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Editorial on the Research Topic
 Translational immunology in trauma - To provide new insights for improving outcomes




As the importance of the post-traumatic and/or post-surgical immune response for outcomes is beyond any doubt, numerous pre-clinical experiments have focused on the underlying mechanisms. Thereby, both detrimental but also regenerative roles of immunological mediators have been described under these conditions. Both the complexity and unrevealed interactions of the immunologic response after trauma and surgery require interprofessional scientific exchange to share and connect new findings. Therefore, the articles included in this Research Topic reflect the current knowledge from latest basic science and clinical studies as well as reviews written by experts in their field.

Focusing on the central nervous system (CNS), Dobson et al. in their review outlined the molecular drivers of secondary injury, which include damage-associated molecular patterns (DAMPs), pathogen-associated molecular patterns (PAMPs) and other immune-modifying agents that activate the hypothalamic-pituitary-adrenal (HPA) axis and sympathetic stress response. Despite the potential limitations of previous studies [i.e., heterogeneity of humans, poorly designed trials, inappropriate use of specific pathogen-free (SPF) animals, ignoring sex-specific differences, and the flawed practice of single-nodal targeting] in studying drugs that target specific inflammatory pathways, the authors conclude that especially CNS protection and control of cardiovascular function maintain mitochondrial energetics, thereby resolving inflammation and minimizing immune dysfunction (Dobson et al.). Also focusing on the CNS, Ning et al. performed a single-center, prospective, randomized, and double-blind study on scalp nerve blockade (SNB) in pediatric patients undergoing craniotomy to investigate the effect on postoperative pain, intraoperative hemodynamic stability, and narcotic consumption under general anesthesia. The authors found adequate postoperative pain control and good intraoperative hemodynamic stability during noxious events in the intervention group compared to the control group (Ning et al.).

Focusing on immune dysfunction after trauma, Mizugaki et al. investigated the role of different neutrophil phenotypes in a murine burn-associated sepsis model. The group reported on higher levels of transforming growth factor-beta 1 and lower concentrations of cytokines in the burned compared to the sham group. Moreover, diverse neutrophil phenotypes (DC172a, CD68, CD11b) were observed to be differently expressed between the groups, suggesting that neutrophils are significantly involved in the immune imbalance following trauma (Mizugaki et al.). Wan et al. investigated the role and molecular mechanisms of Bruton's tyrosine kinase (BTK), a member of the Tec family in burn sepsis-induced intestinal injury. The authors found that LFM-A13 administration significantly inhibited p-BTK expression in the intestine. LFM-A13 also reduced the histopathological changes and cellular apoptosis in intestinal tissues, inhibited the release of pro- and anti-inflammatory cytokines (IL-4, IL-6, and TNF-alpha) in serum and intestinal tissues, and significantly inhibited the increase in intestinal MPO activity induced by burn-associated sepsis. The authors concluded that BTK activation is one important aspect of the signaling event that may mediate the release of pro- and anti-inflammatory cytokines, oxidative stress, and intestinal cell apoptosis and thus might contribute to burn sepsis-induced intestinal injury (Wan et al.).

The posttraumatic immune response after multiple trauma without an associated burn injury was investigated by Vollrath et al. The authors focused on the pathogen-specific reaction of phagocytes taken from a porcine polytrauma model at different time points, stimulated by different pathogens (i.e., E. coli, S. aureus, or S. cerevisiae). Throughout the observation phase of 72 h, the phagocytic activity and capacity of granulocytes and monocytes followed a significantly different pattern, depending on the pathogen strain (Vollrath et al.).

Xu et al. reports on Indoleamine 2,3-dioxygenase (IDO), its immune suppressive impact and potential in the emerging field of isolated liver injuries. As IDO is one of the initial rate-limiting enzymes of the kynurenine pathway (KP), causing immune suppression and the induction of T cell anergy, it is well-known to be associated with the imbalance of immune homeostasis and liver dysfunction (Xu et al.). In a comprehensive review, the authors give an overview of its function, impact, current research directions, and possible ways to use IDO in patients with hepatic damage. As liver dysfunction furthermore contributes negatively to the patients' coagulation system, Egea-Guerrero and Quintana-Diaz outline the role of prothrombin complex concentrate (PCC) in the severely injured patient and indicates careful application of PCC in the traumatized patient. Therefore, the authors point out that fibrinolysis must be controlled simultaneously to balance management of patients with hemorrhagic shock or trauma induced coagulopathy (Egea-Guerrero and Quintana-Diaz).

Cell function and characteristics are of highest importance to understand their involvement in the development of infectious complications (de Fraiture et al.). Analysis of neutrophil phenotypes and their function as complex biomarkers has become accessible for point-of-care decision making after trauma. Thus, potential neutrophil based cellular diagnostics may help to recognize patients at risk for infectious complications when presented in the trauma bay. These patients display increased numbers of neutrophil subsets, decreased responsiveness to fMLF and/or increased CD64 expression. According to these possibilities, de Fraiture et al. emphasizes measuring these biomarkers over time in patients at risk of infectious complications. This might help to guide an individual treatment strategy regarding the timing, extent of surgery and administration of (preventive) antibiotics (de Fraiture et al.). As complications significantly influence patient outcomes over the clinical course, Schindler et al. examined microbiological aspects of anti-infective treatment in trauma patients. Of 114 trauma patients, 45 suffered from post-traumatic infections during the first 10 days of hospitalization. Severely injured patients with concomitant traumatic brain injury (PT + TBI) showed the highest rate of post-traumatic infection. The leading entity of infection was pneumonia, followed by infections of the urinary tract. Although 67.5% of all trauma patients received single-shot antibiosis during initial care in the trauma bay, the development of secondary colonization was not relevantly positively correlated with single-shot antibiosis and prophylactically calculated antibiotic administration. Due to these findings, the authors concluded that one-time antibiotic and calculated prophylactic use of antibiotics, like cephalosporins, must be critically discussed in terms of their role in the development of post-traumatic infections and microbial selection (Schindler et al.).

In conclusion, this Research Topic presents the newest scientific insights on immunological and cellular reactions as well as tissue-related and circulatory responses after severe trauma or during the further clinical course of critically ill patients. This highly relevant data will deepen the understanding of the pathomechanistic influence of several in vivo and in vitro elaborated mediators and thus has the potential to improve the treatment of patients after a traumatic or surgical impact. We thank all the authors and the Publication Committee of Frontiers in Medicine for the privilege of publishing this Research Topic.
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Background: Polytraumatized patients undergo a strong immunological stress upon insult. Phagocytes (granulocytes and monocytes) play a substantial role in immunological defense against bacteria, fungi and yeast, and in the clearance of cellular debris after tissue injury. We have reported a reduced monocytes phagocytic activity early after porcine polytrauma before. However, it is unknown if both phagocyte types undergo those functional alterations, and if there is a pathogen-specific phagocytic behavior. We characterized the phagocytic activity and capacity of granulocytes and monocytes after polytrauma.

Methods: Eight pigs (Sus scrofa) underwent polytrauma consisting of lung contusion, liver laceration, tibial fracture and hemorrhagic shock with fluid resuscitation and fracture fixation with external fixator. Intensive care treatment including mechanical ventilation for 72 h followed. Phagocytic activity and capacity were investigated using an in vitro ex vivo whole blood stimulation phagocytosis assays before trauma, after surgery, 24, 48, and 72 h after trauma. Blood samples were stimulated with Phorbol-12-myristate-13-acetate and incubated with FITC-labeled E. coli, S. aureus or S. cerevisiae for phagocytosis assessment by flow cytometry.

Results: Early polytrauma-induced significant increase of granulocytes and monocytes declined to baseline values within 24 h. Percentage of E. coli-phagocytizing granulocytes significantly decreased after polytrauma and during further intensive care treatment, while their capacity significantly increased. Interestingly, both granulocytic phagocytic activity and capacity of S. aureus significantly decreased after trauma, although a recovery was observed after 24 h and yet was followed by another decrease. The percentage of S. cerevisiae-phagocytizing granulocytes significantly increased after 24 h, while their impaired capacity after surgery and 72 h later was detected. Monocytic E. coli-phagocytizing percentage did not change, while their capacity increased after 24–72 h. After a significant decrease in S. aureus-phagocytizing monocytes after surgery, a significant increase after 24 and 48 h was observed without capacity alterations. No significant changes in S. cerevisiae-phagocytizing monocytes occurred, but their capacity dropped 48 and 72 h.

Conclusion: Phagocytic activity and capacity of granulocytes and monocytes follow a different pattern and significantly change within 72 h after polytrauma. Both phagocytic activity and capacity show significantly different alterations depending on the pathogen strain, thus potentially indicating at certain and possibly more relevant infection causes after polytrauma.

Keywords: phagocytes, inflammation, infection, trauma, pathogen


INTRODUCTION

Trauma is responsible for around 5 million deaths per year worldwide with more than a quarter (29%) of these deaths following road traffic injuries (1). Polytraumatized patients surviving the initial phase after injury are at great risk to die from late-occurring complications like sepsis, lung failure or multi organ failure (MOF) (2, 3). Although clinical management of polytraumatized patients has significantly improved over the past decades leading to a reduced mortality, these advances are somewhat mitigated when the trauma patient succumbs to postinjury sepsis, which increases mortality from 7.6 to 23.1% (4–7). Polytraumatized patients are at risk of infections at least partly due to the disruption of immune system homeostasis (7). Thus, it is critical to investigate immunological changes after trauma to identify patients at risk for posttraumatic infections as well as possible therapeutic targets. Neutrophilic granulocytes are the first line of defense against rapidly dividing bacteria, fungi, and yeast and, thus, are instrumental in promoting resistance to infection (8). Elimination of pathogens by neutrophils can be achieved either by phagocytosis and subsequent killing using reactive oxygen species or antibacterial proteins (cathepsins, defensins, lactoferrin and lysozyme), or by degranulation of antibacterial proteins into the extracellular milieu and/or by NETosis (9, 10). Monocytes as another major type of circulating phagocytes eventually migrate into damaged or traumatized tissues where they accomplish their terminal differentiation into macrophages (11). Monocytes/macrophages contribute substantially to the adaptive immunity via antigen presentation to T cells and a general orchestration of the immune reactions (11).

The most frequent nosocomial infections of the lower respiratory tract (28%), the urinary tract (24%) or surgical wound infections (18%) after polytrauma are often caused by S. aureus and E. coli (12, 13). When the human body is confronted with invasive pathogens such as bacteria or fungi, these can be cleared from infection sites by professional phagocytes like monocytes and granulocytes (14). Phagocytosis thereby is an important contributor to the first line of defense against infections (14). With regard to development of infections during the clinical course after trauma divergent results on phagocytic activity of circulating neutrophils and monocytes have been reported (15–17). Spittler et al. compared the phagocytic capacity of monocytes from patients with sepsis with low or high IL-6 serum concentrations and observed significantly increased phagocytic properties as well as worse outcomes in patients with high IL-6 levels (17). Reduced phagocytic activity of granulocytes and monocytes has been reported in septic patients after trauma or surgery and reduced phagocytic activity of neutrophils in the first 24 h of sepsis has been a negative predictor for survival (15, 16). In our study group we investigated the phagocytic activity of granulocytes and monocytes after severe trauma and observed early decreased activity of granulocytes followed by significant increase from day 2 till the end of the study period (18). Phagocytic activity of monocytes returned to values comparable to healthy volunteers after 2 days (18). Furthermore, we observed decreased phagocytic activity and capability of monocytes for S. aureus early after trauma in the porcine polytrauma model (19). The porcine polytrauma model offers great opportunity to study posttraumatic immunological changes under standardized conditions. Thus, we investigated the phagocytic activity and capacity of granulocytes and monocytes for three different pathogen strains in order to further characterize immunological changes after polytrauma, and to potentially get closer to answering the urgent question what mechanisms put patients at risk for developing infectious complications after polytrauma.



MATERIALS AND METHODS


Ethics

All experiments were performed in compliance with the federal German law with regards to the protection of animals, institutional guidelines and the criteria in “Guide for the Care and Use of Laboratory Animals” (20). During the whole study animals were consistently handled in accordance with the ARRIVE guidelines (21) and experiments were authorized by the responsible government authority (“Landesamt für Natur-, Umwelt- und Verbraucherschutz”: LANUV-NRW, Germany, AZ: 81.02.04.2018.A113). All Animal experiments were performed at the Institute of Laboratory Animal Science & Experimental Surgery, RWTH Aachen University, Germany.



Animals

A total of eight male German landrace pigs (Sus scrofa, 3-month-old, 30 ± 5 kg) from a disease-free barrier breeding facility were included in this study. Prior to experimentation the animals were fasted over night with free access to water. All animals were housed in air-conditioned rooms, allowed to acclimatize to their surroundings for at least 7 days before surgery and underwent examination by a veterinarian before experimentation. The large animal polytrauma model has been described before (22).



