnia improve microvascular oxygen saturation (3). Therefore, capnography was used to adjust respiratory rate to achieve normocapnia (etCO2: 35 mmHg). The left carotid artery was catheterized for invasive blood pressure measurement (Gould-Statham pressure transducers P23ID, Elk Grove, IL) and intermittent blood gas analysis (Rapidlab 860, Bayer AG, Germany). Both carotids were externalized before animals participated in the experiments to enable landmark guided arterial catheterization with low complication rates and a sufficient compression after the experiment for adequate hemostasis (39). All animals took part in previous experiments, so we did not perform surgical carotid externalization in direct relation to the described experiments. Transpulmonary thermodilution was used to determine cardiac output (CO [ml·kg-1·min-1]). In detail, the arterial catheter inserted to the carotid included a component to register the local temperature of arterial blood. (PiCCO 4.2 non US, PULSION Medical Systems, Munich, Germany). Every 30 minutes 10 ml of cold saline were injected intravenously via a peripheral vein at the forelimb. Alongside the bolus application, definitive temperature of the fluid bolus was registered by a thermistor that was connected to the intravenous catheter. After transpulmonary passage of the cold saline, the decrease of arterial blood temperature was measured in the arterial catheter and enables the calculation of CO. Systemic oxygen delivery (DO2 [ml·kg-1·min-1]) was calculated as total oxygen content of the blood multiplied by cardiac output. The heart rate (HR [1·min-1]) was measured by a spike-triggered electrocardiography (Powerlab, ADInstruments, Castle Hill, Austria). An orogastric tube was inserted to enable microvascular measurement at the gastric mucosa and local drug infusion. After the experiments animals were extubated and kept under direct supervision until they had completely recovered from anesthesia, including achieving an unassisted sufficient intake of wet food and water. Puncture sites were compressed to stop bleeding and examined to ensure adequate hemostasis. Then, the dogs were given back to their keepers in the animal research facility.




2.2 Experimental protocol

After the induction of general anesthesia, intubation and standardized instrumentation, baseline values were recorded under steady state conditions and animals were randomized to one of six experimental protocols (Figure 1). Steady state conditions were defined as stability of hemodynamic variables (HR [1·min-1] and MAP [mmHg]), microcirculatory measurements (reflectance spectrophotometry) and ventilation variables (etCO2 [mmHg], etSevo [Vol%]). First, an initial drug bolus was applicated simultaneously to the oral region and the gastric cave as described below. Then, continuous drug infusion was started. After thirty minutes of observation, a fixed-volume hemorrhage was inducted by removing 20% of the estimated total blood volume within 5 min duration via an intravenous peripheral cannula and the arterial catheter (40). According to Advanced Trauma Life Support (ATLS) shock classification, this represents a class II shock (41). Shock was held for one hour without further correction, then the heparinized shed blood was retransfused using a conventional transfusion set with a 200 µm filter. Afterwards, animals were observed for one hour, then experiments were stopped, and animals were led back to spontaneous breathing and consciousness.




Figure 1 | Experimental protocol. After the registration of baseline values (00:30) saline (control), carbachol (C), nitroglycerine (N), iloprost (I) or a combination of carbachol with either nitroglycerine (C + N) or iloprost (C + I) was applicated locally to the gastric and oral mucosa (01:00). The initial drug bolus was followed by a continuous rate for the rest of the experiments (∏). Then, hemorrhagic shock was induced by arterial blood withdrawal and measurements were performed after 30 min and 60 min to assess early (01:30) and late (02:00) shock effects. The period of acute hemorrhage is marked grey in this figure. Finally, the removed blood volume was retransfused and measurements were obtained during early (02:30) and late (03:00) course of retransfusion. Time is indicated as [hh:mm].





2.2.1 Interventional groups

Experimental groups differed according to the combination of nitroglycerine (Nitrolingual infusion, G. Pohl-Boskamp & co KG, Hohenlockstedt, Germany), iloprost (5-cis Iloprost, Cayman Chemicals, Ann Arbor, MI, USA), carbachol (Carbamylcholine chloride, Sigma-Aldrich Corporation, St. Louis, USA) and saline application. All investigators were blinded to the pharmacological treatment. The experimental protocol of acute hemorrhage and retransfusion did not differ between the groups. All experimental groups - including those with a sole nitroglycerine or iloprost treatment - have been performed exclusively for the here addressed research questions and have not been published before.




2.2.2 Saline (control)

Control animals did not receive drug application prior to acute hemorrhage. Instead, a local application of saline was used to exclude volume effects. After an initial gastric bolus of 0.25 ml·kg-1 saline, a continuous fluid supplementation was generated by the application of 2 ml·kg-1·h-1 at the gastric mucosa and 0.66 ml·kg-1·h-1 at the oral mucosa. Total fluid substitution by gastric and oral drug application was equally in all experimental groups.




2.2.3 Nitroglycerine (N)

Animals received an initial gastric nitroglycerine bolus of 25 µg·kg-1 followed by 500 µg·kg-1·h-1 continuous nitroglycerine application at the gastric mucosa and 165 µg·kg-1·h-1 continuous nitroglycerine application at the oral mucosa. The nitroglycerine dose used in this study was reported to improve gastric µHbO2 in a previous study (25).




2.2.4 Iloprost (I)

Animals received an initial gastric iloprost bolus of 100 ng·kg-1 body weight followed by 2 µg·kg-1·h-1 continuous iloprost application at the gastric mucosa and 0.66 µg·kg-1·h-1 continuous iloprost application at the oral mucosa. The iloprost dose used in this study was reported to improve gastric µHbO2 in a previous study (25).




2.2.5 Carbachol (C)

Animals received an initial gastric carbachol bolus of 20 µg·kg-1 body weight followed by 10 µg·kg-1·h-1 continuous carbachol application at the gastric mucosa and 3.33 µg·kg-1·h-1 continuous carbachol application at the oral mucosa. The carbachol dose used in this study is adapted to recommendations for the therapeutic approach of cats and dogs (42).




2.2.6 Nitroglycerine + Carbachol (N + C)

To investigate the additional effect of topical carbachol application on nitroglycerine treatment, animals received a gastric bolus of 25 µg·kg-1 nitroglycerine and 20 µg·kg-1 carbachol. Gastric (nitroglycerine: 500 µg·kg-1·h-1; carbachol: 10 µg·kg-1·h-1) and oral (nitroglycerine 165 µg·kg-1·h-1; carbachol: 3.33 µg·kg-1·h-1) infusion were performed according to the protocol in groups with single drug treatment.




2.2.7 Iloprost + Carbachol (I + C)

To investigate the additional effect of topical carbachol application on iloprost treatment, animals received a gastric bolus of 100 ng·kg-1 iloprost and 20 µg·kg-1 carbachol. Gastric (iloprost: 2 µg·kg-1·h-1; carbachol: 10 µg·kg-1·h-1) and oral (iloprost 0.66 µg·kg-1·h-1; carbachol: 3.33 µg·kg-1·h-1) infusion were performed according to the protocol in groups with single drug treatment.





2.3 Measurements



2.3.1 Reflectance spectrophotometry and laser Doppler flowmetry

Gastric and oral microcirculation were evaluated using a combined measurement of two analytic principles: reflectance spectrophotometry and laser Doppler flowmetry (O2C, LEA Medizintechnik, Gießen, Germany). As described previously, white light with a spectrum between 450 nm und 1000 nm wavelength and a diode generated pulse laser (CW-mode, 820 nm) was emitted into the subepithelial tissue of gastric and oral mucosa. Dependent on its oxygen saturation grade, hemoglobin absorbs different wavelengths of white light. Therefore, the averaged hemoglobin saturation can be calculated from the scattered and reflected, complementary light spectrum. Since blood is not distributed equally within the microcirculatory compartment with a predominantly venous proportion and tissue reflectance spectrophotometry is not able to distinguish between arterial and venous vessels, measurements report mainly postcapillary oxygen saturation (µHbO2). According to the principle of last meadow, µHbO2 is a marker to determine tissue oxygen reserve under conditions of generally maintained microvascular vessel architecture. Not focusing on the spectral components, but on the total amount of reflected light, relative hemoglobin content (rHb) can be calculated. Thereby, relative hemoglobin content refers to a predetermined volume of the targeted tissue and correlates antiproportionally to the intensity of reflected light. Vessels that are not part of the microcirculatory compartment lead to total light absorption in consequence of the extensive hemoglobin load in larger vessels.

Laser-Doppler flowmetry is based on the frequency shift, that is generated at the surface of moving particles. Since microcirculatory vessels form a tridimensional network, complex algorithms are used to transform the reflected laser signal and results are reported in arbitrary units [aU] (43). All values reported are the average of measurements within 5 min.




2.3.2 Oral incident dark-field imaging

IDF-imaging is based on initial considerations of Sherman et al. and uses epi-illumination to visualize the microcirculation (44). Further improvement of the technical devices and slight changes in the principle of measurement led to a high-resolution handheld camera called Cytocam (Braedius Medical, Huizen, The Netherlands), which is declared to be the third generation videomicroscope for noninvasive microcirculatory assessment. This device is recommended by an international expert group of the European Society of Intensive Care Medicine (ESICM) to evaluate the microcirculation (11). Conceptionally, pulsed green light is emitted to the targeted tissue and reflected by interstitial cells and matrix components. A complex lens system at the tip of the Cytocam device then creates short video sequences of the reflected light. Since light with a wavelength of 530 nm meets the isosbestic point of oxygenated and deoxygenated hemoglobin, illumination of erythrocytes as the main hemoglobin carriers leads to total absorption. Erythrocytes during the tissue passage then occur as dark light recesses and form the contour of microvascular vessels. The videos were recorded according to the quality requirements of an international expert round and saved anonymized for blinded analysis. Total vessel density (TVD) as a marker of microvascular recruitment and perfused vessel density (PVD) as well as the proportion of perfused vessels (PPV) as indices of microvascular perfusion were determined using an automatic analyzing software. Further, the microvascular flow index was calculated to access the predominant microvascular blood flow characteristics. In detail, the screen is divided into four squares and flow is characterized as not existent (scoring = 0), intermittent (scoring = 1), sluggish (scoring = 2) or regular (scoring = 3). To avoid sampling errors, five videos were recorded, and averaged values are reported.





2.4 Statistics

Macro- and microcirculatory data were obtained during the last 5 min of each intervention period under steady-state conditions and are presented as absolute values of mean ± standard error (mean ± SEM) for five dogs. Normal data distribution was assessed in Q-Q-plots (IBM SPSS Statistics, International Business Machine Corp., United States). A two-way analysis of variance for repeated measurements (ANOVA) and a Bonferroni test as post-hoc test for statistical analysis (GraphPad Prism version 6.05 for Windows, GraphPad Software, La Jolla California United States) were used to determine differences within and between the experimental groups. p < 0.05 is considered as statistically significant. Multiple measurements enable metric statistical testing of microvascular flow index and heterogeneity index as semiquantitative scores that generally require non-parametric analysis (3).





3 Results



3.1 Effect of local drug application on gastric microcirculation

Gastric µHbO2 did not differ between experimental groups under baseline conditions and remained unchanged after local drug application. The induction of hemorrhagic shock led to a pronounced decrease of µHbO2 that was diminished by local nitroglycerine and carbachol application (Figure 2) but not with iloprost. Combining carbachol and nitroglycerine did not further increase µHbO2, whereas adding carbachol to iloprost significantly raised µHbO2 during acute hemorrhagic shock. Whereas µHbO2 after 1 h of hemorrhagic shock increased in animals that received nitroglycerine, the beneficial effect of local carbachol application was limited to the initial shock (Table 1). Across all groups, µHbO2 returned to baseline values after retransfusion of the shed blood. Gastric µflow and rHb remained stable over the time in all experimental groups. There were no differences in gastric µflow and rHb values referring to the experimental groups (Table 1).




Figure 2 | Postcapillary oxygen saturation of gastric mucosa. Postcapillary oxygen saturation (µHBO2) of the gastric mucosa in percentage points (%) under baseline conditions (00:30), during early hemorrhagic shock (01:30) and after retransfusion (02:30) of the shed blood. The period of hemorrhagic shock is visualized by a grey box. Local application with either a sole carbachol, nitroglycerine or iloprost or a combined treatment with nitroglycerine or iloprost and carbachol are marked according to the symbols shown in the legend. The time is indicated as [hh:mm]. Data are presented as mean ± SEM for n = 5 female dogs; * p < 0.05 between the indicated experimental group and the control group at one time point. # p < 0.05 vs. baseline value. 2-way ANOVA for repeated measurements followed by the Bonferroni post-hoc test.




Table 1 | Gastric microcirculation.






3.2 Effect of local drug application on oral microcirculation

Baseline values of oral µHbO2, µflow and rHb did not differ between experimental groups. Similar to gastric measurements, the induction of hemorrhagic shock led to a significantly decrease of µHbO2 at the oral mucosa. Neither the local application of carbachol nor the local application of nitroglycerine or iloprost influenced oral µHbO2 during acute hemorrhage. Furthermore, the combination of local carbachol and nitroglycerine application as well as the combination of local carbachol and iloprost application failed to improve mucosal µHbO2 during acute hemorrhage (Figure 3). Retransfusion of the taken blood reestablished initial µHbO2-values at the end of experiments (Table 2). Oral µflow and rHb decreased after shock induction in control animals. None of the treatments improved µflow or rHb during hemorrhagic shock (Table 2). TVD at baseline measurement was similar in all experimental groups. The induction of hemorrhagic shock led to a significant decrease of TVD in all experimental groups. Only the local application of carbachol improved TVD during acute hemorrhage (Figure 4). Initial values of PVD and MFI did not vary between experimental groups. PVD decreased during hemorrhagic shock and was not affected by local drug application. Similarly, MFI decreased in control animals after the induction of acute hemorrhagic shock. After 1 h of the ongoing hemorrhage, MFI was higher in animals that received carbachol compared to controls (Figure 5) and to animals with nitroglycerine or iloprost treatment. PVD and MFI values reached baseline level after retransfusion of the taken blood in all experimental groups (Table 2).




Figure 3 | Postcapillary oxygen saturation of oral mucosa. Postcapillary oxygen saturation (µHBO2) of oral mucosa in percentage points (%) under baseline conditions (00:30), during early hemorrhagic shock (01:30) and after retransfusion (02:30) of the shed blood. The period of hemorrhagic shock is visualized by a grey box. Local application with either a sole carbachol, nitroglycerine or iloprost or a combined treatment with nitroglycerine or iloprost and carbachol are marked according to the symbols shown in the legend. The time is indicated as [hh:mm]. Data are presented as mean ± SEM for n = 5 female dogs; # p < 0.05 vs. the individual baseline value. There were no differences between the experimental groups at one time point. 2-way ANOVA for repeated measurements followed by the Bonferroni post-hoc test.




Table 2 | Oral microcirculation.






Figure 4 | Total vessel density of oral mucosa after local carbachol treatment. Total vessel density (TVD) of oral mucosa in mm/mm2. The period of hemorrhagic shock is visualized by a grey box. Local application with either saline or carbachol is marked according to the symbols shown in the legend. Other experimental groups are not shown for reasons of clarity. The time is indicated as [hh:mm]. Data are presented as mean ± SEM for n = 5 female dogs; * p < 0.05 between animals, that received saline or carbachol at one time point. 2-way ANOVA for repeated measurements followed by the Bonferroni post-hoc test.






Figure 5 | Microvascular flow index of oral mucosa after local carbachol treatment: Microvascular flow index (MFI) of oral mucosa. The period of hemorrhagic shock is visualized by a grey box. Local application with either saline or carbachol is marked according to the symbols shown in the legend. Other experimental groups are not shown for reasons of clarity. The time is indicated as [hh:mm]. Data are presented as mean ± SEM for n = 5 female dogs; * p < 0.05 between animals, that received saline or carbachol at one time point. 2-way ANOVA for repeated measurements followed by the Bonferroni post-hoc test.






3.3 Effect of local drug application on systemic circulatory variables

Baseline values of CO and DO2 did not differ between experimental groups. The induction of acute hemorrhagic shock led to a pronounced decrease of CO and DO2. Retransfusion reestablished adequate CO and DO2. Local drug application had no effect on systemic circulatory variables (Table 3). Compared to baseline values plasmatic lactate levels increased in all groups with local carbachol application during hemorrhagic shock and remained elevated after blood retransfusion for the rest of the experiments. The cotreatment with nitroglycerine or iloprost mitigated this effect of local carbachol supply on lactate levels during the retransfusion period. At the end of the experiments only the carbachol group had increased lactate levels compared to the control group. Animals that received a sole nitroglycerine or iloprost treatment revealed a slight increase of plasmatic lactate levels, that did not exceed the physiological range. Slight changes of arterial blood gases, pH-value and bicarbonate concentration remained within the physiological range in all experimental groups (Table 4).


Table 3 | Macrocirculatory variables.




Table 4 | Arterial blood gas analysis.







4 Discussion

This study investigated the effects of local carbachol alone and in combination with nitroglycerine or iloprost application on gastric and oral microcirculation and tissue oxygenation during hemorrhagic shock. According to literature, all substances might have a potential to induce microvascular recruitment. However, beneficial effects of local nitroglycerine and iloprost application might be partially counteracted by adrenergic vasoconstriction. Therefore, we investigated, if the simultaneous use of the parasympathomimetic carbachol leads to further microvascular recruitment and an improved tissue oxygenation in the gastrointestinal tract by reducing regional sympathetic effects. Since patients with hemorrhagic shock are highly vulnerable to additional adverse events due to the barely compensated hemodynamic situation, we chose local drug application to mitigate systemic side effects of the pharmacological treatment.

The main findings are:

	(i) Local carbachol recruits the structural microcirculation of the oral mucosa, that leads to an increase of microvascular flow index in the late course of hemorrhage. Gastric but not oral tissue oxygenation improved during hemorrhagic shock.

	(ii) Nitroglycerine application results in a potent increase of postcapillary oxygen saturation at the gastric mucosa, that cannot be enhanced further by an additional carbachol treatment. Local iloprost application slightly enhances gastric tissue oxygenation, that can be supplemented sufficiently by local carbachol treatment. Local drug application had no effect on oral microcirculation.

	(iii) There are no systemic side effects on circulatory variables after local carbachol, nitroglycerine and iloprost or the combined application.



The main results of pharmacological treatment on gastric and oral mucosa are summarized in Table 5 and are discussed in the following section. Local carbachol application improves gastric µHbO2 during hemorrhagic shock. Since µHbO2 mainly represents postcapillary oxygen saturation and the postcapillary region of the microcirculation had shown to be the area of risk under conditions of restricted oxygen delivery, an amelioration of gastric µHbO2 could indicate an increase of microvascular oxygen reserve after muscarinic stimulation (45). In general, there are three possible reasons for an increase of µHbO2 values. First, local drug application can induce a redistribution of circulating blood towards the investigated tissue with an increase of microvascular oxygen supply. µflow and rHb of the gastric mucosa remained unchanged over the time and pulmonary oxygen uptake was not restricted by an additional lung injury in this model of hemorrhagic shock. In consequence, microvascular oxygen supply did not increase after local carbachol substitution. Second, alterations of cell metabolism could lead to a reduced oxygen extraction fraction. Carbachol is reported to exert various effects on the physiological cell function of enterocytes. In detail, muscarinic stimulation leads to the phosphorylation of a Na+/K+-ATPase α-subunit (46) and liberates intracellular calcium (47). Both, α-subunit phosphorylation and an increased calcium concentration inhibit intestinal Na+/K+-ATPase-activity (47). Since maintenance of the electrical membrane potential is an extensively energy consuming process, inhibition of Na+/K+-ATPase-activity by carbachol could reduce cellular ATP demand and protect intestinal cells. Further, a slightly shifted electrical membrane potential and changes of the transmembrane ion gradients could influence basic cell metabolism as well. Since plasmatic lactate levels increased in all experimental groups that received carbachol treatment a reduced oxygen extraction fraction cannot only be explained by reduced cellular ATP demand, but also by cellular oxygen utilization disturbance. However, due to the minimal invasive access of the measurements and to avoid microcirculatory alterations after minor trauma related to tissue harvesting in vivo, we could not monitor mitochondrial function in this model of acute hemorrhage. Therefore, the reason and clinical relevance of the observed minimal increase of arterial lactate levels remains speculative. As the third possibility, changes of the structural microcirculation could increase gastric µHbO2 by two mechanisms, microvascular shunting and microvascular recruitment. Microvascular shunting separates tissue from a sufficient gas and nutrient exchange (48) and increases µHbO2 because of arterio-venous bypassing whereas inhomogeneous tissue perfusion and tissue hypoxia establish consequently over time. In critically ill patients and especially in patients with septic shock this phenomenon is observed frequently and seems to be one of the main microvascular derangements leading to organ failure and an increase of mortality (49). The significance of microvascular shunting and the formation of so called “weak units” (50, 51) in patients with hemorrhagic shock is still unclear. Contrary to microvascular shunting, pharmacological reopening of microvessels could reduce the oxygen diffusion distance from erythrocytes to stroma cells, reduce the total diffusion gradient and improve all over tissue oxygenation. Whereas microvascular shunting is associated with a decreased TVD and PVD, microvascular recruitment leads to an increase of both perfusion markers. In this study, oral TVD increased during hemorrhagic shock after local carbachol application indicating microvascular recruitment. This is additionally supported by our previous observation that improved oxygenation via nitroglycerine improved barrier function (25). In case of microvascular shunting the overall oxygen supply would be reduced and barrier function impaired. However, local carbachol treatment did not improve oral µHbO2 despite microvascular recruitment. Since oral µflow and PVD did not increase after topical carbachol treatment, we suggest that recruitment of oral vessels by carbachol application is accompanied by insufficient regional oxygen carrier supply during to hemorrhagic shock. Only MFI improved in the late course of hemorrhagic shock indicating favorable properties of carbachol on oral microcirculation. However, results from oral microcirculatory measurements cannot be transferred doubtless to other parts of the gastrointestinal tract, since our group could identify a different response of the oral and gastric microcirculation to topical melatonin treatment (36) and hypothermia (34) in a similar canine model of hemorrhagic shock. The observation that carbachol improves gastric but not oral oxygenation might indicate that during hemorrhage there is a more pronounced sympathetic activation in the oral region whereas the gastric region can still be modulated. As local modulation of the sympathetic and the parasympathetic nervous system is possible without systemic side effects, this seems a promising therapeutic option.


Table 5 | Summary of microvascular effects of pharmacological treatment.



Summing up, muscarinic stimulation by local carbachol application leads to microvascular recruitment at the oral mucosa and improves perfusion quality. In this barely compensated vascular bed, microvascular recruitment by local carbachol application failed to improve regional tissue oxygenation possibly due to a remaining regional lack of microvascular tissue perfusion. At the gastric mucosa, local carbachol application enhances µHbO2 during hemorrhagic shock. From a mechanistic point of view, a change of the basic energy metabolism and microcirculatory recruitment could explain this effect of local carbachol application, but both mechanisms were not addressed in the experiments to avoid a more invasive instrumentation and microcirculatory alterations after minor trauma.

In a previous study, we could show that local nitroglycerine alone and iloprost alone improve gastric µHbO2 (25). Novel in this study is the effect of carbachol and the effect of the combination carbachol + nitroglycerine and carbachol + iloprost. The experiments with nitroglycerine alone and iloprost alone were conducted again as control group to generate an independent data set for this publication. Our recent findings are mainly in accordance with this previous data. Nitroglycerine enhanced gastric tissue oxygenation during hemorrhagic shock like described before, whereas local iloprost treatment led to slightly increased µHbO2 values compared to control animals in this study. However, the regime of local nitroglycerine and iloprost treatment was in accordance with our previous work. When local iloprost application was supplemented with carbachol, gastric µHbO2 further increased during hemorrhagic shock. A combined carbachol and nitroglycerine treatment did not reveal an additional effect on gastric tissue oxygenation. On the one hand, those findings could be related to direct effects of nitroglycerine, iloprost and carbachol on gastric microcirculation for example by a different potency to recruit gastric microcirculation. On the other hand, this could be the result of a subcellular crosstalk between two different signaling pathways. Muscarinic stimulation by carbachol application was reported to act via a nitric oxide dependent pathway (52). The combination of endogenous nitric oxide generation during hemorrhagic shock and an exogenous substitution of nitroglycerine could exceed the physiological range of available nitric oxide and lead to a maximal activation of nitric oxide related effects. If muscarinic effects exclusively depend on the nitric oxide pathway, this might explain why carbachol cannot further enhance gastric µHbO2 when applicated additionally to local nitroglycerine. Nevertheless, positive effects of nitroglycerine do not seem to be partially counteracted by autonomous neurogenic influence.

Prostacyclin effects within the microcirculatory compartment might be related at least in part to a different pathway that includes ATP release from erythrocytes (53, 54). The simultaneous activation of carbachol dependent nitric oxide generation and iloprost related ATP release, could lead to further improvement of gastric tissue oxygenation in incompletely recruited vessels. Additionally, iloprost activates an inosine triphosphate dependent pathway too, formatting a complex network of second messenger activation with various effects on regional homeostasis and cell metabolism. Furthermore, Herminghaus et al. already reported nitroglycerine and iloprost to improve the efficiency of oxidative phosphorylation in colon homogenates from healthy animals measured by respirometry (55). Therefore, downstream effects of local carbachol, nitric oxide and iloprost application could not only exert effects on microcirculation but influence mitochondrial respiration leading to an increase of gastric µHbO2. Since subcellular pathways of nitroglycerine, iloprost and carbachol have not been addressed in this study, further research should elucidate subcellular effects of the here used agents under conditions of restricted oxygen delivery.

Finally, drugs were applicated locally to avoid systemic side effects. In the past, our group used various local treatment regimens to improve gastric tissue oxygenation (34–36). None of those trials revealed systemic complications. In accordance, local carbachol application did not reveal systemic side effects on hemodynamic variables and macrohemodynamics were similar between all experimental groups, although we did not measure the intravenous concentration of carbachol in our experiments. During the experiments, we could not observe malignant arrhythmias like ventricular tachycardia or severe bradycardia. Even if local carbachol treatment was combined with either local nitroglycerine or local iloprost application there were no adverse effects on hemodynamic variables. Systemic lactate concentration increased in animals that received local carbachol treatment. However, as the measured values were only slightly higher than in the other experimental groups and plasmatic lactate concentration has many confounding factors, the physiological relevance of this finding remains questionable. Due to the reusable animal model the dogs were continuously under observation by the animal care staff that included veterinarians. Therefore, we state that local application of carbachol is safe and does not influence systemic homeostasis.

This gives the perspective to translate our approach into clinical studies. Local drug application to improve gastric microcirculation should be tested in patients with elective gastroscopy first. If local drug application emphasizes to be safe in healthy patients, the administration during interventional procedures and abdominal surgery should be tested in a second step. Patients with upper gastrointestinal bleeding appear to be the ideal patient population for transferring our results to humans, since these patients must be subjected to endoscopic hemostasis anyway. Local drug application could then follow acute bleeding control in the same session.




5 Conclusion

Local carbachol application induces favorable effects on oral microcirculation and gastric tissue oxygenation during hemorrhagic shock. Since microvascular perfusion remained unchanged after local carbachol supply, the down-stream effects of carbachol on cell metabolism and mitochondrial function could be interesting targets for tissue protection by local carbachol treatment during hemorrhagic shock and should be investigated in further studies. The effect of additional application of local carbachol to regional vasodilators depends on the combination used to improve microcirculation. Since different parts of the gastrointestinal tract seem to respond differently to local drug application, further studies should clarify, if the findings derived from this study can be translated to other parts of the gastrointestinal tract. However, local carbachol application and the combination with local vasodilators have no effect on the hemodynamic stability during hemorrhagic shock and therefore represent an interesting approach for tissue protection.
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Introduction

In septic patients the damage of the endothelial barrier is decisive leading to circulatory septic shock with disseminated vascular coagulation, edema and multiorgan failure. Hemadsorption therapy leads to rapid resolution of clinical symptoms. We propose that the isolation of proteins adsorbed to hemadsorption devices contributes to the identification of mediators responsible for endothelial barrier dysfunction.





Material and methods

Plasma materials enriched to hemadsorption filters (CytoSorb®) after therapy of patients in septic shock were fractionated and functionally characterized for their effect on cell integrity, viability, proliferation and ROS formation by human endothelial cells. Fractions were further studied for their contents of oxidized nucleic acids as well as peptides and proteins by mass spectrometry.





Results

Individual fractions exhibited a strong effect on endothelial cell viability, the endothelial layer morphology, and ROS formation. Fractions with high amounts of DNA and oxidized DNA correlated with ROS formation in the target endothelium. In addition, defined proteins such as defensins (HNP-1), SAA1, CXCL7, and the peptide bikunin were linked to the strongest additive effects in endothelial damage.





Conclusion

Our results indicate that hemadsorption is efficient to transiently remove strong endothelial damage mediators from the blood of patients with septic shock, which explains a rapid clinical improvement of inflammation and endothelial function. The current work indicates that a combination of stressors leads to the most detrimental effects. Oxidized ssDNA, likely derived from mitochondria, SAA1, the chemokine CXCL7 and the human neutrophil peptide alpha-defensin 1 (HNP-1) were unique for their significant negative effect on endothelial cell viability. However, the strongest damage effect occurred, when, bikunin – cleaved off from alpha-1-microglobulin was present in high relative amounts (>65%) of protein contents in the most active fraction. Thus, a relevant combination of stressors appears to be removed by hemadsorption therapy which results in fulminant and rapid, though only transient, clinical restitution.