Experimental Model

Eight animals underwent polytrauma (PT) with a standardized tibia fracture, liver laceration, unilateral blunt chest trauma, hemorrhagic shock (40 ± 5 mm Hg for 90 min), ensuing resuscitation and surgical fracture fixation via external fixation. Before experimentation all animals were pre-medicated with an intramuscular application of azaperone (Stressni™, Janssen, Germany) in a dose of 4 mg/kg. Prophylactic antibiotic treatment with cefuroxime 1.5 g i.v. (Fresenius Kabi, Bad Homburg, Germany) was administered before surgery and every 24 h for the whole experiment. Anesthesia was induced with an intravenous injection of propofol (3 mg/kg, Propofol Claris 2% MCT, Pharmore GmbH, Ibbenbüren, Germany) followed by an orotracheal intubation (7.5 ch tube, Hi-Lo Lanz™). During the whole study period of 72 h general anesthesia was maintained with intravenous injection of propofol, fentanyl (Rotexmedica, Trittau, Germany) and midazolam (Rotexmedica, Trittau, Germany) at a sufficient level in order to prevent any pain or awareness. The animals were ventilated with volume control mode (Draeger, Evita 4, Lübeck, Germany) at a tidal volume setting of 6–8 mL/kg, positive end expiratory pressure (PEEP) of 8 mm Hg (plateau pressure < 28 mm Hg) and a pCO2 of 35–45 mm Hg. Central venous catheter (4-Lumen Catheter, 8,5 Fr, ArrowCatheter, Teleflex Medical, Germany) was aseptically inserted into the right external jugular vein for anesthesia and fluid administration and continuous monitoring of the central venous pressure. In order to induce hemorrhage a two-lumen hemodialysis catheter (Arrow International, Teleflex Medical, Germany) was aseptically inserted into the left femoral vein. An arterial pulse contour cardiac output (PiCCO, Pulsion Medical Systems, Germany) catheter was aseptically inserted into the right femoral artery to monitor blood pressure and for blood gas analysis. A urinary catheter was inserted into the bladder (12.0 Fr, Cystofix, Braun, Melsungen, Germany). The baseline measurements were acquired after an equilibration period of 1 h. The polytrauma was induced as previously described with slight modifications (22). Before trauma induction the fraction of inspired oxygen (FiO2) was set to 21% as this depicts the conditions during trauma more accurately. Fluid administration was reduced to 10 mL/h. Warming with forced-air warming systems to maintain normothermia was stopped and animals were allowed to descend into hypothermic state after hemorrhagic shock as this mimics the preclinical scenario. After placing the animal on the left side, tibial fracture was induced using a bolt gun (Blitz-Kerner, turbocut JOBB GmbH, Germany; ammunition: 9 × 17, RUAG Ammotec GmbH, Fürth, Germany). After that animals were placed on the right side and blunt thoracic trauma was induced with a bolt shot to the left dorsal lower thorax. Then a midline-laparotomy and uncontrolled bleeding for 30 s after crosswise incision of the caudal lobe of the liver (4.5 × 4.5 cm) was induced followed by packing with five sterile gauze-compresses (10 × 10 cm). Hemorrhagic shock was induced via exsanguination via the femoral venous catheter until a mean arterial blood pressure (MAP) of 40 ± 5 mm Hg was reached and maintained for 90 min. Resuscitation was managed by adjusting the FiO2 to baseline again and re-infusing the withdrawn blood and additional crystalloid fluids (4 mL/kg body weight/h). Rewarming was performed using forced-air warming system until normothermia was reached (38.7–39.8°C). After induction of trauma and resuscitation clinical treatment of the tibia fracture was performed using external fixation according to established trauma guidelines. The intensive care treatment as well as the management of complications followed the standardized clinical protocols according to the latest recommendations of the European Resuscitation Council and the Advanced Trauma Life Support (ATLS®) (23, 24). After 72 h animals were euthanized using potassium chloride. The experimental design is shown in Figure 1.


[image: Figure 1]
FIGURE 1. Experimental design. Pigs underwent polytrauma consisting of lung contusion, liver laceration, tibial fracture and hemorrhagic shock followed by fluid resuscitation and fracture fixation with external fixator. Blood sampling was performed at the beginning after implementation of the central venous catheter (before trauma), after ATLS phase (after surgery) and after 24, 48 and 72 h.




Blood Sampling and Processing

Blood samples for ex vivo in vitro phagocytosis assay were obtained immediately after implementation of the central venous catheter (before trauma), after surgery and after 24, 48, and 72 h in heparin tubes (S-Monovette® Lithium-Heparin, Sarstedt, Nümbrecht, Germany), kept at room temperature and immediately processed for further analysis via FACS.



Ex vivo in vitro Whole Blood Stimulation Phagocytosis Assay

Blood samples (200 μL) were transferred to polystyrene FACS tubes (BD Biosciences, Franklin Lakes, USA) and 5 μL phorbol 12-myristate 13-acetate (PMA, Merck, Darmstadt, Germany) with a final PMA concentration of 0.1 μg/mL were added to the samples followed by incubation at 37°C with 5% CO2 and protected from light for 30 min. Then, 2 mL FACS buffer (2,5 g bovine serum albumine in 500 mL phosphate-buffered saline) were added and samples were centrifuged at 1,500 RPM for 7 min at room temperature. After removal of the supernatant cells were resuspended in 200 μL FACS buffer and 40 μL were transferred to new polystyrene FACS tubes. These samples then were incubated with Escherichia coli (K-12 strain) BioParticles™ (Cat. nr.: #E-2861, Thermo Fisher, Waltham, USA), Staphylococcus aureus (Wood strain without protein A) BioParticles™ (Cat. nr.: #S-2851, Thermo Fisher), Zymosan A S. cerevisiae BioParticles™ (Cat. nr.: #Z-2841, Thermo Fisher) or nothing serving as controls at 37°C with 5% CO2 for 30 min and protected from light according to the manufacturer's instructions. Approximately 10 bioparticles per leukocyte were added and all were labeled with fluorescein isothiocyanate (FITC). Subsequently 2 mL FACS buffer were added and samples were centrifuged at 1,500 RPM for 5 min at room temperature followed by incubation in 0.5 mL of BD FACS Lysing Solution at room temperature and protected from light for 10 min. Then, 2 mL of FACS buffer was added and samples were centrifuged at 1,500 RPM for 7 min at room temperature. This step was repeated one more time and cells were diluted in 90 μL FACS buffer and stored on ice until measurement. From each sample a minimum of 50.000 cells was measured, which were subsequently analyzed. Monocyte and granulocyte populations were defined by gating the corresponding forward and side scatter scan and the duplets were excluded by plotting the height against the area for forward scatter. The percentage and the mean fluorescent units of FITC-labeled bioparticles engulfed by monocytes or granulocytes were assessed. The measurement was performed by flow cytometric analyses using a BD FACS Canto 2™ and FACS DIVA™ software (BD Biosciences, Franklin Lakes, USA).



Statistical Analyses

All analyses were performed using GraphPad Prism 6 (Graphpad Software Inc., San Diego, USA). Data are presented as mean ± standard error of the mean. Based on the D'Agostino-Pearson normality test differences between the groups were determined by the non-parametric Kruskal-Wallis test followed by Dunn's post hoc test for the correction of multiple comparison. A p-value <0.05 was considered to be statistically significant.




RESULTS


Granulocytes and Monocytes in Peripheral Blood

The total proportion of granulocytes and monocytes out of viable leukocytes in peripheral blood was measured before trauma, after trauma and after 24, 48, and 72 h. Both granulocytes and monocytes showed a significant polytrauma-induced increase after surgery which declined to initial values again after 24 h (Figure 2).
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FIGURE 2. Percentage of granulocytes and monocytes of viable leukocytes. The percentage of granulocytes (A) and monocytes (B) of viable leukocytes was measured with FACS-analysis before trauma, after trauma and after 24, 48 and 72 h. Data are given as mean ± standard error of the mean, *p < 0.05 vs. baseline, n = 8.




Phagocytizing Granulocytes and Their Phagocytic Capacity After Polytrauma

E. coli-phagocytizing granulocytes significantly decreased after polytrauma and during further intensive care treatment. The capacity of granulocytes to phagocytize E. coli significantly increased in parallel during the intensive care treatment (Figures 3A, 4A). Interestingly granulocytes showed a different phagocytosis behavior for S. aureus. Both phagocytic activity and capacity of S. aureus significantly decreased after trauma. After 24 h a complete recovery was observed which was followed by another significant decrease, in both the number of phagocytizing granulocytes as well as their phagocytic capacity, after 48 and 72 h (Figures 3A, 4B). The percentage of S. cerevisiae-phagocytizing granulocytes significantly increased after 24 h and for the rest of the observation period. In contrast, a significant decrease of the S. cerevisiae phagocytic capacity was observed after surgery and 72 h (Figures 3A, 4C).


[image: Figure 3]
FIGURE 3. Percentage of E. coli-, S. aureus- or S. cerevisiae-phagocytizing granulocytes and monocytes. The percentage of E. coli-, S. aureus- or S. cerevisiae-phagocytizing granulocytes (A) and monocytes (B) was measured with FACS-analysis before trauma, after trauma and after 24, 48 and 72 h. Data are given as mean ± standard error of the mean, *p < 0.05 vs. baseline, n = 8.
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FIGURE 4. Percentage of phagocytizing granulocytes and phagocytic capacity for E. coli, S. aureus or S. cerevisiae. The percentage of phagocytizing granulocytes and their capacity to phagocytize E. coli (A), S. aureus (B) or S. cerevisiae (C) was measured with FACS-analysis before trauma, after trauma and after 24, 48 and 72 h. Data are given as mean ± standard error of the mean, *p < 0.05 vs. baseline, n = 8.




Phagocytizing Monocytes and Their Phagocytic Capacity After Polytrauma

E. coli-phagocytizing monocytes did not change during the observation period while their capacity to phagocytize E. coli significantly decreases after surgery followed by a distinct and significant increase after 24 and 48 h (Figures 3B, 5A). The number of S. aureus-phagocytizing monocytes shows a significant decrease after surgery followed by a significant increase which was higher after 24 and 48 h compared to the initial values. The capacity of monocytes to phagocytize S. aureus did not change during the first three days after polytrauma (Figures 3B, 5B). The percentage of S. cerevisiae-phagocytizing monocytes did not show any significant changes during the study period while the capacity of monocytes to phagocytize S. cerevisiae significantly dropped after 48 and 72 h (Figures 3B, 5C).
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FIGURE 5. Percentage of phagocytizing monocytes and phagocytic capacity for E. coli, S. aureus or S. cerevisiae. The percentage of phagocytizing monocytes and their capacity to phagocytize E. coli (A), S. aureus (B) S. cerevisiae (C) was measured with FACS-analysis before trauma, after trauma and after 24, 48 and 72 h. Data are given as mean ± standard error of the mean, *p < 0.05 vs. baseline, n = 8.





DISCUSSION

Polytraumatized patients who survive the initial phase after injury remain at high risk to die from late-occurring infectious complications like sepsis, organ or multiple organ failure (MOF) (2, 3, 25, 26). Regardless of an infection or septic complication, trauma itself leads to a leukocytosis (27). We observed early leukocytosis in our porcine trauma model showing a significant peak of the number of granulocytes and monocytes immediately after surgery (Figures 2A,B). After 24 h in both cell types the levels turned to normal again possibly due to emigration of the leukocytes to the damaged tissue. Disturbed phagocytosis of neutrophils and/or monocytes has been linked to development of posttraumatic or postoperative sepsis (16). Therefore, we investigated phagocytic activity and capacity of granulocytes and monocytes in a standardized porcine polytrauma model during a prolonged observational period of 72 h after trauma. Interestingly, the phagocytic activity and capacity showed significantly different alterations depending on the pathogen strain (E. coli, S. aureus or S. cerevisiae).

S. aureus is one of the most common causative pathogens of hospital-acquired pneumonia (HAP)/ventilator-acquired pneumonia (VAP) and wound infections (12, 28). In our study, we observed a distinct and significant decrease in the total number of S. aureus-phagocytizing granulocytes after 48 and 72 h while their capacity to phagocytize S. aureus did not increase. Since granulocytes are not able to clear the bacterial load it remains to be clarified in further studies if a decreased number of S. aureus-phagocytizing granulocytes post-trauma may be a risk factor for developing pneumonia or wound infections. In contrast to our results it was shown that the percentage of S. aureus-phagocytizing granulocytes in polytraumatized patients increased significantly from day two till the end of the study period (10 days) (18). After severe injury granulocytes are replaced through (immature) bone marrow granulocyte which are rapidly released to the blood stream (29). This process is known as ‘emergency myelopoiesis’ (29). A possible reason for the initially decreased number of S. aureus-phagocytizing granulocytes observed in our study therefore might be their maturation state as immature granulocytes may not be able to perform phagocytosis. However, due to a study period of 72 h we can only speculate whether the number of S. aureus-phagocytizing granulocytes will return to “normal” or even higher numbers after three days or later will further decrease. Possibly we would also observe the same increase after three days that Sturm et al. already observed after two days. In line with our results phagocytic activity of granulocytes was impaired three days after traumatic brain injury (TBI) in mice (8). The authors also investigated the long term effect after TBI and showed impaired phagocytic activity of granulocytes still after 60 days (8). However, despite differences in immune response among different species, the posttraumatic response after brain injury and non-brain injury are not completely comparable. To date the changes in phagocytic behavior of granulocytes and monocytes after polytrauma are not completely characterized, otherwise it would be tempting to speculate about therapeutic options. Decreased phagocytic activity might be restored by medications activating phagocytosis (30–32). On the other hand, overwhelming phagocytosis might be reduced by inhibiting medications (33, 34). However, septic complications after trauma do not necessarily have to be caused by reduced or overstimulated phagocytosis itself. Phagosomal acidification, another critical part of neutrophil function, has been shown to be altered in polytraumatized patients developing septic complications (35). Nevertheless, it must be mentioned that these investigations have been made in a relatively small patient cohort of only 15 patients (35).

In our study, we observed early decreased phagocytic activity of monocytes for S. aureus while phagocytic activity for E. coli and S. cerevisiae were not altered. Schimunek et al. investigated the number of phagocytes as well as their capacity to phagocytize S. aureus in the porcine polytrauma model. In line with our results, an early decreased phagocytic activity of monocytes was observed (19). Furthermore, the authors showed reduced phagocytic capability for S. aureus after surgery (19). Both the phagocytic activity and capability recovered to baseline after 24 h (19). In the underlying study, we also observed a significant decrease of monocytic phagocytic activity after surgery but in contrast to the study by Schimunek et al. the phagocytic activity increased to higher values compared to the baseline after 24 and 48 h. In line with this a significantly increased phagocytic activity of monocytes in mice 3 days after TBI was reported (8). In polytraumatized patients the number of S. aureus phagocytizing monocytes was also diminished early after trauma and recovered to baseline after 2 days (18). Obviously, the majority of studies report early decreased monocytic phagocytic activity followed by return to normal or even increased activity. Possibly after trauma monocytes leave blood stream by migrating into the traumatized tissue and are replaced by immature cells from the bone marrow that need time to bring phagocytic activity to “normal” or even higher state again. The capacity to phagocytize S. aureus did not significantly change in our study but we observed an overall higher rate in the phagocytic capacity of S. aureus compared to Schimunek et al. (19). Possible differences may have been observed due to the use of heparin blood samples instead of EDTA blood in the underlying study as compared to Schimunek et al. (36). In contrast, Seshadri et al. incubated monocytes with (FITC)-labeled S. aureus and opsonizing reagent to evaluate phagocytosis and did not see any changes in monocyte phagocytosis after injury (7). Pérez-Bárcena et al. compared TLR2 and TLR4 functionality in trauma patients receiving nutrition with or without glutamine supplement as use of glutamine as a dietary supplement is associated with a reduced risk of infection and observed no changes in phagocytic capability of monocytes between the two groups (37).

Besides pneumonia, infections of the urinary tract are a common complication during clinical course after trauma (12). These infections are often caused by E. coli which is why we also investigated the phagocytic activity and capacity of granulocytes and monocytes for E. coli in the underlying porcine trauma model. Interestingly we observed a different pattern than for phagocytosis of S. aureus. The percentage of E. coli-phagocytizing granulocytes significantly decreased early after trauma with a continuous decrease till the end of the study period. Probably as a compensatory mechanism the capacity of granulocytes significantly increased after 24 h, thus, among several others, maybe giving a gentle hint why infections with E. coli are less frequent than infections with S. aureus. In line with our results Liao et al. observed significantly decreased percentage of E. coli-phagocytizing granulocytes at 24, 48 and 72 h in trauma patients compared to healthy controls (38). Furthermore, in TBI patients E. coli-phagocytizing activity of granulocytes was decreased during the whole study period of 2 weeks (38). No difference in the percentage of neutrophils able to do phagocytosis but a significantly lower ability of neutrophils to phagocytose fluorescent E. coli were observed in patients with spinal cord injury (39). The above mentioned decline in phagocytosis has been suggested to represent a compensatory mechanism, where reduced phagocytosis offsets the deleterious effects that the increase in ROS generation, that has been described especially in patients with TBI and SCI but also with blunt or penetrating trauma, would have on bystander tissue (38, 40). Nevertheless, given that granulocytes are the first-line of defense against invading microbes, a reduced phagocytosis may also be detrimental to the host and therefore at least in part explains the high incidence of nosocomial infections reported amongst patients following neurological trauma (40, 41). In line with these observations, we also observed reduced phagocytic activity of granulocytes for S. aureus and E. coli, two pathogens frequently seen in nosocomial infections. Furthermore, a reduced phagocytosis of neutrophils in the first 24 h of sepsis and a reduced phagocytic activity of granulocytes and monocytes in septic patients after trauma or surgery have been reported (15, 16). On the other hand, Spittler et al. compared the phagocytic capacity of monocytes from ten patients with sepsis with low IL-6 serum concentrations and eight patients with sepsis with high IL-6 plasma concentrations and observed significantly increased phagocytic properties as well as worse outcomes in patients with high IL-6 levels (17).

Invasive fungal infections are rare but serious complications of traumatic injury with an increasing incidence of approximately 0.43–1.7 cases per million persons (42). In line with our reported results for phagocytosis of S. cerevisiae granulocytes in the group of multiple traumatized patients showed significantly higher yeast-phagocytizing activity on the first and third day after injury compared to the control group (43). This higher phagocytic activity of granulocytes might, among others, be a reason for the lower frequency of invasive fungal infections.

In this study, we observed significant changes in phagocytic activity and capacity of granulocytes and monocytes after polytrauma. It still has to be further elucidated whether increased phagocytic activity or capacity is a “beneficial” inflammatory state and if their reduced phagocytic activity, as seen for S. aureus and E. coli, puts polytraumatized patients at risk to developing septic complications. On the other hand, reduced phagocytic activity might also be a “beneficial” mechanism to reduce overwhelming inflammatory response which would lead to further tissue damage. In future studies it remains important to investigate the phagocytic behavior of leukocytes which have emigrated from blood to tissue since it has been shown that the surrounding milieu has an impact on the phagocytic behavior (43). This study has several limitations of which the most important one is the limited sample size. Moreover, it remains to be elaborated, if the above described changes in phagocytic activity and capacity will influence the outcome after trauma beyond the observational period of 72 h, as our findings cannot be linked to defined outcomes like infections, sepsis, length of stay on ICU or requirement for ventilation. The interspecies variability in innate immune response has to be taken into consideration when results of animal experiments are transferred to human situation (44). Furthermore, no data of samples without PMA-stimulation could be provided.

Taken together, our data indicate that phagocytic activity and capacity of granulocytes and monocytes follow a different pattern and significantly change within 72 h after polytrauma. Furthermore, the phagocytic activity and capacity show significantly different alterations depending on the pathogen strain.
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Background: The inflammatory response and post-traumatic complications like infections play an important role in the pathophysiology of severe injuries. This study examines the microbiological aspects in anti-infective treatment of trauma patients and their inflammatory response in post-traumatic infections complications.

Patients and Methods: A retrospective analysis of prospectively collected data in trauma patients (ISS ≥ 16) over a 1-year period (01/2018 to 12/2018) is provided. Patient population was stratified into severely injured patients without post-traumatic infection (inf-PT), and severely injured patients who developed an infection (inf+PT).

Results: Of 114 trauma patients, 45 suffered from post-traumatic infection during the first 10 days of hospitalization. Severely injured patients with concomitant traumatic brain injury (PT+TBI) showed the highest rate of post-traumatic infection. Pro-inflammatory reaction was tracked by levels of Interleukin (IL-)6 (day 3: inf+T 190.8 ± 359.4 pg/dL > inf-PT 56.2 ± 57.7 pg/mL (mean ± SD); p = 0.008) and C-Reactive-Protein (CRP, day 3: inf+PT 15.3 mg/dL > inf-PT 6.7 mg/dL, p = 0.001) which were significantly higher in trauma patients who develop an infectious complication and showed a significant positive correlation with the occurrence of infection. The leading entity of infection was pneumonia followed by infections of the urinary tract mainly caused by gram-negative Enterobacteriaceae. 67.5% of all trauma patients received single-shot antibiosis during initial care in trauma bay. The development of secondary colonization was not relevant positively correlated with single-shot antibiosis (r = 0.013, p = 0.895) and prophylactically calculated antibiotic administration (r = 0.066, p = 0.500).

Conclusion: Severely injured trauma patients have an increased risk for development of infectious complications, which mainly is pneumonia followed by infection of the urinary tract mainly caused by gram-negative Enterobacteriaceae. Based on the data in this study, the one-time antibiotic and prophylactic calculated use of antibiotics, like Cephalosporins must be critically discussed in terms of their role in the development of post-traumatic infections and microbial selection.

Keywords: polytrauma, traumatic brain injury, Interleukin-6, severely injured patient, Interleukin-10, inflammation


INTRODUCTION

Polytrauma (PT) and severe traumatic brain injury (TBI) caused by road traffic accidents and falls are the main causes of death and disability with immense socioeconomic impact through loss of productivity, medical and rehabilitation costs (1, 2). The treatment of patients with multiple organ injuries poses a particular challenge due to different injury patterns and severity, but also due to the complex immune response (3). Post-traumatic exaggerated immunomodulation often leads to postinjury complications, multiple organ failure (MOF) or sepsis and are predictors of mortality in trauma within the first days in Intensive Care Unit (ICU) (4). The mortality rate of septic trauma patients in hospital is still high (19.5–23%). Early prevention of sepsis development can facilitate further treatment of patients and contribute to improved treatment outcomes (5). The prevention of trauma-related infections/sepsis has so far mainly involved infection prevention (e.g., surgical management, prophylactic antibiotics, tetanus vaccination) and the prevention of organ dysfunction (e.g., drugs, temporary intravascular shunts, lung protective strategies) (6). The integrity of the intestinal barrier and the intestinal microbiome are fundamental prerequisites for a functioning immune system and the maintenance of colonization resistance to bacterial pathogens (7). Trauma, perfusion damage, or surgery favor a barrier disorder of the intestinal mucosa, and bacterial translocation and subsequent infections via the bloodstream (8). Dysbiosis and the development of multi-resistant bacteria (MRE) due to the use of antibiotics can lead to severe post-traumatic infections and complications (9).

Detecting the severity of injuries at an early stage, predicting risk factors of post-traumatic complications, and preventing secondary damageare of highest clinical interest. Serum biomarkers of inflammatory reaction are an optimal complement to detect potential complications like infection in an early stage (10–12). Systemic inflammatory reactions can be tracked by leukocytosis and release of acute phase proteins (APPs), such as c-reactive protein (CRP) and cytokines (13–15). Pro- and anti-inflammatory mediators such as Interleukin-6 and -10 (IL-6, IL-10) are released in response to tissue injury and lead to both reactive and restorative inflammatory processes (6, 16, 17).

The aim of this study was to stratify a cohort of trauma patients according to the development of post-trauma infections and to evaluate them with respect to their injury pattern, treatment with anti-infective therapy and bacterial colonization and clinical outcome. We hypothesize that peri-traumatic prophylactic or calculated antibiotic therapy influences the development of post-traumatic infections and secondary bacterial colonization. In addition, we assess the post-traumatic infections by biomarkers of post-traumatic inflammation IL-6, IL-10, CRP, and WBC.



PATIENTS AND METHODS


Ethics

The study was performed at the University Hospital Frankfurt, Goethe University after approval by the Institutional Review Board (89/19) in accordance with the Declaration of Helsinki and following STROBE guidelines (18). Written informed consent was obtained for enrolled patients or their legally authorized representatives in accordance with ethical standards.



Patients and Study Setting

We retrospectively reviewed a cohort of severely injured trauma patients admitted to the emergency department (ED) and level-1-trauma center of the University Hospital Frankfurt from January to December 2018. All clinical data were collected prospectively as part of the quality documentation of our in-house trauma registry. All trauma patients in the ED were treated according to the Advanced Trauma Life Support (ATLS® American College of Surgeons, Chicago, IL, USA) standard and the polytrauma guidelines (19). Injury severity from trauma was calculated using the Injury Severity Score (ISS), the New Injury Severity Score (NISS) and the Abbreviated Injury Scale (AIS) score which assigns each injury a severity level between 1 (mild) and 6 (maximum) in different regions (head, face, thorax, abdomen, extremities, and external injuries) (20–22). To calculate a mortality prognosis RISC II Score (Revised Injury Severity Classification, Version 2) was used (23).

We evaluated all patients with a history of acute trauma with an ISS ≥ 16 admitted to the emergency department during this 12-month period. Participating patients had to be ≥18 years of age. Patients who met this inclusion criteria were stratified into 2 cohorts: severely injured patients without post-traumatic infection (inf-PT), and severely injured patients who developed a relevant post-traumatic infection during their in-hospital stay (inf+PT). Relevant infections included respiratory tract infection/pneumonia (Examination material: sputum, tracheal secretion, bronchial lavage), urinary tract infection, soft tissue infection (Examination material: swab, biopsy), catheter-associated infection (Examination material: catheter tip; except urinary catheters), and bacteremia (Examination material: blood culture). In addition, infections were designated as “unknown” if patients had clear symptoms of infection such as fever or laboratory signs of inflammation of unclear origin. Severe open fracture was defined by fractures with an AIS ≥2 and a soft tissue injury of type 2 or greater according to the Gustilo-Anderson classification. Recent major surgery describes a major impact by surgical intervention performed early (within 5 days) after trauma, such as osteosyntheses of long bones, spine, or pelvis, hemi or bi-craniotomies or major intra-abdominal or -thoracal interventions. These are intended to represent a possible second hit. We defined relevant post-traumatic disability at the time of hospital discharge. Retrospectively, we evaluated several indicators to assess patient's outcome. These included the Barthel index ≤90% as a measure of limitations in self-care and activities of daily living, the Glasgow outcome scale extended (GOSE ≤4) for patients with TBI. As well as any impairment in physical function that led to discharge to inpatient rehabilitation, nursing home, or prescription of home care.

Patients with known pre-existing immunological disorders, immunosuppressive medication, burns, concomitant acute myocardial infarction, or thromboembolic events were excluded.



Blood Processing, Serum Marker, and Microbiological Analysis

Serial venous blood samples were obtained from traumatized patients on admittance to the ED for day 1–10 after trauma. Following baseline sample, subsequent blood was collected following the standard hospital procedures in pre-chilled tubes (silicate coated granules and polyacrylester gel; S-Monovette©, Sarstedt Inc., Nümbrecht, NRW, Germany) and stored on ice. Blood was centrifuged at 2,000 × g for 15 min at 4°C and the supernatant (serum) was stored at −80°C until analysis. Frozen serum samples were not thawed for this study before analysis. Interleukin (IL-)6 and Interleukin (IL-)10 concentrations were measured by IL-6/IL-10 Eli-pair Enzyme-linked Immunosorbent Assay (ELISA) (Diaclone, Hoelzel Diagnostica, Cologne, Germany) according to the manufacturer's instructions.

Levels of C-Reactive Protein (CRP, reference range <0.5 mg/mL), IL-6 (reference range <7 pg/mL), and blood count (leucocytes/white blood cells (WBC), reference range 3.96–10.41/nL) are part of routine diagnostics and were collected retrospectively from patients' medical records. Serial blood analyses for these parameters of clinical routine were not available for each of these patients. Microbiological diagnostics like bronchial lavage (BAL), urinary, and blood culture test were ordered only for patients in which potentially serious infection was suspected. Nasal, pharyngeal, and rectal swabs (Multidrug resistant gram-negative bacteria (MRGN) Screening) routinely taken in our clinic upon admission via the trauma ward, to the intensive care unit and then weekly. Tests were performed by chemical pathology and microbiology laboratories adjacent to the hospital where the trauma center is located. Results (incl. data regarding antibiotic therapy) were extracted retrospectively in chart review. A positive microbial result was defined pathogenic bacterium could be cultured in the laboratory. In classifying a bacterium as pathogenic, we considered the symptoms of the patient as recorded in the patient's medical records, the presence of other potential pathogens from other microbiological tests for the same patient, the frequency with which the bacterial species was isolated, the epidemiology associated with the specific bacterium. In cases where the source of the infection could not be identified, it was recorded as “unknown.”



Statistical Analysis

Continuous normally distributed variables were summarized using means ± standard deviation (SD), while categorical or continuous variables with skewed distributions were summarized using medians with interquartile ranges (IQR). The p-values for categorical variables were derived from the two-sided Fisher's exact test, and for continuous variables from the Mann–Whitney U-test or the Kruskal–Wallis test in case of more than two group comparisons. Significant values were adjusted by the Bonferroni post-hoc test. Spearman's rank correlation coefficients were calculated to determine correlations between biomarkers and clinical characteristics. Receiver–operator characteristic (ROC) curves were generated to analyze the variables predictive power for the development of post-traumatic infection. p < 0.05 was considered to be statistically significant (* = p <0.05; ** = p <0.01; *** = p <0.001). Values are reported as mean for continuous variables and as percentages for categorical variables. All analyses were performed using the Statistical Package for Social Sciences (SPSS for Mac©), version 26 (SPSS Inc., Chicago, IL).




RESULTS


Demographics and Clinical Injury Characteristics

Table 1 shows the demographic and clinical characteristics stratified by the incidence of post-traumatic infection in trauma patients.


Table 1. Demographic and injury characteristics stratified by the incidence of post-traumatic infection.
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During the 12-month study period, n = 114 severely injured patients (ISS ≥ 16) met the inclusion criteria. Of these, n = 45 patients developed any post-traumatic infection (inf+PT cohort) during the first 10 days of hospitalization. For n = 69 patients no relevant infection or microbiological findings were documented (inf-PT cohort).