Keywords: septic shock, endothelial damage, hemadsorption, oxidized DNA, bikunin/AMBP, SAA1, CXCL7, HNP-1




1 Introduction

Sepsis is responsible for nearly 20% of all global deaths (1). Thus, it remains one of the most challenging diseases in modern medicine and therefore a major focus of scientific research. The disease is characterized by a complex immune dysfunction, which ultimately leads to endothelial damage accompanied by disseminated intravascular coagulation (DIC), multi organ dysfunction and failure. On the cellular level, the interaction of activated leukocytes and platelets with endothelial cells of the vessel wall is particularly crucial (2–6). During infection, so-called PAMPs (pathogen-associated molecular patterns) such as lipopolysaccharides (LPS), flagellins and others lead to the activation of NF-κB and interferon pathways. Moreover, tissue damage by direct and indirect effects would activate pattern recognition receptors (PRR) with the subsequent release of so-called DAMPs (damage-associated molecular patterns), including non-methylated bacterial and mitochondrial DNA, as well as oxidized lipids, adenosine triphosphate (ATP) and proteins from erythrocyte lysates. Cellular proteins such as high mobility group box 1 (HMBG1), heat shock protein (HSP), ATP, eukaryotic cell-free DNA, apoptotic bodies and metabolites such as uric acid upregulate proinflammatory cytokines. Cytokine release also involves the receptor for advanced glycation end products (RAGE) and toll-like receptor (TLR). As a consequence, more leukocytes are attracted to the inflammatory site of tissue damage resulting in systemic inflammation (4, 7–10). Neutrophils are equipped with various effectors for direct and immediate pathogen defense, such as the release of proteases, particle uptake by phagocytosis and the formation of reactive oxygen species (ROS) such as superoxides and hydrogen peroxides as part of the so-called respiratory burst through NADPH oxidases and superoxide dismutases. Furthermore, the formation of so-called NETs (neutrophil extracellular traps) is a key for pathogen control and inflammation. NETs are conglomerates mostly generated by neutrophils through a process called NETosis. They consist of DNA and antimicrobial proteins such as elastase, myeloperoxidase or cathepsin G (8, 10, 11).

Besides tissue damage by NET formation, major activators of the innate immune system are ROS and reactive nitrogen species (RNS) such as peroxinitrite. Besides NADPH oxidases and superoxide dismutases, as mentioned earlier, ROS are also formed by uncoupling the respiratory chain in mitochondria. They have a procoagulant effect by releasing tissue factor and lead to barrier damage via nitration of cytoskeletal proteins and lipid peroxidation (9).

Many studies have focused on these complicated molecular processes and have shown that hardly a single specific signaling pathway or mediator is responsible for the cellular damage, hyperinflammation and subsequent immune insufficiency and sepsis. Attempts to identify a specific biochemical target and use it for targeted therapy have shown little promise (2, 12). In the last decade, hemadsorption therapy such as CytoSorb® (Cytosorbents, USA) has increasingly come into focus. This procedure aims to remove various cytokines, inflammatory mediators, DAMPs and pathogens from a patient’s blood by binding hydrophobic substances with a molecular weight of up to approximately 60 kDa. Although questioned in a number of recent publications (13, 14), hypercytokinemia appears to respond to hemeadsorption (15). Elimination of the DAMPs intends to help reconstitute the endothelial wall by interfering with signaling pathways that lead to disseminated intravascular coagulation and vessel leakage. The most sensitive components of endothelial cells are the glycocalyx and junctions likely affected by transmigrating leukocytes as well (5).

The aim of the study was to find a common denominator for endothelial stress and endothelial cell viability. Based on the work of Denzinger et al., the focus was set on the main hypothesis that proteins and DNA - are oxidized by ROS during inflammation. These modified proteins may contribute to a scenario of DAMPs leading to cell injury by targeting different pathways of cell death (7).




2 Materials and methods



2.1 Patient collective

Patients were included in the study if they were admitted to the ICU (G1, Intensive Care Unit) of the University Hospital Ulm within 48 hours due to sepsis and had interleukin-6 (IL-6) levels of more than 500 pg/mL and/or renal failure. Additional inclusion criteria were: Age ≥18 years, need for intensive care, postoperative or posttraumatic condition, SIRS and antibiotic therapy. Patients in neutropenia (<1000/µL), with HIV infection, and pregnancy were excluded. All patients reached septic shock with catecholamine requirement and lactic acidosis (>2 mmol/L serum lactate). Patients were treated following the process guidelines for hemadsorption therapy of the ICU of the University Hospital Ulm. All data collection and specimen collection were performed according to the Declaration of Helsinki and the vote of the Ethics Committee of the University of Ulm (150/16) and with the patient’s informed written consent. According to this study protocol, all hemadsorber devices subjected to biochemical analysis were derived from patients with a positive clinical response.




2.2 Isolation of adsorbed proteins

Immediately after the end of hemofiltration treatment, the columns were washed free from blood cells using PBS + 0.005% ethylenediaminetetraacetic acid (ETDA) until the effluent was clear. The contents of 10 hemadsorption devices derived from different septic shock patients were mixed and subjected to detachment of the adsorbed proteins with 50% acetonitrile in water for 1 h. The resin was then centrifuged (4.200 rpm) and the supernatant was filtered (5-13 μm, followed by a 0.45 μm filter). The filtrate was then subjected to ultracentrifugation (1 h and 100,000 xg). The clear supernatant (0.5 L) was diluted 1/10 with water and applied to an ultrafiltration step (cut-off: 30 kDa) to remove albumin. After pooling the samples, the proteins were separated by reversed-phase high performance liquid chromatography (RP-HPLC) at a flow rate of 1.3 mL/min for 40 min. The separated proteins were lyophilized, resuspended in 2 mL of resuspension solution (1% trifluoroacetic acid in water and 5% of buffer containing 80% acetonitrile and 0.1% trifluoroacetic acid in water) and centrifuged at 4,200 rpm for 10 minutes. The supernatant was sterilized by filtration (0.22 µm pore size) and dissolved in cell culture medium. A total of 40 protein fractions was obtained. Protein contents of individual fractions were determined by spectrophotometric methods and adsorption 280 nm; Extinction coefficient of ϵ1% = 6.58 was used (16, 17). Ten percent of the reconstituted filtrate were use in our bioassay. Individual fractions were then characterized on the protein/peptide levels using mass spectroscopy, see chapter 6 below for more details.




2.3 Cell culture and endothelial bioassay (confluence, viability and morphology)

Ea.hy926 cells were cultured in Iscove´s modified Dulbecco´s medium (IMDM, Lonza, Switzerland) including 10% fetal calf serum (FCS superior, very low endotoxin, Biochrom, Germany), 3 mM sodium hydrogen carbonate, 25 mM HEPES and 60 µg/mL gentamycin at 37°C and 5% CO2. For the bioassay cells were seeded in 96-well microplates at a density of 0.5x104 cells/well. After reaching a confluence of 30%, 10% by volume of the respective protein fractions were added in triplicates along with 2.5 µg/mL propidium iodide (PI, Sigma-Aldrich, USA) to determine cell viability. Long-term live cell imaging (IncuCyte® ZOOM, Essen BioScience, USA) was used to observe the cells for 60 hours and subsequently determine confluence and cell viability. A 20x phase contrast and fluorescence microscope with 565-605 nm excitation and 625-705 nm emission was used for image acquisition. 100 nM staurosporine (STS) was used as a positive control.

Confluence was determined by cell densities and viability was quantified as the red object count per well. To assess morphology, cells were imaged after 50 hours of incubation using the Nikon Eclipse Ts2 phase contrast microscope (Nikon, Japan) using a 40x objective.




2.4 ROS formation (MitoSOX ™ Red)

To quantify ROS production in Ea.hy926, cells were seeded at a density of 0.5x104 cells/well in 96-well microplates and cultured until approximately 70% confluence was reached. In triplicates 10% by volume of each protein fraction and 5 µM MitoSOX™ Red reagent (Invitrogen, USA) were added and observed over 6 hours using IncuCyte® ZOOM (20x objective, phase contrast and fluorescence detection with 565-605 nm excitation, 625-705 nm emission). ROS production was quantified by red object count per well. As a positive control, 20 µM vacquinol (Vac) was used (18).




2.5 Quantification of oxDNA and DNA

The DNA/RNA Oxidation Damage ELISA kit from Cayman Chemical (USA) was used to quantify oxidized DNA in the collected fractions. This acetylcholinesterase competitive ELISA allows the detection of previously described proteins released by the body through repair processes after oxidation of certain bases (mainly guanine) in the blood and ultimately excreted in the urine, including 8-OHG, 8-OHdG and 8-hydroxyguanine.

Additionally, the DNA content of adsorbed proteins was quantified fluorescently using Quantus™ Fluorometer (Promega, USA). Transparent 500 μL tubes were filled with 20 μL 1x trypsin/EDTA buffer, 80 μL of the respective fraction, and 100 μL of the fluorescent dye diluted 1:200 in trypsin/EDTA buffer. After incubation for 5 min, the samples were measured in the Quantus™ fluorometer.




2.6 Peptide/protein analysis

For endogenous peptide analysis, the samples were reduced with 5 mM DTT for 20 min at room temperature and carbamidomethylated with 50 mM iodoacetamide for 20 min at 37°C. The samples were previously run under denaturing conditions on 4% to 20% gradient polyacrylamide gels for protein analysis. A polyacrylamide gel lane section (>10 kDa) was separated, and in-gel digested with Trypsin (ThermoFisher Scientific, USA), at a 1:50 ratio (enzyme:protein) for 16 h at 37°C. The proteolytic fragments were extracted with a mixture of water/acetonitrile (1:1), dried up and then reduced and carbamidomethylated as previously explained.

A 15 µL-aliquot was used for mass spectrometry analysis in an Orbitrap Elite Hybrid mass spectrometry system (Thermo Fisher Scientific, Bremen, Germany) online coupled to an U3000 RSLCnano (Thermo Fisher Scientific, Idstein, Germany) employing an Acclaim PepMap analytical column (75 μm × 500 mm, 2 μm, 100 Å, Thermo Fisher Scientific, Bremen, Germany) at a flow rate of 250 nL/min, as previously described (19). Database searches (PEAKs’ standard workflow: de novo + PEAKs DB + PEAKs PTM + Spider) were performed using PEAKs X + studio (20–23). For peptide identification, MS/MS spectra were correlated with the UniProt human reference proteome set (UniProt release 2020_08; 20374 reviewed entries). Parent mass error tolerance and fragment mass error tolerance were at 15 ppm and 0.5 Da, respectively. Maximal number of missed cleavages was set at 3. Carbamidomethylated cysteine was considered as a fixed modification; methionine oxidation, carbamylation and N-terminus acetylation were considered as variable modifications. False discovery rates were set on the peptide level to 1%.




2.7 Statistical analysis

SPSS version 26 (IBM, USA) was used for statistical analysis. IncuCyte® ZOOM data were analyzed by one-way analysis of variance (ANOVA) followed by a Bonferroni post-hoc test. The significance level was set at α=0.05.





3 Results



3.1 Endothelial bioassay – confluence, viability, morphology (IncuCyte® ZOOM)

Figure 1 shows the mean confluence after 0, 48 and 96 hours (h) of incubation. After 96 h of incubation, fractions 5, 17, 18, 21, 22 and 23 show a significantly reduced confluence, like the positive control STS 100 nM (p ≤ 0.05). Fraction 18 only reached 48.95% of confluence, while the negative control with IMDM attained 100%.




Figure 1 | Proliferation of Ea.hy926 cells under the influence of CytoSorb fractions. Shown is the mean confluence and standard deviation of the endothelial cells measured using IncuCyte® ZOOM after 0, 48, and 96 hours in percent. Fractions (F) 1-40, the negative control with IMDM (Negative) and the positive control staurosporine (STS) 100 nM are displayed. Statistical analysis was performed after 96 hours. Significant differences to the negative control are marked as hatched columns.



Figure 2 shows the cell death as the mean red object count per well after 0, 24 and 48 hours as a result of staining dead cells with propidium iodide. After 48 hours, significantly increased numbers of dead cells are shown by fractions 17, 18, and 21 together with the positive control staurosporine (p≤0.05). Interestingly, fractions 5, 22 and 23 also showed no significant effect on the viability despite severely reducing the confluence (cf. Figure 1).




Figure 2 | Cell death of Ea.hy926 cells under the influence of CytoSorb fractions. Displayed is the cell death of endothelial cells measured using IncuCyte® ZOOM after 0, 24 and 48 hours as mean red object count per well along with the standard deviation. Fractions (F) 1-40, the negative control with IMDM (Negative) and the positive control staurosporine (STS) 100 nM are shown. Statistical analysis was performed after 48 hours. Significant differences to the negative control are marked as hatched columns.



After confluence and viability were assessed, selected fractions were photographed by phase contrast microscopy at 40x magnification to evaluate their morphology. For comparison, fraction 19 is shown here as an example of a regular morphology (Figure 3). Fraction 18, which caused a significant decrease in both confluence and viability, appears to induce an apoptotic cell pattern. Notable is the fragmentation of the cells with formation of so-called apoptotic bodies similar to the positive control with staurosporine. Cells under the influence of fraction 22 show a similar appearance, although, despite reduced confluency, viability was not affected.




Figure 3 | Morphology of Ea.hy926 cells after 50 hours under the influence of CytoSorb fractions. Images were taken with phase contrast microscopy (Nikon Eclipse Ts2, Nikon, Japan) at 40x zoom. Shown are the fractions 18, 19 and 22, the negative control with IMDM (Negative) and the positive control with staurosporine (STS) 100 nM. The scale bar equals 50 µm.






3.2 ROS formation (MitoSOX ™ Red)

For the detection of ROS in the form of superoxide anions in the next step Ea.hy926 cells were stained with MitoSOX™ Red. Results are shown in Figure 4. After 3 hours, fractions 16, 17, 18, 19, 20 and 24 showed a significant production of ROS compared to the negative control, with fractions 18 and 19 showing more than twice as much red object counts per well than the other fractions. The positive control Vacquinol 20 µM also caused a significant increase in ROS production.




Figure 4 | ROS production of Ea.hy926 cells under the influence of CytoSorb fractions. Shown is the production of reactive oxygen species (superoxide anions) as the mean red object count per well along with the standard deviation using MitoSOX™ Red. Quantification was performed with IncuCyte® ZOOM after 3 hours. Results for fractions (F) 1-40, the negative control with IMDM (Negative) and the positive control vacquinol (Vac) 20 µM are displayed. Statistical analysis was performed. Significant differences to the negative control are marked as hatched columns.






3.3 oxDNA quantification (ELISA)

The fluorescence-based quantification of dsDNA and ssDNA revealed the highest amounts in fraction 7. Further peaks were found in fraction 18 and for ssDNA also in fraction 24. The results are shown in the Supplementary Material (Supplementary Figure 1). The amounts of oxidized DNA were then quantified by an acetylcholinesterase competitive ELISA. Accordingly, fractions 5, 7, 17 and 18 contained high amounts of oxidized DNA (Figure 5).




Figure 5 | Quantification of oxidized DNA in the CytoSorb fractions. Demonstrated is the content of 8-hydroxyguanosine (8-OHG), 8-hydroxy-2’-deoxyguanosine (8-OHdG) and 8-hydroxyguanine in the fractions (F) 5-40 (x-axis) in pg/mL (y-axis). Measurements were carried out by an acetylcholinesterase competitive ELISA (Cayman Chemical, USA).



Fractions 17, 18, 19, 21 and 22 have shown to be most effective on the endothelial cell layer. To identify protein effectors in the active fractions, we continued with protein and peptide identification experiments.




3.4 Peptide analysis of selected fractions 18, 19, 21 and 25

Fractions 18, 19, 21 and 25 were analyzed in greater detail. Using mass spectrometry, the entire peptide and protein profile of these fractions was identified. Fraction 18 was found to be one of the most noticeable fractions across all experiments. As a strong endothelial stressor, it contains high amounts of DNA and oxidized DNA. Fraction 19 also resulted in a very high ROS production but did not show high amounts of DNA nor did it damage endothelial cells compared to fraction 18. Fraction 21 resulted in extensive endothelial damage, although the inducible radical formation was not detected, and its DNA content was low. These observations raised the question of another mediator other than those envisioned from our basic hypothesis. Finally, fraction 25 was selected as a quasi-negative control because it was widely inactive in the bioassay.

The entire peptide and protein profile of these fractions was identified by mass spectrometry. A rank order comparison of the peptides was made for each fraction. Figure 6 shows the cake charts of the respective fractions, including the found peptides, identified as their percentage share of the measured intensities. Here, only the most prevalent peptides are shown. The full peptide content of the fractions 18, 19, 21 and 25 as well as post-translationally modified peptides in the form of oxidation are illustrated in the Supplementary Figures 2–5.




Figure 6 | Peptides with the highest contents in fractions 18, 19, 21 and 25. The most prevalent peptides in each fraction are shown in percent of the determined intensities. APOC2, Apolipoprotein C-II; FIBA, Fibrinogen Alpha Chain; APOC3, Apolipoprotein C-III; APOH, Beta-2-Glycoprotein 1; INSR2, Insulin Isoform 2; MLRV, Myosin Regulatory Light Chain 2; FETUA, Fetuin A, Alpha-2-HS-Glycoprotein; LYVE1, Lymphatic Vessel Endothelial Hyaluronic Acid Receptor 1; APOA2, Apolipoprotein A-II; PGS2, Decorin; PPAP, Prostatic Acid Phosphatase; VTNC, Vitronectin; CXCL7, Platelet Basic Protein.



High peptide levels of apolipoproteins and fibrinogen were consistently found in all fractions. The critical fraction 18 additionally contained relevant amounts of hemoglobin alpha, hemopexin, and haptoglobin. This was also found in fractions 19 and 21, respectively. Importantly, fractions 18, 19, and 21 were positive for acute-phase protein SAA1, and in fractions 18, 21 and 25, the platelet activation chemokine CXCL7 was present. Fraction 25 was unique in its vitronectin content.

In summary, this type of analysis detected proteins involved in coagulation, matrix proteins, endothelial receptors, and more constituents of degenerative elements such as Myosin Regulatory Light Chain 2, and proteins bound to chylomicrons and triglyceride-rich low and high-density lipoproteins as well as cholesterol. Fetuin A, detected in fraction 19, indicates the presence of liver-derived factors involved in cardiovascular risk and ectopic calcium homeostasis by its binding capacity of LDL and VLDL receptors. LYVE-1 is a CD44 homologue released from lymphatic vessels after injury. PGS-2, syn. decorin, is another matrix member protein involved in collagen fibril assembly.




3.5 Protein analysis of selected fractions 18, 19, 21 and 25

In addition to the peptide profile, the protein profile of fractions 18, 19, 21 and 25 was characterized by mass spectrometry following SDS-PAGE. Due to the large number of proteins found in each fraction, only the most common ones are shown in Figure 7. Supplementary Figures 6–9 show the extended results of these protein analyses. The critical fraction 18 predominantly contains the proteins AMBP (alpha-1-microglobulin/bikunin precursor) and HNP-1 (human neutrophil peptide-1, also: alpha-defensin-1). In general, high intensities of vimentin, SHPS-1 (tyrosine-protein phosphatase non-receptor type substrate 1) and the acute-phase protein SAA1 were detected. Unlike the peptide profiles, hemoglobin-alpha accounted for the highest content in fraction 21. A comparable intensity was found in fraction 19, and a higher intensity occurred in fraction 25.




Figure 7 | Proteins with the highest amounts found in fractions 18, 19, 21 and 25. The most prevalent proteins in each fraction are shown in percent of intensities. AMBP, Alpha-1-Microglobulin/Bikunin Precursor; HNP-1, Neutrophil Defensin 1; SHPS1, Tyrosine-Protein Phosphatase; CAP1, Adenylyl Cyclase-Associated Protein 1; SAA1, Serum Amyloid A-1 Protein; FABP5, Fatty Acid-Binding Protein 5; MIF, Macrophage Migration Inhibitory Factor; 80K-H Protein, Glucosidase 2 Subunit Beta.







4 Discussion

The current report focused on the immediate effects by hemadsorption therapy to relieve septic shock in patients treated by intensive care. An endothelial bioassay and protein chemistry of hemadsorbed materials were applied to identify the most detrimental compounds disrupting endothelial cells. The stepwise approach to first fractionate the hemadsorbed material from a panel of devices from 10 patients, as opposed to a single hemadsorber (7) and test the protein fractions on human endothelial cells rather than rat brain-derived microvascular endothelium as in Denzinger et al. (7), confirmed our previous notion, that a definable composition of molecular entities has the most detrimental effect on endothelial cell layers in vitro.



4.1 Results from protein analysis of most active fractions 18, 19, 21 and 25

A major component of the most active protein fraction 18 is AMBP (alpha-1-microglobulin/bikunin precursor). Protein analyses identified the AMBP signal as the 16 kDa cleavage product bikunin (also known as inter-alpha-trypsin inhibitor light chain, or ITI-LC for short). The liver is the most important organ to synthesize bikunin from its AMBP precursor protein. AMBP also encodes alpha-1-microglobulin (https://www.ncbi.nlm.nih.gov/gene/259). Maturation of bikunin is associated with proteolytic cleavage of alpha-1-microglobulin and bikunin. The latter is then modified by glycosylation in the Golgi apparatus and further linked to heavy chains through an ester bond with a non-sulfated N-acetylgalactosamine (GalNAc) residue of the chondroitin sulfate (CS) chain. This molecule is released into the plasma (24). A schematic describing the synthesis of AMBP encoded peptides is given in Supplementary Figure 12.

Under physiological conditions, the proteoglycan bikunin circulates as an inactive form bound to inter-α-trypsin inhibitor (IαI). IαI family members interact with hyaluronan (HA), inhibit complement, and provide cell regulatory functions (25). IαI molecules from circulation bound to heavy chains (Supplementary Figure 12) are transferred to the extracellular matrix HA, thus forming the serum-derived HA-associated protein-HA complex (SHAP-HA), which supports the formation of new ECM and its stabilization (26). In the context of inflammation in sepsis, bikunin may inhibit a number of tissue damaging serine proteases which are released from neutrophils such as elastase or cathepsin G (27). Moreover, bikunin may inhibit plasmin as well as hyaluronidase and may thus attenuate neutrophil activation (25). Generally, the effects by bikunin are difficult to separate from the alpha-1-microglobulin and the IαI-bound complex, unless an alpha-1-microglobulin knock-out model is applied. This has been carried out by Bergwik and colleagues (28). Here a profound pro-inflammatory effect with endothelial damage has been described as well as fatty acid induced liver damage likely mediated by ER-stress (28). These effects are aggravated by the fact that alpha-1-microglobulin has an antioxidant effect on the organism due to its reductase activity (29). The protective effect by enhanced expression of alpha-1-microglobulin during oxidative stress further leads to better cell uptake and binding to complex I of the respiratory chain to maintain ATP production and prevent cell swelling (30, 31).

Chondoitinase-treated bikunin results in a reduced molecular weight compound with around 25-26 kDa when compared to chrondroitin-bound bikunin with 38 kDa (32). The authors further argued that „Possibly, free bikunin has an inflammation-related function and its normal plasma concentration should therefore be low, as reflected by its rapid turnover.” (32). The anti-oxidant and tissue protective functions are clearly linked to the inter-alpha-inhibitor protein (IαIP) not bikunin as shown by Htwe and colleagues (33) (cf. Figure 4 as an example). The authors here determined neutrophils shape changes and summarized: “IAIP, but not bikunin, maintains spherical shape, small size, and smooth surface of human neutrophils and supports capillary passage; IAIP reduced ROS production from neutrophils in a concentration dependent manner, probably through p47phox phosphorylation” (33). According to Kaczmarczyk et al., bikunin is quickly removed from circulation (approximately 7 minutes) not to interfere with tissue reconstitution, which is why excretion via urine as urinary trypsine inhibitor (UTI) or ulinastatin is highly relevant and plasma concentrations do not exceed 5 µg/mL (22). Inflammatory conditions described significant modifications of the bikunin side chains regarding both sulfation and chain length composition of the CS moiety (34). Accordingly, free bikunin has been termed a novel acute phase protein (24). The inhibitory action of bikunin on endothelial cell layers is likely due to the interference with the calcium-dependent transforming growth factor-beta 1 signaling cascade (35). Acquired as well as inherited proteoglycan biosynthesis defects may account for loss of tissue protective effects by bikunin, as described in various forms of the Ehlers Danlos Syndrome linked to deficient synthesis of glycosaminoglycan (36). Thus bikunin identified by altered chondroitin side chains has been identified as a biomarker and acute phase protein (37), see schematic in Supplementary Figure 12.

To test our hypothesis of cytotoxic effects by free bikunin, we performed another series of bioassays with Ea.hy926 endothelium. For this purpose, the cells were incubated for a total of 72 hours with bikunin isolated from human urine at concentrations of 7 and 70 µg/mL. Dead cells were detected by propidium iodide staining, all nuclei were stained with Hoechst33342 and the Live Cell Imaging’ system JuLI™ Stage (NanoEnTek.com) was applied for monitoring. Despite the lack of significance, a dose-dependent cytotoxic effect of bikunin on endothelial cells was observed (Supplementary Figures 10, 11).

Another protein of interest in fraction 18 is HNP-1 (Human Neutrophil Peptide-1, syn. Neutrophil defensin 1) which was high in fraction 18 and only found in small amounts in fraction 25. HNP-1, along with HNP-2, HNP-3 and HNP-4, is a member of the α-defensin group which is mainly expressed by neutrophil granulocytes and stored in intracellular vesicles. HNP-1, HNP-2 and HNP-3 have a strong antimicrobial effect by binding as cationic molecules to the enhanced negatively charged phospholipid membranes of bacteria after fusion with the phagosome, causing pore formation (38–42). In sepsis, increased gene copy numbers for HNP1-3 were associated with higher susceptibility to a severe outcome (43). Further studies demonstrated that this increased gene copy number in the mouse model relates to endothelial barrier damage with subsequent organ dysfunction. Chen and colleagues demonstrated the induction of pyroptosis by HNP-1 in murine lung microvascular endothelial cells. Binding of HNP-1 to the so-called P2X7 receptor (purinergic receptor P2X ligand-gated ion channel 7), a PRR, activates the canonical caspase-1 via the NLRP3 inflammasome (44). Caspase-1 further cleaves gasdermin D, giving it the ability to destroy the cell by pore formation and thus plunging it into pyroptosis (45).

The overall protein concentration as well as the abundance of defined proteins in Cytosorb fractions 17, 18, 19, 21 and 25 are shown in the Supplementary Tables 1–6. Based on the spectrophotometric measurements at 280nm, the protein concentrations of Cytosorb fractions were calculated (Supplementary Figure 13).

Fraction 17 was included in these analyses because its cytotoxicity against endothelial cells was similar to fraction 18. The protein profile of fraction 17 revealed relevant amounts of bikunin confirming our assumption of a direct or significantly cooperative cytotoxic effect (Supplementary Figure 13).




4.2 The role of ROS and DNA

As discussed further, the endothelial damage effect by components of fraction 18 are related to the action of bikunin and HNP-1 but also oxidative stressors play an important role by DAMP-PRR-interactions. In the context of septic shock, most important stressors arise from oxidized DNA, related to NETosis and ROS generated in neutrophils. However, the present investigation shows that i) ROS formation alone does not cause damage to the cells. This notion is based on results obtained from fraction 19 with the highest mitochondrial ROS formation but no significant effects on the endothelial cell layer; ii) ssDNA, likely arising from mitochondria, and dsDNA do not constitute major damage effectors due to negative effects by fractions 6 and 25.

However, the combined action of mitochondrial ROS formation in addition to high DNA contents appears to manifest a significant endothelial damage effect, as exemplified by fractions 18 and 19. When incubating endothelial cells with fractions 18 and 19, ROS formation is strong after only 3 h of co-incubation. Fraction 18 is unique by performing consecutive cell damage with final endothelial cell death from 24 h co-incubation onwards. In addition, fraction 18 contains almost twice as much dsDNA and ssDNA when compared with fraction 19. In summary, endothelial damage is likely to occur by oxDNA however only in combination with other mediators. Levels of oxidized DNA are extremely high in fraction #7 but this fraction lacks a significant damage response. However, our previous analysis also stressed the role of oxDNA as a relevant DAMP (7). The likely oxidation of mitochondrial DNA enriched in the ssDNA fraction occurs by superoxide formation within the mitochondria itself (9). In case of high relevance of ROS and DNA as endothelial stressors, anti-oxidant interventions as well as blockade of signaling by oxDNA should have a significant effect on outcome, lactate and stay on ICU in patients with septic shock (46, 47).

Importantly, hemadsorption was able to remove the oxidative stressor. Superoxides, such as O2-, are formed by an uncoupling of the respiratory chain in the mitochondria. Physiologically, superoxides are neutralized by antioxidant enzymes requiring NADPH (48). However, NADPH is depleted in the septic organism due to the increased formation of superoxide radicals, the so-called “respiratory burst”, caused by upregulation of membrane-bound NADPH oxidases (9). Thus, in addition to inhibiting radical detoxification, these events would result in an escalation of radical formation and consequently increase oxidation of cell-free DNA. Increased concentrations of 8-OhdG, which have been previously described in septic patients, affect endothelial cell viability (7, 49). Due to its naked nature, mitochondrial DNA is much more likely to be oxidized as compared to eukaryotic DNA and is highly enriched in 8-OhdG, which then activates STING (stimulator of interferon genes) by acting as a DAMP for cGAS (cyclic GMP-AMP synthase) (50). Activation of the cGAS pathway increases interferons as well as proinflammatory chemokines and cytokines as members of the innate immune defense (50). In addition, inflammasome activation by binding of oxidized DNA to RAGE (receptor of advanced glycation end products) must be considered (51, 52). This context has been discussed previously due to a significant correlation between amounts of oxDNA and RAGE from fractions isolated from a Cytosorb hemofiltrate (7). Results for the central role of oxDNA are supported by the observation that oxDNA may lead to an upregulation of NADPH oxidase 4 with increased ROS-production in HUVECs (53). Another pathway induced by mtDNA and its oxidized metabolites may lead to activation of the toll-like receptor 9 (TLR9) with subsequent release of inflammatory mediators. This receptor of the innate immune system recognizes pathogens by binding unmethylated CpG dinucleotides present in the DNA of the pathogen (54–57). According to the endosymbiotic theory of mitochondrial origin, this mechanism would also explain mtDNA effects, especially since TLR9 cooperates with the pathogen receptor TLR4 upon internalization (58). In critically ill patients, levels of mtDNA correlate significantly with mortality in patients having high expression of TLR9 (59, 60). Elevated blood mtDNA levels in patients with sepsis or septic shock have been proposed to serve as a biomarker for sepsis (61–63).




4.3 Results from peptide analysis of fractions 18, 19, 21 and 25

In general, the highest signal intensities were generated from fragments of APOC2 (apolipoprotein C-II) and FIBA (fibrinogen alpha chain). During sepsis, lipid metabolism undergoes significant changes. However, APOC2 usually is diminished in this condition (64). Therefore, its involvement as a direct mediator of endothelial cell damage seems unlikely. The reason for the high levels measured could be due to parenteral high caloric nutrition of the patients. FIBA is one of three components of fibrinogen. Besides forming the nd of the physiological coagulation cascade by cross-linking aggregated platelets to form a white thrombus and contributing to the development of a disseminated intravascular coagulation (DIC) in the context of the sepsis, high fibrinogen levels are also considered to be a risk factor for cardiovascular diseases and a biomarker for inflammation (65–67). Tyagi and colleagues demonstrated that fibrinogen in pathologically elevated amounts leads to a disruption of an endothelial cell monolayer with an increase in permeability via ERK (extracellular signal regulated kinase) and F-actin formation (68). Yu and colleagues, on the other hand, demonstrated that fibrinogen, in the form of Fresh Frozen Plasma, has an anti-apoptotic effect on endothelial cells in vitro (69). Ultimately, the effect appears to be highly dependent on the clinical condition of an individual patient and to proceed via several potential mechanisms and targets, as summarized by Luyendyk et al. in their review (70).

Fraction 18 was the only one to contain free Hb or its alpha subunit respectively. Furthermore, relevant amounts of Hpx (also present in fraction 19) and Hpt (also present in fraction 21) were found. This observation supports our previous hypothesis, that free Hb is involved in the demise of endothelial cells by acting as another DAMP (7). In contrast, fraction 21, which was also damaging, did not contain Hb, supporting the suggestion that a combination of DAMPs affects vascular integrity. Free heme induces the expression of adhesion molecules via TLR4 in endothelial cells (71, 72). Further, it has been shown that heme, but also Hb, leads to dissolution of the endothelial monolayer and thus contributes to cell extravasation (73–77). Involved in this process are the p38/hsp27 pathway and TLR4-dependent ROS production involving the p38 pathway (74, 76). Heme also led to an activation of the inflammasome via NLRP3 with subsequent IL-1β production in endothelial cells similar to macrophages (78, 79). It was shown that elevated Hb levels were associated with increased mortality as well as increased risk of organ dysfunction (80–85). Red blood cell lysis is triggered by a wide variety of pathways: Disseminated intravascular coagulation, reduced capillary flow, restriction of glucose transport into erythrocytes, alterations of cell membrane properties, hemolytic pathogens, and red blood cell apoptosis (eryptosis) (86). In conclusion, increased release of Hb may contribute to endothelial cell damage and the pathogenesis of sepsis.

Similar to our previous investigation (7), we here confirm the detection of the acute phase protein SAA1 in fractions 18, 19, and 21. This protein is released during inflammatory processes by activation of the NF-kB pathway via TLR4 and RAGE, resulting in the release of the proinflammatory alarmin HMGB1 (87, 88). SAA1 also drives ROS production in endothelial cells and leads to endothelial dysfunction via inhibition of eNOS (89).

Another interesting peptide is CXCL7 found in fractions 18, 21, and 25. This chemokine, which is also known as PBP (Platelet Basic Protein), NAP-2 (Neutrophil Activating Peptide 2) or Beta-TG (Beta-Thromboglobulin), is released in large amounts following platelet activation (90, 91). A trigger for this may be, for example, damage to the vascular endothelium. Via its receptor CXCR2 (CXC chemokine receptor 2), CXCL7 leads to neutrophil recruitment to the site of injury, which in turn promotes the inflammatory reaction (92). An important question in the context of our study is whether this platelet activation was brought about by the sepsis associated pathology, or whether platelet activation occurred from collateral damage by CytoSorb treatment. However, in another study, reduced amounts of CXCL7 (PBP) have been detected after Cytosorb treatment in a lung transplantation model, supporting effective clearance of CXCL7 by this hemadsorption procedure, which favors the sepsis-associated pathology by CXCL7 (93).

Most importantly, some fractions identified here mediated endothelial damage independently from an effect on mitochondrial ROS and with negligible amounts of DNA or oxDNA. These fractions 21 and 22, show a strong influence on the endothelium. Both fractions affect endothelial confluence, but only fraction 21 mediates endothelial cell death. This finding further strengthens the assumption, already explained at the beginning, that possibly not one but an ensemble of multiple mediators ultimately causes cell damage with subsequent organ failure.

In conclusion, the endothelial damage effect by components of fraction 18 are related to the action of bikunin, HNP-1 and oxidative stressors (oxidized and mitochondrial DNA) through DAMP-PRR-interactions. This investigation identified hemadsorbed DNA and protein effector molecules inducing endothelial stress in patients with septic shock. A major limitation of this study is related to the lack of signaling analysis by individual compounds as well as their combinations in the endothelial bioassay. Such studies would provide a more solid knowledge as to whether hemadsorption needs to be either intensified or attenuated. In the case of CXCL7, a higher adsorption capacity might be recommended due to the observations in an ex-vivo lung transplantation model (93). In the case of the current study, blood samples taken from individual patients before and after hemadsorption should be subjected to a similar mass spectrometric analysis. For future experiments, the hemadsorbed protein fraction could be tested in a mouse model or in organoids, which would be superior to unravel organ specific endothelial damage. Before approaching this experimental opportunity, artificial intelligence approaches including cluster analysis of the peptide contents of each fraction isolated, will be realistic to preselect compositions of proteins with and w/o oxDNA for a major effect on endothelial function.




4.4 Limitations of the current study

A limitation to the presented approach are possible matrix effects in samples with a huge disparity in protein abundances, such as plasma. The presence of high amounts of Fibrinogen may limit the ability of the mass spectrometer to effectively sample low abundant peptides. In addition, the type of approach undertaken in the present manuscript is further complicated, as highly abundant peptides with a medium activity might actually hide much stronger molar activities of less abundant peptides. Nevertheless, this study succeeded to identify protein entities adsorbed by hemadsorption from patients in septic shock which correlate with a detrimental effect in our endothelial bioassay. However, so far, only protein fractions with different constituents mediated a defined effect on endothelial bilayer’s disruption and cell death. In addition, the proteins non-specifically eliminated by hemadsorption have not been studied. Therefore, future work needs to focus on the mass spectroscopically based analysis of plasma proteins before and after hemadsorption. Preliminary analysis indicates that this approach is relevant to distinguish patients with vs. without clinical improvement after hemadsorption (data not shown). Since recently, delineation of the intracellular pathways regulating endothelial permeability emphasized the unfolded protein response pathways with various protein mediators involved, showed that a positive outcome of ER activation involved global ATF6-mediated protection against disease (94). The morphological observations in our endothelial bioassay showed that ER-stress, vacuolization, and cell blebbing is a likely pathway active in endothelial dysfunction. This ER stress can be targeted and counter regulated by plasma proteins, which might lead the way to substantial post hemadsorption treatment protocols.





5 Conclusion

Defined proteins extracted from CytoSorb hemadsorption devices used in septic patients were tested for their effects on endothelial cell death, the formation of ROS, as well as proliferation and morphology of the endothelial cell layer. The most dramatic effect on endothelial cell layer disruption was mediated by a unique protein fraction containing high amounts of bikunin. The mechanism of action needs further investigation to decide whether sepsis modifies bikunin’s sulfation and chain length composition of the CS moiety and whether loss of hyaluronic acid mediated glycocalyx stabilization interferes with calcium signaling and TGF-β signaling. Other fractions with endothelial damage activity emphasize oxidative stress from oxidized nucleic acids, including histones, likely functioning as major DAMPs for the endothelial bilayer. In addition, identification of the protein and peptide profiles of the critical endothelial damage fractions were: Pore forming peptides such as HNP-1, acute phase proteins, such as SAA1, the chemokine CXCL7, and free hemoglobin derivatives.

Importantly, the results confirm the complexity of effector peptides for the pathogenesis of endothelial cell damage in septic shock. The here described endothelial bioassay proved to be sufficient to generate reliable data sets to quantify cell damage in a defined time window and is further suitable to test therapeutically valuable approaches aiming at the reconstitution of the endothelial glycocalyx and microvascular integrity.
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Introduction

Sepsis remains a major source of morbidity and mortality in neonates, and characterization of immune regulation in the neonatal septic response remains limited. HVEM is a checkpoint regulator which can both stimulate or inhibit immune responses and demonstrates altered expression after sepsis. We hypothesized that signaling via HVEM would be essential for the neonatal response to sepsis, and that therefore blockade of this pathway would improve survival to septic challenge.





Methods

To explore this, neonatal mice were treated with cecal slurry (CS), CS with Anti-HVEM antibody (CS-Ab) or CS with isotype (CS-IT) and followed for 7-day survival. Mice from all treatment groups had thymus, lung, kidney and peritoneal fluid harvested, weighed, and stained for histologic evaluation, and changes in cardiac function were assessed with echocardiography.





Results

Mortality was significantly higher for CS-Ab mice (72.2%) than for CS-IT mice (22.2%). CS resulted in dysregulated alveolar remodeling, but CS-Ab lungs demonstrated significantly less dysfunctional alveolar remodeling than CS alone (MCL 121.0 CS vs. 87.6 CS-Ab), as well as increased renal tubular vacuolization. No morphologic differences in alveolar septation or thymic karyorrhexis were found between CS-Ab and CS-IT. CS-Ab pups exhibited a marked decrease in heart rate (390.3 Sh vs. 342.1 CS-Ab), stroke volume (13.08 CS-IT vs. 8.83 CS-Ab) and ultimately cardiac output (4.90 Sh vs. 3.02 CS-Ab) as well as a significant increase in ejection fraction (73.74 Sh vs. 83.75 CS-Ab) and cardiac strain (40.74 Sh vs. 51.16 CS-Ab) as compared to CS-IT or Sham animals.





Discussion

While receptor ligation of aspects of HVEM signaling, via antibody blockade, appears to mitigate aspects of lung injury and thymic involution, stimulatory signaling via HVEM still seems to be necessary for vascular and hemodynamic resilience and overall neonatal mouse survival in response to this experimental polymicrobial septic insult.  This dissonance in the activity of anti-HVEM neutralizing antibody in neonatal animals speaks to the differences in how septic cardiac dysfunction should be considered and approached in the neonatal population.
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1 Introduction

Sepsis, a life-threatening organ dysfunction caused by a dysregulated host response to infection, remains an immense clinical challenge responsible for greater than 200,000 patient deaths annually in the United States at an estimated cost of $20 billion (1, 2). The dysregulated host response to infection seen in sepsis is characterized by circulating immune cell influx into distal organs leading to organ failure (3). While work to understand the role of this dysregulated immune response in adult septic outcomes has generated several promising therapeutic targets, little has been done to translate this understanding to the neonatal population (4). This is important as not only is this a vulnerable population for which clinical access as well as animal modeling is more limited than the adult, but the immune system of the neonate is not yet fully developed, and differences would be anticipated in its response to pathogenic challenges (5). Thus, characterization of immune regulation in the neonatal response to septic insult remains an important goal.

Sepsis in adult patients has consistently been demonstrated to produce immune deficiency, which is linked to secondary infections, organ dysfunction and, ultimately, an increased risk of death (6, 7). Early mortality in adult sepsis is most frequently secondary to cardiac dysfunction, while late mortality is most frequently attributed to secondary infection (8–10). Individuals with cardiac dysfunction have a two-fold increase in mortality after sepsis, while those developing secondary infections have worse outcomes than counterparts when matched for injury severity and age (8–10). Mortality after sepsis in neonates is also attributed to organ failure, but more specifically to respiratory distress and cardiac dysfunction. Research exploring the developing immune systems role in this response describe the neonatal reliance on an immature innate immune response, characterized by an overly robust pro-inflammatory response with rapid production of IL-6, IL-8 and TNF-α in higher concentrations than seen in adults, followed by an immature anti-inflammatory response with low IL-10 production (5). Cardiac dysfunction in adults is characterized by a hyperdynamic phase with, decreased ejection fraction and increased cardiac index, resulting from a decreased systemic vascular resistance (11). Advanced studies of coronary artery oxygenation have demonstrated these effects to not be directly related to ischemia (9). Pediatric cardiac dysfunction is instead characterized by a non-hyperdynamic phase with a decreased cardiac output and an increased systemic vascular resistance, and some of this is due to their alteration in cardiac structure where an increase in the type I to type III collagen ratio results in increased cardiac rigidity (5, 9).

The immune response to any stimulus is informed and directed by checkpoint regulators. Checkpoint regulators are a group of transmembrane protein receptors which produce a second ‘licensing’ signal following T-cell receptor stimulation by an MHC class I or II protein bound with antigen in order to instruct the cell on how to respond to the antigenic stimulus (12). When an antigen is bound by a T-cell receptor (TCR), simultaneous engagement of a checkpoint regulator results in a signal to the immune cell, which may be stimulatory or inhibitory. Stimulation results in immune activation, ultimately resulting in a humoral or cell-mediated immune response (13). Inhibitory signals can result in anergic immune cells not able to respond to further stimulation (14). Multiple checkpoint regulators exist, including the well characterized Programmed cell death receptor 1 (PD-1), Cytotoxic T-lymphocyte Associated protein 4 (CTLA-4), and V-domain Ig suppressor of T-cell activation (VISTA) (15, 16). Herpes Virus Entry Mediator, or HVEM, is another such regulator possessing several unique characteristics that make it an interesting potential therapeutic target (17).

HVEM is a tumor necrosis factor receptor superfamily (TNFRSF) member type 1 transmembrane checkpoint regulator. Discovered through its interaction with Herpes Simplex Virus, HVEM acts to stimulate or inhibit T-cell activation dependent on multiple environmental cues (17, 18). HVEM is expressed on a variety of immune cell subsets and tissues including T-cells, B-cells, and Natural Killer (NK) cells, as well as spleen, lung, liver and kidney (17, 19). HVEM has 5 described ligands, both within and outside of the TNF family including B and T Lymphocyte Attenuator protein (BTLA), CD160, LIGHT, lymphotoxin alpha (LTα), and Herpes Simplex Virus 1. HVEM possesses four cystine rich binding domains, allowing it to interact with multiple ligands simultaneously (20). HVEM can behave as a bidirectional switch, generating a stimulatory immune response when binding LIGHT or LTα, but an inhibitory signal when interacting with BTLA or CD160 (21, 22). Further, HVEM can exist in an inert form when co-expressed in its cis confirmation with BTLA, protecting naïve T-cells from responding to environmental signals (23). Altered expression of HVEM and its ligands has been demonstrated in critically ill septic adult patients, and in murine sepsis models (24–26).

Many checkpoint regulators play key roles in mediating responses to septic challenge. Deletion of both PD-1, and its primary ligand PDL-1, have both been independently demonstrated to convey survival benefit in adult mice subjected to the cecal ligation and puncture (CLP) model (27, 28). Specifically within neonates, it has been demonstrated that PD-1 deletion similarly conveys a survival benefit without effect on the intraperitoneal bacterial burden using a murine cecal slurry (CS) model (29). HVEM has been demonstrated to play an important role in the immune response to septic challenges in adult models, with Shui et al. demonstrating the HVEM : CD160 interaction to be integral to maintaining host defenses at mucosal barriers in murine models of intestinal and respiratory infections (26). Further, in an adult mouse model of indirect acute lung injury intratracheal HVEM siRNA administration was shown to have a protective effect on lung histology and convey and early survival deficit comparted with controls (30). Northern blot murine tissue surveys demonstrate the highest level of expression in adult spleen and peripheral leukocytes; however, in neonates, HVEM was most heavily expressed in lung and kidney (19). With this in mind, we hypothesized that signaling via HVEM is essential for the neonatal response to intraabdominal sepsis, and sought to characterize its role via intraperitoneal blockade of the stimulatory domains of HVEM in the setting of a septic insult.




2 Materials and methods



2.1 Mice

Wild type (WT) C57BL/6 neonatal (5-7 days old) mice were bred in the Rhode Island Hospital-Central Research Facilities. Pups were housed with parents throughout the duration of the studies and weaned on a standard schedule. All protocols were conducted according to the National Institutes of Health guide for animal care and use and were approved by the Lifespan-Rhode Island Hospital Institutional animal care and use committee (approval number: 0054-18 and 5054-21). Animals were fed standard mouse chow ad libitum, housed in ventilated racks, and kept under standard environmental conditions (12-h:12-h light/dark cycle, 68–72°F, 30%–70% humidity).




2.2 Cecal slurry model

Intraabdominal sepsis was created using the previously described cecal slurry (CS) model (29, 31). Briefly, cecal contents were harvested from an C57BL/6 adult male mouse, purchased through Jackson Laboratories, after CO2 asphyxiation, then dissolved in dextrose solution to create a slurry of 80 mg/mL concentration. For all studies administering CS, pups were weighed and treated with LD70 dose (1.3mg/g BW) of the dextrose cecal slurry intraperitoneally via single injection. After treatment, animals were monitored every 6 hours for 48 hours, then every 12 hours thereafter for survival studies. Sepsis modeling was designed to embody the MQTiPPS principles whenever possible (32). For studies with predetermined end points, animals were euthanized via CO2 asphyxiation followed by decapitation. All animal work was conducted in accordance with the Animal Welfare Act and National Institute of Health (NIH) guidelines for animal care and use, and protocols were approved by the Institutional Animal Care and Use Committee of Rhode Island Hospital (AWC# 5064-18 and 5054-21).




2.3 Survival studies

WT neonatal littermates were randomized into a total of 8 treatment groups, summarized in Table 1, including Naïve (N, N=4) pups, and pups receiving an intraperitoneal weight based dose of 0.9% saline, or Sham (Sh, N=4), cecal slurry alone (CS, N=28), CS with 20μL Anti-HVEM antibody (~4 mg protein/kg body weight) to the LIGHT stimulatory binding domain (CS-Ab, N=18) (ThermoFisher Scientific, CD270 functional grade monoclonal antibody, LH-1 clone, #16-5962-85), CS with 20μL Armenian hamster IgG isotype (~4 mg protein/kg body weight) (CS-IT, N=18) (eBiosciences, #14-4888-85), CS with 20μL 0.9% normal saline (CS-NS, N=19), 20μL Anti-HVEM antibody to the LIGHT stimulatory binding domain alone (Ab,N=4), or 20μL Anti-HVEM antibody diluted in a weight based volume of normal saline (dAb, N=4). Antibody dosing was selected based on previously published work in adult models (33). Antibody dosing was exclusively administered at the time of CS treatment; no additional dosing was provided. Given all litters did not include 8 pups, every experimental litter was ensured to include control animals (N, Sh, CS, Ab, or dAb treated mice). Pups from each treatment group underwent a 7-day survival study. Following intraabdominal injection pups were evaluated every 6hrs for the first 48hrs, then every 12hrs for the remainder of the study. No antibiotics, pain medications, or additional resuscitative fluids were administered. Results were analyzed using a log-rank Kaplan Meier analysis.


Table 1 | Experimental treatment groups.






2.4 Organ weights

Twelve hrs after treatment, thymus, lung, liver, spleen and kidney samples from naïve mice (N), Sham (Sh), CS, CS-Ab or CS-IT treated mice were collected following euthanasia via decapitation. Pups were weighed at the time of euthanasia and organs were weighed immediately after collection (wet weight). All weights are reported as a ratio of the organ weight in milligrams to the weight of the pup in grams (Table 2). Samples were then formalin fixed for histologic evaluation.


Table 2 | Wet tissue weights as a ratio with pup weight.






2.5 Histology

Thymus, lung, liver, spleen and kidney formalin fixed samples collected from Sh, CS, CS-Ab or CS-IT treated pups 12 hrs after treatment as well as from Naïve mice were paraffin embedded for sectioning. Sections were either stained with hematoxylin and eosin (H&E), underwent immunohistochemical analysis for HVEM expression (ThermoFisher Scientific, TNFRSF14 Polyclonal antibody, #PA5-20237), or were assessed for apoptotic changes with active Caspase 3 (Clone CM1, BD Biosciences).

H&E-stained lung samples were evaluated by computer assisted morphometric analysis for evidence of age-appropriate alveolar remodeling via mean chord length (MCL). MCL was calculated by superimposing randomly oriented parallel line arrays over a high-powered field (40x magnification) of air exchanging lung parenchyma, then determining the distance between airspace walls, as previously described (34). This process was repeated across 10 random fields per lung then averaged to generate the MCL score, in μm. MCL data is reported as mean distance in μm for an N=4 in each treatment group ± SEM.

Based on prior reports of lymphoid apoptosis as a characteristic result of histologic murine septic tissue injury, H&E stained thymus samples were evaluated for lymphoid apoptosis, or karyorrhexis, utilizing a karyorrhectic index (KI) (35). A karyorrhectic foci was defined as an area containing 3 or more nuclear fragments, and the karyorrhectic index was calculated based on the number of foci identified in 10 random high-powered fields (40x magnification) per tissue sample. KI data is reported as mean for an N=4 in each treatment group ± SEM.

H&E stained kidney samples (N=4 per treatment group) were evaluated for evidence of vacuolar degeneration, tubular epithelial swelling, and desquamation, based on prior descriptions of these characteristic murine indicators of kidney injury (35–37). Images were first acquired at 20x magnification capturing the cortex, then images were magnified to 40x and evaluated for general morphology and presence and extent of vacuolar degeneration and tubular epithelial swelling. This was repeated across 2-3 areas of each tissue sample.

Thymic samples (N=5 per treatment group) were evaluated for HVEM expression utilizing a commercially available polyclonal antibody using the manufacturers protocol. Images were acquired at 40x magnification within the cortical zones for each tissue sample and compared grossly for stain intensity. Thymus samples (N=5 per treatment group) were evaluated for active Caspase 3 according to manufacturer instructions, and additionally underwent immunohistochemical analysis for HVEM expression. Images of 6 random low-powered fields per sample were acquired at 4x magnification and analyzed for stain intensity using ImageJ. Of note, all histologic samples mentioned above were reviewed by a single neonatal pathologist member of the research team (MED) in a blinded fashion utilizing ImageJ software. All results were compared using a Mann-Whittney U test.




2.6 Peritoneal culture analysis

Normal saline was lavaged in the peritoneal cavity of pups 12hrs after treatment with CS, CS-Ab, CS-IT, CS-NS, AB or dAb as well as in Naïve mice (N). Samples were collected at the time of tissue harvest using sterile technique, aliquoted, and cultured for 24 hrs on blood agar plates at 37°C then counted for colony forming units (CFUs). Results are reported as Log10 CFU/100μL peritoneal fluid.




2.7 Echocardiography

Twenty-four hrs after treatment, either Sh treatment with normal saline, or sepsis induction with CS-Ab or CS-IT, transthoracic echocardiography was used to assess cardiac function in neonatal mice as described by Denning et al. (38) Echocardiography was completed using a 40 MHz center frequency transducer and a Vevo®3100 Imaging System (Fujifilm VisualSonics, Toronto, ON, Canada). Sedation was induced with 2.5% isoflurane, and subsequently was maintained with 0.5–1% isoflurane throughout the echocardiogram. Mice were maintained on a heated table throughout the echocardiogram. Parasternal long axis views were taken in B and M modes, with B mode imaging providing two-dimensional views of the heart and M mode imaging depicting one ultrasound line, chosen from the two-dimensional image, over time (39). VevoLab (Fujifilm VisualSonics) software was used to determine cardiac parameters. VevoStrain (Fujifilm VisualSonics) software was used to measure myocardial strain and strain rate using speckle-tracking echocardiography (40).




2.8 Cytokine arrays

Twenty-four hrs after treatment plasma, thymus, lung, and kidney samples from naïve mice (N), and Sham (Sh), CS, CS-Ab, CS-IT, CS-NS, Ab, or dAb treated mice were collected following euthanasia and stored at -80°C until analysis. Blood samples were collected with sterile technique at the time of decapitation, plasma was subsequently isolated via centrifugation of whole blood at 10,000 rpm, and supernatant (plasma) was collected and stored at -80°C. Plasma samples were analyzed for circulating cytokine profiles according to manufacturer instructions using a commercially available cytokine bead array: LEGENDplex Mouse Inflammation Panel (13-plex) with a V-bottom plate (BioLegend, cat#552364). Serum samples from murine subjects were prepared for analysis per manufacturer’s protocol and as previously described by our lab (41). Lung, thymus, and kidney samples were dissociated into cell lysates and prepared for cytokine bead array according to manufacturer protocols. MACSQuant Analyzer 10 (Miltenyi Biotec) was utilized for analysis of all multiplex experiments. Results were analyzed with LEGENDplex software suite (BioLegend). Differences among multiple groups were established with non-parametric Kruskal-Wallis test followed by post-hoc Dunns test using a Bonnferroni correction.




2.9 Statistical analysis

Data are expressed as mean ± SEM. Survival study data was analyzed using a log-rank Kaplan Meier analysis. Multi-group comparisons were performed using Kruskal-Wallis test followed by post-hoc Dunns test using a Bonnferroni correction or a Mann-Whittney U test for simple 2-way comparison. Statistical analysis was undertaken using GraphPad Prism version 8.4.3 for Windows (GraphPad Software, San Diego, California USA, www.graphpad.com). Alpha was set to 0.05.





3 Results



3.1 Neonatal mortality is increased after septic insult in the setting of HVEM signaling blockade, occurring despite the resuscitative benefit of additional volume administration

Mortality was significantly higher for CS-Ab mice than for CS-IT mice, with 5 of 18 CS-Ab treated mice survived versus 14 of 18 CS-IT treated mice over a 7-days (p=0.003), depicted in Figure 1A, A1. Within the CS-Ab group, mortality was noted to be rapid, with 84% of deaths occurring by the 24 hr time point. When evaluating CS-IT mice compared to CS treatment alone or CS-NS treatment (Figure 1A2) CS-IT mice survived significantly better than CS alone with 14/18 CS-IT pups surviving to 7 days compared to 13/28 CS pups (p=0.035). However, CS-IT treated pups survival demonstrated no significant difference from survival of pups treated with CS-NS (14/18 CS-IT vs. 14/19 CS-NS, p=0.949). CS-Ab mice demonstrate slightly worse survival than pups treated with CS alone, as shown in Figure 1A3 (p=0.327). Anti-HVEM antibody administration independently, both alone (Ab) in diluted in normal saline (dAb), generated no effect on lethality (Supplementary Figure 1). Finally, consistent with results of prior work within the CS model by our lab, there was no mortality demonstrated for naïve or Sham treatments (Supplementary Figure 1) (29, 42).




Figure 1 | Neonatal murine survival after sepsis with intraperitoneal HVEM blockade depicted in Kaplan-Meier curves. (A) All Treatment groups. (A1) Intraperitoneal HVEM blockade with CS produces a significant survival deficit compared to isotype control, with 5/18 for CS-Ab vs. 14/18 CS-IT groups (p=0.003) (A2) CS-IT treated pups survival demonstrated no significant difference from survival of pups treated with CS-NS (14/18 CS-IT vs. 14/19 CS-NS, p=0.949), yet survived significantly better than pups treated with CS alone (14/18 CS-IT vs. 13/28 CS, p=0.035) (A3) CS-Ab treatment produced slightly worse survival than CS alone (5/18 CS-Ab vs. 13/28 CS, p=0.327) and the text box labels under Figure 1A1 has been shifted revealing something that was covered with a white box on the version I sent in, the text boxes should be moved to the left 2-3 tabs.