The majority of these trauma patients (inf-PT 72.5% and inf+PT 80.0%) were male. The included patients most suffered blunt injury trauma, whereas the incidence of penetrating trauma (e.g., gunshot or stab wounds) was <8% in both groups. No relevant difference in the incidence of open fractures or major soft tissue injuries (inf-PT 18.6% and inf+PT 25.0%, p = 0.429) or TBIs (inf-PT 31.4% and inf+PT 20.5%, p = 0.190) could be shown between the two groups. Significant more patients with post-traumatic infections (77.8% > 47.8%, p < 0.001) underwent major surgery during their in-hospital stay. No significant difference in median (IQR) age [inf-PT 49 (22–73) years vs. inf+PT 47 (30–69) years; p = 0.586] was seen. Median (IQR) ISS of inf-PT cohort was slightly lower [inf-PT: ISS 24 (17–32) pts. < inf+PT: ISS 27 (22–34) pts., p = 0.044] but no significant difference was found in NISS (p = 0.315). Median (IQR) risk of mortality (RISC II) was <6% (p = 0.916) for patients in both groups. The median (IQR) length of stay in intensive care unit (inf-PT 2 (0–6) days < inf+PT 14 (7–20) days, p < 0.001) and ventilation time (inf-PT 0 (0–2) < inf+PT 5 (1–5), p < 0.001) was significantly extended in inf+PT cohort. There was no relevant difference in indicators of hemorrhagic shock, such as blood hemoglobin fraction (p = 0.565), systolic blood pressure (RRsyst, p = 0.128) and pulse (p = 0.752). Patients without post-traumatic infections received significant more blood transfusions [median (IQR) 2.5 (2–5) > 0 (0–2), p = 0.005].



Higher Level of Inflammation Markers in Trauma Patients With Posttraumatic Infection

Stratification of the cohorts was supported and post-traumatic infection was tracked by serum biomarkers of pro- and anti-inflammatory response. Figure 1 shows the expression profile of he markers in trauma patients with (inf+PT) compared to patients without (inf-PT) post-traumatic infection.
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FIGURE 1. Inflammation markers in trauma patients with (inf+PT) and without (inf-PT) post-traumatic infection (A) Leukocytes with reference range 3.96–10.41/ nL (B) CRP (C-Reactive Protein) in mg/dL with reference range <0.5 mg/dL (C) Interleukine(IL-)6 with reference range <7 pg/mL and (D) Interleukine(IL-)10 (no reference range).


Blood count analyses showed that the kinetic profile of the WBCs showed to relevant difference betweenboth cohorts (except day 8, which will most likely be an outlier). CRP level in patients with post-traumatic infection supports the positive microbial findings in this cohort and was significantly higher (day 3: inf+PT 15.3 mg/dL > inf-PT 6.7 mg/dL, p = 0.001) comparing trauma patients without infection. Spearman's rank correlation showed significant positive correlation between CRP level and the occurrence of post-traumatic infection from day 2–6, 8, and 9.

As well the IL-6 level was significantly higher in inf+PT group (day 3: inf+PT 190.8 ± 359.4 pg/dL > inf-PT 56.2 ± 57.7 pg/mL, p = 0.008). A significant positive correlation between pro-inflammatory IL-6 level and the occurrence of post-traumatic infection from day 1 to 7 (day 3: r = 0.384; p = 0.007) was shown.

Anti-inflammatory IL-10 levels didn't show significant difference in both study cohorts.



Post-traumatic Infections in Trauma Patients

Table 2 shows the entities and number (n) of post-traumatic infection in trauma patients stratified by injury pattern (PT, PT+TBI, isTBI). Table 3 shows the spectrum of microorganisms found in the cultures of bronchial lavage, tracheal secretion, urine, intraoperative wound swab, catheter, and blood of trauma patients with post-traumatic infection (inf+PT, n = 45).


Table 2. Post–traumatic infections in trauma patients stratified by injury pattern.

[image: Table 2]


Table 3. Spectrum of microorganisms in trauma patients with post-traumatic infections (N = 45).
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N = 45 of 114 patients suffered from post-traumatic infection during the first 10 days after trauma. Among these, the trauma patients with concomitant traumatic brain injury (PT+TBI) had the highest rate (44.4%) of post-traumatic infections. The leading entity of post-traumatic infection was pneumonia (PT+TBI 36.2% > PT 22.2% > TBI 9.7%), which was followed by infections of the urinary tract (PT+TBI 12.8%, TBI 6.5%) and soft tissue (PT 19.4%).

The most common pathogens detected were gram-negative Enterobacteriaceae (62.2%), like E. coli (17.8%) and Klebsiellae (32.1%). 50% of pneumonia and 90% of urinary tract infections were caused by this gram-negative Enterobacteriaceae. 8.9% of inf+PT suffered from an infection with Pseudomonas aeruginosa. The microbial spectrum of soft tissue infections was spread over both gram-negative and gram-positive bacteria. Among the gram-positive bacteria mainly Staphylococcaceae (17.8%), such as Staphylococcus aureus and St. epidermidis were found. A proven bacteremia was only found in PT cohort (n = 5), which was most likely catheter-associated (n = 3), caused by gram-positive Staphylococcus and gram-negative Enterobacteriaceae. 6.3% of inf+PT suffered from multiple organ infections (PT+TBI 12.8% > PT 5.5.% > isTBI 3.2%). In 31.1% of inf+PT a polymicrobial coinfection with several pathogenic bacteria was found, including those affecting several organ systems.



Indications and Spectrum of Anti-infective Therapy in Trauma Patients

Table 4 shows antibiotic therapy in trauma patients with and without post-traumatic infections. Table 5 shows the antibiotic spectrum in therapy of peri-traumatic anti-infective management.


Table 4. Indications of antibiotic therapy in trauma patients.
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Table 5. Antibiotic spectrum of anti-infective management in trauma patients.
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67.5% of all 114 trauma patients received single-shot antibiosis during initial care in trauma bay. Cefuroxime (inf-PT 26.1% and inf+PT 42.2%) and Meropenem (inf-PT 34.8% and inf+PT 26.6%) were the most commonly used antibiotics. Stratified by injury pattern, patients without TBI were mainly medicated with Cefuroxime (63.9%) while patients with TBI received predominantly Meropenem (58.1%). In case of open fracture or extensive soft tissue damage, Metronidazole was given additionally (4.8%).

In 55.3% (inf-PT 30.4% and inf+PT 17.9%) the anti-infective therapy was continued prophylactically/calculated to avoid later infection-associated complications or based on the clinical picture of an impending infection. In addition to the above-mentioned indications for the calculated application of Meropenem (inf-PT 31.9% and inf+PT 11.1%) and Cefuroxime (inf-PT 5.8% and inf+PT 15.5%), Penicillin + BLI (inf-PT 5.8% and inf+PT 42.2%) was frequently used. 4.4% of all trauma patients received peri-operative antibiosis. In 33.3% the antibiotic treatment was associated with a proven infection by positive bacterial culture. Drug spectrum is broader in the case of a confirmed infection and, due to the mostly present infection with gram negative anaerobes (shown in Table 2), mainly dominated by Fluoroquinolones and Glycopeptide antibiotics.



Bacterial Carriage in Trauma Patients

Table 6 shows the results of routine nasal, pharyngeal and rectal swabs taken on admission to our trauma bay and during the stay in the intensive care unit.


Table 6. Bacterial carriage in trauma patients (N = 114).
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In n = 28 of 114 trauma patients a primary bacteria colonization was found, mainly with Escherichia coli (E. coli; ESBL = Extended Spectrum ß-Lactamase; 3MRGN = Multi-Resistant Gram-Negative bacteria), followed by Enterococcus faecium/faecalis (VRE = Enterococcus faecium/faecalis) and Pseudomonas aeruginosa in the rectal smear. In n = 8 trauma patients secondary colonization occurred during hospitalization. The detection of colonization by other bacteria, like Acinetobacter baumannii, Citrobacter freundii, Enterobacter cloacae and Proteus mirabilis was <2%. MRSA (Methicillin-Resistant Staphylococcus aureus) was detected in only n = 1 patient. Of these 28 patients with a positive smear, 17 developed a post-traumatic infection.

Of the n = 8 patients with secondary colonization, n = 6 patients received single-shot antibiotics in trauma bay, n = 2 patients received prophylactically calculated antibiotics (because of an open wound). All of them developed a post-traumatic infection during first 10 day after trauma. A statistically significant positive correlation (Spearman's rank correlation, r = 0.251; p = 0.007) could be shown between a positive screening test result and the occurrence of post-traumatic infection. The development of secondary colonization was not relevant positively correlated with single-shot antibiosis (r = 0.013, p = 0.895) and prophylactically calculated antibiotic administration (r = 0.066, p = 0.500).




DISCUSSION


Risk Factors for Posttraumatic Infections

Of the trauma patients included in this study, the majority were male and under 50 years of age; one-third suffered a post-traumatic infection. Polytrauma is the leading cause of death in Western countries for people up to 45 years of age, in a male-to-female ratio of 2.6:1 (1). Percentage of mortality was significantly higher in the inf-PT group. This initially rather surprising result is most likely explained by the fact that a high percentage of severely injured patients in the inf-PT group died in the early stages after trauma. Thus, they do not suffer post-traumatic infections and bias the mortality rate. One could even assume that the already high infection rate could be even higher. Patients who have extended hospital stay with prolonged periods of coma, immobilization and ventilation are at enormous risk for post-traumatic complications, like pulmonary infections (24). On the other hand, it is quite plausible that patients who have suffered a post-traumatic infection also have a higher disability rate. Longer periods of respiratory weaning and comorbidities often complicate rehabilitation, including critical illness myopathy, which leads to Intensive care unit acquired weakness (ICUAW) (25). Open fractures and major skin injuries do not appear to have a relevant influence on the development of an infectious post-traumatic complication. One reason for this could be the consistent, calculated antibiotic therapy (Cefuroxime & Metronidazole) applied from the outset for this type of injury. In this study, the impact of a major surgical intervention in a relevant temporal context of 5 days after trauma was investigated. Hereby, all patients were included who were treated according to a dynamic therapy evaluation in the sense of “safe-definitive-surgery.” We showed that in patients with post-traumatic infections, surgical interventions were performed significantly more frequently in close temporal relation to the trauma. Early total care (ETC) involves definitive surgical stabilization of all long bone fractures in the early phase of treatment (24–48 h). Damage control surgery (DCS) refers to those maneuvers designed to ensure the survival of the (bleeding) patient with vital-threatening organ injury or long bone and pelvic fractures. The advantage of ETC seemed to be fewer pulmonary complications, shorter duration of ICU, and hospital stay (26). Advances in understanding the pathophysiologic and immunologic mechanisms after severe injury led to a shift from ETC to DCS. Traumatic injury leads to systemic inflammatory response syndrome (SIRS), followed by a recovery phase mediated by a counter-regulatory anti-inflammatory response (CARS). Severe inflammation can lead to acute organ failure and early death after injury. A mild inflammatory response followed by excessive CARS can produce a long-lasting, deleterious immunosuppressed state and promote the development of infections. The initial trauma is referred to as the “first hit” and predisposes the patient to a potential risk of deterioration (27). Major post-trauma interventions in the form of a “second-hit” phenomenon, i.e., due to fat emboli and hypoxic events, can lead to serious complications such as pulmonary dysfunction, coagulopathy, fat or pulmonary embolism, excessive immune reactions and post-traumatic infections. Over the last three decades, extensive research has been published on the “second hit” phenomenon, the pathophysiology of trauma and the consequences of subsequent interventions (28–30). The safe-definitive-surgery (SDS) concept was presented as a dynamic combination of the ETC and DCO care strategies. Regular reevaluation and assessment of the patient's physiology and condition can combine the advantages of the DCO and ETC procedures, which could allow “safe definitive care” (SDS) of the severely injured patient.



Early Tracking of Posttraumatic Infection by Biomarkers Is Efficient

We further analyzed the validity of the routine laboratory and recognized biomarkers of post-traumatic immune response for their value in these patients with post-traumatic infections. For the critically ill trauma patient who survives for more than 3 days, infectious complications are the leading cause of death after serious head injury (31). The standard clinical diagnosis of pneumonia includes fever, leukocytosis, purulent secretions, and new or progressive infiltrates in a chest x-ray (32). Nevertheless, biomarkers are certainly the optimal complement to clinical and radiological findings to assess the course and outcome of the injury and its complications sufficiently (10, 33). We could show that levels of IL-6 and CRP are significantly higher in trauma patients who develop post-traumatic infection. Both markers showed a significant positive correlation with the presence of post-traumatic infection. This result supports our stratification of the patient cohort. Furthermore, the results show that already on day 1 and 2 a differentiation of the markers between PT+Inf and PT-Inf occurs, which in these cases suggests an early enhanced immune response in the PT+Inf group. It was shown before that primary trauma injury triggers an immunomodulatory response that is associated with an increase in CRP (34). Interleukins play a particularly prominent role in the development of post-traumatic complications und and have been widely studied in relation to trauma (15, 16, 35). In the acute phase reaction, IL-6 is known to regulate inflammation and immunity. IL-6 is secreted in increased amounts early after trauma (36, 37). Previous studies described a correlation of IL-6 with the severity of injury (ISS) and mortality, especially during the first post-traumatic hours (15, 36, 38, 39). Additionally, it has potentially predictive value for post-traumatic infection (40, 41). Our results underline the importance of these biomarkers, which can already be early indicators of a complication, while clinical parameters may still be compensated, and microbiological results are pending. However, the early increase of inflammatory markers in PT+Inf basically questions the efficacy of the calculated single shot antibiosis, which was broadly applicated in both groups. Furthermore, the application of calculated prophylactic antibiotic therapy, which was consistently given in the TBI group, which most frequently suffered from pneumonia, remains questionable.

IL-10 is commonly known as an anti-inflammatory cytokine that exerts immunomodulatory functions and is particularly important in the resorption phase (42, 43). However, IL-10 does not appear to have any diagnostic value for the development of post-traumatic infection in this study. WBC analysis is one of the most basic biomarker tracking of post-traumatic complications. Studies showed that leukocytosis can predict the severity of injury in trauma victims (44). On the other hand, Paladino et al. showed that WBC counts are not useful in the diagnostic of trauma, as patients with severe injuries had significantly higher WBC level than those with minor injuries, but both were in the normal range (45). In our study, we saw that after trauma, WBCs are only slightly above normal (especially in the first 24 h). Furthermore, the WBC level of inf+PT does not differ significantly from that of inf-PT and therefore has less diagnostic value in the assessment of a post-traumatic infection.



Post-traumatic Infections Are Mainly Caused by Gram-Negative Enterobacteriaceae

The leading cause of post-traumatic infection was pneumonia mainly caused by gram-negative Enterobacteriaceae. Stratified by injury pattern severely injured patients with concomitant traumatic brain injury (PT+TBI) shows the highest rate of post-traumatic infection. These findings support Helling et al., who analyzed infectious complications in the severely head injured and found that pulmonary infections occur most commonly, affecting 41% of the patients. The predominantly offending organism was gram-negative bacteria (46). In addition, the urinary tract is also a common source and must always be considered as a relevant differential diagnosis. The trauma patient has an increased risk of infection and the most common cause of late death after trauma is sepsis. Transfusion, hypotension and prolonged ventilatory support are predictive of septic complications. In addition, open wounds, additional surgical procedures, extensive invasion through various tubes and drains, post-traumatic immune modulation, transfusions, medication, and suboptimal nutritional status contribute to an increased risk of infection. Victims of blunt trauma have a significantly higher risk of post-traumatic infection than patients with penetrating trauma (24). Our results do not support the currently discussed idea, that blood transfusions facilitate the development of infections (47). In contrast, it could be concluded that the longer time of endotracheal intubation (ETI) and ICU stay of inf+PT are logically related to the complications of the infection. Longer ventilation times lead to an increased risk of infection after trauma and thus to a longer stay in the intensive care unit (32). However, the higher rate of mortality in the PT group inevitably leads to shorter ICU treatment.



Prophylactic Antibiotic Treatment vs. Microbiome Selection in Trauma Care

The prevention of post-traumatic complications such as infections remains one of the most important challenges in primary as well as intensive care. In the literature, the prophylactic use of antibiotics does not appear to change the development of infections in trauma patients and in many cases, antibiotic therapy is empirical, depending on the patient's condition (31). In our study most patients received prophylactic anti-infective therapy with Cefuroxime. The benefit of a perioperative antibiotic prophylaxis of Cefuroxime has already been proven and is already established in guidelines in Europe (48). The excitation spectrum can vary from place to place. In our institution the most common pathogens are gram-negative Enterobacteriaceae, just like already published in the study by Helling et al. (46). Staphylococcus and other gram-positive bacteria were found to be the main cause of wound infections in inf+PT cohort. Therefore, antibiotics covering the gram-positive and gram-negative bacterial spectrum should be administered as early as possible in infection prophylaxis. However, this does not only affect patients with open injuries. According to our study, however, the general prophylactic administration in all severely injured patients with massive injuries and the risk of reperfusion damage or second hits should also be discussed. A second-generation Cephalosporine is good practice basis. In heavily contaminated wounds this can be supplemented with an Aminoglycoside. If an anaerobic infection is suspected, a combination with e.g., Metronidazole is considerable (49). In our study, patients with TBI mainly received Meropenem. Typical pathogens of acute bacterial meningitis in open traumatic brain injury (TBI) are Staph. aureus, coagulase-negative Staphylococci, aerobic gram-negative bacteria which respond mainly to Meropenem and Cephalosporins (50).

Meropenem is important in the treatment of post-neurosurgical meningitis and penetrates the cerebrospinal fluid (CSF) (51). However, there is currently no evidence-based guideline for the prophylactic administration of antibiotics in trauma patients with or without TBI. Fever without not due to infectious events is common in trauma patients. Reasons for this could be an excessive immune reaction, as described above. In this study we found a high rate of patients receiving calculated Penicillin + beta lactamase inhibitor (BLI). Penicillin is a broad-spectrum antibiotic and often given in connection with unclear infections to cover a possible broad spectrum of pathogens. In the group of inf+PT, prophylactic, and calculated prophylactic antibiotics were administered relatively more frequently, i.e., in the case of already existing risk factors such as open fractures, large wounds or open TBI. Whether or not a single-shot antibiotic was administered did not initially affect the incidence for the occurrence of post-trauma infection. In addition, single-shot antibiotics and prophylactically calculated antibiotic application were not relevant positively correlated with the development of secondary colonization. However, in this study, it appears that prophylactic administration, especially of Cephalosporins, results in selection pressure in favor of gram-negative Enterobacteriaceae.

An important pathophysiological factor in the development of post-traumatic complications is the dysfunction of the external (skin) and internal paracellular blood and organ barriers, including the blood, air, and intestinal blood barriers in the brain (BBB), leading to the flooding of the tissue with immune cells and microbial invasion (52). IL-6 modulates the expression of tight junction proteins and the release of adhesion molecules in the plasma of polytrauma patients (ISS ≥ 18) correlates with disease severity and organ dysfunction (53). In addition, hemorrhagic shock is associated with intestinal barrier dysfunction and the development of MODS after trauma (53). Additional selection pressure favoring pathogenic and multiresistant bacteria further increases the risk of serious infectious complications.

Based on the data in this study, the one-time antibiotic and prophylactic calculated use of antibiotics, like Cephalosporins must be critically discussed in terms of their role in the development of post-traumatic infections by microbial selection (1, 2, 4, 10, 14–17, 31–36, 38–41, 51, 52, 54, 55). The treatment of patients with multiple organ injuries poses a particular challenged (45).



Limitations of the Study

The most important limitation is the retrospective nature of the data analysis; however, all clinical data were acquired in a prospective manner, and only the cytokines were measured later-on. The variance of the individual values is large, specifically of markers, which is due to potential confounders such as volume administration, blood products, shock, which are difficult to standardize. In addition, the values for CRP and WBC are part of routine diagnostics and were collected retrospectively from the patients' medical records. As a result, a complete number n = 114 could not be collected for each day over time, which may have resulted in higher standard deviations with lower significance. The sample of this single center study came from an ICU facility specializing in traumatology. This may have a limiting influence on the generalizability of our study results, and it is possible that these results are not applicable to all trauma situations.




CONCLUSION

Severely injured trauma patients have an increased risk for development of infectious complications. Severely injured patients with concomitant traumatic brain injury (PT+TBI) show the highest rate of post-traumatic infection. In this context, for the first time, we showed that broad application of single-shot antibiotics and prophylactic calculated antibiotic use need to be critically discussed in terms of their role in the development of post-traumatic infections and microbial selection for gram negative anaerobic bacteria. The leading entity of infection was pneumonia followed by infection of the urinary tract and soft tissue infections, mainly caused by gram-negative Enterobacteriaceae. Levels of IL-6 and CRP are significantly higher in trauma patients who develop an infectious complication. Both markers showed the efficacy of early biomarker tracking in the prediction of post-traumatic complication like infektons.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author/s.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Institutional Review Board, University Hospital Frankfurt, Goethe University (89/19). The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

IM, CS, and DH designed the study, obtained the ethical approval for human analyses, established the methods, and revised the manuscript. CS collected samples, carried out data analyses, performed the statistical analysis, and made the first draft of the manuscript. CR and MW carried out experiments. PS, DH, and IM critically reviewed the manuscript. MW, PS, and J-NF contributed intellectually to the completion of the study. All authors contributed to the article and approved the submitted version.



REFERENCES

 1. Bardenheuer M, Obertacke U, Waydhas C, Nast-Kolb D. Epidemiologie des Schwerverletzten. Unfallchirurg. (2000) 103:355–63. doi: 10.1007/s001130050550

 2. Verboket R, Verboket C, Schöffski O, Tlatlik J, Marzi I, Nau C. Kosten und Erlöse von über den Schockraum eingelieferten Patienten mit leichtem Schädel-Hirn-Trauma. Unfallchirurg. (2019) 122:618–25. doi: 10.1007/s00113-018-0566-8

 3. Störmann P, Wagner N, Köhler K, Auner B, Simon T-P, Pfeifer R, et al. Monotrauma is associated with enhanced remote inflammatory response and organ damage, while polytrauma intensifies both in porcine trauma model. Eur J Trauma Emerg Surg. (2020) 46:31–42. doi: 10.1007/s00068-019-01098-1

 4. Balogh ZJ, Marzi I. Novel concepts related to inflammatory complications in polytrauma. Eur J Trauma Emerg Surg. (2018) 44:299–300. doi: 10.1007/s00068-018-0964-1

 5. Frink M, van Griensven M, Kobbe P, Brin T, Zeckey C, Vaske B, et al. IL-6 predicts organ dysfunction and mortality in patients with multiple injuries. Scand J Trauma Resusc Emerg Med. (2009) 17:1–7. doi: 10.1186/1757-7241-17-49

 6. Ma X-Y, Tian L-X, Liang H-P. Early prevention of trauma-related infection/sepsis. Military Med Res. (2016) 3:33. doi: 10.1186/s40779-016-0104-3

 7. Meng M, Klingensmith NJ, Coopersmith CM. New insights into the gut as the driver of critical illness and organ failure. Curr Opin Crit Care. (2017) 23:143–8. doi: 10.1097/MCC.0000000000000386

 8. Pape H -C, Dwenger A, Regel G, Auf'm'Kolck M, Gollub F, Wisner D, et al. Increased gut permeability after multiple trauma. Br J Surg. (1994) 81:850–2. doi: 10.1002/bjs.1800810619

 9. Khodamoradi Y, Kessel J, Vehreschild JJ, Vehreschild MJGT. übersichtsarbeit Rolle der Mikrobiota bei der Prävention von Infektionen mit multiresistenten Bakterien. Deutsches Arzteblatt Int. (2019) 116:670–6. doi: 10.3238/arztebl.2019.0670

 10. Relja B, Mörs K, Marzi I. Danger signals in trauma. Eur J Trauma Emerg Surg. (2018) 44:301–16. doi: 10.1007/s00068-018-0962-3

 11. Woodcock T, Morganti-Kossmann MC. The role of markers of inflammation in traumatic brain injury. Front Neurol. (2013) 4:18. doi: 10.3389/fneur.2013.00018

 12. Giannoudis PV, Hildebrand F, Pape HC. Inflammatory serum markers in patients with multiple trauma. J Bone Joint Surg Br. (2004) 86:313–23. doi: 10.1302/0301-620X.86B3.15035

 13. Voth M, Duchene M, Auner B, Lustenberger T, Relja B, Marzi I. I-FABP is a novel marker for the detection of intestinal injury in severely injured trauma patients. World J Surg. (2017) 41:3120–7. doi: 10.1007/s00268-017-4124-2

 14. Schindler CR, Lustenberger T, Woschek M, Störmann P, Henrich D, Radermacher P, et al. Severe Traumatic Brain Injury ( TBI ) modulates the kinetic profile of the inflammatory response of markers for neuronal damage. J Clin Med. (2020) 9:1667. doi: 10.3390/jcm9061667

 15. Stensballe J, Christiansen M, TØnnesen E, Espersen K, Lippert FK, Rasmussen LS. The early IL-6 and IL-10 response in trauma is correlated with injury severity and mortality. Acta Anaesthesiol Scand. (2009) 53:515–21. doi: 10.1111/j.1399-6576.2008.01801.x

 16. Hildebrand F, Pape H-C, Krettek C. Die Bedeutung der Zytokine in der posttraumatischen Entzündungsreaktion. Unfallchirurg. (2005) 108:793–803. doi: 10.1007/s00113-005-1005-1

 17. Lustenberger T, Kern M, Relja B, Wutzler S, Störmann P, Marzi I. The effect of brain injury on the inflammatory response following severe trauma. Immunobiology. (2016) 221:427–31. doi: 10.1016/j.imbio.2015.11.011

 18. von Elm E, Altmann DG, Egger M, Pocock SC, Gøtzsche PC, Vandenbroucke JP. Das strengthening the reporting of observational studies in epidemiology (STROBE-) statement. Internist. (2008) 49:688–93. doi: 10.1007/s00108-008-2138-4

 19. Polytrauma Guideline Update Group. Level 3 guideline on the treatment of patients with severe/multiple injuries AWMF Register-Nr. 012/019. Eur J Trauma Emerg Surg. (2018) 44:3–271. doi: 10.1007/s00068-018-0922-y

 20. Haasper C, Junge M, Ernstberger A, Brehme H, Hannawald L, Langer C, et al. Die Abbreviated Injury Scale (AIS). Unfallchirurg. (2010) 113:366–72. doi: 10.1007/s00113-010-1778-8

 21. Baker SP, O'Neill B, Haddon W Jr, Long WB. The injury severity score: a method for describing patients with multiple injuries and evaluating emergency care. J Trauma. (1974)14:187–96. doi: 10.1097/00005373-197403000-00001

 22. Lefering R, Bouillon B, Neugebauer E. Traumascores: Ist der New ISS dem ISS überlegen? Zurück in die Zukunft. (2003) 2003:256–7. doi: 10.1007/978-3-642-55611-1_71

 23. Lefering R, Huber-Wagner S, Nienaber U, Maegele M, Bouillon B. Update of the trauma risk adjustment model of the TraumaRegister DGUTM: the revised injury severity classification, version II. Critical Care. (2014) 18:1–12. doi: 10.1186/s13054-014-0476-2

 24. Morgan AS. Risk factors for infection in the trauma patient. J Natl Med Assoc. (1992) 84:1019–23.

 25. Ponfick M, Bösl K, Lüdemann-Podubecka J, Neumann G, Pohl M, Nowak DA, et al. Erworbene muskelschwäche des kritisch kranken. Pathogenese, behandlung, rehabilitation, outcome. Nervenarzt. (2014) 85:195–204. doi: 10.1007/s00115-013-3958-6

 26. Nicola R. Early total care versus damage control: current concepts in the orthopedic care of polytrauma patients. ISRN Orthop. (2013) 2013:329452. doi: 10.1155/2013/329452

 27. Pfeifer R, Pape H-C. Diagnostik und Versorgungsstrategien beim polytraumatisierten Patienten. Der Chirurg. (2016) 87:165–73. doi: 10.1007/s00104-015-0139-0

 28. Tschoeke SK, Hellmuth M, Hostmann A, Ertel W, Oberholzer A. The early second hit in trauma management augments the proinflammatory immune response to multiple injuries. J Trauma. (2007) 62:1396–403. doi: 10.1097/TA.0b013e318047b7f0

 29. Keel M, Trentz O. Pathophysiology of polytrauma. Injury. (2005) 36:691–709. doi: 10.1016/j.injury.2004.12.037

 30. Lasanianos NG, Kanakaris NK, Dimitriou R, Pape HC, Giannoudis PV. Second hit phenomenon: Existing evidence of clinical implications. Injury. (2011) 42:617–29. doi: 10.1016/j.injury.2011.02.011

 31. Windolf J. Aktuelle Konzepte zur Prophylaxae posttraumatischer Infekte. Trauma und Berufskrankheit. (2005) 7:100–4. doi: 10.1007/s10039-004-0917-2