3.2 Dysregulated alveolar remodeling associated with CS model and attenuated by HVEM blockade

Histologic responses to HVEM signaling blockade in the lung were evaluated by measuring median cord length, a measure of the normal neonatal process of alveolar remodeling. Naïve lung samples demonstrated appropriate remodeling, while induction of sepsis via CS resulted in significantly dysregulated alveolar remodeling, reflected by an increase in MCL from 86.88 ± 3.43 in naïve mice to 120.95 ± 13.94 in CS treated pups (p <0.05) (Figure 2). Lungs from CS-Ab mice demonstrated a significant reduction in dysfunctional alveolar remodeling compared to CS alone with an MCL of 87.55 ± 3.13 in CS-Ab versus 120.95 ± 13.94 in CS treated samples (p<0.05). CS-Ab lung histology and MCL was found to be most similar to naïve lung samples with their MCL of 86.88 ± 3.43, and CS-Ab MCL was additionally found to be significantly lower than CS-IT treated samples (MCL: 87.55 ± 3.13 CS-Ab vs 110.53 ± 0.96 CS-IT, p= 0.029).




Figure 2 | Dysregulated alveolar remodeling associated with CS model and attenuated by HVEM blockade: (A) H&E stained samples of lungs harvested from Naïve, CS, CS-IT and CS-Ab treated pups 12hrs after IP injection depicted at 40x magnification with mean chord length (MCL) reflected in the lower right corner, provided in μm. (B) Histogram depicting the average MCL ± SEM per group: 86.88 μm ± 3.43 N, 97.85 μm ± 9.88 Sh, 120.95 μm ± 13.94 CS, 110.53 μm ± 0.96 CS-IT, and 87.55 μm ± 3.13 CS-Ab. MCL was significantly increased in CS compared with Naïve (p<0.05), and significantly lower in CS-Ab pups than in CS alone (p<0.05). Finally, CS-Ab treated lung samples were found to have significantly shorter MCL than CS-IT treated pups (p=0.029); data is shown as dot plot with mean +/- SEM; * delineates significant differences between specific groups (bar) at p<0.05.






3.3 Sepsis induced thymic karyorrhexis, and this was not altered by CS-Ab or CS-IT treatment, while renal histology demonstrated vacuolar degeneration and mild tubular epithelial swelling

Thymic samples demonstrated increased karyorrhexis induced by CS administration, when compared to Sham samples, 2.75 ± 1.44 Sh vs. 244.25 ± 93.94 CS (Figures 3A, B). CS and CS-Ab had similar increase in thymic karyorrhexis (244.25 ± 93.94 CS vs 393.25 ± 106.16 CS-Ab, p>0.05). CS-Ab samples demonstrated no significant difference when compared to CS-IT samples in terms of thymic lymphoid karyorrhexis (491 ± 65.82 CS-IT vs. 393.25 ± 106.16 CS-Ab., p>0.05). Caspase 3 staining of thymic tissue samples revealed that induction of sepsis via CS resulted in an increased amount of apoptosis within the thymus as compared with naive samples (Figure 4A). This response was similar in the anti-HVEM treated samples but was somewhat ameliorated in CS-IT treated pups. By densitometry, induction of sepsis via CS resulted in significantly higher levels of activated caspase 3 staining in all 3 septic groups compared to naïve, with no significant differences between CS, CS-Ab and CS-IT samples (Figure 4B). CS treated samples showed altered density of HVEM-immunoreactive thymocytes, especially in the subcortical zone compared to naïve (Figure 4C). Grossly, cortical HVEM expression decreased in CS compared to Naïve samples, yet HVEM expression was increased after CS-Ab and CS-IT treatments, more closely resembling Naïve samples.




Figure 3 | (A) Histologic evidence of increased thymic karyorrhexis after CS, not affected by Ab or IT treatment. H&E-stained thymic samples harvested from Naïve, CS, CS-IT and CS-Ab treated pups 12hrs after IP injection depicted at 40x magnification with karyorrhectic index (KI) reflected in the lower right corner. (B) Histogram of karyorrhexis indices for each treatment group. Average KI ± SEM: 6 ± 1.08 N, 244.25 ± 93.94 CS, 491 ± 65.82 CS-IT, and 393.25 ± 106.16 CS-Ab. CS-Ab and CS-IT treated pups had significantly higher KI than naïve pups (p<0.01) yet were not significantly different than KI observed in mice treated with CS alone (p>0.05); data is shown as dot plot with mean +/- SEM; * delineates significant differences between specific groups (bar) at p<0.05.






Figure 4 | Thymic apoptosis is induced by CS administration, attenuated by IT administration. (A) Thymus samples harvested from Naïve, CS, CS-IT and CS-Ab treated pups 12hrs after IP injection depicted at 4x magnification following staining for caspase 3 activity. Naïve samples demonstrate mild staining, while staining is increased by CS treatment, CS-Ab samples demonstrated very similar levels of staining to CS samples, while CS-IT demonstrated mild staining. (B) Image densitometry plots generated by random sampling of thymic samples stained for active caspase 3 demonstrating no significant difference between CS, CS-Ab, and CS-IT treatment groups caspase 3 staining. All 3 groups treated with CS demonstrate significantly higher active caspase 3 staining than the naïve control. (C) Thymus samples harvested from Naïve, CS, CS-IT and CS-Ab treated pups 12hrs after IP injection depicted at 40x magnification following staining for HVEM expression with a polyclonal anti-HVEM antibody. Induction of sepsis results in grossly decreased cortical HVEM staining, which was increased back to naïve levels by CS-Ab administration; data is shown as dot plot with mean +/- SEM; significance * p<0.05.



H&E-stained renal samples (Supplementary Figures 2A, B) demonstrated expected apical vacuolization in Naïve samples, while CS samples demonstrated mildly increased tubular epithelial swelling with minor vacuolar degeneration, CS-IT samples with more variable findings, and, finally, CS-Ab samples demonstrated partial tubular vacuolar degeneration throughout the samples reviewed and showed mild tubular epithelial swelling. Kidney weight was significantly lower in CS-Ab than CS-IT (5.14mg/g ± 0.523 vs 8.75mg/g ± 0.665, p<0.05) (Table 2).




3.4 HVEM signaling blockade results in significant cardiac dysfunction when compared to both Sham and CS-IT treatment

Echocardiography 24 hrs after treatment with Sh, CS-IT and CS-Ab demonstrated that CS-Ab treatment significantly reduced heart rate in neonatal mice when compared to Sh controls (390.3 Sh vs. 342.1 CS-Ab, p=0.020), as depicted in Figure 5A. Similarly, CS-Ab treatment resulted in a decreased stroke volume, or volume of blood pumped out of the left ventricle in each cardiac cycle, when compared to IT controls (13.08 CS-IT vs. 8.83 CS-Ab; p=0.048), though significant variability in the stroke volume of the Sh treated mice meant no difference was appreciated between Sh and CS-IT or CS-Ab (Figure 5B). When looking at ejection fraction, or the percentage of blood the left ventricle pumps with each heartbeat, there was no significant difference between Sh and CS-IT treated pups (73.74 Sh vs. 80.13 CS-IT; p=0.255), however, CS-Ab treatment resulted in a significant increase in the ejection fraction compared to Sh (73.74 Sh vs. 83.75 CS-Ab; p=0.041; Figure 5C). CS-IT treatment closely resembled Sh treatment when left ventricular end diastolic volume was investigated, though CS-Ab treatment resulted in a trend towards reduced left ventricular end diastolic volume (LVEDV) when compared to Sh or CS-IT treatment, while Sh and CS-IT treatments resulted in nearly identical LVEDV (Sh vs. CS-IT p=0.931; Sh vs. CS-Ab p=0.057, CS-IT vs. CS-Ab p=0.077; Figure 5D). Antibody treatment was further associated with increased fractional shortening, a surrogate for strain, when compared to Sh pups (40.74 Sh vs. 51.16 CS-Ab; p=0.035; Figure 5E). Finally, it was found that CS-Ab treated pups had a reduced cardiac output compared to both sham and IT controls (4.90 Sh vs. 4.80 CS-IT vs. 3.02 CS-Ab; p=0.022 vs. Sh; p = 0.017 vs. CS-IT; Figure 5F).




Figure 5 | Murine echocardiography completed 24 hrs after treatment with Sh (N=7), CS-IT (N=10) or CS-Ab (N=11) (A) Heart rate was significantly reduced by CS-Ab treatment compared to sham control (390.3 Sh vs. 342.1 CS-Ab, p=0.020) (B) Stroke volume was significantly reduced 24 hrs after CS-Ab treatment compared to CS-IT (13.08 CS-IT vs. 8.83 CS-Ab; p=0.048) (C) CS-Ab treatment significantly increased ejection fraction compared to sham pups at 24 hrs post treatment (73.74 Sh vs. 83.75 CS-Ab; p=0.041) (D) Left Ventricular End Diastolic Volume was not significantly altered by treatments. (E) Fractional shortening was significantly increased by CS-Ab treatment compared to Sham (40.74 Sh vs. 51.16 CS-Ab; p=0.035). (F) Cardiac output was significantly reduced after CS-Ab treatment compared to both Sh and CS-IT treated animals. (4.90 Sh vs. 4.80 CS-IT vs. 3.02 CS-Ab; p=0.022 vs. Sh; p = 0.017 vs. CS-IT); data is shown as dot plot with mean +/- SEM; significance: ^= p<0.05 vs. Sh; *=p<0.05 vs. CS-IT.






3.6 Sepsis via CS induced significant differences in multiple circulating cytokine levels, including IFN-γ, TNF-α, MCP-1, IL-10 and IL-6 when compared to naïve and sham controls, however no significant differences between CS-IT or CS-Ab treatment were detected

The plasma cytokine array, depicted in Figure 6, and expanded on in Supplementary Figures 3 and 4, demonstrated multiple differences induced by cecal slurry treatment. IFN-γ levels varied significantly between the 8 tested treatment groups (N, Sh, CS, CS-IT, CS-Ab, CS-NS, Ab, and dAb; p=0.001; Figure 6C; Supplementary Figure 3), while it was specifically detected that sepsis without any resuscitation or antibody treatment (CS) induced significant difference compared to both naïve and sham groups (N vs. CS p=0.0046; Sh vs. CS p=0.041). TNF-α levels also varied significantly between groups (p<0.0001; Figure 6D). Similar to IFN-γ, CS treatment induced significant differences in TNF-α levels compared to both naïve and sham groups (N vs. CS, p=0.0426; Sh vs. CS p=0.0035). However, CS-Ab treatment also significantly increased TNF-α levels compared to Sham controls (Sh vs. CS-Ab, p = 0.014), while CS-IT treatment did not (Sh vs. CS-IT, p=0.052). MCP-1 additionally demonstrated a significant difference between the 8 treatment groups (p<0.0001), with a significant increase in levels after CS, CS-IT, and CS-Ab levels when compared to both naïve and sham pups (N vs. CS, p=0.0038; N vs. CS-IT, p=0.0352; N vs. CS-Ab, p=0.0036; Sh vs. CS, p=0.0005; Sh vs. CS-IT, p=0.0056; and Sh vs. CS-Ab, p = 0.0004) (Figure 6E). CS-NS treatment did not induce a significant increase in MCP-1 compared to naïve mice (N vs. CS-NS, p=0.1268), though it did compared to sham treatment (Sh vs. CS-NS, p=0.0315). No difference was detected between MCP-1 levels at 24 hrs after treatment with CS-IT and CS-Ab (CS-IT vs. CS-Ab, p>0.999). Circulating IL-10 levels were also found to be significantly different between the 8 treatment groups (p<0.0001), and similar to MCP-1 this was found to be due to significant increases after any treatment including CS (CS, CS-IT, and CS-Ab [Supplementary Figure 4]) excepted CS-NS, the resuscitative group, when compared to both naïve and sham pups (N vs. CS, p=0.0106; N vs. CS-IT, p=0.0139; N vs. CS-Ab, p=0.0007; Sh vs. CS, p=0.0178; Sh vs. CS-IT, p=0.0233; Sh vs. CS-Ab, p = 0.0012; N vs. CS-NS, p=0.0749; Sh vs. CS-NS, p=0.1103). Finally, circulating IL-6 levels followed a very similar pattern, with significant variability between the treatment groups (p<0.0001); related to significant increases after CS treatment groups CS, CS-IT, and CS-Ab compared to naïve and sham groups (N vs. CS p=0.0006; N vs. CS-IT, p=0.0228; N vs. CS-Ab, p=0.005; Sh vs. CS, p<0.0001; Sh vs. CS-IT, p=0.0044; Sh vs. CS-Ab, p = 0.0008). Like MCP-1, CS-NS resuscitation resulted in no significant difference compared to naïve pups (N vs. CS-NS, p=0.1107), but did induce a difference compared to sham controls (Sh vs. CS-NS, p=0.0325), and again, no difference between CS-IT and CS-Ab mice was detected (CS-IT vs. CS-Ab, p>0.999).




Figure 6 | Circulating cytokine levels in neonatal mice 24 hours after treatment, mice demonstrate increases in multiple pro-inflammatory cytokines at the 24hr mark after CS treatment, though no specific differences between CS alone, CS-IT or CS-Ab treatments existed. Reported p value reflects non-parametric one-way ANOVA, remainder of indications reflect multiple comparisons test results. (A) IL-23 (B) IL-1α (C) IFN-γ (D) TNF-α (E) MCP-1 (F) IL12p70 (G) IL-1β (H) IL-10 (I) IL-6 (J) IL-27 (K) IL-17A (L) IFN-β (M)GM-CSF (A–M) Summary graphs show data dot plot and mean +/- SEM all after N, Sh, CS, CS-IT, CS-Ab, and CS-NS treatments, [N n=10, Sh n=10, CS n=10, CS-IT n=11, CS-Ab n=11, CS-NS n=6, Ab n=6, dAb n=6]; * significant differences between specific groups (bar) delineated relative to Bonferroni corrected “P” value.






3.7 Sepsis induced renal NGal expression and tissue specific increases in inflammatory cytokines TNF-α, MCP-1, IL-10 and IL-6, however HVEM:LIGHT blockade did not alter this expression profile

Western blotting using renal protein samples, depicted in Supplementary Figure 2C, demonstrate that NGal expression is induced by the administration of CS and maintained in both the CS-Ab and CS-IT groups. Kidney cytokine levels demonstrated the most significant changes as a result of CS treatment compared to sham and naïve control pups. First, TNF-α levels were significantly altered amongst treatment groups (p=0.0002; Figure 7A), with CS and CS-Ab leading to increased levels (N vs. CS, p=0.0256; N vs. CS-Ab, p=0.0062). TNF-α levels were also increased after CS-Ab treatment when compared to dAb (CS-Ab vs. dAb, p=0.0280). Kidney MCP-1 levels varied significantly between treatment groups (p<0.0001, Figure 7B), with specific increases in CS and CS-Ab when compared to independent antibody administration (CS vs. Ab, p=0.0291; CS-Ab vs. Ab, p=0.0196). IL-10 levels in kidney samples varied significantly between the 8 treatment groups (p=0.0006, Figure 7C), with CS resulting in increased IL-10 when compared to naïve, except in the setting of resuscitation with normal saline (N vs. CS, p=0.0173; N vs. CS-IT, p=0.0401; N vs. CS-Ab, p=0.0028; N vs. CS-NS, p>0.999), but only CS-Ab treatment increased IL-10 compared to sham (Sh vs. CS-Ab, p=0.0330; Sh vs. CS-NS, p>0.999). However, no difference in renal IL-10 levels between CS-IT and CS-Ab treated pups was found (CS-IT vs. CS-Ab, p>0.999). Finally, kidney IL-6 levels were significantly altered by treatment (p=0.0001, Figure 7D). Treatment with CS and CS-Ab resulted in significantly higher levels of IL-6 than naïve and sham, while treatment with CS-IT and CS-NS did not (N vs. CS, p=0.0126; N vs. CS-IT, p=0.1423; N vs. CS-Ab, p=0.0151; N vs. CS-NS, p=0.7793; Sh vs. CS-Ab, p = 0.0186). No difference in renal IL-6 levels between CS-IT and CS-Ab was detected (CS-IT vs. CS-Ab, p>0.999). No differences were detected between groups in the other 9 tested cytokines, as depicted in Supplementary Figure 5.




Figure 7 | Tissue specific cytokine levels 24 hours after treatment in neonatal mice. Mice demonstrate increases in MCP-1 levels in tissue consistently after treatment, while TNFα, IL-10 and IL-6 levels are less diffusely altered. Reported p value reflects non-parametric one-way ANOVA, remainder of indications reflect multiple comparisons test results. (A) Kidney TNFα (B) Kidney MCP-1 (C) Kidney IL-10 (D) TNF-α (E) Lung TNFα (F) Lung MCP-1 (G) Lung IL-10 (H) Lung IL-6 (I) Thymus TNFα (J) Thymus MCP-1 (K) Thymus IL-10 (L) Thymus IL-6 (A–L) Summary graphs show data dot plot and mean +/- SEM all after N, Sh, CS, CS-IT, CS-Ab, and CS-NS treatments, [Kidney N n=5, Sh n=5, CS n=6 CS-IT n=6, CS-Ab n=6, CS-NS n=4; Lung N n=10, Sh n=10, CS n=10, CS-IT n=11, CS-Ab n=11, CS-NS n=6; Thymus N n=5, Sh n=5, CS n=6, CS-IT n=11, CS-Ab n=11, CS-NS n=4]; significant differences between specific groups (bar) delineated relative to Bonferroni corrected “P” value. * p<0.05.



Lung samples also demonstrate cytokine level fluctuation. TNF-α levels varied significantly between the tested groups (p=0.0004; Figure 7E), with differences after CS induction by CS or CS-IT, though not by CS-Ab (N vs. CS, p=0.0408; N vs. CS-IT, p=0.0171; N vs. CS-Ab, p=0.1063). MCP-1 levels varied significantly between the 8 treatment groups (p<0.0001; Figure 7F), with sepsis inciting increases in CS, CS-IT, CS-Ab and CS-NS treated pups compared to naïve or sham animals (N vs. CS, p=0.0011; N vs. CS-IT, p=0.0048; N vs. CS-Ab, p=0.0216; N vs. CS-NS, p=0.0399; Sh vs. CS, p=0.0009; Sh vs. CS-IT, p=0.0039; Sh vs. CS-Ab, p = 0.0176; Sh vs. CS-NS, p=0.0338). Unlike other tissues, no significant difference in IL-10 levels were noted between the treatment groups (p=0.507; Figure 7G), though IL-6 levels did vary between the 8 treatment groups (p=0.008; Figure 7H), though no specific difference between individual groups means was detected when multiple comparisons testing was completed. No differences were detected between groups in the other 9 tested cytokines, as depicted in Supplementary Figure 6.

When looking at cytokine levels in the thymus, there was no significant difference in TNF-α levels between any groups (p= 0.119; Figure 7I). Thymus samples did however demonstrate significant variation in MCP-1 levels between the 8 tested groups (p<0.0001; Figure 7J). This MCP-1 variability was driven by differences between CS and CS-Ab treated groups when compared to Ab or dAb treated mice (CS vs. Ab, p=0.0182; CS vs. dAb, p=0.0049; CS-Ab vs. dAb, p=0.0241). IL-10 levels in the thymus also significantly varied amongst the 8 tested groups (p=0.001, Figure 7K), however no marked difference between any two individual groups was detected via multiple comparisons testing. The same was true of thymic IL-6 levels, where significant variability between the 8 tested groups (p=0.014, Figure 7L), but no significant difference between any two specific groups was observed. No differences were detected between groups in the other 9 tested cytokines, as depicted in Supplementary Figure 7.




3.8 Cecal Slurry treatment produced a significant increase in intraperitoneal bacterial burden; however, this was not altered by CS-Ab, CS-IT or CS-NS treatments

CS-Ab treated mice were found to have no significant difference from CS-IT controls in colony forming units in the peritoneal fluid 12hrs after septic insult (p = 0.903, Figure 8). Peritoneal lavage samples from naïve pups demonstrated no bacterial burden, while all the CS groups exhibited a marked increase in CFUs (0.00 N vs. CS 39783.8, p= 0.032, vs. 72753.8 CS-Ab, p=0.049, vs. 67258.8 CS-IT, p=0.044, and vs. 72534.5 CS-NS, p=0.020). No significant difference in number of CFUs identified existed between the CS, CS-Ab, and CS-IT treated animals (p=0.66, Figure 8). Finally, Ab and dAb treated mice both had low levels of intraperitoneal bacteria, significantly less than any CS treated group (440.6 Ab vs. dAb 659.8 vs. 39784 CS; p=0.013).




Figure 8 | Intraperitoneal bacterial burden. Colony forming units per 100μL of peritoneal fluid presented in log scale, naïve mice demonstrated no bacterial burden whereas all CS treated groups demonstrated significantly more CFUs than naïve samples (0.00 N vs. CS 39783.8, p= 0.032, vs. 72753.8 CS-Ab, p=0.049, vs. 67258.8 CS-IT, p=0.044, and vs. 72534.5 CS-NS, p=0.020). No significant difference between number of CFUs identified existed between the 4 CS treated groups (p=0.66).







4 Discussion

This investigation demonstrated intraperitoneal blockade of the HVEM:LIGHT signaling axis resulted in a rapid survival deficit for neonatal mice facing intraabdominal septic challenge. Histologically, this survival deficit was associated with preserved lung histology, thymic karyorrhexis similar to mice who underwent isolated CS treatment, increased thymic cortical HVEM expression, and moderate renal tubular vacuolar degeneration indicative of renal injury. Bacterial burden was not significantly affected by antibody treatment. HVEM:LIGHT signaling blockade produced reduced heart rate and stroke volume, with increases in ejection fraction and fractional shortening, ultimately producing significantly reduced cardiac output compared to sham and CS-IT pups. In total, these results demonstrate checkpoint regulator HVEM is integral to the neonatal response to septic challenge. The rapid lethality and mixed picture of histologic evidence of tissue injury implicate systemic cardiovascular collapse as the cause of death. However, the mechanistic link between HVEM blockade and this cardiac dysfunction was less clear in our investigation. The possibility remains that the observed cardiac dysfunction was due to a robust early cytokine release in the first 18 hours after treatment, given the subtle signals present at 24 hours post treatment, but firm establishment of this causal link will require more investigation.



4.1 Survival to septic insult was significantly reduced by HVEM:LIGHT blockade, suggesting an important role for HVEM in septic responses, while resuscitation demonstrated meaningful impact in post-septic survival

It is logical that blockade of the HVEM:LIGHT binding domain results in significantly worse survival to sepsis as the HVEM:LIGHT interaction produces a powerful immune stimulatory response (17). Upon ligation with LIGHT, a robust stimulatory signal results as HVEM recruits TRAF2 to its intracellular domain, activating NFκB, and promoting cell survival (43). Without the ability to stimulate, HVEM is still able to bind and interact with inhibitory ligands BTLA and CD160, generating an uninterrupted inhibitory signal and preventing appropriate immune mobilization (20). Death from isolated blockade of the LIGHT binding domain of HVEM suggests that HVEM triggered immune stimulation is a key component of the immediate neonatal response to sepsis. In this study, death after anti-HVEM antibody administration in sepsis was rapid, implicating more acute phenomena such as cardiovascular collapse or hyperinflammatory cytokine storm. Early mortality in sepsis is almost universally attributed to cardiac dysfunction, in both adults and neonates (9, 44).

Independent delivery of anti-HVEM in the absence of a septic stimuli did not produce lethality, indicating signaling via HVEM:LIGHT is not essential for survival, growth and development in the absence of immune stimulation. CS-IT samples survived significantly better than pups treated with CS alone, and postulate this may be a resuscitative effect of the 20μL of IP fluid mice received with isotype or antibody administration. While this volume is small enough to be negligible in many cases, neonatal study subjects weighed an average of 3.5 grams, making this volume a substantial percentage of their body weight. This was tested by administering CS with an equal volume of 0.9% saline (20μL), and this resuscitation did improve neonatal survival compared to CS alone (14/19 CS-NS vs. 13/28 CS, p=0.037), and more closely recapitulated the isotype groups survival. Knowing this, the survival deficit generated by HVEM:LIGHT blockade, despite the inevitable delivery of this same resuscitation volume, is even more impressive.




4.2 HVEM:LIGHT blockade protected normal lung development during septic insult, suggesting a unique and specific role for HVEM signaling in indirect acute lung injury of sepsis

Histologically, HVEM blockade was protective of normal lung development during sepsis, producing morphology most similar to naïve controls despite associated lethality. In contrast, CS-IT lung samples demonstrated histology most similar to the CS alone group despite their robust survival. The low MCL observed in CS-Ab reflects appropriate alveolar remodeling known to occur during the neonatal period in lung development (34). This lung protective effect mirrors results published by Cheng et al. using an adult model of indirect acute lung injury in which intratracheal HVEM siRNA administration was protective of normal lung histology (30). However, in that case, with a more localized delivery of HVEM blockade, a transient survival benefit was derived in the 48hrs following the single intratracheal administration. Septic patients are known to suffer lung injury even in sepsis driven by a compartment outside of the thorax, though this is particularly true in neonates (35). This demonstration, coupled with the feasibility of local intratracheal instillation provides a potentially viable therapeutic strategy to protect neonates from lung injury associated with sepsis, warranting more extensive, focused investigation in the future (30). Additionally, lung protection in the setting of increased mortality suggests the cause of death in these neonates is from an alternate source of septic lethality, such as cardiac dysfunction. One limitation of this study is that neonatal mouse size prohibited use of physiologic measures of impact of this lung injury such as measuring oxygen or CO2 exchange, which would characterize the impact of these histologic changes more clearly.




4.3 Septic challenge induced signs of AKI and steroid stress within the thymus is not altered by HVEM:LIGHT blockade, despite apparent changes in HVEM expression in the thymic cortex after sepsis

Prior studies of tissue injury in murine sepsis have illustrated lymphoid tissues are particularly susceptible to steroid stress after septic challenge with profound lymphoid organ apoptosis (35, 45). Analysis of H&E-stained thymic samples demonstrated karyorrhexis induced by the CS model, similar in all groups receiving CS, regardless of Ab or IT treatment. These results were confirmed by active caspase 3 staining which suggested increased apoptosis in CS samples with no change in apoptotic extent with antibody administration. This indicates that HVEM:LIGHT blockade does not affect steroid induced injury to lymphoid organs after sepsis, nor does fluid resuscitation. The increased thymic cortical HVEM staining seen in CS-Ab samples suggests HVEM blockade and sepsis do affect the HVEM expression, though the exact extent is not clear.

Acute kidney injury (AKI) is the second most common organ injured as a result of sepsis, behind lung, in adult patients (35). While aging is a major risk factor for severity of kidney injury or failure after sepsis, septic patients of all ages are at risk of AKI, and AKI has an additive negative effect portending a 70% risk of mortality (35, 37). Renal histology showed increased vacuolar degeneration in the tubular cells after sepsis (CS), which was more pronounced in CS-Ab treated mice along with tubular epithelial swelling, both common histologic markers of AKI. Further indications of AKI in septic pups was demonstrated by western blotting, where NGal expression, a biomarker of acute kidney injury, was increased after CS but not significantly altered by resuscitation or CS-Ab.




4.4 Significant cardiac dysfunction including significant reduction in cardiac output after CS-Ab treatment accounts for survival deficit

Septic cardiac dysfunction is a well-documented cause of acute mortality after sepsis. Typically occurring with more rapidity than multi-system organ failure, a great deal of research into the central mechanism of this sepsis-associated cardiac dysfunction has failed to identify a specific cause (9). Previously, the role for circulating DAMPs, cytokines, oxidative stress, calcium homeostasis and alterations in nitric oxide production have all been described to contribute to septic cardiac dysfunction (44, 46, 47). Alterations in surface innate immune receptors on cardiomyocytes, including Toll-like receptors, have also been associated with septic cardiac dysfunction, however, the roll of checkpoint regulators such as HVEM in this process have been less clearly defined (46). This study demonstrates that HVEM:LIGHT blockade results in significant cardiac dysfunction in neonates after sepsis, with alterations in nearly every measured parameter of cardiac activity. Blockade resulted in reduced heart rate and stroke volume, suggesting reduction in the necessary compensatory cardiac response to septic hypovolemia. HVEM:LIGHT blockade also increased ejection fraction and fractional shortening, indicating higher strain after sepsis. Finally, blockade produced a significant reduction in cardiac output compared to both Sham and CS-IT treated pups, providing an explanation for the disparate mortality between treatment groups. Interestingly, LVEDV was nearly identical for sham animals and those treated with CS-IT, where sepsis would be expected to result in a hypovolemic shock and reduced LVEDV, arguing that CS-IT survival differed from CS-Ab treatment from a resuscitative benefit.

HVEM is expressed on cardiomyocytes, though no specific role for its presence has been previously defined (19). Looking at mechanistic causes of septic cardiac dysfunction, many of the same cytokines noted to be alternatively produced in neonates after sepsis produce changes in cardiomyocytes that precipitate the cardiac dysfunction. Increases in TNF-α lead to myocyte apoptosis, while increased IL-1, IL-8 and TNF-α increase nitric oxide production which causes DNA damage and ATP depletion which occurs through a decrease in fatty acid and glucose oxidation in the cardiomyocytes. Finally, the increase in NFκB, the direct downstream result of HVEM signaling, impairs beta adrenergic signaling which also leads to apoptosis (9, 11, 44). Given the rapid nature of the mortality noted in the HVEM:LIGHT blockade, peaking between 18 and 24 hrs post insult, cardiac dysfunction is a fitting explanation of mortality as it is classically acute in nature and poorly tolerated, however, this study is limited in its single timepoint examination and expansion to additional timepoint would better illuminate this (9).