 32. Wutzler S, Bläsius FM, Störmann P, Lustenberger T, Frink M, Maegele M, et al. Pneumonia in severely injured patients with thoracic trauma: results of a retrospective observational multi-centre study. Scand J Trauma Resusc Emerg Med. (2019) 27:1552. doi: 10.1186/s13049-019-0608-4

 33. Schindler CR, Woschek M, Vollrath JT, Kontradowitz K, Lustenberger T, Störmann P, et al. MiR-142-3p expression is predictive for severe traumatic brain injury (TBI) in trauma patients. Int J Mol Sci. (2020) 21:1–16. doi: 10.3390/ijms21155381

 34. Neumaier M, Vester H, Martetschläger F, Freude T, Scherer MA, Stöckle U. Optimaler Zeitpunkt zur prothetischen Versorgung von Schenkelhalsfrakturen: CRP als Marker der postoperativen immunologischen Reaktion. Chirurg. (2011) 82:921–6. doi: 10.1007/s00104-010-2043-y

 35. Kany S, Vollrath JT, Relja B. Cytokines in inflammatory disease. Int J Mol Sci. (2019) 20:6008. doi: 10.3390/ijms20236008

 36. Qiao Z, Wang W, Yin L, Luo P, Greven J, Horst K, et al. Using IL-6 concentrations in the first 24 h following trauma to predict immunological complications and mortality in trauma patients: a meta-analysis. Eur J Trauma Emerg Surg. (2018) 44:679–87. doi: 10.1007/s00068-017-0880-9

 37. Gebhard F. Is Interleukin 6 an early marker of injury severity following major trauma in humans? Arch Surg. (2000) 135:291–5. doi: 10.1001/archsurg.135.3.291

 38. Maier B, Lefering R, Lehnert M, Laurer HL, Steudel WI, Neugebauer EA, et al. Early versus late onset of multiple organ failure is associated with differing patterns of plasma cytokine biomarker expression and outcome after severe trauma. Shock. (2007) 28:668–74. doi: 10.1097/shk.0b013e318123e64e

 39. Taniguchi T, Koido Y, Aiboshi J, Yamashita T, Suzaki S, Kurokawa A. The ratio of interleukin-6 to interleukin-10 correlates with severity in patients with chest and abdominal trauma. Am J Emerg Med. (1999) 17:548–51. doi: 10.1016/S0735-6757(99)90194-8

 40. Giannoudis PV, Harwood PJ, Loughenbury P, van Griensven M, Krettek C, Pape HC. Correlation between IL-6 levels and the systemic inflammatory response score: Can an IL-6 cutoff predict a SIRS state? J Trauma. (2008) 65:646–52. doi: 10.1097/TA.0b013e3181820d48

 41. Pape H-C, Griensven MV, Hildebrand FF, Tzioupis CT, Sommer KL, Krettek CC, et al. Systemic inflammatory response after extremity or truncal fracture operations. J Trauma. (2008) 65:1379–84. doi: 10.1097/TA.0b013e31818c8e8c

 42. van der Poll T, Marchant A, van Deventer SJH. The role of interleukin-10 in the pathogenesis of bacterial infection. Clin Microbiol Infect. (1997) 3:605–7. doi: 10.1111/j.1469-0691.1997.tb00465.x

 43. Schneider CP, Schwacha MG, Chaudry IH. The role of interleukin-10 in the regulation of the systemic inflammatory response following trauma-hemorrhage. Biochim Biophys Acta. (2004) 1689:22–32. doi: 10.1016/j.bbadis.2004.01.003

 44. Santucci CA, Purcell TB, Mejia C. Leukocytosis as a predictor of severe injury in blunt trauma. West J Emerg Med. (2008) 9:81–5.

 45. Paladino L, Subramanian RA, Bonilla E, Sinert RH. Leukocytosis as prognostic indicator of major injury. West J Emerg Med. (2010) 11:450–5.

 46. Helling TS, Evans LL, Fowler DL, Hays LV, Kennedy FR. Infectious Complications in Patients with Severe Head Injury. J Trauma. (1988) 28:1575–7. doi: 10.1097/00005373-198811000-00009

 47. Meybohm P, Schmitz-Rixen T, Steinbicker A, Schwenk W, Zacharowski K. Das patient-blood-management-konzept: gemeinsame empfehlung der deutschen gesellschaft für anästhesiologie und intensivmedizin und der deutschen gesellschaft für chirurgie. Chirurg. (2017) 88:867–70. doi: 10.1007/s00104-017-0506-0

 48. Reutter F, Reuter DA, Hilgarth H, Heilek AM, Goepfert MS, Punke MA. Perioperative antibiotikaprophylaxe. Anaesthesist. (2014) 63:73–86. doi: 10.1007/s00101-013-2282-7

 49. Schneider C, Grabein B. Antibiotikaprophylaxe und -therapie. In: in Chirurgie Basisweiterbildung. Berlin, Heidelberg: Springer Berlin Heidelberg (2013). p. 43–59. doi: 10.1007/978-3-642-23804-8_7

 50. Zhang Y, Zhang J, Chen Y, Yu J, Cao G, Wu X, et al. Evaluation of meropenem penetration into cerebrospinal fluid in patients with meningitis after neurosurgery. World Neurosurg. (2017) 98:525–31. doi: 10.1016/j.wneu.2016.11.040

 51. Sapan HB, Paturusi I, Islam AA, Yusuf I, Patellongi I, Massi MN, et al. Interleukin-6 and interleukin-10 plasma levels and mRNA expression in polytrauma patients. Chinese J Traumatol. (2017) 20:318–22. doi: 10.1016/j.cjtee.2017.05.003

 52. Maier B, Schwerdtfeger K, Mautes A, Holanda M, Müller M, Steudel WI, et al. Differential release of interleukines 6, 8, and 10 in cerebrospinal fluid and plasma after traumatic brain injury. Shock. (2001) 15:421–6. doi: 10.1097/00024382-200115060-00002

 53. Wutzler S, Lustenberger T, Relja B, Lehnert M, Marzi I. Pathophysiologie des Polytraumas: Intensivmedizin und “Timing” der Versorgung. Chirurg. (2013) 84:753–8. doi: 10.1007/s00104-013-2477-0

 54. Gosling P, Dickson GR. Serum c-reactive protein in patients with serious trauma. Injury. (1992) 23:483–6. doi: 10.1016/0020-1383(92)90070-9

 55. Neidhardt R, Keel M, Steckholzer U, Safret A, Ungethuem U, Trentz O, et al. Relationship of Interleukin-10 plasma levels to severity of injury and clinical outcome in injured patients. J Trauma. (1997) 42:863–70. doi: 10.1097/00005373-199705000-00017

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

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Schindler, Woschek, Franz, Störmann, Henrich and Marzi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	REVIEW
published: 18 November 2021
doi: 10.3389/fmed.2021.756435






[image: image2]

Emerging Roles on Immunological Effect of Indoleamine 2,3-Dioxygenase in Liver Injuries

Lingyan Xu1, Jiawei Ling2, Chang Su1, Yu-Wen Su1,3, Yan Xu1 and Zhenzhou Jiang4*


1Sir Run Run Hospital, Nanjing Medical University, Nanjing, China

2Institute of Chinese Medicine and State Key Laboratory of Research on Bioactivities and Clinical Applications of Medicinal Plants, The Chinese University of Hong Kong, Hong Kong, China

3School of Pharmacy, Nanjing Medical University, Nanjing, China

4New Drug Screening Center, Jiangsu Center for Pharmacodynamics Research and Evaluation, China Pharmaceutical University, Nanjing, China

Edited by:
Lindsey Kennedy, Indiana University Bloomington, United States

Reviewed by:
Abdulla Abu-Bakr Badawy, Cardiff Metropolitan University, United Kingdom
 Keisaku Sato, Indiana University, United States

*Correspondence: Zhenzhou Jiang, beaglejiang@cpu.edu.cn

Specialty section: This article was submitted to Gastroenterology, a section of the journal Frontiers in Medicine

Received: 10 September 2021
 Accepted: 22 October 2021
 Published: 18 November 2021

Citation: Xu L, Ling J, Su C, Su Y-W, Xu Y and Jiang Z (2021) Emerging Roles on Immunological Effect of Indoleamine 2,3-Dioxygenase in Liver Injuries. Front. Med. 8:756435. doi: 10.3389/fmed.2021.756435



Indoleamine 2,3-dioxygenase (IDO) is one of the initial rate-limiting enzymes of the kynurenine pathway (KP), which causes immune suppression and induction of T cell anergy. It is associated with the imbalance of immune homeostasis in numerous diseases including cancer, chronic viral infection, allergy, and autoimmune diseases. Recently, IDO has extended its role to liver field. In this review, we summarize the dysregulation and potentials of IDO in the emerging field of liver injuries, as well as current challenges for IDO targets. In particular, we discuss unexpected conclusions against previous work published. IDO is induced by pro-inflammatory cytokines in liver dysfunction and exerts an immunosuppressive effect, whereas the improvement of liver injury may require consideration of multiple factors besides IDO.
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INTRODUCTION

Tryptophan (Trp), as one of the nine essential amino acids, mediates energy metabolism, protein synthesis and significant bioactive molecular generation. In humans, Trp is only originated from food intake and mainly metabolized by the intestinal microbial pathway, serotonin pathway and kynurenine pathway (KP). The first two pathways consume a tiny fraction of free Trp. More than 95% of free Trp is metabolized through KP pathway to produce various key metabolites, which are extensively studied in immunology and neurology. Trp first generates N-formyl-L-kynurenine (NFK) by notable rate-limiting enzymes of Indoleamine 2,3-dioxygenase 1 (IDO1), IDO2 and tryptophan 2,3 -dioxygenase (TDO), further transforming into Kynurenine (Kyn). Kyn degradation includes three branches: (i) Kyn is metabolized into neuroactive and neurotoxic metabolites including 3-hydroxykynurenine (3-HK), 3-hydroxyanthranilic (3-HAA) and quinolinic acid (QA) by kynurenine monooxygenase (KMO) enzyme and other enzymes; (ii) Kyn directly catabolized to kynurenic acid (KA) by kynurenine aminotransferase (KAT) enzyme; (iii) Kyn further generated anthranilic (AA) by kynurenic (KYNA) enzyme (1, 2) (Figure 1).


[image: Figure 1]
FIGURE 1. Overviewthe KP of tryptophan metabolism. Trp, tryptophan; IDO, Indoleamine 2,3-dioxygenase; TDO, tryptophan 2,3-dioxygenase; AFMID, kynurenine formamidase; KYNU, kynureninase; KAT I–III, kynurenine amino transferases I–III; KMO, kynurenine 3-monooxygenase; HAAO, 3-hydroxyanthranilate 3,4-dioxygenase; ACMSD, α-amino-β-carboxymuconate-ε- semialdehyde decarboxylase; QPRT, quinolinic acid phosphoribosyl transferase; 5-HT, 5-Hydroxytryptophan; AADC, aromatic-l-amino acid decarboxylase.


IDO1, as the widely studied enzyme, is extensively located in various extra-hepatic cells and tissues under normal conditions but can be induced by pro-inflammatory factors such as interferon-γ (IFN-γ) during an immune response (3, 4). IDO2 shows 43% homology in amino acid sequence with IDO1 (5, 6) and located in brain, liver, thyroid and reproductive organs (6), but its mechanism is still uncertain. In this review, “IDO” hereafter refers to IDO1 or collective functional IDO enzyme activity unless otherwise specified. TDO is mainly present in the liver (3) and induced by corticosteroids, insulin and Trp (7). The most remarkable function of TDO contributes to physiological system Trp level (8). It is noteworthy that TDO has a strict substrate specificity with only L-Trp-specific, while IDO can oxidize various substrates such as L-Trp and indoleamines (7, 9). In addition, the affinity for Trp is another crucial difference. IDO shows a much higher affinity with a Km of 3–50 μM in various sources. In contrast, TDO has very high Km values, whether in rat hepatocytes (100 μM), human liver (400 μM)or the purified human enzyme (190 μM) (10). The Trp metabolism contributes to immune regulation and has been well-covered in recent reviews (1, 11–13), whereas KP imbalance is related to numerous pathologies, including autoimmunity, viral infection, central nervous system (CNS) disorders, cardiovascular and cancer.

Intriguingly, although IDO1 with a physiological state is not expressed in the liver, recent studies on liver dysfunction have found that the liver's pathological state is significantly increased (1, 2, 7, 10, 14). Iwamoto and co-workers reported that IDO mRNA and protein expression of liver and hepatocytes were not detected in the control group, while those were significantly enhanced in the acute hepatitis group, along with elevated IFN-γ and Kyn levels (15). Upregulation of IDO was consistent with previous results of HCV patients, and it was associated with IFN-γ induced by activated T cells in HCV-infected liver (16). Together, IDO dysregulation has been recorded in patients with viral hepatitis (15, 17), liver transplant (18, 19), autoimmune hepatitis (20) as well as hepatocellular carcinoma (HCC) (21, 22). Indeed, IDO expression and activity can be induced by numerous pro-inflammatory factors tumor necrosis factor-α (TNF-α), interleukin (IL)-6 (23–25), and IFN-γ (24, 26–31) and responsible for immune response. Moreover, the immune imbalance has been regarded as one of the prevailing mechanisms of liver injury (32). So, is the immunosuppressive effect of IDO related to liver dysfunction? A further investigation of IDO is urgent and available. Therefore, this review would like to discuss the functions of IDO and summarize current knowledge of IDO in liver dysfunction, along with the associated progress in therapeutically targeting IDO in each liver injury. Furthermore, the current challenges between KP and liver diseases will be especially emphasized, including the objective discussion of different conclusions to provide new strategies for future research and the development of clinical targets.