4.5 Inflammatory cytokine expression was altered by induction of sepsis, and often improved with resuscitation, however HVEM:LIGHT blockade did not alter this at the 24 hr time point

Exploration of inflammatory cytokines at 24 hrs post treatment in the plasma, lung, kidney and thymus, common sites of immune injury, demonstrated several interesting signals. Not surprisingly, in response to CS there was a consistent and marked rise in a number of the pro-inflammatory cytokines in the blood of the neonatal pups, with some echo at the organ level within the kidney and lungs. These tissue specific inflammatory cytokine changes mirror those typically encountered following experimental infectious challenge in many other neonatal and adult sepsis models, and in septic patients (25, 26). Throughout all explored tissues, sepsis increased pro-inflammatory cytokines like TNFα, MCP-1, IL-10 and IL-6 compared to sham animals, regardless of HVEM:LIGHT blockade. However, this effect was often lost with the addition of the equal volume normal saline resuscitation (CS-NS), a clear depiction of the benefit of fluid resuscitation in septic shock. Interestingly, in multiple areas CS-IT treatment similarly resulted in a loss of this significant pro-inflammatory cytokine increase, speaking to the resuscitative benefit of the volume administered with antibody blockade. Further, in the kidney, TNFα increased compared to sham animals only in CS and CS-Ab pups, the highest mortality groups, and those with the most significant evidence of histologic kidney injury.

While HVEM:LIGHT blockade had both negative effects on the CS neonates cardiac function and overall mortality, and improvement in lung injury at 24 hours, this would appear to be generally independent of alteration in the systemic or local organ pro-inflammatory cytokine milieu. On its face, this does not support a role for HVEM:LIGHT induced cytokine signaling as a basis for these morbid changes, and likely speaks to another aspect of HVEM:LIGHT signaling. As previous works have described, HVEM signaling is complex with multiple possible outcomes of ligation depending on the available domains ligated, so it is possible the mortality from HVEM:LIGHT blockade is driven by the preponderance of HVEM:BTLA signaling, however this too ultimately functions via changes in inflammatory cytokines (17, 48). That said, the key limitation to this cytokine exploration is the assessment at a singular acute time point. Given the mortality occurs beginning around 18 hrs after treatment, it is possible that cytokine fluctuations do occur but are transient, and resolving by the 24 hr mark explored here. Also, that anti-body blockade could not alter the CS induced increase in neonatal thymic apoptosis or cause thymic tissue cytokine changes is not totally surprising as this has been documented to be the result of altered steroid levels and largely independent of changes in TNF family members like, TNF and FasL (45). Irrespective, while we cannot completely rule out the role of HVEM:LIGHT driven pro-inflammatory mediator production, locally or systemically, to account for the changes in morbidity and mortality reported here, it is likely that another more tissue specific aspect of HVEM:LIGHT signaling is needed to explain it and will be the basis for future studies.




4.6 Future directions

Together, our findings of increased lethality, lung protection, stable thymic apoptosis, acute kidney injury, cytokine alterations, and cardiac dysfunction provide compelling evidence for HVEM’s role in neonatal immune responses to septic challenge. The complexity of HVEM, with its multitude of ligands, and its ability to interact with multiple stimuli simultaneously, serves as both a limitation and a tool. It enables tissue and environmentally targeted outcomes but demands meticulous and extensive interrogation to clarify its multitude of signaling outcomes. The developing neonatal immune system is transitioning from the in-utero environments necessitation of tolerance to a world of aggressive and virulent pathogens, and this ontogeny adds an additional layer of complexity to understanding HVEM’s importance fully (49). While checkpoint regulators such as HVEM are often characterized to act in influencing adaptive responses, the clear effect of HVEM:LIGHT blockade in the neonatal acute death from sepsis hints at a role for regulators such as HVEM in guiding innate responses as well. Ultimately this exploration demonstrates that cardiovascular collapse produces this acute mortality with HVEM:LIGHT blockade, and while other organ systems demonstrated impacts from sepsis consistent with prior research, little else demonstrated the impact of the cardiac dysfunction.

Future experiments are needed to further clarify the specific mechanisms underlying the role HVEM signaling plays in the septic immune response of neonates. The lung protective effect of HVEM:LIGHT blockade, specifically the option of localized administration of anti-HVEM as a potential therapeutic avenue for indirect septic lung injury, requires investigation. While thymic steroid stress was noted at the 24 hr time point, future investigation should explore these impacts at additional time intervals to better identify the impact of the differential cortical HVEM expression noted after sepsis. Characterization of the impact of AKI should involve correlation of blockade with biomarkers such as Creatinine and Blood Urea Nitrogen (BUN). Finally, further work is necessary to better characterize the tissue specific expression of HVEM and all of its ligands, especially in cardiomyocytes. It will be imperative to continue to work to align the understanding of HVEM signaling with the known neonatal immune activity and development. Correlation of these findings with appropriate biomarkers to target potential future therapeutics holds promise of harnessing HVEM to minimize the mortal risks of cardiac dysfunction, lung and/or kidney injury in response to septic challenges.
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Introduction

Outcome-prediction in patients with sepsis is challenging and currently relies on the serial measurement of many parameters. Standard diagnostic tools, such as serum creatinine (SCr), lack sensitivity and specificity for acute kidney injury (AKI). Circulating cell-free DNA (cfDNA), which can be obtained from liquid biopsies, can potentially contribute to the quantification of tissue damage and the prediction of sepsis mortality and sepsis-associated AKI (SA-AKI).





Methods

We investigated the clinical significance of cfDNA levels as a predictor of 28-day mortality, the occurrence of SA-AKI and the initiation of renal replacement therapy (RRT) in patients with sepsis. Furthermore, we investigated the long-term course of cfDNA levels in sepsis survivors at 6 and 12 months after sepsis onset. Specifically, we measured mitochondrial DNA (mitochondrially encoded NADH-ubiquinone oxidoreductase chain 1, mt-ND1, and mitochondrially encoded cytochrome C oxidase subunit III, mt-CO3) and nuclear DNA (nuclear ribosomal protein S18, n-Rps18) in 81 healthy controls and all available samples of 150 intensive care unit patients with sepsis obtained at 3 ± 1 days, 7 ± 1 days, 6 ± 2 months and 12 ± 2 months after sepsis onset.





Results

Our analysis revealed that, at day 3, patients with sepsis had elevated levels of cfDNA (mt-ND1, and n-Rps18, all p<0.001) which decreased after the acute phase of sepsis. 28-day non-survivors of sepsis (16%) had higher levels of cfDNA (all p<0.05) compared with 28-day survivors (84%). Patients with SA-AKI had higher levels of cfDNA compared to patients without AKI (all p<0.05). Cell-free DNA was also significantly increased in patients requiring RRT (all p<0.05). All parameters improved the AUC for SCr in predicting RRT (AUC=0.88) as well as APACHE II in predicting mortality (AUC=0.86).





Conclusion

In summary, cfDNA could potentially improve risk prediction models for mortality, SA-AKI and RRT in patients with sepsis. The predictive value of cfDNA, even with a single measurement at the onset of sepsis, could offer a significant advantage over conventional diagnostic methods that require repeated measurements or a baseline value for risk assessment. Considering that our data show that cfDNA levels decrease after the first insult, future studies could investigate cfDNA as a “memoryless” marker and thus bring further innovation to the complex field of SA-AKI diagnostics.
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1 Introduction

Patients with sepsis have a high mortality risk. By definition, they develop infection-related organ dysfunction, with sepsis-related acute kidney injury (SA-AKI) occurring particularly frequently. With an overall mortality estimated at around 27% which increases to 42% for patients with sepsis admitted to the intensive care unit (ICU) (1), sepsis remains a diagnostic and therapeutic challenge across the medical field. The care of sepsis patients is complex and requires intensive clinical and laboratory monitoring for early diagnosis of complications and organ damage. In clinical practice, this often translates into high frequency blood sample tests acquisition, as well as intensive monitoring of clinical parameters and calculation of clinical risk scores (such as APACHE II). These procedures, while currently the standard of care for patients with sepsis, have several drawbacks such as increased costs, time-consuming management, and proneness to errors (e. g. in automated APACHE II protocols). Furthermore, diagnosing sepsis-associated organ damage may be delayed due to a lack of baseline values for specific patients, as it may be, for example, the case in patients who develop SA-AKI. The presence of AKI has a severe impact on patient outcome and is associated with prolonged hospitalization and ICU stay, disability, poor quality of life and higher mortality (2, 3). Both conditions – sepsis and AKI – are mutually reinforcing and worsen each other’s prognosis (2, 4, 5). Despite its impact on patient outcomes, predicting the development of SA-AKI remains elusive, especially at onset and early stages. The diagnostic challenge arises from the lack of injury markers that directly relate to the degree of kidney damage, which can currently only be determined by tissue biopsy (6). The diagnostic markers serum creatinine (SCr) and urine output have both low sensitivity and specificity for AKI (7, 8), especially in the presence of sepsis. Therefore, the development and refinement of clinical methods to quantify organ dysfunction and disease severity in patients with sepsis is necessary and remains the subject of current research.

Liquid biopsies can be employed to quantify endogenous cell-free DNA (cfDNA), which is either released from dying cells during necrosis, apoptosis or actively secreted during netosis, as a special form of pathogen-induced cell death, which releases neutrophil extracellular traps (NETs) (9). While resembling an anti-viral host response strategy, NETs also contribute to a thrombo-inflammatory state (10). Via TLR9-receptor signaling, cfDNA can act as danger-associated molecular patterns (DAMPs) further exacerbating the inflammatory response (11). These innate immune response mechanisms are described as being triggers for AKI (12), but it remains debatable whether cfDNA is merely a marker of tissue-injury during sepsis and SA-AKI or has its own role in the pathophysiology of the condition (13). Cell-free DNA can be detected in different samples, such as blood, urine, saliva, as well as other body fluids (14–16). Cell-free DNA shows good potential for predicting outcomes and correlates, among others, with prognosis in patients with inflammation (17), myocardial infarction (18, 19), and stroke (20, 21). More recently, liquid biopsies have been correlated with the degree of tissue damage, hence being proposed as markers of inflammation, kidney dysfunction, morbidity and mortality in patients with sepsis. While some studies suggest that both nuclear DNA (nDNA) and mitochondrial DNA (mtDNA) have limited roles in sepsis (22), others reported that mtDNA might serve as a predictor for 28-day mortality in patients with sepsis originating from mixed infection sites (22–24). Cell-free DNA may also have the potential to predict kidney damage in SA-AKI, complications of SA-AKI, or mortality in patients with sepsis. However, its clinical role in patients with sepsis is currently unclear due to conflicting reports. The aims of our study were to investigate both the potential of cfDNA as a prognostic marker for 28-day mortality in patients with sepsis and its significance in predicting the need for renal replacement therapy (RRT) in patients with AKI as well as to present the dynamic of cfDNA from the acute phase of sepsis up to 12 months after sepsis onset.




2 Material and methods



2.1 Study design and study population

In the present study, cfDNA was analyzed in blood samples from patients with sepsis and healthy controls who participated in the prospective longitudinal ICROS study (“Identification of cardiovascular and molecular prognostic factors for the medium-term and long-term outcomes of sepsis”) (25). For a detailed description of this study, we refer to the published protocol (25). Briefly, patients with surgical and non-surgical sepsis admitted to the ICU of Jena University Hospital were enrolled between 24/05/2018 and 24/03/2021. Sepsis was diagnosed according to the Sepsis-3 criteria (26). Main exclusion criteria included significant heart, end-stage renal or hepatic disease, pregnancy or breastfeeding as well as therapeutic limitation or a do-not-resuscitate order. We excluded patients with COVID-19-associated sepsis from the analysis as they were not part of the original study protocol and COVID-19 patients were not within the scope of this analysis.

In the acute phase of sepsis, study visits took place 3 ± 1 days (T1) and 7 ± 1 days (T2) after sepsis onset. In addition, study visits took place in the early recovery phase (T3, ICU-discharge, ± 3 days) and late recovery phase 6 ± 2 months (T4) and12 ± 2 months (T5) after sepsis onset.

In addition, 81 healthy volunteers were recruited between 09/05/2018 and 16/06/2022. The study was conducted in accordance with the Declaration of Helsinki and approved by the Ethics Committee of the Friedrich-Schiller-University Jena (ClinicalTrials registration: NCT03620409). Every participant, legal representative or proxy gave their signed written informed consent or, if none of the situations applied, an independent medical doctor was consulted for preliminary consent (25).




2.2 Clinical data collection

Clinical data was gathered from the electronic patient data management system COPRA 6©, at the screening visit and the in-hospital visits (T1, T2). We also recorded data regarding the patients’ kidney function before and after admission to the ICU, the need for RRT during the first 28 days of ICU stay, 28-day mortality, as well as the Acute Physiology and Chronic Health Evaluation (APACHE) II score at T1. APACHE II was chosen because it is usually measured at ICU admission and does not need sequential measurement to predict negative outcomes. It is a complex assessment tool including 12 physiological parameters and the patient’s medical history and age.




2.3 Diagnosis of AKI and sepsis-associated AKI

AKI was diagnosed according to the current KDIGO criteria (27) based on one of the following: increase in SCr ≥ 0.3 mg/dL within 48 hours, or an increase in SCr ≥ 1.5 times from baseline (that is known or presumed to have occurred within the past 7 days), or urine volume < 0.5mL/kg/h for 6 hours. In order to diagnose AKI, baseline SCr was needed, a laboratory value which was not available for all patients. After careful consideration of the literature (28–31) and analyzing the particularities of our cohort, we decided to infer the missing information regarding baseline SCr by reviewing the patients’ electronic data over the last 365 days before ICU admission. In cases where patients had no history of kidney disease and a retrospective determination of the SCr was not possible (n=23 patients) the mean value of the laboratory reference interval for SCr was used as the baseline values. Since normal SCr levels vary by age and sex, reference ranges are adjusted (32) by the test manufacturer (Roche diagnostics) to take into account these two variables. Additionally, we have gathered daily information regarding the urinary output during the ICU stay up to 28 days. This allowed us to check the validity of our diagnosis and to potentially detect cases where an AKI diagnosis would be unlikely based on the SCr alone (e. g. patients with low nutritional scores, low muscle mass, malnourished patients). SA-AKI was defined based on the recommendation of the 28th Acute Disease Quality Initiative workgroup, as AKI diagnosed in the presence of sepsis (2).




2.4 Blood sampling

Blood samples used for the present study were obtained on T1, T2, T4, and T5. At each time point, plasma was snap-frozen in liquid nitrogen and stored at −80°C for later DNA isolation and quantification. Cell-free DNA was not measured at ICU-discharge (T3) due to the high variability of this time point (ICU discharge ranging between 1 day and 108 days).




2.5 Isolation and quantification of cfDNA

Plasma obtained from EDTA-anticoagulated whole blood was centrifuged again at 3 000 g and 4°C to obtain platelet-poor plasma. To isolate cell- and microvesicle-free DNA only, the platelet-poor plasma was then filtered through a 0.2 µm PVDF membrane filter tube (Whatman). 200 µl of the filtered plasma were used for DNA isolation with the QiaAmp DNA kit (Qiagen). According to the producer’s manual, carrier DNA (poly dA:dT, Invivogen) was added to the isolation buffer to increase the isolation yield. Isolated DNA was quantified spectrophotometrically and diluted to 0.325 ng/µl for direct use in qPCR. Mitochondrial DNA quantification was performed by quantitative real-time PCR on a CFX96™ Touch Real-Time PCR Detection System (Bio-Rad Laboratories, Inc.) using SsoAdvanced™ Universal SYBR® Green Supermix (Bio-Rad) and PrimePCR™ assays mt-ND1 (NADH-ubiquinone oxidoreductase chain 1, qHsaCED0021828) and mt-CO3 (cytochrome C oxidase subunit III, qHsaCED0048405; Bio-Rad Laboratories, Inc.). Nuclear DNA quantification was performed by quantitative real-time PCR on a CFX96™ Touch Real-Time PCR Detection System (Bio-Rad Laboratories, Inc.) using SsoAdvanced™ Universal Probes Supermix (Bio-Rad) and PrimePCR™ probe assay n-Rps18 (ribosomal protein S18, qHsaCEP0040177; Bio-Rad Laboratories, Inc.). Copy numbers of mt-ND1, mt-CO3 and n-Rps18 were extrapolated from standard curves of serially diluted template DNA (2 million copies/µl stock concentration).




2.6 Primary and secondary aims and outcome measures

The primary aim was the evaluation of the prognostic relevance of cfDNA (values of mt-ND1, mt-CO3, n-Rps18 at T1) for 28-day mortality. Secondary aims comprised the evaluation of the prognostic relevance of cfDNA (values of mt-ND1, mt-CO3, n-Rps18 at T1) for RRT up to day 28 after sepsis onset. Further aims comprised the characterization of cfDNA in the acute phase of sepsis (T1, T2) and long-term recovery after sepsis (T4, T5). This included the group comparisons between patients with sepsis and healthy controls.




2.7 Statistical analysis



2.7.1 Descriptive analysis

We report median and interquartile range (IQR; first to third quartile; Q1–Q3) for continuous variables. For categorical variables, we report absolute and relative frequencies (%). Due to the high range in variables of cfDNA, we performed log10-transformation. To account for zero values, 1 was added to each value.




2.7.2 Statistical tests

For unpaired comparisons of metric variables, we applied Mann-Whitney U tests (two groups) or Kruskal-Wallis-test with Dunn’s post hoc tests (more than two groups). For paired metric data (long-term courses), Friedman tests with Dunn’s post hoc tests were applied. For unpaired categorical variables, we applied Fisher’s exact tests.




2.7.3 Binary logistic regression models

Twenty-eight-day mortality. We tested 2 series of logistic regression models with 28-day mortality as dependent variable. In the first series, we evaluated the prognostic value of SCr and cfDNA variables. The models were built with three different biomarker combinations as independent variables: model A contained only SCr, model B contained mt-ND1, mt-CO3 and n-Rps18 and model C contained SCr, mt-ND1, mt-CO3 and n-Rps18. In the second series, we followed the same approach, but instead of SCr, we modeled APACHE-II scores at T1 as an established score for mortality prediction.

RRT (up to day 28). For RRT as dependent variable, three different biomarker combinations as covariates were tested: model A contained only SCr, model B contained mt-ND1, mt-CO3 and n-Rps18 and model C contained SCr mt-ND1, mt-CO3 and n-Rps18.

For all models, we report the odds ratio (OR) including 95% confidence interval (95% CI) and the p value. With a variance inflation factor (VIF) of less than 10, we have assumed an acceptable level of multicollinearity (Supplementary Table 1). Model based predicted probabilities were calculated for each patient and model and then analyzed using in receiver operating characteristic (ROC) curve analysis. We report values of sensitivity and specificity for the optimal cut-off based on Youden’s index. Finally, we tested the superiority of all models B and C compared to all models A using DeLong’s tests (one sided testing).

Data were analyzed with the CFX Manager™ 3.1 software (Bio-Rad Laboratories, Inc.), GraphPad Prism 7.05 for Windows (GraphPad Software, Inc., San Diego, CA, USA), IBM SPSS Statistics for Windows, Version 27.0 (Armonk, NY: IBM Corp) and R (Version 4.1.0) under R Studio (Version 1.4.1717). We considered p values <0.05 as statistically significant.






3 Results

The patient inclusion and number of patients with blood samples are summarized in Figure 1.




Figure 1 | Patient flow chart. The study visit T3 (discharge from intensive care unit, ± 3 days) was not part of this analysis [a excluded from analyses because not available for the primary endpoint; b refusal (n=2), no blood sampling (n=1) or already discharged from hospital (n=1); c refusal (n=6) or phone interview (n=24); d refusal (n=9), phone interview (n=26) or not sufficient plasma available to measure cell-free DNA (n=6)]. Further, 81 healthy controls were included in the ICROS-study and current analysis (ICROS, Identification of cardiovascular and molecular prognostic factors for the medium-term and long-term outcomes of sepsis).





3.1 Demographic and clinical characteristics

Of the 150 patients with sepsis included in this analysis, 56 (37.3%) patients were female. The median age was 66 years (IQR: 56–75). We found no significant differences in age and sex between patients and healthy controls (median [IQR], age: 65 [53–73], p=0.404; sex: n=30/81, 37% females). Patients had a significantly higher body mass index (BMI, 27.8 [23.7–32.4], p<0.001) and Charlson comorbidity index (CCI, 2 [1–4], p<0.001) compared to healthy controls (BMI: 25.3 [23.0–27.2], CCI: 0 [0–0]). Further clinical characteristics of the patients are shown in Table 1.


Table 1 | Patient characteristics.



Forty-one percent of patients had preexisting chronic kidney disease (CKD), 54.7% were diagnosed with SA-AKI (either on admission or during the ICU stay) and 28.7% with AKI on CKD. Renal replacement therapy was needed in 29.3% of the patients. Twenty-four patients (16.0%) died within 28 days.




3.2 Levels of circulating mtDNA and nDNA are elevated in patients with sepsis

We first tested the hypothesis that cfDNA is increased in the acute phase of sepsis (T1), reflecting tissue injury. For this, we assessed the copy numbers of mt-ND1, mt-CO3 and n-Rps18 as surrogate parameters for cfDNA in plasma.

At T1, copy numbers of mt-ND1 (median [IQR]; sepsis 963 [444–2 890] vs controls 678 [242–1 313], p=0.0006) and n-Rps18 (sepsis 1 477 [528–4 721] vs controls 48 [0–220], p < 0.0001), but not mt-CO3 (sepsis 447 [167–1 450] vs controls 324 [170–739], p=0.1145), were elevated in patients with acute sepsis compared to controls (Figures 2A–C).




Figure 2 | Levels of circulating mitochondrial DNA and nuclear DNA at T1 (3 ± 1 days after sepsis onset) are elevated in patients with sepsis. Copy numbers of (A) mitochondrially encoded NADH-ubiquinone oxidoreductase chain 1 (mt-ND1), (B) mitochondrially encoded cytochrome C oxidase subunit III (mt-CO3) and (C) nuclear ribosomal protein S18 (n-Rps18) were determined by quantitative real-time PCR in plasma from healthy controls (n=81) and patients with sepsis (n=150) at T1. The y-axis is log10-transformed. The data is displayed as violin plots (solid lines: median, dashed lines: first and third quartiles; *p < 0.05 Mann-Whitney U test).






3.3 Levels of circulating mtDNA and nDNA decrease after the acute phase of sepsis

We hypothesized that cfDNA is increased only in the acute phase of sepsis, and normalizes in the long course, as organ damage subsides. To test this hypothesis, we studied the longitudinal course of cfDNA over T2, T4 and T5.

First, we compared the long-term course in all patients with available data (varying patient numbers per study visit; Figure 1) to healthy controls. While copy numbers of mt-ND1 and n-Rps18 were significantly elevated at T1 and T2 compared to healthy controls, the copy numbers at T4 and T5 returned to control level (Figures 3A, C, Supplementary Table 2). In contrast, copy numbers of mt-CO3 were comparable to control levels at T1 and T2 and significantly decreased at T4 and T5 compared to healthy controls (Figure 3B, Supplementary Table 2).




Figure 3 | Levels of circulating mitochondrial DNA and nuclear DNA decrease after the acute phase of sepsis. Copy numbers of (A) mitochondrially encoded NADH-ubiquinone oxidoreductase chain 1 (mt-ND1), (B) mitochondrially encoded cytochrome C oxidase subunit III (mt-CO3), and (C) nuclear ribosomal protein S18 (n-Rps18) were determined by quantitative real-time PCR in plasma from healthy controls (n=81) and all available samples of patients with sepsis obtained at 3 ± 1 days (T1, n=150), 7 ± 1 days (T2, n=140), 6 ± 2 months (T4, n=65) and 12 ± 2 months (T5, n=45) after sepsis onset. Copy numbers of (D) mt-ND1, (E) mt-CO3, and (F) n-Rps18 from survivors of sepsis with the complete long-term course up to 12 months after sepsis onset (n=41 patients with blood sampling for all study visits). The y-axis is log10-transformed. The data is displayed as violin plots (solid lines: median, dashed lines: first and third quartiles; *p < 0.05 versus controls in Dunn’s post hoc test for the Kruskal-Wallis-tests; §p < 0.05 vs T1, $p < 0.05 vs T2 in Dunn’s post hoc test for the Friedman tests).



Second, we analyzed only survivors with the complete long-term course up to 12 months after sepsis onset (n=41 patients with blood sampling for all study visits). We observed no differences between T1 and T2 (Figures 3D–F, Supplementary Table 2). However, all three variables were significantly lower at T4 compared with T1 and T2 (Figures 3D–F, Supplementary Table 2). The copy number of n-Rps18 was also significantly lower at T5 compared with T1 and T2 (Figure 3F, Supplementary Table 2). In conclusion, with the exception of mt-CO3, cfDNA is increased in the early stages of sepsis but decreases in the long-term after recovery from sepsis.




3.4 Levels of circulating mtDNA and nDNA predict 28-day mortality in sepsis

We hypothesize that circulating cfDNA levels reflect the degree of tissue damage and sepsis severity and may therefore be higher in non-survivors than in survivors of sepsis.

When stratified for 28-day mortality, we observed significantly higher copy numbers of mt-ND1 (median [IQR]; non-survivors 2 342 [931–5 937] vs survivors 837 [361–2 506], p=0.002, Figure 4A), mt-CO3 (non-survivors 959 [335–2 470] vs survivors 373 [156–1 336], p=0.028, Figure 4B) and n-Rps18 (non-survivors 4 123 [919–12 437] vs survivors 1 294 [500–4 433], p=0.006, Figure 4C) in 28-day non-survivors (16%, n=24/150) compared with 28-day survivors. AKI is a known risk factor for mortality in patients with sepsis. In our study, 13 out of 44 patients requiring RRT died within 28 days. Of the 24 non-survivors, 21 either presented with or developed AKI during their ICU stay. Therefore, we performed binary logistic regression and ROC curve analysis to assess the predictive potential of SCr and the three cfDNA parameters for 28-day mortality.




Figure 4 | Levels of circulating mitochondrial DNA and nuclear DNA at T1 (3 ± 1 days after sepsis onset) are elevated in 28-day non-survivors of sepsis. Copy numbers of (A) mitochondrially encoded NADH-ubiquinone oxidoreductase chain 1 (mt-ND1), (B) mitochondrially encoded cytochrome C oxidase subunit III (mt-CO3) and (C) nuclear ribosomal protein S18 (n-Rps18) were determined by quantitative real-time PCR in plasma at T1 in 28-day survivors (surv, n=126) and non-survivors (non-surv, n=24). Healthy controls are shown for reference purposes (n=81). The y-axis is log10-transformed. The data is displayed as violin plots (solid lines: median, dashed lines: first and third quartiles; *p < 0.05, Mann-Whitney U test).



Serum creatinine alone was a poor predictor of 28-day mortality (AUC=0.67, Figure 5A and Table 2). However, the three cfDNA parameters non-significantly improved the prediction (AUC=0.72, Figure 5A and Table 2, DeLong Test: one-sided test of superiority p=0.245), while the combination of all four parameters yielded the highest predictive value for 28-day mortality (AUC=0.78, Figure 5A and Table 2, DeLong Test vs SCr alone: one-sided test of superiority p<0.01).




Figure 5 | Receiver operating characteristic analysis for the predicted probabilities of the binary logistic regression models for 28-day mortality. (A) Evaluation of serum creatinine (SCr), mitochondrially encoded NADH-ubiquinone oxidoreductase chain 1 (mt-ND1), mitochondrially encoded cytochrome C oxidase subunit III (mt-CO3) and nuclear ribosomal protein S18 (n-Rps18) at T1 (3 ± 1 days after sepsis onset) and their combination as predictive biomarkers for 28-day mortality in patients with sepsis (n=24/150 non-survivors). Cell-free (cfDNA) comprises nuclear and mitochondrial DNA. (B) Evaluation of APACHE II, mt-ND1, mt-CO3, n-Rps18 at T1 and their combination as predictive biomarkers for 28-day mortality in patients with sepsis (n=24/128 non-survivors) in patients with available Acute Physiology and Chronic Health Evaluation II scores (APACHE II). AUC, area under the curve.




Table 2 | Logistic regression and Receiver Operating Characteristic (ROC) analysis for 28-day mortality.



Next, we analyzed the predictive value of cfDNA when compared to APACHE II, an established and routinely used clinical score. Analogous to our one-point analysis of cfDNA at T1, APACHE II does not need sequential measurements during ICU stay, but can reflect severity of disease and predict mortality in critically ill patients (33, 34). In our cohort, APACHE II scores at T1 were not available for 22 patients due to multiple missing values. We therefore excluded these patients from the analysis. Interestingly, APACHE II scores only correlated poorly with cfDNA (Spearman’s ρ=0.251, p=0.004 for mt-ND1, ρ=0.268, p=0.002 for mt-CO3 and ρ=0.272, p=0.002 for n-Rps18) at T1. As expected, we found that APACHE II predicts 28-day mortality (AUC=0.84, Figure 5B and Table 2). The model with cfDNA performed poorer (AUC=0.74, DeLong Test: one-sided test of superiority p=0.948). Nonetheless, the combined model performed best (AUC=0.88, Figure 5B and Table 2, DeLong Test vs APACHE II alone: one-sided test of superiority p=0.026). In the combined model, mt-ND1 and mt-CO3 significantly contributed to the prediction of 28-day mortality (Table 2).




3.5 Levels of circulating mtDNA and nDNA are elevated in patients with sepsis-associated AKI

We next evaluated whether cfDNA can be used as a marker for SA-AKI. Even though attention has been lately shifted to the role of mtDNA in AKI, studies analyzing the relationship between AKI and nDNA are scarce.

In our cohort, SA-AKI was diagnosed in 54.7% of patients. At T1, patients with SA-AKI showed significantly elevated levels of mt-ND1 (median [IQR]; with SA-AKI 1393 [483–4 004] vs without SA-AKI 637 [313–1 523], p<0.001), mt-CO3 (with SA-AKI 686 [255–2 507] vs without SA-AKI 249 [133–1 158], p<0.001) and n-Rps18 (with SA-AKI 2 235 [602–5 773] vs without SA-AKI 890 [449–3 222], p=0.006) (Figures 6A–C).




Figure 6 | Levels of circulating mitochondrial DNA and nuclear DNA at T1 (3 ± 1 days after sepsis onset) are elevated in patients with sepsis-associated AKI. Copy numbers of (A) mitochondrially encoded NADH-ubiquinone oxidoreductase chain 1 (mt-ND1), (B) mitochondrially encoded cytochrome C oxidase subunit III (mt-CO3), and (C) nuclear ribosomal protein S18 (n-Rps18) were determined by quantitative real-time PCR in plasma from patients with sepsis and AKI (AKI, n=82) or without AKI (no AKI, n=68) obtained at T1. Healthy controls are shown for reference purposes (n=81). The y-axis is log10-transformed. The data is displayed as violin plots (solid lines: median, dashed lines: first and third quartiles; *p < 0.05 Mann-Whitney U test).






3.6 Levels of circulating mtDNA and nDNA are elevated in patients with sepsis requiring RRT

Having found that cfDNA is increased in SA-AKI, we next investigated whether levels of cfDNA scale with the severity of SA-AKI. As a clinically relevant stage, we chose the need of RRT (equivalent to AKI stage 3) up to day 28 as a comparator.

Forty-four of the patients with sepsis required RRT during their ICU stay. We observed elevated levels of mt-ND1 (median [IQR]; with RRT 2 273 [973–6 661] vs without RRT 775 [328–2 125], p<0.001), mt-CO3 (with RRT 1 211 [376–4 064] vs without RRT 267 [128–977], p<0.001), and n-Rps18 (with RRT 3 939 [1 003–9 494] vs without RRT 1 028 [489–3 474], p<0.001) in patients with RRT compared to patients without RRT (Figures 7A–C).




Figure 7 | Circulating levels of mitochondrial DNA and nuclear DNA at T1 (3 ± 1 days after sepsis onset) are elevated in patients with sepsis requiring renal replacement therapy (RRT) up to day 28. Copy numbers of (A) mitochondrially encoded NADH-ubiquinone oxidoreductase chain 1 (mt-ND1), (B) mitochondrially encoded cytochrome C oxidase subunit III (mt-CO3) and (C) nuclear ribosomal protein S18 (n-Rps18) were determined by quantitative real-time PCR in plasma obtained at T1 from patients with sepsis who required RRT up to day 28 (n=44) and patients with sepsis who did not (n=106). Healthy controls are shown for reference purposes (n=81). Copy numbers of (D) mt-ND1, (E) mt-CO3 and (F) n-Rps18 were determined by quantitative real-time PCR in plasma obtained at T1 from patients with sepsis and AKI who required RRT up to day 28 (n=44) and patients with sepsis and AKI who did not (n=38). Healthy controls are shown for reference purposes (n=81). The y-axis is log10-transformed. The data is displayed as violin plots (solid lines: median, dashed lines: first and third quartiles; *p < 0.05 Mann-Whitney U test).



All patients requiring RRT suffered from AKI, however, not all patients with AKI required RRT. Therefore, we analyzed patients with sepsis and AKI with and without RRT. When looking only at patients with SA-AKI, those receiving RRT also had higher levels of cfDNA compared to patients with SA-AKI without RRT, as follows (Figures 7D–F): mt-ND1 (median [IQR]; with RRT 2 273 [973–6 661] vs without RRT 882 [415–2 280], p=0.003), mt-CO3 (with RRT 1 211 [376–4 064] vs without RRT 401 [101–845], p<0.001), n-Rps18 (with RRT 3 939 [1 003–9 494] vs without RRT 1 672 [533–4 646], p=0.036).




3.7 Levels of circulating mt-CO3 improve the predictive value of serum creatinine for RRT

The increase of cfDNA in sepsis may not specifically reflect SA-AKI, but rather other confounders, such as the severity of sepsis. To better quantify this relationship, we performed binary logistic regression and ROC curve analysis to compare the potential of mt- and nDNA as a biomarker for RRT and compared these to the currently universally used SCr.

The combination of mt-ND1, mt-CO3 and n-Rps18 yielded a lower diagnostic performance (AUC=0.77, DeLong Test vs SCr alone: one-sided test of superiority p=0.845) than SCr (AUC=0.83, Figure 8 and Table 3). However, combining SCr with the three cfDNA variables resulted in a significantly improved diagnostic performance (AUC=0.88, Table 3, DeLong Test vs SCr alone: one-sided test of superiority p=0.047). The composite model C including SCr and the DNA parameters shows slight improvements in specificity (Table 3). Interestingly, next to SCr, only mt-CO3 contributed significantly to the prediction of RRT (Table 3).




Figure 8 | Receiver operating characteristic analysis for the predicted probabilities of the binary logistic regression models for renal replacement therapy (RRT). Evaluation of serum creatinine (SCr), mitochondrially encoded NADH-ubiquinone oxidoreductase chain 1 (mt-ND1), mitochondrially encoded cytochrome C oxidase subunit III (mt-CO3) and nuclear ribosomal protein S18 (n-Rps18) at T1 (3 ± 1 days after sepsis onset), and their combination as biomarkers for RRT (n=44/150) in patients with sepsis. Cell-free (cfDNA) comprises nuclear and mitochondrial DNA.




Table 3 | Logistic regression and Receiver Operating Characteristic (ROC) analysis for renal replacement therapy up to day 28 (n=150 patients).







4 Discussion

In this study, the applicability of liquid biopsies in the form of circulating cfDNA was investigated in a mixed population of 150 surgical and non-surgical patients with sepsis. We measured two genes of mitochondrial cfDNA, mt-ND1 (within the mitochondrial complex I) and mt-CO3 (within the mitochondrial complex IV), as well as a nuclear gene of cfDNA, n-Rps18. Mitochondrial DNA has been previously investigated in patients with kidney damage (35–37), while nuclear cfDNA has been studied for possible associations with tissue and organ damage in sepsis and septic shock (22, 38). Our analysis investigated the trajectory of cfDNA, as well as the predictive and prognostic value of cfDNA for 28-day mortality in patients with sepsis, its association with AKI and its role in predicting the need for RRT in patients with AKI.



4.1 mt-ND1 and nDNA are increased in patients with sepsis and return to control values during long-term recovery

Similar to previous data (22, 39, 40), we found that, compared to healthy controls, patients with sepsis have significantly higher levels of cfDNA in the acute phase of sepsis. Nuclear DNA in particular, and to a lesser extent mtDNA, showed significantly increased levels in the acute phase of sepsis (in our study defined as T1, 3 ± 1 days after onset of sepsis and as T2, 7 ± 1 days) as a possible reflection of acute tissue damage. Other studies performed serial measurements of cfDNA and found increased levels of nDNA up to 28 days after the onset of sepsis or septic shock (22). To the authors’ knowledge, ours is the first study to look at the long-term dynamics of cfDNA up to 6 and 12 months after sepsis. We found in our cohort that the initially high levels of cfDNA decrease over time. The greatest change was seen with nDNA, raising the question whether nDNA is more relevant in the acute phase of sepsis compared with mtDNA. Hawkins et al. found that nDNA, but not mtDNA, was associated with adverse outcomes, and nDNA at 12 hours (but not at 1, 4, or 7 days) after sepsis onset was a predictor of 28-day mortality (along APACHE II and SOFA scores) (40). Such a narrow time window casts doubt over the reliability and clinical utility of nDNA as a predictor of adverse events in patients with sepsis. Timmermans et al. also found elevated nDNA levels in patients with septic shock that correlated weakly with the inflammatory response and markers of organ damage, but reported no clinical outcomes (22).




4.2 Cell-free DNA is increased in non-survivors of sepsis and can improve the predictive value of APACHE II for mortality

We found that cfDNA can contribute to the prediction of 28-day mortality, both alone and by increasing the AUC of APACHE II. Our results confirm the already existing body of work that showed that cfDNA has the power to improve risk prediction models (41–43) which could lend it an important role in therapy decisions in the ICU. An important observation is that only one determination of cfDNA (at T1) was sufficient for this improvement, hence such determinations may be economically viable. As discussed above, despite a stronger increase in nDNA during early sepsis, mtDNA had a stronger predictive value both for RRT (mt-CO3), as well as for mortality (mt-ND1 and mt-CO3). This raises the question whether mtDNA may act as both markers and mediators of secondary tissue damage. Indeed, mtDNA has been proposed to mediate inflammatory pathways by acting as a potent damage-associated molecular patterns (DAMPs) (43, 44). Future studies will need to look at the individual trajectories of mitochondrial cfDNA and nuclear cfDNA to examine specific correlations with individual outcomes such as AKI or all-cause sepsis mortality.




4.3 Cell-free DNA is increased in SA-AKI, and can improve the predictive value of serum creatinine for RRT

Diagnosing AKI in the context of sepsis remains a difficult task. The KDIGO definition is based on SCr and urine output (2, 45). However, these parameters reflect kidney function and have limited value in detecting kidney injury (8, 46), which is the paramount characteristic of AKI, as recognized in its name. One of the biggest conundrums concerns the baseline creatinine value, which should be considered when calibrating the acute decrease in kidney function. In many patients such values are missing, which leads to delays in diagnosis. The interest is shifting toward finding biomarkers which could describe renal injury. In the investigated cohort, SA-AKI could be diagnosed in around 55% of patients, an incidence comparable with that presented in other studies (47–49). In our study, cfDNA was not only increased in SA-AKI, but it also scaled with the intensity of renal damage, which was mirrored by the need for RRT. Due to the clinical impact of RRT and to the fact that it can directly affect the outcome in patients with sepsis, we focused our attention further on the relationship between cfDNA and the need for RRT. According to KDIGO, the need for RRT translates to a stage 3 AKI. Interestingly, despite the fast turnover of cfDNA, the values determined at T1 (3 days after sepsis onset) still carried prognostic value regarding SA-AKI stage 3 (equivalent to RRT) during the first 28 days of ICU treatment. While some animal studies found a relationship between cfDNA and AKI (37), data from human studies are still heterogeneous and, at times, contradictory. Similar to our data, but in a smaller patient population, Clementi et al. could also correlate levels of cfDNA to development of AKI and the need for RRT in patients with sepsis (50). Intriguingly, other studies could correlate cfDNA levels in urine with AKI, but not plasmatic cfDNA (51). In our study, cfDNA showed a promising predictive capability for RRT (AUC 0.77) and could significantly improve the prediction capacity of SCr for the same event, with mt-CO3 showing the most substantial contribution. With the addition of mtDNA to the model, AUC reached 0.88. From a clinical standpoint, this finding may be of value since it only requires measurement of mt-CO3 at one time point and does not require a baseline value before the onset of sepsis, as is the case with creatinine.





5 Limitations and strengths

One of the major strengths of the present study is that we were able to describe the long-term trajectory of cfDNA in sepsis survivors. This study followed patients up to 12 months after the onset of sepsis and provides valuable data on the dynamics of the mitochondrial and nuclear DNA over time.

Our study also has some limitations. An important limitation, given the rapid elimination rate of cfDNA, is the lack of serial measurements during the acute phase of sepsis. Determining the temporal relationship between cfDNA levels and the development of SA-AKI would likely have improved the prognostic value of our markers.

Another limitation, similar to many other studies investigating SA-AKI, resides in the difficulty of diagnosing AKI based on the current KDIGO criteria in patients where SCr over the last 7 days is missing. We conscientiously reviewed the patients’ electronic medical records and were thus able to complete any missing information. Even though this method is in line with the current literature (52), we cannot exclude with certainty that we did not under- or overestimated the incidence of AKI or the staging of the injury, a pitfall common with other similar investigations (53).

In future studies, it would be interesting to address whether nDNA and mtDNA levels differ depending on the clinical phenotype of SA-AKI. This should take into account the variety of pathophysiological mechanisms that seem to play a role in triggering damage in SA-AKI. In addition, it would be interesting to gain insights into the relationship between circulating cfDNA and urinary DNA in order to investigate which markers and measurements provide more reliable data. In addition, it would be interesting to gain insights into the relationship between circulating cfDNA and urinary DNA to investigate which markers and measurements provide more reliable data, as recent studies have shown that urinary mtDNA levels predict the severity of AKI (54) and sepsis-associated AKI (55).

The lack of diversity as well as the relatively modest size of our patient cohort must also be addressed, as this may limit the generalizability of the results. Future analysis could attempt to investigate more diverse and larger populations. In particular, the predictive models should be validated in independent cohorts in order to clarify the prognostic relevance cfDNA in the clinical setting.




6 Conclusion

In conclusion, our study provides important data on the clinical value of Cell-free DNA, represented here by mt-ND1, mt-CO3 and n-Rps18 in patients with sepsis. Cell-free DNA parameters alone may play a role in predicting mortality and morbidity in patients with sepsis. However, they could be much more valuable as part of composite scores. Of considerable advantage is the predictive value of such markers even with a single measurement at the onset of sepsis, and the fact that no baseline measurement is required. Especially the latter could help to accelerate the diagnosis of sepsis complications such as SA-AKI in patients with previous renal damage. Considering that our data show that cfDNA levels decrease after the initial insult, future studies could investigate cfDNA as a “memoryless” marker.
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Introduction

Extracellular ATP (eATP) released from damaged cells activates the P2X7 receptor (P2X7R) ion channel on the surface of surrounding cells, resulting in calcium influx, potassium efflux and inflammasome activation. Inherited changes in the P2X7R gene (P2RX7) influence eATP induced responses. Single nucleotide polymorphisms (SNPs) of P2RX7 influence both function and signaling of the receptor, that in addition to ion flux includes pathogen control and immunity.





Methods

Subjects (n = 105) were admitted to the ICU at the University Hospital Ulm, Germany between June 2018 and August 2019. Of these, subjects with a diagnosis of sepsis (n = 75), were also diagnosed with septic shock (n = 24), and/or pneumonia (n = 42). Subjects with pneumonia (n = 43) included those without sepsis (n = 1), sepsis without shock (n = 29) and pneumonia with septic shock (n = 13). Out of the 75 sepsis/septic shock patients, 33 patients were not diagnosed with pneumonia. Controls (n = 30) were recruited to the study from trauma patients and surgical patients without sepsis, septic shock, or pneumonia. SNP frequencies were determined for 16 P2RX7 SNPs known to affect P2X7R function, and association studies were performed between frequencies of these SNPs in sepsis, septic shock, and pneumonia compared to controls.





Results

The loss-of-function (LOF) SNP rs17525809 (T253C) was found more frequently in patients with septic shock, and non-septic trauma patients when compared to sepsis. The LOF SNP rs2230911 (C1096G) was found to be more frequent in patients with sepsis and septic shock than in non-septic trauma patients. The frequencies of these SNPs were even higher in sepsis and septic patients with pneumonia. The current study also confirmed a previous study by our group that showed a five SNP combination that included the GOF SNPs rs208294 (C489T) and rs2230912 (Q460R) that was designated #21211 was associated with increased odds of survival in severe sepsis.





Discussion

The results found an association between expression of LOF P2RX7 SNPs and presentation to the ICU with sepsis, and septic shock compared to control ICU patients. Furthermore, frequencies of LOF SNPs were found to be higher in sepsis patients with pneumonia compared to those without pneumonia. In addition, a five SNP GOF combination was associated with increased odds of survival in severe sepsis. These results suggest that P2RX7 is required to control infection in pneumonia and that inheritance of LOF variants increases the risk of sepsis when associated with pneumonia. This study confirms that P2RX7 genotyping in pneumonia may identify patients at risk of developing sepsis. The study also identifies P2X7R as a target in sepsis associated with an excessive immune response in subjects with GOF SNP combinations.





Keywords: P2RX7, loss-of-function (LOF), gain-of-function (GOF) single nucleotide polymorphisms (SNP), linkage disequilibrium, pneumonia, sepsis, septic shock, ATP




1 Introduction

The clinical course of critically ill patients requiring intensive care involves systemic inflammation to clear pathogens followed by profound immunosuppression to allow healing and recovery. Tissue damage and bacterial or viral infections trigger upregulation and activation of the pattern-recognition receptor (PRR)/danger-associated molecular pattern (DAMP) receptor, P2X7 receptor (P2X7R) which activates the inflammasome and subsequent cytokine release. This characterizes sepsis as a disease with multifactorial debilitating conditions and loss of immune control to nosocomial and community-acquired infections with a high risk of death. The imbalance of the immune response appears to be responsible for the high risk of mortality in patients with sepsis, making it a major problem for intensive care units worldwide.

In 1972, Burnstock introduced the concept of purinergic signaling, describing adenosine triphosphate (ATP) as a major stressor for cells and tissues. In contrast, its metabolite adenosine, generated by cell surface expressed nucleotidases, was found to be a major immunosuppressor (1). ATP release occurs due to tissue damage, hypoxia, mechanical stimulation, changes in osmotic pressure (2), surgery (3), and hemorrhage (4). The most severe form of sepsis, septic shock, is associated with failure of the vascular system and metabolic insufficiency, resulting in hypotension and elevated serum lactate (5). In addition to its role in inflammation and immune dysfunction, P2X7R has been shown to be an essential receptor for macrophage-mediated bacterial killing (6). Furthermore, recent evidence suggests that P2X7R stimulation may modulate the host response by dampening inflammation by stimulating CD14 release from macrophages (7).

The controversial molecular evidence for P2X7R influencing tissue damage, inflammation, and immune dysfunction may be related in part to its high numbers of genetic polymorphisms including both loss-of-function (LOF) and gain-of-function (GOF) single nucleotide polymorphisms (SNPs) (8). Several studies have investigated the effect of SNP characteristics and their effect on P2X7R ion channel function and pro-inflammatory cytokine release (9–11). In addition to SNPs, the receptor can be modified by alternative splicing events (12–14).

P2X7R consists of three P2X7 protein subunits and is found on the membranes of cell surfaces and intracellular organelles (15). Inflammatory conditions can differentially modulate the membrane expression of P2X7 and affect eATP signaling in defined phases of sepsis (16).

In one of our previous studies, combinations of LOF and GOF SNPs were identified in patients with sepsis and in patients with virus-induced hemophagocytic syndromes which appear to be related to better survival and higher frequencies in patients with hemophagocytic lymphohistiocytosis (HLH) (17).

The current genetic association study measured the allele frequencies of LOF and GOF SNPs of the P2X7 gene (P2RX7) in intensive care unit (ICU) patients who were either non-septic or suffered from sepsis, septic shock, with and without pneumonia. It was hypothesized that LOF P2RX7 SNPs might protect against excessive systemic inflammation and sepsis, but at the expense of pathogen clearance, whereas GOF P2RX7 SNPs might be linked to better pathogen control, but increased risk of sepsis.




2 Materials and methods



2.1 Study population

This study was approved by the Ethics Committee of Ulm University (application no. 284/18). Subjects (n = 105) for the study were recruited from the anesthesiologic ICU at the University Hospital Ulm, Germany between June 2018 and August 2019 (see Figure 1). Subjects were aged between 18 and 84 years and there were 77 males and 28 females. The mean age of the patients was 61.06 years (SD 15.82 years). Clinical information for each patient included is given in Supplementary Table 1, including information on co-morbidities, sterile trauma/hemorrhage, obesity, diabetes type 2, malignancies, chronic obstructive pulmonary disease (COPD), asthma, alcohol or nicotine abuse, organ dysfunction syndromes, as well as infections before manifesting critical illness. Thirty patients were non-septic, 75 patients were diagnosed with sepsis, of which 24 patients were in septic shock (Figure 1). Forty-two patients had pneumonia and sepsis including 13 patients with septic shock. Out of the 75 sepsis/septic shock patients, 33 patients did not suffer from pneumonia (Figure 1).




Figure 1 | Subject and control groupings for analysis. Patients with pneumonia, sepsis or septic shock are shown as blue fields and the corresponding controls are shown in grey.



Non-septic patients comprised two major groups: i) patients with polytrauma (n=9) and ii) patients with major surgical interventions (n=25) including tumor resection (n=2), surgery related to a vascular disease (n=9) or neurosurgery (n=6). A total of n=6 patients from the polytrauma group underwent surgery during their stay in the ICU. The remaining three patients underwent surgery for hemorrhagic shock, compartment syndrome, and atypical gastric resection due to obesity. There were only two patients who did not belong to one of the two main groups: One patient was monitored in the ICU for Stanford type B aortic dissection, and the other patient had a bowel obstruction that did not require surgery (see Supplementary Table 1 for more details).




2.2 Study design, DNA isolation, and genotyping

Following the patients’ characteristics given in Figure 1, a total of 105 patients were studied. The first step was to determine how many patients had sepsis (n=75) and how many did not have sepsis (n=30). Using these two groups, we investigated whether there were statistical differences with regard to the genetics of P2RX7. Subsequently, we studied for differences in P2RX7 SNP frequencies in patients with septic shock (n=24) and patients without septic shock (n=81). Finally, this study calculated P2RX7 SNP frequencies for all patients with pneumonia (n=43) versus patients without pneumonia (n=62) Figure 1.

Semi-automated DNA purification was done by using a Maxwell 16® LEV Blood DNA Kit and a Maxwell 16® (#AS1290, Promega®) (https://www.promega.com) instrument. A total of 300 µl of fresh EDTA blood from each patient (pseudonymized by a KeyPat-Id number), was mixed with 300 µl of Promega lysis buffer plus 30 µl Proteinase K (supplied in the kit). The samples were then vortexed for 10 seconds and incubated at 56°C for 20 min using a water bath. The high temperature and the detergents guanidinium thiocyanate (50-75%) and polyethylene glycol tert-octyl-phenyl ether (Triton-X, < 2%), which are components of the lysis buffer, lead to lysis of cell and nuclear membranes. The proteinase K degrades various proteins. Histones are also degraded, enabling the release of genomic DNA (gDNA). After the incubation time, the lysed blood sample was pipetted into well No.1 of the Maxwell 16® cartridge. The cartridges were placed into the cartridge holder with a plunger and an additional tube, containing 60 µl elution buffer. The cartridge holder was then placed inside the Maxwell 16® Instrument and the machine was started. The Maxwell 16® instrument uses paramagnetic particles, the MagnaCel™ particle, which takes advantage of the cellulose binding capacity of nucleic acids. During the automated purification process, gDNA is bound to the paramagnetic particle, washed with ethanol and eventually released into the elution buffer. Absorbance measurements determined the grade of genomic deoxyribonucleic acid (gDNA) using the NanoDrop® 1000 version 3.8.1 (https://www.thermofisher.com). After DNA isolation, 16 P2RX7 SNPs (Table 1, Figures 2, 3A) were genotyped using MassARRAY® technology following the manufacturers advice from Agena Bioscience (https://www.agenabio.com).


Table 1 | Visualization of the investigated SNPs with location in the gene/protein, the change in the amino acid chain and the impact on receptor function.






Figure 2 | Structure of the P2X7R highlighting the amino acid location of SNPs investigated. Previous SNPs analyzed in (17) are highlighted in grey. GOF SNPs are red, LOF SNPs yellow, and synonymous SNPs colored in green.






2.3 Statistical analysis

IBM SPSS® version 26 was used for statistical data analysis with an α<0.05 level of significance used for all calculations. Patient characteristics such as age, sex, or length of stay were first tested for normal distribution using the Kolmogorov-Smirnov and Shapiro-Wilk tests. Because the data were not normally distributed, differences between mean tendencies were calculated using the Mann-Whitney U test. Odds ratios (OR) and 95% confidence intervals (CI) were reported for significant results.

All P2RX7 SNPs (n=16) were first tested for deviations from Hardy Weinberg Equilibrium (HWE). Next, linkage disequilibrium (LD) was determined for all SNPs using Haploview version 4.2 and analyzed according to the Broad Institute’s standard coloring scheme (27). A logarithm of the odds (LOD) score ≥2 between two SNPs indicates genetic linkage, as opposed to a random result. In accordance with literature recommendations, SNPs with minor allele frequency (MAF) <1% were excluded from further calculations (28). To test for sample-to-population consistency, MAFs in the present patient population were compared with published frequencies from the Allele Frequency Aggregator (ALFA) project of the National Center for Biotechnology Information (NCBI) Database of Genotypes and Phenotypes (dbGaP) (Table 2) (29). Each SNP was then tested for association with the clinical endpoints of pneumonia, sepsis, and septic shock using either the chi-squared test or, if n ≤ 5, Fisher’s exact test. Two models were performed for the analysis: Model 1 analyzed differences in the absolute numbers of genetic variants [wildtype (WT), heterozygous mutation (HET), and homozygous mutation (HOM)], whereas Model 2 selected differences based on allele frequencies. The OR was calculated to determine the strength of the associations identified as statistically significant. A post hoc analysis with Bonferroni correction was required before calculating the OR in Model 1 for cases with homozygous SNPs.


Table 2 | Comparison of MAFs of SNPs in our cohort with published MAFs from the ALFA project (MAF dbSNP accessed 4/1/2024 https://www.ncbi.nlm.nih.gov/snp/ALFAAlleleFrequency).



In addition to the analysis of individual SNPs, a combination of five SNPs (rs208294 (C489T), rs28360457 (G946A), rs2230912 (A1405G), rs3751143 (A1513C), and rs1653624 (T1729A)) (17) was studied. The SNP genotype was coded as 1, 2 or 3 according to how many copies of the minor allele they carried (1 = WT, 2 = HET, 3 = HOM). Depending on the number of individuals with each haplotype, a chi-squared or Fisher’s exact test was used to identify associations.





3 Results



3.1 Analysis of the study population

Patients with pneumonia and sepsis had significantly prolonged hospital and ICU stays compared to all patients. On average, patients spent 46.6 days in the hospital and 20.3 days in the ICU. Patients with pneumonia spent on average 55.1 days in the hospital (p=0.006) and 25.9 days in the ICU (p=0.001). Patients with sepsis spent on average 53.2 days in hospital (p=0.005) and 24.3 days in ICU (p<0.001). In contrast, septic shock patients had shorter hospital and ICU stays than the overall study population (38.5 vs. 18.7 days, respectively). Septic shock patients were older than other patients (mean age 65.92 vs. 61.06 years, respectively) and were more likely to die [45.8% vs. 27.6%, respectively, p=0.023; OR: 2.96 (1.14-7.73)]. In the entire cohort, 29 patients (27.6%) died, of which 18 patients were male (62.1%) and 11 patients were female (37.9%).




3.2 Calculation of the Hardy-Weinberg equilibrium and linkage disequilibrium

All 16 SNPs were first tested for deviation from HWE, with only two SNPs [rs2230911 (C1096G) and rs3751142 (G1628T)] deviating from HWE (Table 3). The SNPs rs35933842 (G151 + 1T) and rs28360457 (G946A) were excluded from further analysis because of a MAF <1% (Table 3). Most of the calculated allele frequencies were consistent with the globally published frequencies from the ALFA project (29). Using the European cohort as a reference, only minor deviations >5% were found at rs2393799 (C- 762T). LD analysis showed a block with high LD between rs7958311 (G835A), rs1718119 (G1068A), rs2230911 (C1096G), rs2230912 (A1405G), rs3751143 (A1513C), rs3751142 (G1628T) and rs1621388 (G1772A). In addition, further pairwise LD existed in the investigated cohort (Figure 3D).


Table 3 | Hardy-Weinberg-equilibrium (HWE) and Minor Allele Frequencies (MAFs) of the investigated SNPs.






Figure 3 | (A) LD Plot of P2RX7. The display was performed according to the Broad Institute’s Standard Color Scheme. The number in the boxes refers to the coefficient D’. SNPs that showed associations with pneumonia and/or sepsis are in red. (B) Structure of the P2RX7 gene with the location of studied SNPs. SNPs with statistically significant results in the current study are highlighted red, SNPs being part of the SNP combination model are highlighted in grey boxes. (C) Illustration of two important SNP combinations related to survival, filled symbols indicate heterozygosity and open symbols indicate wildtype genotypes of the respective SNP. (D) Distribution of patients with sepsis with and without pneumonia, who survived/died and their corresponding P2RX7 SNP combinations as defined in a previous study (17).