IMMUNOLOGICAL EFFECTS OF TRP METABOLISM

IDO was initially associated with establishing immune privilege and preventing T-cell-mediated allogeneic fetal rejection in mice (33). Since then, a growing line of evidence suggested IDO1 exerted crucial effects in orchestrating immune responses (34–39). It can be activated by numerous pro-inflammatory factors and T-helper cell-derived cytokines, including TNF-α, IL-6 (23–25), and IFN-γ (24, 26–31), and upregulated in different cell types including epithelial cells (23, 24, 40), macrophages (41), and dendritic cells (DCs) (42). Furthermore, enhanced IDO expression can also be modulated by inflammatory signals including transforming growth factor-α (TGF-α), nuclear factor kappa-light-chain enhancer of activated B cells (NF-κB) or transcription signal transducer and activator of transcription 3 (STAT3). These cytokines also drive liver-related inflammation and progress (32). The immunoregulatory effects mediated by IDO are mainly including as following ways: (i) Through Trp depletion, IDO inhibits the mammalian target of rapamycin (mTOR) kinase pathway and activates the General Control Non-depressible 2 (GCN2) kinase-dependent stress signaling pathway, thus inducing apoptosis and suppressing proliferation (43). However, more recent studies clarified GCN2 was activated only by extreme Trp shortage (<1 μM) (43, 44). Thus the immunoregulatory roles of Trp metabolism are mainly caused by KP metabolites rather than depletion of Trp (45). (ii) Kyn and downstream catabolites induced by IDO can activate regulatory T (Treg) cells with stimulation of the aryl hydrocarbon receptor (AHR) pathway ultimately leading to T-cell function suppression (46). (iii) IDO mediates TGF-β-driven tolerance in pDCs, which has a non-enzymic function (47). By contrast, TDO mainly maintains blood Trp homeostasis, which is dramatically upregulated when present at supraphysiological blood Trp concentrations (48, 49). More recently, TDO expression was upregulated in human tumors and exhibited a similar immunosuppressive effect to benefit tumor cells (50). Overview of immune regulation pathways induced by IDO in humans is shown in Figure 2.
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FIGURE 2. Overview of immune regulation pathways induced by IDO enzyme in humans. At the transcriptional level, IDO enzyme is expressed by various cells of the immune system and activated by cytokines and other immunomodulatory molecules such as TNF-α, IL-6, and IFN-γ. On the one hand, IDO activity results in decreasing available Trp level, which activates the GCN2 kinase pathway and inhibits the mTOR pathway, leading to the reduced number of antigen-specific T cells. On the other hand, increasing Kyn level and KP metabolite concentrations induced by IDO activate AHR pathway, leading to the increased number of regulatory T cell. The results of these signal pathways contribute to the apoptosis of effector T cells and proliferation regulatory T cells. IFNs, interferons; ILs, interleukins; TNFs, tumor necrosis factors; IDO, Indoleamine 2,3-dioxygenase; HCC, hepatocellular carcinoma; Trp, tryptophan; Kyn, kynurenine; GCN2, general control non-depressible; AHR, aryl hydrocarbon receptor; mTOR, mammalian target of rapamycin.




IDO AND CHEMICAL-INDUCED LIVER INJURY


Immunological Effects of IDO in Animal Models

The inhibition of IDO can aggravate or alleviate the severity of liver damage, which depends on the immunomodulatory effect of Trp metabolism and various experimental models. An experiment on the hepatitis mice model induced by α-galactosylceramide (α-GalCer) indicated that IDO could prevent excessive immune response to weaken liver injury in this model (51). This is the first research concentrated on the effects of IDO on acute liver injury. It is worth noting that α-GalCer-induced liver injury is thought to have the potential to partially mimic autoimmune hepatitis because it is caused by the activation and apoptosis of Vα14 NKT cells. These findings indicated that the expression of IDO can down-regulate the level of the proliferation of macrophages and natural killer (NK) cells and the TNF-αproducedby these immune cells inα-GalCer-induced liver injury. The authors inferred that IDO could prevent excessive immune response in α-GalCer-induced hepatitis model based on the above results.

The CCl4-induced rodent models were intensively used to simulate liver fibrosis patients (52). The mechanism is primarily via trichloromethyl radicals metabolized, which destroys the biomembrane structure and triggers the inflammatory responses (53). It is reported that the liver injury in IDO-knockout (KO) mice treated with CCl4 was exacerbated compared with WT mice (54). In the inflammatory condition caused by the injection of CCl4, the authors observed IDO deficiency caused upregulation of pro-inflammatory cytokines and fibrogenic factors, contributing to the induction of activated hepatic stellate cells (HSCs) and the progression of liver fibrosis (54). Similarly, IDO inhibition with 1-D-MT after CCl4 injection elevated the serum alanine aminotransferase (ALT) level and increased the severity of liver injury at 16 h after disease onset (55). 1-D-MT-treated rats produced higher TNF-α levels in the liver and IL-6 levels in the serum compared with those in mock and control groups, although no differences were measured in serum MIP-2 and keratinocyte chemoattractant (KC) levels (55). Both articles pointed to IDO activity upregulated after CCl4 administration, while IDO inhibition exacerbated CCl4-induced hepatitis with enhanced cytokine and chemokines. Interestingly, it is reported by Zhong et al. that IDO deficiency attenuated CCl4-induced cirrhosis (56). In addition, a more recent article (57) observed that IDO2−/− mice and administration of 1-D-MT or Kyn also prevented severe liver cell damage and liver fibrosis, which suggested that the mechanism is not attributable to the contribution of IDO1. The authors believed that Kyn produced by IDO2 in the liver might play a crucial role in CCl4-induced acute liver injury through a mechanism involving AHR signal transduction (57). We found that the Ogiso's group (54) and the Li's group (55) only have taken IDO into account, whereas the Hoshi's group (57) and Zhong's group (56) considered IDO2 or TDO besides IDO1. Indeed, the different endings are possibly due to a compensatory mechanism among IDO1, IDO 2 and TDO. Previous evidence suggested TDO inhibition not only increased plasma and brain Trp but also the major Trp metabolite Kyn, which suggested a compensatory mechanism by extrahepatic IDO in the absence of intrahepatic TDO (58, 59). Moreover, a study reported TDO activity was also inhibited strongly by CCl4 treatment (60), thus the incorporation of IDO1, IDO2 and TDO into liver dysfunction will be crucial revelation enlightenment.

Non-alcoholic steatohepatitis (NASH) is an inflamed fatty liver model subsequent to liver inflammation, fibrosis or even HCC. The animal model usually uses a high-fat diet (HFD)method. Nagano et al. reported that IDO gene silencing in the HFD-induced model aggravated hepatic inflammation and the progression of liver fibrosis. After being given pelleted HFD for 26 weeks, the IDO deficiency mice detected mixed inflammatory cell infiltration, especially T lymphocytes and macrophages in the liver. The authors speculated that IDO deficiency increased the number of lymphocytes that migrated to the liver, thereby further exacerbating liver damage (61). However, the use of HFD has been demonstrated to regulate constant brain Trp by inhibiting TDO activity, as well as NEFA was increased caused by the HFD treatment (62). Therefore, only IDO-KO treated by HFD are not free from the interference of “external” modulating factors, such as the compensatory effect of the flux of free Trp and TDO activity caused by HFD. Moreover, this article calculated the L-Kyn/L-Trp ratio as the activity of IDO enzyme, which was controversial. What is more, liver TDO activity is another determinant of the ratio (63). We found the value of Kyn/Trp ratio in HFD-mice reported by Nagano et al. was ~0.009, which was lower than a control ratio of 0.025 was reported by Ogawa et al. with the same procedure (64). It is likely contributed to the inhibition of TDO activity rather than the sole activity of IDO. Furthermore, the very low Kyn/Trp ratio in HFD mice further argues against IDO involvement. It is a pity that the authors did not report data on IDO in control mice.

Indeed, IDO deficiency does have beneficial effects in several other liver injury animal models, even though IDO expression was still increased in the model group. Using the concanavalin A (ConA)-induced liver injury mice model, Ting et al. observed that the inhibition or deficiency of IDO could alleviate murine liver damage by the reduction of inducible nitric oxide synthase (NOS) and 3-nitrotyrosine (65). As the T-cell mitotic plant lectin, ConA is recognized as a classic inducer for animal models of acute hepatitis, which can simulate the pattern of fulminant immunological liver injury (66, 67). ConA-induced hepatitis was recognized to be mainly related to ferroptosis, which was IDO-dependent. Noteworthy, in vivo and in vitro studies, IDO deficiency promoted the ferroptosis resistance by activating the expression of solute carrier family 7 member 11 (SLC7A11, also known as xCT), while reducing murine liver lesions and reactive nitrogen species (RNS) (65). In addition, another common bile duct ligation mice model also indicated IDO overexpression accelerated liver fibrosis and IDO-deficient fibrotic mice exhibited milder liver fibrosis than WT fibrotic mice by altered hepatic inflammatory cells (68). Researchers proved that IDO1 overexpression inhibited the maturation of CD11c + DCs in the liver and spleen, inhibited T cell proliferation mediated by mature DCs and worsened liver fibrosis, whereas in IDO1−/− mice the above pathological phenomena were reversed (69). Similarly, in diethylnitrosamine-induced HCC, IDO overexpression and higher Kyn levels were detected in IDO-wild-type mice compared to surrounding normal tissue. Furthermore, IDO-KO mice prevented the development of HCC, which was caused by the increasing the mRNA expression levels of CD8, perforin and granzyme B (70).

Based on these previous studies (Table 1), we found that a single discussion of the contribution of IDO on the liver is obviously over simplify the problem since Trp metabolism is a considerably complex pathway in liver injury. We speculated there might be existed a compensation mechanism besides IDO in KP, which brought to light a novel view in liver injuries (78).


Table 1. Roles of IDO in animal models for liver injuries.
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Exploration of Therapeutic Targets for IDO
 

Insights Into Key Metabolites of KP

Studies on the metabolites of KP are widely used in various models of liver injury. By using wide-targeted metabolomics liquid chromatography-quadrupole time of flight mass spectrometry (LC-QTOF-MS) analysis, from the CCl4-induced liver fibrosis rat model group, urinary and serum metabolomics L-Trp increased significantly from 2 to week 8, which can be regarded as effective biomarkers for the diagnosis of hepatic fibrosis and therapeutic targets (74). These results agreed with other liver injury models showing similar findings such as α-naphthyl isothiocyanate (ANIT) induced liver injury models or non-alcoholic fatty liver disease models, L-Trp was screened for potential biomarkers of the early detection of liver fibrosis (73, 75, 76). In patients, Clària et al. reported that KP activity showed a positive correlation with overall severity of cirrhosis. Furthermore, QA and KA were the most sensitive markers of KP activation (79). Thus, KP metabolites could provide a potential biomarker in the prognosis and diagnosis of liver dysfunction (80, 81).



IDO Inhibitors Applied in Animal Models of Chemical-Induced Liver Injury

Danshensu, which was identified as a novel IDO1 inhibitor by molecular docking and molecular dynamics analysis, was the main biologically active ingredient isolated from an edible traditional Chinese medicinal herb called SalviaeMiltiorrhizae Radix et Rhizoma (Danshen). Interestingly, fibrosis reduction and inhibition of IDO1 expression and STAT3 activity were observed in vitro TGF-β1-induced hepatic stellate cell model and in vivo CCl4-induced rat hepatic fibrosis model after administration of Danshensu (82). Mechanistic studies indicated that Danshensu could inhibit JAK2-STAT3 signaling, which would further reduce the expression of IDO1 and downregulate the phosphorylation and nuclear localization of STAT3 (82). More importantly, overexpression of IDO1 diminished the anti-hepatic fibrosis effects of Danshensu. This study was critical preclinical data to suggest that reducing the IDO expression is beneficial to treating the liver injury. Meanwhile, another similar evidence was a characterized bioactive component isolated from the traditional Chinese medicinal herb Panax ginseng C. A. Meyer (Ginseng). Ginseng Rg1 also significantly reduced the aspartate transaminase (AST) and ALT expression levels in serum in CCl4-induced liver fibrosis in mice (wild-type and those overexpressing IDO1 by in vivo AAV9 vector) and HSC-T6 cells (83). IDO1 can inhibit the maturation of DCs, and Ginseng Rg1 promoted the maturation of hepatic DCs by reducing the expression level of hepatic IDO1. In addition, oral administration of Ginseng Rg1 ameliorated the deterioration of liver fibrosis induced by IDO1 overexpression and the more pronounced inhibition of DCs maturation mediated by IDO1 overexpression (83). Notably, their therapeutic effect possibly was not achieved only by inhibiting IDO due to the complexity of traditional Chinese medicinal herbs, and the TDO activity and other factors have not been reported in both studies. Almost certainly, Trp metabolism including IDO exerts an important regulatory role in liver immunity.





ANTI-VIRAL INFECTION EFFECT OF IDO IN VIRAL HEPATITIS


IDO Against HBV and HCV Infection by Regulating Immune Tolerance Microenvironment

Bacterial and viral infections are critical risk factors for liver injury. Epidemiological data demonstrated that chronic hepatitis C virus (HCV) and hepatitis B virus (HBV) are the most common forms of infectious liver disease. It is estimated that the total number of deaths due to liver disease caused by HBV is about 800,000, while about 500,000 deaths are caused by HCV (84). The HCV infection progression is possibly mediated by innate and adaptive immune responses in infected patients (85). Impairment of HCV-specific CD4+ and CD8+ T-cell responses (86–88) and abnormal DCs function has been observed in HCV infection (89) as well as the upregulation of IDO expression in HCV infection (25). Persistent IDO expression within the liver microenvironment may play a crucial role in reducing HCV-specific T-cell responses (6). Yang et al. (90) revealed that plasma level of IDO was associated with TGF-β expression and severity of chronic HCV infection. In the acute infection stage, the expression of IDO1 is upregulated to promote the process of anti-viral defense, as IFN-γ did so in HCV-infected liver cells to inhibit anti-HCV T cells in the chronic infection phase.

Similar to HCV, IDO overexpression was associated with HBV. The expression and activity of IDO in patients with chronic HBV infection were significantly higher than those in healthy controls (91). Further studies explicated that IDO expression was correlated with HBV viral load and responsible for immunotolerance against HBV (91). HBV infection facilitated IDO induction, mainly through response to the hepatocyte pro-inflammatory cytokine IFN-γ in mice model studies. The up-regulation of IDO was accountable for transduction of cytotoxic T lymphocytes and ultimately down-regulated responsiveness of T cells (15). Similarly, the increase of IDO expression in the livers of murine fulminant hepatitis model induced by HBV-specific cytotoxic T lymphocytes (CTLs) was also examined in another study. Moreover, IDO inhibition could reduce liver injury, with Kyn and IFN-γ cooperatively involved in the progression of liver injury (72). IDO was demonstrated as a potential and novel favorable therapeutic target for chronic HBV infection (37, 91).