3.3 Association of SNPs with clinical endpoints

Four SNPs showed statistically significant associations with the clinical outcomes of pneumonia and/or sepsis, but no association with septic shock or death (Table 4). Two of them were characterized as LOF [rs17525809 (T253C), and rs2230911 (C1096G)], and rs3751142 (G1628T) and rs1621388 (G1772A) are synonymous SNPs with as yet unknown effect on P2X7R function. These results suggest that genetics related to impaired P2X7R function and signaling may play a role in pneumonia and sepsis.


Table 4 | Presentation of the significant associations between SNPs and clinical endpoints.



The minor variant of rs17525809 (T253C) was linked to reduced risk of developing pneumonia [Model 1: p=0.021, OR HET/WT: 0.24 (0.06 – 0.87), Model 2: MAF cohort with pneumonia 0.035 vs. MAF cohort without pneumonia 0.121, p=0.028, OR minor/major 0.26 (0.07 – 0.94)] and sepsis [Model 1: p=0.001, OR HET/WT: 0.18 (0.06 – 0.52), Model 2: MAF cohort with sepsis 0.047 vs. MAF cohort without sepsis 0.183, p=0.001, OR minor/major: 0.22 (0.08 – 0.59)]. However, as shown in Supplementary Figure 1, a closer look at the data reveals that the heterozygous genotype of the LOF SNP rs17525809 (T253C) is more frequent in sepsis patients with pneumonia than in sepsis patients without pneumonia (6/29 vs 3/22, respectively). An imbalance in rs17525809 (T253C) genotype frequency was also observed when comparing  septic and non septic patients.

The minor variant of the LOF SNP rs2230911 (C1096G) was associated with a higher risk of developing pneumonia [Model 1: p=0.012, OR HET/WT: 7.15 (1.43 - 35.67), Model 2: MAF cohort with pneumonia 0.140 vs. MAF cohort without pneumonia 0.032, p=0.004, OR minor/major 4.85 (1.51 - 15.63)] and sepsis [Model 1: p=0.045, OR HET/WT: -, Model 2: MAF cohort with sepsis 0.107 vs. MAF cohort without sepsis 0.000, p=0.007, OR minor/major: -]. Furthermore, the cohort of patients with sepsis or septic shock plus pneumonia had the highest proportion of heterozygous and homozygous mutant genotypes of this SNP (see Supplementary Figure 2).

Subsequent LD calculation with D’=1 showed that the LOF SNP rs2230911 (C1096G) and the synonymous SNP rs3751142 (G1628T) were in strong linkage Figure 3D. In the current cohort of patients analyzed, every patient with a mutation in the LOF SNP rs2230911 (C1096G) was also mutated for rs3751142 (G1628T). As our study is still ongoing, n=250 patients have now been sequenced, of which only two patients were found to differ in the aforementioned combination of SNPs (data not shown).

The present study also found an association between the major variant G of rs1621388 (G1772A) and a higher prevalence of sepsis cases in Model 2 [Model 1: p=0.078, Model 2: MAF cohort with sepsis 0.313 vs. MAF cohort without sepsis 0.483, p=0.021, OR minor/major 0.49 (0.26-0.90)]. The association with rs1621388 (G1772A) was not statistically significant after Bonferroni correction in Model 1. As shown in Supplementary Figure 3, the distribution of wild-type, heterozygous and homozygous mutant variants in our group of non-septic patients is almost equal between wild-type, heterozygous and homozygous mutant genotypes. Sepsis and septic shock patients had lower frequencies of the minor variant. There is no systematic change in these SNP variations when including cases with and without pneumonia. Interestingly, this SNP was in complete LD with the GOF SNP rs1718119 (G1068A) (Figure 3A).




3.4 SNP combinations

In addition to analyzing individual SNPs, this study also investigated associations with previously identified genotype combinations consisting of five P2RX7 SNPs (Figure 3B). Analysis revealed trends between three combinations and clinical outcomes that were just above the threshold for statistical significance. #11111 and #21111 showed adverse effects for ICU patients: #11111 (n=18) was associated with higher mortality [p=0.085, OR 2.60 (0.90 - 7.48)] and #21111 (n=14) with more frequent development of pneumonia [p=0.054, OR 3.06 (0.94 - 9.89)]. In contrast, #21211 (heterozygous at rs208294 His-155>Tyr, rs22309122 Gln-460>Arg, and WT at three other SNPs) (n=14) increased the likelihood of patient survival [p=0.105, OR 0.18 (0.02 - 1.42)]. For clarity, the distribution of #11111, #21121, (heterozygous at rs208294 His-155>Tyr, and rs3751146 Glu-496>Ala, and WT at three other SNPs), #21211 and others among patient groups is shown in Figure 3C. 5/10 patients with #11111 without pneumonia survived, and 5/8 with pneumonia survived. In patients with #21121 and low ion channel function (17), 4/6 patients had pneumonia and survived and 7/12 patients had no pneumonia and survived. In patients with #21211 and high ion channel activity (17), 4/14 patients had pneumonia of which 1 died (Figure 3D). In the remaining haplotypes, 24/30 patients survived without pneumonia, n=25 had pneumonia of which n=7 patients died.





4 Discussion



4.1 Clinical aspects of the sample

Several aspects of the collected clinical data and sample distribution suggest that this cohort is a representative study population. The analysis confirmed longer hospitalization and ICU stays for pneumonia and sepsis, but not for septic shock (5). Shorter ICU stays for septic shock patients are similar to published data sets with higher mortality among septic shock patients. Similar to large multicenter studies, the gender distribution in the ICU is strongly skewed towards males (73%) (30). Many patients studied here, were obese and suffered from diabetes (Supplementary Table 1). We found that type II diabetes ICU patients present with significantly higher numbers of inflammatory monocytes (31). Since P2X7R expression is a hallmark of inflammation, future studies should address sepsis in obesity and type II diabetes as a separate study population (31).




4.2 LD block

This present study revealed an LD block between seven SNPs comprising a base length of one kb. The full length of P2RX7 is 53 kb (32). In addition, pairwise LD was observed for several SNPs. A previous study in an Australian population identified an LD block in exons 11 to 13. The Australian haplotype overlapped with the haplotype of this study for five SNPs: rs1718119 (G1068A), rs2230911 (C1096G), rs2230912 (A1405G), and rs3751143 (A1513C). The LD block for the sample of this study also included rs7958311 (G835A), rs3751142 (G1628T), and rs1621388 (G1772A). The variants rs3751142 (G1628T) and rs1621388 (G1772A) were not examined in the comparative study, while the LD block did not include rs7958311 (G835A) despite high LD levels (8, 11).

Remarkably, mutations in the GOF SNP rs1718119 (G1068A) and the synonymous SNP rs1621388 (G1772A) were identical in all patients presenting with a heterozygous or homozygous mutated genotype but differed in other SNPs. The same was observed for the LOF SNP, rs2230911 (C1096G) and synonymous SNP, rs3751142 (G1628T), but no homozygous mutant genotypes were identified in these two SNPs.

This strong LD between the aforementioned GOF and LOF SNPs on the one hand as well as the combined presence of minor variants of GOF and LOF SNPs in a defined individual is likely linked to the biological function of this receptor since other SNPs in this LD block are not identically mutated in a number of other patients.




4.3 rs17525809 (T253C)

The SNP rs17525809 (T253C) is located in exon 2, which encodes a part of the extracellular loop of P2X7R. The minor variant causes an exchange of valine to alanine at position 76 of the protein (11). The amino acid change of this SNP affects both ion flux and fluorescent dye uptake of the P2X7R pore. Studies in multiple sclerosis (MS) have shown that the T allele, which is more common in MS patients, results in a 1.71-fold higher calcium influx into the cytosol of transfected cells compared to P2X7R with the C allele. Thus, the SNP corresponds to a LOF variant (11, 19). Previous studies have only performed functional assays for homozygous mutations of rs17525809 (T253C). Therefore, the effect of heterozygous mutations on the functionality of the receptor remains unclear.

In the current cohort, the minor variant of this SNP was identified as a heterozygous and not as a homozygous mutation. Similarly, previous publications have reported that a homozygous rs17525809 (T253C) variant is rare (33, 34). In our study, the minor allele of rs17525809 (T253C) was associated with a lower OR for pneumonia and sepsis in ICU patients. The minor allele C was linked to a 4.17-fold lower risk of developing pneumonia in model 1 and a 5.56-fold lower risk of developing sepsis. The heterozygous genotype of the LOF SNP rs17525809 (T253C) was also more frequent in sepsis patients with pneumonia. Furthermore, not only the pneumonia/sepsis cohorts, but also the non-sepsis group showed an imbalance of rs17525809 (T253C) with a higher frequency of the minor allele than in reported healthy controls. A possible explanation for this imbalance may be related to the high relative numbers of individuals with obesity. In the non-septic patients, 10/30 patients had a BMI of >30 kg/m², compared to 13/24 septic shock patients with a BMI >30 kg/m² (Supplementary Table 1). There is evidence for the function of P2X7R signaling in energy metabolism, fat mass and weight gain (35), and it is likely that this impacts the association between P2RX7 SNPs and sepsis.

In previously published studies, the effect of rs17525809 (T253C) varies depending on the investigated pathology. In chronic inflammatory diseases such as gout or MS, the LOF variant was protective (33, 36). In the context of cervical cancer, a functional P2X7R may be beneficial for targeting tumor cells (34). Synthesizing previously study results with the findings of this study, rs17525809 (T253C) may be protective in severe infections such as pneumonia and early sepsis inflammasome associated illness by attenuating cytokine levels such as IL-1β and IL-18.




4.4 rs2230911 (C1096G)

The second SNP with a significant association was rs2230911 (C1096G), which causes an amino acid exchange from threonine to serine at position 357 (11). Considering the structure of P2X7R, this amino acid exchange is located in the cytoplasmic juxtamembrane domain. This part of the receptor mediates most of the P2X7R-induced effects, including macropore formation (26, 37). Within the juxtamembrane region, rs2230911 (C1096G) lies in a cholesterol recognition amino acid consensus (CRAC) motif (26). Such a region has the potential for interaction with cholesterol (38). For P2X7R, cholesterol decreases ion channel and macropore opening and limits excessive receptor activation (39). Subsequently, rs2230911 (C1096G) leads to a reduced functionality of P2X7R in both ion channel and macropore formation (21). Several LOF SNPs individually affect the properties and signaling events of P2X7R depending on their location in the gene. For example, rs2230911 (C1096G) impacts the pore formation of the receptor, which is probably due to its location in the C-terminus (21).

In addition to the above-described location in the CRAC motif, rs2230911 (C1096G) is part of a threonine-serine cluster (357 TYSS 360) which has been postulated to be a potential binding motif for β-arrestin-2. This binding would lead to the internalization of the receptor which is equivalent to its degradation and inactivation (40). In the SNP association analysis, heterozygous mutation carriers for rs2230911 (C1096G) had a higher occurrence of pneumonia and sepsis.

Previously published reports showed a detrimental effect of the SNP in the context of various pathologies and patients carrying rs2230911 (C1096G) may be prone to develop severe infections due to predisposing comorbidities. The minor allele of rs2230911 (C1096G) was linked to several comorbidities including gout, hyperglycemia with an additional risk of progression to diabetes mellitus or metabolic syndrome (41), and obesity (42). Similarly, in acute mycobacterial infection, effective killing of pathogens was only possible in the presence of a well-functioning P2X7R in the absence of the rs2230911 (C1096G) mutation (21). These findings suggest that carrying the LOF variant rs2230911 (C1096G) increases the risk of developing mycobacterial infections and may be also associated with decreased clearance of lung pathogens.




4.5 rs3751142 (G1628T)

In this study, two synonymous SNPs showed statistically significant results for the clinical endpoints pneumonia and/or sepsis. Although the MAF of the whole cohort was consistent with published allele frequencies (Table 2), patients who were septic or had pneumonia had significantly higher MAF than the respective control cohorts (Table 4). This could be a consequence of LD with functionally relevant non-synonymous SNPs. In this cohort rs3751142 (G1628T) is in complete LD with the non-synonymous LOF SNP rs2230911 (C1096G). Although synonymous SNPs do not lead to amino acid substitutions, changes in the nucleotide sequence of messenger ribonucleic acid (mRNA) can alter protein expression levels, protein isoform expression or protein folding (43).

The rs3751142 (G1628T) SNP is in exon 13 at an exonic splice enhancer site and may cause exon skipping or decrease mRNA stability leading to nonsense-mediated mRNA decay (24, 26, 44). The results presented here indicate that the sepsis cohort carried more heterozygous genotypes, and the cohort of patients suffering from sepsis plus pneumonia had the highest proportion of heterozygous and homozygously mutated genotypes at this RNA stability related SNP position. According to dbSNP rs3751142 (G1628T) (http://www.ncbi.nlm.nih.gov/SNP/snp_ref. cgi?locusId05027), has a MAF of 0.089, which is slightly higher in a Korean healthy donor cohort (45). Accordingly, SNP variation is low in non-septic patients, increased in patients with sepsis and septic shock, but further increased in patients with pneumonia (both sepsis and septic shock pneumonia patients).

As a relevant observation of P2X7R in sepsis,  a recent study addressed the function of P2X7R in patients with early versus late sepsis, and convincingly demonstrated that P2X7R expression is upregulated in the early phase of sepsis. In contrast, in the later phases of sepsis, the P2X7R is released from the membrane and potent immunosuppressive signaling driven by the ATP degradation product adenosine is more prevalent (16). Then, non-functional P2X7R associated with rs2230911 (C1096G) and rs3751142 (G1628T) might predispose to an increased risk of pneumonia. One reason could be that P2X7R plays an important role in the lung microenvironment, such as in the paracrine regulation of surfactant exocytosis by P2X7R-positive type I alveolar epithelial cells. This is critical for the protection of alveolar barrier and fluid homeostasis (46). Thus, a functioning P2X7R may be protective in the lung, allowing ATP-inducible cytokine release, clearance of non-opsonized particles and pathogens, and promotion of immunity. Therefore, in cases at risk of pneumonia, the organ specific function of P2X7R requires higher functionality, increased and stable expression densities, that is in part provided by GOF SNPs. This would not interfere with a second signal from lung infecting pathogens and allow ATP-induced calcium influx to stimulate inflammasome activation in alveolar epithelial cells and antigen presenting cells to promote immunity. Thus, tissue localization and regulation of expression by polymorphisms in miRNA-based regulatory events (47) play an important role in coordinating inflammation and immunity.




4.6 rs1621388 (G1772A)

The major variant G of rs1621388 (G1772A) had a higher prevalence in sepsis cases in Model 2. The SNP rs1621388 (G1772A) is a synonymous SNP, that is in LD with the GOF SNP rs1718119 (G1068A). The rs1621388 (G1772A) SNP is located at an exonic splice enhancer site but is also part of the codon for proline 582 located in an LPS binding domain in the C-terminus of P2X7R (44). Binding of LPS has been shown to lower the pore opening threshold of P2X7R (48). It is conceivable that changes in codon usage could change protein folding, altering the LPS binding site. Further investigation of the role of synonymous SNPs in P2X7R function is required to prove their functional and disease-associated properties. But it can be hypothesized that this SNP results in a GOF phenotype by lowering the threshold of P2X7R activation through the binding of endotoxin and its interaction with lipopolysaccharide binding protein (LBP) and bacterial permeability increasing protein (BPI) in the C-terminal region (44).

Future studies should address the selective contribution of gram-negative versus gram-positive bacteria for the development of sepsis in SNP rs1621388 (G1772A) genotypes, especially since this SNP is in LD with the GOF SNP rs1718119 (G1068A).

rs1718119 (G1068A) has previously been shown to increase inflammasome activation through P2X7R activation (11). The trend observation of likely inferior P2X7R activation and signaling in patients with sepsis, septic shock with and without pneumonia should be noted.




4.7 Previously identified P2RX7 genotypes

Combination SNP analysis in the current study did not reveal a statistically significant result. However, several trends emerged: Firstly, patients with #11111 were 2.6 times more likely to die [p=0.085, OR 2.60 (0.90 - 7.48)]. This SNP combination consists of five wild-type SNPs indicating a highly functional P2X7R. This is linked to high sensitivity to its ligand ATP, pore formation, induction of apoptosis and regulation of phagocytosis (49, 50). Secondly, the combination #21111 contains a heterozygous mutation of rs208294 (C489T) with simultaneous presence of four wild-type SNPs at rs28360457 (G946A), rs2230912 (A1405G), rs3751143 (A1513C), and rs1653624 (T1729A). #21111 was associated with a 3.1-fold higher incidence of pneumonia [(p=0.054, OR 3.06 (0.94 - 9.89)]. The previously cited study in a large MS patients cohort showed that the calcium influx in variants encoded by the minor allele A of rs208294 (C489T), is 3.82 higher than those encoded by the G allele of this SNP (36).

These results correspond to the highest ion flux linked to genotype #21211, which includes a heterozygous mutation of the GOF SNP rs208294 (C489T), and the partial LOF SNP rs2230912 (A1405G) (17). These results are consistent with other studies documenting enhanced receptor function by the rs208294 (C489T) polymorphism even in heterozygous individuals (51, 52). This combination showed a tendency to an increased likelihood of patients’ survival [p=0.105, OR 0.18 (0.02 - 1.42)].

In addition to trauma and sepsis, chemotherapy of tumors is linked to massive ATP release and P2X7R activation. A recent validation study on functional SNPs and outcome after chemotherapy in colorectal carcinoma showed that the P2RX7 GOF SNP rs208294 (C489T) was associated with worse overall survival (OS) and progression free survival, however the P2RX7 LOF SNP rs2230911 (C1096G) was prognostic and predictive, showing improved OS in patients who received oxaliplatin (53). The heterozygous genotype of the LOF rs17525809 (T253C) -TC was shown to be associated with higher expression of the gene than wildtype TT genotype (54).




4.8 Conclusion

In conclusion, this study provides evidence for the functional relevance of P2X7R to combat sepsis and pneumonia, a severe combination of acquired immune deficiency and life threatening infection. A functionally reduced P2RX7 variant has been identified by the presence of LOF SNPs. Whereas LOF SNPs may be protective against the detrimental effects of hypercytokinemia and excessive systemic inflammation, including neuroinflammation (55, 56), a SNP-defined and well-functioning P2X7R may be necessary and protective for lung infections and pneumonia by supporting ATP-inducible cytokine release, clearance of pathogens, and promotion of immunity. The LOF SNP rs17525809 (T253C), and synonymous SNP, rs1621388 (G1772A), appear to be linked to a lower OR for both sepsis and pneumonia for the former and sepsis alone for the latter SNP, whereas the LOF SNP rs2230911 (C1096G) and synonymous SNP, rs3751142 (G1628T), that is related to exon skipping and splice variant expression are linked to higher OR especially in pneumonia. Further evidence for the relevance of SNP combinations is provided by the identification of a previously reported SNP genotype #21211 [17] which is more frequent in sepsis survivors. To better understand the genetic implications of the P2X7R and identify conditions which improve by blocking or activating P2X7R, functional assays with patient-derived macrophages may be helpful (57). in addition, the time course of sepsis as a clinical condition is of relevance to appropriately address P2X7R as a therapeutic target (16). Further studies might concentrate on longitudinal observational studies including the documentation of comorbidities as well as early and late states of sepsis, septic shock, the manifestation of acute respiratory distress syndrome, and pneumonia. These clinical states should be characterized by inflammatory biomarkers as well as levels of plasma ATP, soluble P2X7R and sCD14 including functional immune capacity tests.




4.9 Limitations of the study

The study results are to be interpreted in the context of several limitations, which were mostly of a structural type. Above all, the sample size of n = 105 patients limited the creation of subgroups described by more detailed clinical information. Additionally, the clinical data did not sufficiently include the pre-existing diseases and conditions of the patients despite the critical roles such pre-morbidities play in clinical outcomes (58). In the context of likely different P2RX7 genotypes linked to functional phenotypes that manifest in sepsis versus successful control of respiratory diseases, a future clinical study should be initiated to selectively compare cases with pneumonia independently from sepsis. A focus of this study should be to document P2RX7 genotypes, inflammasome activation, and pathogen control. Moreover, future studies need to account for LD between different SNPs and thus differentiate between association and causality of findings.

Despite the above-described limitations, this study provides some evidence on the extent to which genetic variants have a protective or detrimental effect in critically ill patients.






Author’s note
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CL, cluster; NES, normalized enrichment score.
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CL, cluster; NES, normalized enrichment score.
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Radiation Interventions Outcomes References

model

eCIRP 6.5 Gy TBI, CIRP knockout/TREM-1 knockout Improves overall survival rate (49)
X-ray,
C57BL/6 mice

HMGBI 6.5 Gy PBI, Glycyrrhizin Decreases pro-inflammatory cytokine production and mitigates (50)
X-ray, intestinal injury

C57BL/6 mice

20 Gy PBI, Glycyrrhizin Decreases pro-inflammatory cytokine production and mitigates (51)
X-ray, lung injury
C57BL/6 mice

mtDNA 6 Gy TBI, VDACI inhibitor (mtDNA Decreases type I-IFN mRNA expression and mitigates (52)
Y-ray, release inhibition) hematopoietic injury

C57BL/6 mice

exRNA 10 Gy TBI, TLR3/double-stranded RNA Mitigates intestinal injury and improves overall survival rate (53)
Y-ray, complex inhibitor
BALB/c mice

9 Gy TBI, Exosome inhibitor Improves overall survival rate (54)

Y-ray,
BALB/c mice

SAA 2-8 Gy TBI/PBI, N/A Useful for radiation biodosimetry at 24 hours after irradiation (55, 56)
X-ray,
C57BL/6 mice

12, 14 Gy PBI, N/A Useful for radiation biodosimetry at 3 and 4 days after irradiation (57)
X-ray,
C57BL/6 mice

CIRP, cold-inducible RNA-binding protein; DAMPs, damage-associated molecular patterns; exRNA, extracellular RNA; HMGBI, high mobility group box 1; IEN, interferon; mtDNA,
mitochondrial DNA; SAA, serum amyloid A; PBI, partial body irradiation; TBI, total body irradiation; TLR, Toll-like receptor; TREM:-1, triggering receptor expressed on myeloid cells-1; VDAC,
voltage-dependent anion channel; N/A, not available.
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Effects of local pharmacological treatment on gastric and oral microcirculatory variables during hemorrhagic shock are indicated using arrows. If only early (a) or late (b) shock was affected by
sole or combined carbachol (C), nitroglycerin (N) or iloprost (I) treatment simple arrows (1) were used. Beneficial effects during the whole course of shock were indicated by doubled arrows (11).
Incident dark-field imaging was performed only at the oral mucosa due to the minimal invasive instrumentation of the animals.





OPS/images/fimmu.2024.1369617/table4.jpg
9
c % o+ 0 9%+ 0 % o+ 0 ¢ % o+ 0 ¢ %+ 0 % + 0
500 N % x 0 9+ 0 9 x 0 s 0 | # 9+ 0 9+ 0
%l 1 % 0 %+ 0 % o+ 0 ¥ 9% o+ 0 ¥ 9 0 % 0
C+N %+ 0 9%+ 0 o o+ 0 o+ 8+ 0 | # 9+ 0 9 s+ 0
c+1 %+ 0 9+ 0 98 o+ 0 & % o+ 0 ¥ 9+ 0 9 = 0
control 51+ 3 150 £ 3 us | x| 3 us | x| 4 156 | x| 4 56| & | 4
c w o+ 2 u | £ 4 wos 4 us| x| 3 158 2 2 ¢ 58|+ | 3 | ¢
(XY N 150 £ 3 150+ 3 [CUNE # M2 x4 # 159 & |3 # 157 & | 3 #
(mmHg] 1 12+ 2 156+ 2 us | x4 ¥ w | ox 3 0 : 2 # 6 x 2 #
c+N wox s ue | x| 4 B x4 o+ wox | s |+ | 4 ¢ 6 5w
caN us o+ 3 12 & 4 W os 3 wos | 2 57 £ | 4 e 57+ | 3 e
control E |+ 0 0 = 1 s P . |+ |1 s |0 |
c B s 1 B x 1 a1 s A . 6 0+ 1 | & | 1
p.CO, N E P 6+ 1 2 s 1 e al s |1 - AN 7|+ |1
{mmHg] B s 1 |+ 1 a1 s 0 0 1 . % 0+ 1 |+ | 1
c+N % 0+ 0 v s 0 s 1 e al s " ¥ o+ 0 w|s | 1
cel E P %+ 1 a2 s 0 2 . S (s |1 .
control 74 = ool 739+ o001 732+ 0 |+ 733+ 0 |+ 737+ 0o | # 37+ 0ol | ¢
c 74+ ool 739+ o001 731+ o ¢ 731+ o | # 736+ 02 | ¢ 736+ 0 | ¢
N 739+ 001 738+ o001 73+ oo # 731+ oo | # 735+ 001 | # 736+ 001 | #
PH 1 74 = o0l 739+ o0l 732+ o ¢ 733 & oo | ¢ 738+ 001 | # 738+ 001 | ¢
cN 739+ oo 737 |+ 001 s 729 = 001 & 729+ 001 | #s 73| £ 001 | # 735+ 001 | ¢
c+1 74+ o0l 739+ 001 731+ o | ¢ 731+ 02 | 4 73+ oo | # 739+ 001 | ¢
control ax o alx 1 2 0 1 s 0 : 1 . 0 0+ 0 0+ 0
c 2 : 0 al s o 0 0+ 0 ¢ s 1 - 0 0+ 1 | 0+ 0 | ¢
N a : 0 ax o 2 0+ 0 ¢ 0 0+ 0 . 20 0+ 0 | 0 s 0 s
HCO,”
[mol] | 1 a x 0 2 : 0 0 0+ 0 ¢ 0 0+ 0 N 0 0+ 0 | 2 0
c+N a s o alx o 20 0+ 0 ¢ v ox 0 e o 0 e 0+ 0 | ¢
c+1 2 : 0 2 : 0 0 0+ 0 0+ 1 + 0 0+ 0 |4 0+ | 0 |
control o 13+ W L6 o+ 02 16 & 02 17|+ | 02 6 02
c 06 + | o1 08|+ o1 22+ 06 | ¢ 26 & 08 | # 24| £ |07 |# 4|+ |07 |#
L N 09+ 02 w02 15 x 01 | 6 & o1 | # | x| o 13 x| o
fmmalI] 4 09+ o1 nos o 15+ 03 s L4 03 120+ 03 12 03
c+N 07+ 00 w o: o 6 & 02 | 20 & 03 20 £ 04 | ¢ L ox o4 | s
c+1 09+ 00 12+ o 2 & 06 ¢ 4 06 | # 20+ 06 | ¢ wox 05 | s
control 2o+ 0 2 os 0 2o+ 0 12 0 2 o+ 0 12 0o s
c 2 o o 2o 0 2 o: 0 | s 2 o: 0 2 x 0 |& 2 : 0 |
. N 2o+ 0 2+ 0 B+ 0 2 o+ 0 . 2o+ 0 2o+ 0 |
lg100mr] [y 2 o 2 o: 0 2o 0 2 o+ o 2 o 0 2 o: 0
C+N 2 o+ o 2 o+ 0 2o+ 0 N s 2 s|o |s 2o+ 0 s
c+1 2 o+ o 2+ 0 2 os 0 2 o+ 0 2 o+ o0 2o+ 0 |
control ¥ ox 1 ¥ 1 B o+ 1 w1 7| s |1 36 1|
c AR w1 B s 1 R 6+ 1 |# E .
Hat N B+ 1 |+ 1 B o+ 1 B 0+ 1 . v s 1 s |1 |
%! 1 W s |1 A B o+ 1 7 x| 1 ¥ s 1 A
C+N ¥ s 1 |+ |1 B s 1 7 1 s 0+ 1 s | £ 1 s
c+1 w7 ox 7 : B o+ 1 7 x 1 ¥ x| 1 & 1 .

‘Arterial hemoglobin oxygen saturation (Sa02; [%]), oxygen partial pressure (paO2; [mmHg]), carbon dioxide artial pressure (paCO2; [mmHg)), pH:-values, bicarbonate concentration (HCO3-; (mmol - I-1]),lactate concentration (Lac; {mmol -1-1]), hemoglobin content
(Hib; [g - 100ml-1]) and hematocrit (Het; [%]) afier a sole or combined local treatment with carbachol (C), nitroglycerine (N) or iloprost (1). Values are reported under baseline conditions (00:30), after drug application (01:00), during early (01:30) and late (02:00)
hemorrhage and during early (02:30) and late blood retransfusion (03:00). The time i indicated as [hh:mm]. Data are presented as mean + SEM for n = 5 female dogs. # p < 0.05 vs. baseline values; * p < 005 vs. control groups § p < 0.05 vs.a sole nitroglycerine or iloprost
treatment, if carbachol was applicated simultancously. 2-way ANOVA for repeated measurements followed by Bonferroni post-hoc test.
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control | 14 + |1 130+ 1 8+ 0 # 8+ 0 & 14 |1 4o+ 1
C 15 0+ |1 4+ 1 8 |+ |1 |# 9+ 1 | # | 14 |1 15 0+ 1
DO, N 4 = 1 131 7|1 # 9 |+ |0 | # 4 = 1 13| |1
[ml-kg
Lmin™ 1 4 = 1 4 o+ 0 70+ 0 # 9 |+ |1 # 4+ 1 4 o+ 1
C+N | 14 £ |0 13+ 1 8|+ |0 |# 8+ 0  # M x| 1 4 1
C+1 15 0+ 1 4o+ 1 8+ 1 # 9|+ |1 |# 15 0+ 1 15 0+ 1
control | 22+ |1 24+ 1 31 [+ |2 |# 310+ 2 |# | 29+ 2 |# | 24 |% |2
c 21+ 1 2 x 1 33 x4 |# 2 |+ |3 |# | 28 |x|1 |#| 23|z |1
SVR N 23+ |2 2 |+ |2 30 |+ 2 | # 28 |+ |1 # 24 % |1 2 |1
[mmHg 1
Lmin] 1 2 0+ 1 2 o+ 1 3 0+ 3 & 3 0+ 2 # | 29 £ 2 # 24 + 3
C+N | 21 = 2 21+ 2 25 |+ |3 |#s | 292 (3 |# | 2|1 20 o+ 1
C+1 2 1 23 o+ 2 30+ 2 |# 31+ 1 |# | 28 + 1 |#| 2|1
control | 81  * 4 81 | | 2 48 |+ |1 |# 52 (|2 |# | 84 |z |4 88 * 5
¢ 90 6 | * 8 5 47 |+ 4 |# 56 [+ |3 |# | 89 |z |5 9% = 6
co N 8 x5 78 x5 2 | 2 |# 51 [+ |2 |# | 84|z |4 81 |+ |4
[mlkg
Lminl] | I 85 o+ 3 83+ 1 4 0+ 2 % 52 |+ 3 | # | 84 + 4 89 + 5
C+N | 88 =+ 2 81+ 2 47 |+ 2 |# 48 '+ 2 | # | 8 = 3 89 o+ 3
C+l 88 = 6 8 + 6 50 + 2 |# S6 |+ |4 | # | 9 £ 6 %5 6
control | 24 x| 1 24 = 1 15 |+ [1 | # 16 [+ 1 | # |27 2|1 # | 27 £ |1 |#
[¢ 2% 1 25 |+ 1 4 |+ |1 |# 16 |+ |1 |[# | 28 |x[1 30+ 1 | #
57 N 25 [+ |1 23 [z |1 13|+ [0 |# 15 |1 |[# | 26 % [1 25 [+ |1 |*
[ml] 1 25 x| 2 24 |+ 1 1B+ 1 # 15 (1 |# |27 |2 |1 |# | 29|x |2 |#
C+N | 25 £ |2 23 [+ |1 4|+ |[1 | # 4 |+ |1 | # | 27 % [1 27 |1
C+1 24 1 23 |+ 1 15 |+ (1 |# 16 [+ |1 | # |27 | |1 |[#| 28 |x |1 |#
control | 432 = | 24 400 = 22 332 |+ |22 |# |324 |x |12 | # |392 |x |1 428 |+ | 24
€ 486 x| 17 452 = 19 334 |+ 21 # 362 0+ 25  # 418 + 30 # 454 + 34
dPmax 474 = 21 416 = 39 322 |+ 25 #0330 o+ 27 | # 404 + 41 | # 434 = | 49
(mmHg"s] | | 486 = | 29 464 | = 29 326 |+ 28  # 340 |+ |25 | # | 418 x |37 | # 428 | £ | 35
C+N | 476 = | 14 428 = 20 300 |+ |10 | # 342 | % |17 | # |414 x |20 | # | 436 | £ |25
C+1 482 = |23 450 | x| 21 358 |+ |19 | # | 376 | % |22 | # |476 |+ |64 | * | 514 | £ |59 |*§
control | 60  + 2 64+ 3 48 3 | # 54+ 2 | # | 79 £ 3 # | 6 + 4 #
€ 62 + 2 64t 2 50+ 2 | # 58 |+ |2 |# | 82 |+ |3 |# | 74 |3 |#
AP N 61 = 4 56+ 2 2 | 2 |# 48 |+ 2 |# | 68 t |2 |# | 59 x 2 |*
[mmHg] | 4 59 & |2 0 + 2 w2 ¢ | salz|1 ¢ s |3 2| e £ |5 |
C+N | 60 + |3 55 + 3 38 | |3 |# 46 [+ |3 |# | 65 |z |3 60 o+ 3 |*
C+1 60 = 1 62 + 3 46 0+ 1 | # 55+ 2 80 o+ 1 # 67 = 3  #
control | 114  + 2 15+ 2 109 |+ 3 12 |+ 2 103+ 3 #1008 + 3 @ #
C 16  + 4 16  + 3 m [+ 2 14 |+ 3 105  + |4 | # 107 + 3 |#
HR N 12 |+ | 4 14 | £ 3 1o |+ 2 14 |+ |2 107+ 3 109 + 4
fmin”] | 16 + | 4 6 |+ 3 mox 2 ¢ 17 £ 4 104 x4 #1024 | #
C+N | 116 + 4 s |+ 3 1o |+ 2 114 |+ |2 10 [+ |3 |#|m [z |3 |#
C+1 | 116 + |4 |§ | 116 +* 4 1o |+ 3 # 14 [+ 2 | * 107 £ |5 | # 108 4 | #§

Systemic oxygen delivery (DO2; [ml-kg-1:min-1]), systemic vascular resistance (SVR; [mmHgl-1-min-1]), cardiac output (CO; [mbkg-1-min-1]), stroke volume ($V; [ml]), index for cardiac
inotropy (dPmax; [mmHg-1-sec]), mean arterial pressure (MAP; [mmHg]) and heart rate (HR; [min-1]) after a sole or combined local treatment with carbachol (C), nitroglycerine (N) or iloprost
(1). Values are reported under baseline conditions (00:30), after drug application (01:00), during early (01:30) and late (02:00) hemorrhage and during early (02:30) and late blood retransfusion
(03:00). The time is indicated as [hh:mm]. Data are presented as mean + SEM for n = 5 female dogs. # p < 0.05 vs. baseline values; * p < 0.05 vs. control groups § p < 0.05 vs. a sole nitroglycerine or
iloprost treatment, if carbachol was applicated simultaneously. 2-way ANOVA for repeated measurements followed by Bonferroni post-hoc test.
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control | 121+ | 18 72t 5 39 |+ 14 |# |31 % |7 |# | 8 = |7 154+ 25
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C+N | 158 = |21 176 + 43 | * | 37 |+ |6 | # 42 |+ 9 | # |19 % |19 176 + | 47
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c 27 |+ |2 25 |+ 3 4 £ 2 |# 16 |x |2 |# | 29|x[3 |[* 29 + 5
il N 27 |+ |3 31+ |3 [+ |18 |x |3 |[# |13 |x|2 |# | 24|z |4 %6+ 2
orl [alU] | 28 0+ 2 27 |+ |2 B2 |# | 13B|x|1 |# 23 |+ |2 31 0+ 4
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control | 62 | 2 59 + 3 40 [+ |7 |# |38 |+ |7 |# | 47 |10 58+ 5
G 60 + 5 67 |+ 4 6  + 6 48 |+ 4 66 + 4 |* 67|z |3
f— N 64 + 2 65  + 3 42 |+ 6 |# 45 |t 4 |# | 59 |5 59+ 5
oral [%] 1 ¢ 64 |+ |6 55|+ |5 3+ |5 |¢ a5 |x|4 |# | 8|24 61 |+ 4
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control | 29 + | 01 28 £ 01 17+ 01 | # |18 + 02 # | 29 % |00 29+ 00
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C+N | 29 = |01 30 0+ 00 6+ 03 | # |18 x 02 # | 28 x| 0l 29 £ 01
C+1 28 £ 01 28 |+ 02 15+ 02 # 20 t 02 # | 28 x| o0l 29 £ 01

Posteapillary oxygen saturation (WHbO2; [%]), Microvascular blood flow (uflow; [aU]), microvascular blood flow velocity (jvelo; [aU]), relative hemoglobin content (kHb; [aU]), total vessel
density (TVD; [mm/mm2]), perfused vessel density (PVD; [mm/mm2]), proportion of perfused vessels (PPV; [mm/mm2]) and microvascular flow index (MFI) of gastric mucosa after a sole or
combined local treatment with carbachol (C), nitroglycerine (N) or iloprost (1). Values are reported under baseline conditions (00:30), after drug application (01:00), during early (01:30) and late
(02:00) hemorrhage and during early (02:30) and late blood retransfusion (03:00). The time is indicated as [hh:mm]. Data are presented as mean + SEM for n = 5 female dogs. # p < 0.05 vs.
baseline values; * p < 0.05 vs. control group; § p < 0.05 vs. a sole nitroglycerine or iloprost treatment, if carbachol was applicated simultaneously. 2-way ANOVA for repeated measurements
followed by Bonferroni post-hoc test.
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control 77 |+ |3 74t 6 38 0+ 8 # 45 0+ 9 # 71+ 6 75+ |5
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Posteapillary oxygen saturation (WHbO2; [%]), Microvascular blood flow (uflows [aU]), microvascular blood flow velocity (uvelo; [aU]) and relative hemoglobin content (rHb; [aU]) of gastric
mucosa after a sole or combined local treatment with carbachol (C), nitroglycerine (N) or iloprost (I). The time is indicated as [hh:mm]. Values are reported under baseline conditions (00:30),
after drug application (01:00), during early (01:30) and late (02:00) hemorrhage and during early (02:30) and late blood retransfusion (03:00). Data are presented as mean  SEM for n = 5 female
dogs. # p < 0.05 vs. baseline values; * p < 0.05 vs. control group; § p < 0.05 vs. a sole nitroglycerine or iloprost treatment, if carbachol was applicated simultaneously. 2-way ANOVA for repeated
measurements followed by Bonferroni post-hoc test.
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Logistic regression ROC analysis

Variable OR (95% CI) P AUC (95% ClI) sensitivity specificity
A sCr 297 (1.95-4.52) <0.001 0.83 (0.76-0.89) 021 886 70.8
B mt-NDI 029 (0.06-1.41) 0125 0.77 (0.69-0.85) 027 750 67.0
I mt-CO3 9.87 (2.34-41.58) 0.002
n-Rps18 221 (1.04-4.73) 0.040
€ SCr 341 (2.08-5.57) <0.001 0.88 (0.82-0.93) 039 773 86.8
mt-NDI 0.35 (0.06-2.22) 0266
mt-CO3 13.3 (2.46-71.97) 0.003
n-RpsI8 1.58 (0.75-3.32) 0226

SCr, serum creatinine (z-standardized before modeling; mean=0, standard deviation=1); mt-ND1, mitochondrially encoded NADH-ubiquinone oxidoreductase chain 1; mt-CO3,
mitochondrially encoded cytochrome C oxidase subunit I1I; n-Rps18, nuclear ribosomal protein S18; AUC, area under the curve; OR, odds ratio; 95% CI, 95% confidence interval; p, p
value of the OR (p<0.05 are printed in bold).
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Logistic regression ROC analysis

Variable OR (95% CI) AUC (95% CI) sensitivity specificity
A scrt L (1.16-2.58) 0.007 0.67 (0.55-0.79) 0.12 792 524
B mt-NDI 5.36 (0.61-47.14) 0.130 072 (0.63-0.82) 0.10 95.8 413
mt-CO3 o (0.08-2.22) 0.306 ‘
n-Rpsi8 177 (0.79-3.97) 0.168
c scrt 169 (1.09-2.60) 0.018 | 078 (0.70-086) 0.14 917 643
mt-ND1 679 (0.74-62.37) 0.091
mt-CO3 o3 (0.06-1.95) 0231
n-Rps18 150 (0.68-3.30) 0313
APACHE II
A APACHE II* 467 (2.40-9.08) <0.001 0.84 (0.75-092) 0.35 667 865
B mt-NDI 647 (0.81-51.80) 0.079 0.74 (0.65-0.83) 0.11 100.0 442
mt-CO3 0.34 (0.07-1.66) 0.181
n-Rps18 182 (0.82-4.03) 0.143
€ APACHE II' 5.77 (2.60-12.77) <0.001 0.88 (0.80-0.95) 0.16 875 750
mt-NDI 2681 (222-323.77) 0.010
mt-CO3 0.09 (0.01-061) 0.013
n-Rps18 126 (0.52-3.03) 0.608

APACHE II, Acute Physiology and Chronic Health Evaluation IT; mt-ND1, mitochondrially encoded NADH-ubiquinone oxidoreductase chain 1; mt-CO3, mitochondrially encoded cytochrome
C oxidase subunit I1l; n-Rps18, nuclear ribosomal protein S18; AUC, area under the curve; OR, odds ratio; 95% CI, 95% confidence interval; * values of SCr and APACHE Il were z-standardized
before modeling (mean=0, standard deviation=1); p, p value of the OR (p<0.05 are printed in bold).

Results are reported for the models with serum creatinine (SCr, n=150; n=24/150 non-survivors) and APACHE II scores at T1 (n=128 patients; n=24/128 non-survivors) as main covariable.
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Variable

Age (years)

Patients with sepsis (n=

66 (56-76)

Sex (female)

56 (37.3%)

Body Mass Index (kg/m?)

27.8 (23.7-32.4)

Charlson Comorbidity Index (points)

2 (1-4)

' APACHE II at ICU admission (points) 23 (17-28)
SOFA at sepsis onset (points) 9 (7-11)
Sepsis focus
Respiratory 72 (48%)

‘Wound/bone/soft tissue

19 (12.7%)

Intra- Abdominal

55 (36.7%)

Urogenital

19 (12.7%)

Primary bacteraemia

6 (4%)

Other

17 (11.4%)

Multiple foci

35 (23.3%)

Type of referral

Surgical: emergency
Surgical: elective

Non-surgical emergency

55 (36.7%)
46 (30.7%)

49 (32.7%)

CKD stage
None 89 (59.3%)
1 1 (0.7%)
2 28 (18.7%)
3 25 (16.6%)
4 6 (4%)
5 1 (0.7%)
AKI stage
None 68 (45.3%)
1 12 (8%)
2 15 (10%)

' 3 55 (36.7%)

AKI on CKD (yes)

43 (28.7%)

| RRT (yes)

44 (29.3%)

Discharge within 28 days (yes)

108 (72.0%)

28-day mortality (non-survivors)

24 (16.0%)

Length of stay: ICU (days)

10 (4-23)

Length of stay: hospital (days)

30 (20-47)

AKTI, acute kidney injury: defined according to the KDIGO criteria: either an increase in serum
creatinine (SCr) = 0.3 mg/dL within 48 hours, or an increase in SCr 2 1.5 times from baseline,
or urine volume < 0.5mL/kg/h for 6 hours; APACHE 11, Acute Physiology and Chronic Health

Evaluation II; CKD, chronic kidney disease; ICU, intensive care unit; RRT, renal replacement

therapy; SOFA, Sequential Organ Failure Assessment.

Data are presented as median (interquartile range) or count (percentage).
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Immune suppressive prope

Decreases TLR2 and TLR4 expression on neutrophils.
Inhibits neutrophil ROS production.
Suppresses macrophage phagocytic activity.

Reduces LPS-induced TNF production by monocytes.
Inhibits NF-kB signalling.
Impairs DC maturation.
Enhances immune suppressive activity of Tregs.

Induces endotoxin tolerance in monocytes.
Inhibits p38 MAPK signalling in monocytes.
Decreases antigen presentation by DCs.
Suppresses neutrophil ROS production.
Chemoattractant for MDSCs.

Induces endotoxin tolerance in macrophages.
Promotes M2 polarisation in macrophages.

Stimulates IL-5 production and arginase-1 expression in neutrophils.
Promotes expansion of ILC2 cells.
Induces immune suppressive functions in neutrophils.
Drives expansion of IL-10 secreting M2 macrophages.
Promotes accumulation of Tregs.

Suppresses NF-B signalling.
Reduces pro-inflammatory cytokine production by macrophages.
Decreases macrophage phagocytic activity.
Inhibits neutrophil ROS production.
Promotes survival, migration and suppressive activity of Tregs.
Activates and prolongs survival of MDSCs.

Inhibits neutrophil phagocytosis, ROS production, degranulation and cytokine production.

Suppresses T cell migration and IFN-y production.
Decreases T cell priming by DCs.
Inhibits NK cell cytotoxicity.
Induces endotoxin tolerance in macrophages.

Reduces pro-inflammatory cytokine production by LPS-challenged monocytes.
Induces IRAK-M expression in monocytes.
Inhibits neutrophil chemotaxis, phagocytosis and bacterial killing.
Suppresses activation of CTTN.
Promotes IL-10 production by DCs.

Decreases neutrophil calcium fluxes.
Suppresses neutrophil chemotaxis and ROS production.
Downregulates GPCR expression.

Inhibits NET formation.

NEEE

(27,37)

(28, 38-40)

(41-46)

(47)

(48-50)

(51-56)

(57-60)

(35, 61, 62,
63, 64)

(30, 65-68)

ATP, Adenosine triphosphate; CIRP, Cold-inducible RNA binding protein; CT'TN, Cortactin; DAMPs, Damage associated molecular patterns; DG, Dendritic cell; FPR, Formyl peptide receptor;
GPCR, G-protein coupled receptor; HMGB-1, High mobility group box-1; HSP, Heat shock protein; IEN, Interferon; IL, Interleukin; ILC2, Group 2 innate lymphoid cells; IRAK-M, Interleukin 1
receptor associated kinase-M; LPS, Lipopolysaccharide; MAPK, Mitogen activated protein kinase; MDSC, Myeloid derived suppressor cell; mtDNA, Mitochondrial-derived DNA; mtEPs,
Mitochondrial-derived formyl peptides; NF-kB, Nuclear factor-kf3; RAGE, Receptor for advanced glycation endproducts; ROS, Reactive oxygen species; ST2, Suppression of tumorigenicity; TLR,

oll-like receptor; Treg, Regulatory

cell; TREM-1, Trigeering receptor expressed on myeloid cells-1.
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No complica-

Pneumonia

tions (n=39)

(n=194)
Demographics
Age (y) 459+ 13 447 £24 535+ 30 452+32 n.s.
Sex (m/f) 149/45 43/8 33/6 24/9 ns.
1SS 248 0.7 27.6 £ 13 267 17 327+18 ab
AIS
Head 21£01 23£02 34103 1703 b,c,d,
Thorax 2011 23:02 1503 27+03 b
Abdomen 08+ 0.1 05+0.1 0.7 £02 1.0+03 ns.
Extremities L1£01 14+02 0.8 +0.2 18 +02 ab
Cytokines
IL-6 ED (pg/ml) 1535 +21.4 180.6 + 50.8 266.3 + 78.3 3435 + 1184 ns.
IL-6 D1 (pg/ml) 189.8 +21.3 264.7 + 69.8 2693 £ 53.5 3295 £ 83.8 ns.
IL-6 D2 (pg/ml) 158.3 +34.8 112.0 + 208 1755 + 474 304.3 £ 86.0 ns.
IL-6 D3 (pg/ml) 69.7 + 8.8 56.9 + 8.3 1050 + 19.8 1467 +32.0 ac
IL-10 ED (pg/ml) 904 + 126 108.2 +26.1 1462 + 38.6 1382 +31.7 n.s.
IL-10 D1 (pg/ml) 156 +2.5 20.1 £5.1 348 9.1 510 + 151 ac
IL-10 D2 (pg/ml) 100 £ 1.9 92£3.0 7.0£13 186 8.5 ns.
IL-10 D3 (pg/ml) 66+18 107 £35 6.1+12 334+ 186 ns.
Outcome
SIRS ED (n, %) 7,36 29, 56.9 10,256 14,424 de
SIRS D1 (n, %) 0,0 20,39.2 11,282 15,454 e
SIRS D2 (n, %) 0,0 19,37.3 7,179 9,27.3 de
SIRS D3 (n, %) 0,0 17,333 8,205 15,454 b,e
SIRS ED-D10 (n, %) 7,36 51, 100 16, 41.0 33, 100 b,d,e
SIRS total (d) 0.1+0.1 28+03 20%05 75+ 10 b,d,e
MV (d) 29£03 6.6%0.6 7707 29 +40 e
ICU LOS (d) 6.6+05 124£13 126+ 15 7.8 £0.7 e
Hospital LOS (d) 164 £ 0.8 255+29 196 £ 19 36.6 +4.2 fg
In-hospital mortality (n, %) 22,113 4,7.8 4,103 1,3.0 ns.

D, day; d, days; ED, emergency department; f, female; ICU, intensive care unit; ISS, injury severity score; IL, interleukin; LOS, length of stay; y, years; m, male; ml, milliliter; MV, mechanical

ventilation; n, sample si:

5 1.s., not significant; pg, picogram; SIRS, systemic inflammatory response syndrome. Significant differences (p <0.05) between the groups are indicated as follows: a: no

complications vs. sepsis, b: pneumonia vs. sepsis, ¢: no complications vs. pneumonia, d: SIRS vs. pneumonia, e: no complications vs. all, £: no complications vs. SIRS, g: sepsis vs. all.
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Attribute Kruskal- Wilcoxon rank sum test

Wallis ANOVA

Pneumonia
1Ss 7026 0.017 0.435 2.0510”
AIS Head 7.16 0.837 2.99-10™ 0.220
AIS Thorax 347 0.214 0.141 0.025
AIS Abdomen 553 0.478 0.720 0.560
AIS Extremities 3.66 0.148 0.207 0.002
GCs » 32.87 47110 1.54-10 1.81-10*
APACHE 19.60 | 0.267 0.001 4.11.10"*
11 score
SOFA score 1127 0.195 0.023 0.022
IL-6 19.90 0.602 0.032 3.26:107
IL-10 1152 0.662 0.164 0.002
AP 201 0.571 0.034 0.109
GLDH 505 0.977 0581 0.030
GGT 313 0.647 0013 0.705
GOT 17.07 0.079 0.924 5.04:10"
GPT 1252 0.412 0.857 » 0.003
Leukocytes 573 0.031 0.589 0.947
CRP 259 0.346 0.762 0248
Lactate 472 0.991 0211 0.061
PT 27.05 ‘ 0.010 0.305 4.8110°°
INR 27.33 0.011 0.267 5.6110°°
PTT 3125 0.016 0.001 2.24.10°
Fibrinogen 175 0.476 ‘ 0.784 ‘ 0.265
Platelets 7.40 0.261 0.071 0.028
Na+ 5.16 0.110 0.254 0.138
K+ 592 0.267 0.868 0.015
Creatinin 7.19 0.541 0421 0.035
Hematocrit 19.70 0.026 0.121 6.6510°
Bilirubin 220 0377 0319 ‘ 0.383
Hb 28.07 0.011 0.024 ‘ 1.98.10°°
Features that 13/29 8/29 9/29 19/29
reject the

null hypothesis

The green table color indicates a rejection of the null hypothesis, whereas the red table coloring indicates that there is not enough evidence to reject the null hypothesis. The 2-values from the
Kruskal-Wallis ANOVA test and p-values from the Wilcoxon rank sum test for the different subgroups are given as table entries. AIS, abbreviated injury scale; AP, alkaline phosphatase;
APACHE, acute physiology and chronic health evaluation; CRP, C-reactive protein; GCS, glasgow coma scale; GLDH, glutamate dehydrogenase; GGT, gamma glutamyl transpeptidase; GOT,
glutamic oxaloacetic transaminase; GPT, glutamic pyruvic transaminase; Hb, hemoglobin; IL, interleukin; INR, international normalized ratio; ISS, injury severity score; K, potassium; Na,
sodium; PT, prothrombin time; partial thromboplastin time; SOFA, sequential organ failure assessment.
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Attribute Full data Cluster 1 Cluster 2 Cluster 3 Cluster 4

(n=317) (n=101) (n=99) (n=58) (n=59)
18S (-) 26.35 20.97 28.05 36 ‘ 2327 b
AIS Head (-) 227 223 0.31 3.67 4.25 &
AIS Thorax (-) 2.01 1.34 3.18 3.17 0.09 ns.
AIS Abdomen (-) 0.76 0.51 1.52 0.71 0 e
AIS Extremities () 1.15 0.96 1.53 1.46 0.52 n.s.
GCS (-) 8.45 14.32 7.68 3.56 4.54 b
APACHE II score (-) 13.12 7.06 1591 1638 1558 ns.
SOFA score (-) 4.11 1.66 5.56 573 424 b
1L-6 (pg/ml) 165.81 60.98 257.93 229.61 127.98 a
IL-10 (pg/ml) 43.26 24.78 57.86 56.52 37.37 ns.
AP (U/) 4797 52.98 43.16 44.70 50.68 ns.
GLDH (U/) 18.01 8.32 29.83 2295 9.91 a
GGT (U/) 38.68 45.46 36.23 27.20 4247 b
GOT (U/) 97.11 53.25 169.71 97.08 50.40 f
GPT (U/l) 63.98 40.33 101.23 75.03 31.09 f
Leukocytes (U/nl) 10.24 10.00 9.74 10.47 11.24 f
CRP (mg/dl) 321 336 252 352 378 f.
Lactate (mg/dl) 19.29 16.73 21.68 19.85 19.13 a
PT (%) 84.53 91.42 79.55 79.57 85.96 ns.
INR (-) 116 1.09 122 121 116 a
PTT (s) 3131 2749 33.76 34.01 3113 b
Fibrinogen (mg/dl) 309.87 307.52 330.20 308.32 281.32 £
Platelets (cells/nl) 168.19 185.12 151.84 157.57 176.61 a
Na+ (mmol/l) 143.19 139.55 145.03 142.65 146.87 c
K+ (mmol/l) 4.07 4.01 4.18 4.04 4.06 a
Creatinine (mg/dl) 0.92 0.83 1.02 091 0.92 a
Hematocrit (%) 31.02 34.56 28.36 29.25 } 31.17 a
Bilirubin (mg/dl) 0.66 0.66 0.69 0.62 ‘ 0.67 d
Hb (g/dl) 1041 11.69 9.49 9.85 10.29 a

The cluster numbers allocate to the following complication patterns: 1 - no complications, 2 - sepsis, 3 - systemic inflammatory response syndrome (SIRS), and 4 - pneumonia. AIS, abbreviated
injury scale; AP, alkaline phosphatase; APACHE, acute physiology and chronic health evaluation; CRP, C-reactive protein; dl, deciliter; g, gram; GCS, glasgow coma scale; GLDH, glutamate
dehydrogenase; GGT, gamma glutamyl transpeptidase; GOT, glutamic oxaloacetic transaminase; GPT, glutamic pyruvic transaminase; Hb, hemoglobin; IL, interleukin; INR, international
normalized ratio; 1SS, injury severity score; K, potassium; 1, liter; mg, milligram; ml, milliliter; mmol, millimoles; Na, sodium; nl, nanoliter; n.s., not significant; pg, picogram; PT, prothrombin
time; PT'T, partial thromboplastin time; SOFA, sequential organ failure assessment; U, units. Significant differences (p <0.05) between the groups are indicated as follows: a: cluster 1 vs. cluster 2,
b: cluster 1 vs. cluster 3, c: cluster 1 vs. cluster 4, d: cluster 2 vs. cluster 3, e: cluster 2 vs. cluster 4, f: cluster 3 vs. cluster 4.
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135933842 (G151 + 1T) 0.002 0.961 0.005*
rs17525809 (T253C) 0.923 0.337 0.086
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SNPs deviating from HWE or with an MAF <1% are highlighted in bold letter with *.
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We performed PCA with various datasets to identify hidden factors or processes of systematic metabolic change. Complete nomenclature of fluxes is provided in Supplementary Figure 1.
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CONCLUSION
Cardiovascularimpairment occurred in all Stx-treated mice. High-dose Stx treatment resulted in severe hypovolemia, hyperkalemia, and cardiac arrhythmias, as well as

more frequent signs of cardiac injury. This was accompanied by a compensatory increase in EF most likely secondary to sympathetic nervous system activation. Lower-
dose Stx treatment led to the same symptoms albeit less severe/less frequent. However typical HUS-like symptoms, such as thrombocytopenia and increased
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hours 2.5 hours 24 hours 72 hours

MAP (mmHg; IQR)

ETC 40; 29 658 64; 6 65; 20
DCO 391 77; 16 64; 10 69; 12

Heart rate (BPM; IQR)

ETC 99; 63 76; 55 55; 52 72; 11
DCO 74; 20 78; 30 72; 33 65; 31

Noradrenalin (ml/h; IQR)

ETC 0.1; 0.4 0.1;0 2.8;29 18,26
DCO 0.15 0.1 0.1;0 0.1;0 0.1;0

CRP (mg/L; IQR)

ETC 2.0;2.0 1.0; 3.0 5.0; 4.0 9.5 4.8
DCO 2.0; 3.0 3.0;35 6.5, 5.8 5.0;3.3

Leukocytes (10°/uL; IQR)

ETC 18.2;57 19.0; 5.5 18.8; 164 8.7;8.2
DCO 18.1; 11.7 17.3;9.5 13.7;15.7 11.2;7.8

Lactate (mmol/l; IQR)

ETC 2222 16; 1.4 0.5;04 04; 0.1
DCO 17; 1.0 0.9; 1.0 0.4;0.3 04; 0.2

Values are represented as median accompanied by the interquartile range (IQR).
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