Possible Benefits of the Target IDO in Viral Hepatitis

IDO exhibited an essential role in HBV and HCV infections by constructing an immunotolerogenic microenvironment. Moreover, the prevailing theory is that the molecular mechanisms of the tolerogenic state are accompanied by chronic HBV and HCV infection, with only a weak response of CTLs against the HBV surface antigen (HBsAg). Nevertheless, another mechanism of IDO activity was discovered in a murine hepatitis model. Ito et al. immunized with a combination of α-GalCer, a specific agonist for NK inducing IDO and HBsAg on wild-type and IDO-KO mice. Only IDO-KO mice showed an increased expression of the cytokines IL-2 and IL-12b leading to the induction of HBsAg-specific CTLs (92). Besides, α-GalCer induced IDO production in CD11b+ cells, which inhibited the proliferation of HBsAg-specific CTLs (92). These data suggested that inhibition of IDO activity enhanced the induction of HBsAg-specific CTLs after immunization with HBsAg and α-GalCer. Thus, IDO played the role of the central mediator in the IFN-γ-induced anti-viral response since it mediated Trp depletion followed by suppressing HBV or HCV replication. Additionally, published literature has shown that the inhibitory effect of IDO1 can be used to treat chronic HCV patients, and its mechanism may be attributed to the reduced inducible nitric oxide synthase and 3-nitrotyrosine expression (65, 93).

As described above, IDO suppressed the degree of the immune response in viral hepatitis. In this case, IDO inhibition could be expected to enhance the immune response and shield mice from viral infections. Nevertheless, Duhalde Vega et al. got contrary conclusions from a hepatitis virus A59 (MHV-A59) infected mice model that 1-L-MT aggravated liver injury, and the survival rate of MHV-infected animals treated with 1-L-MT was severely decreased compared to the control group without treatment of 1-L-MT (94). Excitingly, they continued their follow-up exploration and demonstrated TDO inhibition by LM10 resulted in decrease levels of the Ab to MHV induced by the same virus infection (78, 95). The two contrary responses might be clarified by the compensation mechanism controlling Trp metabolism (96). It is confirmed by Too et al. that deletion of the IDO1 or IDO2 gene does not alter brain Trp, Kyn or the Kyn/Trp ratio, whereas TDO2 deletion increases brain Trp without altering brain Kyn (78). The above evidence indicated that there might exist compensatory effects of TDO when IDO is inhibited. Therefore, inhibition of IDO alone cannot alter the progression of liver injury.

It is known that pro-inflammatory cytokines elevated caused by viral infections can induce IDO instead of TDO. Further, another study about the contribution between IDO and TDO explained that the Trp metabolism that occurred during infection was related to several KP metabolites involved in immune response mediated by IDO rather than the amount of Trp depletion (45, 96). Thus the pro-inflammatory Kyn metabolites mediated by IDO may be the real pathogenic factor in viral infections.

Notably, it was reported in this article by Duhalde Vega et al. that liver (Trp) also increased in MHV-infected mice, instead of the expected decrease compared with that of control (95). Badawy et al. supported that the flux of plasma free (non-albumin-bound) Trp was another vital factor (63). In MHV-induced hepatitis, the plasma free Trp may be upregulated, which is supported by evidence of decreasing albumin and increasing non-esterified fatty acids (NEFA) in hepatitis patients (81, 95, 97, 98). And the increase of the plasma free Trp promotes the flux of Trp through TDO.

Based on these, once TDO activity is inhibited by LM10 treatment on MHV-infected mice, the degradation of intrahepatic Trp mediated by TDO failed and the flux of Trp through TDO is prevented, leading to the decrease of pro-inflammatory Kyn metabolites.Consequently, the flux of Trp through TDO together with IDO induction enhanced pro-inflammatory Kyn metabolites by two mechanisms in the MHV-infected mice.

Obviously, the immune response is very complicated, and the various effects on viral infection should not be simply interpreted as the sole IDO inhibition or Kyn decrease. Overall, the expression of IDO might have a significant effect on the prognosis of viral-induced patients. Trp metabolism may provide new strategies as an adjuvant therapy intervention for viral hepatitis.




IMMUNOLOGICAL EFFECT OF IDO IN SURGICAL LIVER INJURY


IDO Suppressing Liver Regeneration and Protecting Against Immune Rejection in Liver Transplantation

Compared with immune responses after a chemical- or viral-induced liver injury, post-hepatectomy and partial liver transplantation are also closely related to IDO activity by suppressing liver regeneration and protecting against immune rejection. This vital role of IDO in transplantation originated from a landmark study published in science magazine in 1998. Mellor et al. found that IDO suppressed the maternal T-cell response against fetus and inhibition of IDO with 1-MT caused abortion of allogeneic concepti but not syngeneic concepti (33). This work showed the most inspiring results of late years, which has completely changed the statement of IDO, from what was initially thought to be an innate defense mechanism to a potent immunomodulatory enzyme of which can down-regulate immune activation and inhibit T cell response and promote tolerance induction eventually. Since then, several studies on the effect of IDO in transplantation have been published. To determine whether IDO is the cause of liver tolerogenicity, Madeleine et al. studied IDO expression in liver-induced acceptance of kidney grafts in sensitized patients undergoing combined auxiliary liver-kidney transplantation. Combined auxiliary graft transplantation showed an increase of tryptophan degradation in peripheral blood and expression of IDO mRNA compared to regular renal transplantations (99). These results were proved by Xing et al. in a comparable rat experimental model where they demonstrated that IDO could be significantly overexpressed in rat livers after syngeneic and allograft liver transplantation compared to the sham-operated group (100). In addition, the results of immunohistochemistry showed that the number of IDO-positive cells was positively correlated with the exacerbation of rejection, and the level of inflammatory cell infiltration in the portal area was different in vitro, the expression of IDO gene and enzyme activity was increased in the IFN-γ-treated DC group within 7 days after transplantation compared to the untreated DC group and their survival rates were also significantly improved (100). Therefore, these results suggested that IDO might be involved in the spontaneous tolerance of liver allograft. IDO-positive DC induced by IFN-γ might relieve acute rejection and accelerate local tryptophan metabolism through IDO enzyme expression, resulting in post-liver transplantation immune tolerance (101, 102).

Besides living donor's liver transplantation, liver regeneration is another highly orchestrated process influenced by various factors. Liver regeneration is initiated immediately after the loss of hepatocytes for partial hepatectomy or partial liver transplantation, while its failure leads to hepatic injury and death. Hepatocyte proliferation is regulated by several growth factors such as TGF-α. Then hepatocytes need priming by TNF-α and IL-6, which are secreted by Kupffer cells, leading to the transition of growth factors from resting phase (G0) to interstitial phase (G1) (103, 104). Hideyuki et al. demonstrated that the liver-body weight ratio and the number of Ki-67-positive cells per field were significantly higher in IDO1-KO mice than WT mice. Likewise, the hepatic mRNA expression of cell cycle genes (cyclin D1, cyclin E) and pro-inflammatory cytokines (IL-1β, TNF-α and IL-6) were significantly higher in IDO1-KO mice than in WT mice (105). Moreover, the administration of the 1-DL-MT at the time of transplantation resulted in promoting liver regeneration (105). Therefore, these results indicated that IDO1 suppressed the production of inflammatory cytokines and subsequently inhibited hepatocyte proliferation during liver regeneration.



Therapeutic Implications for IDO in Surgical Liver Injury

As previous studies described above, tryptophan catabolism via the IDO pathway is required for immune tolerance in allogeneic concepti rather than syngeneic concepti (33). Increasing evidence suggested that IDO might be a potential target to prevent acute rejection in spontaneously tolerant mouse liver allografts (106) and delayed rejection (107). Jerome et al. applied recombinant adeno-associated virus 2/8 (rAAV2/8) to deliver the transgene to allograft prior to transplantation (108). However, the median survival of recipients of allografts pretreated with recombinant adeno-associated virus 2/8–liver-specific promoter 1–IDO (rAAV2/8-LSP1-rIDO) vectors was 11–15 days, which was not significantly greater than that of the control group pretreated with recombinant adeno-associated virus 2/8–liver-specific promoter 1–enhanced green fluorescent protein (rAAV2/8-LSP1-eGFP) or untreated Piebald Virol Glaxo-to-Lewis liver allografts (108). These results indicated that transfecting single adenovirus-mediated IDO in rat liver allografts could not prevent acute rejection. Interestingly, Yakun et al. challenged to explore the effects of adenovirus-mediated combined genes of CTLA4Ig and IDO in the immune tolerance after orthotopic liver transplantation in rat models. Combined transfection of CTLA4Ig-IDO exhibited milder acute rejection and a higher survival rate in inducing immune tolerance after liver transplantation than the groups that using single adenovirus-mediated genes (CTLA4Ig or IDO) alone. These results were in line with previous reports indicating the therapeutic value of using DCs with IFN-γ-induced IDO expression to treat acute rejection after rat liver transplantation (100). The data exhibited a positive correlation between increased IDO-positive cells in the portal area and the severity of rejection. Meanwhile, experimental results from other in vivo models also pointed out that although IDO expression is upregulated in rejected grafts, merely IDO does not play a crucial role in the process of acute rejection (108–112). This result may be caused by a strong rejection process that IDO cannot reverse (113). Therefore, the combined application of IDO and other targets may become a feasible and valid method for immunological tolerance in liver transplantation and may become a promising clinical method for treating immune liver disease.




THE IMMUNOSUPPRESSIVE ROLE OF IDO IN HCC


The Mechanisms of IDO Regulating Immune Responses in HCC

HCC is the third most common cause of cancer-associated deaths worldwide and confers a poor prognosis (114). Tumor-immune escape mechanisms have been currently proposed as emerging topics that were involved in HCC progression. Therefore, it has begun to focus on tumor immunology to reveal the immunosuppressive effect of IDO recently.

The prevailing theory suggested IDO has a tumor-promoting outcome in the occurrence and development of some solid tumors through immunosuppressive effects (115–117). IDO expression in various histologic cancer types seemed to build an immune-suppressive microenvironment (118, 119) by regulating immune cells including T effector cells (120), regulatory T cells (121), and Myeloid-derived suppressors cells (MDSC) (122, 123). In HCC pathogenesis, IDO was expressed in HCC cells after IFN-γ stimulation, which was a prognostic factor for poor survival of HCC patients (115, 124). One new subset of human CD14+ CTLA-4+ regulatory dendritic cells (CD14+DCs) was identified in HCC patients, which significantly suppressed T cell response in vitro via IDO (125). This finding added new insights into HCC induced immunosuppression mechanism related to IDO. Another study indicated that expression of PGE2 and IDO by HCC-associated fibroblasts might represent a novel mechanism by inducing NK cell dysfunction and creating favorable conditions for tumor progression (126).

Interestingly, some contradictory data demonstrated that induction of the IDO enzyme by IFN-γ exhibited opposite anticancer immune reactions in tumor-infiltrating cells of HCC. The recurrence-free survival rate of IDO-positive HCC patients was significantly higher than that of IDO-negative HCC patients, which was the first report to suggest that IDO expression at the molecular level might be essential for TIL to suppress tumor proliferation in HCC (127). Notably, IFN-γ is known to antitumor, namely a low, rather than a high IFN-γ level predicts HCC recurrence after therapy (128, 129). Indeed, the elevation of IFN-γ in HCC may reflect liver dysfunction rather than inflammation (130). Thus, besides IDO, the role of IFN-γ is not exclusive to the present experiment by Ishio et al. In addition, IDO was strongly induced in HCC cells following IFN-γ does not simply mean that IDO is expressed (strongly or otherwise) in HCC. Likewise, mRNA expression of IDO in HCC patients was performed in this article, which is also not always synonymous with IDO enzyme functional activity (129, 130). The mechanisms of primary and secondary resistant tumors were complex, including factors related to both the tumor and the host itself. Among them, immune metabolism dysregulation played an eventful role in the disease development of HCC patients.



Therapeutic Implications of IDO for HCC
 

IDO Inhibitors

Using both subcutaneous and hepatic orthotopic models, Zachary et al. (131) found that adding IDO inhibitor1-D-MT can increase the therapeutic efficacy in resistant HCC tumors induced by high IDO. The negative results of current clinical trials for other tumors like ECHO-301 trial (132) made some researchers doubt about IDO inhibition strategy. The above discussion mentioned in this review, for different conclusions of IDO in various liver injuries, just provides some enlightenment in IDO/TDO target drug development. Indeed, new IDO inhibitors are under clinical trials, such as navoximod (NLG-919), an oral inhibitor that can inhibit IDO1 and TDO, and BMS-986205, an irreversible IDO1 inhibitor (133). Of course, we also got some excellent inspiration from off-target data of IDO inhibitors. The iper-activation of the mTOR pathway, the gut microbiota alteration, and the prolonged activation of AHR might be the main reasons for these compounds' lack of efficacy (134). In addition, these off-target effects could be expected to find new combinations and predictive biomarkers to select the most suitable crowd (135). Immune checkpoint blockade anti-CTLA-4 treatment increased IDO induction in RIL-175 tumor cells via IFN-γ (131), and similar findings were observed with anti-PD-1 therapy (131). These shreds of evidence indicated that IDO was still encouraging as an immune checkpoint inhibitor in HCC.

Based on the tumor-promoting effects of IDO and TDO, studies seeking small-molecule inhibitors for cancer treatment have been ongoing for recent years, including KHK2455, Epacadostat (INCB 024360), Indoximod, Linrodostat (BMS-986205) and Celecoxib (http://www.clinicaltrials.gov/). Ongoing results are shown in Table 2. These IDO inhibitors showed promising results in the treatment of patients with advanced malignancies. Furthermore, BMS-986205, a highly potent and highly selective IDO1 inhibitor, is currently evaluated in Phase I/II clinical trials combined with the PD-1 inhibitor nivolumab as first or second-line therapy to HCC patients (Table 2). The current research phase is recruiting, and the estimated study completion date is June 1, 2022, which is the current clinical trial of IDO inhibitors in liver cancer and has essential incentive significance for the future treatment of IDO inhibitors in the field of liver disease. In addition, another immune checkpoint blockade with anti-CTLA-4 and anti-PD-1 bifunctional antibodies has been approved for various advanced malignancies, including HCC (114, 136). The evidence above indicates that IDO inhibitors could provide better synergistic effects with other targeted immunotherapies and should prioritize clinical evaluation in HCC.


Table 2. List of current investigated IDO1 inhibitors. Information about the above trials can be accessed at https://www.clinicaltrials.gov/.

[image: Table 2]



Prognostic Factors

Increasing pieces of evidence indicate that IDO inhibitors have great potential for the treatment of HCC patients. However, in fact, the immune responses among patients are widely different. This phenomenon may be closely related to the difference in IDO expression level of HCC-tumors, explaining why several immune IDO inhibitor monotherapy studies show disillusionary results such as ECHO-301 (NCT02752074). Subsequently, the high level of IDO expression was established as an important prognostic factor for the overall survival of HCC patients (115). Moreover, IDO overexpression on tumors was significantly correlated with high metastasis rates (124). Thus, IDO may be a novel favorable prognostic indicator for HCC. However, elevated levels of IDO1 are associated with poor patient prognosis in some circumstances (124, 137), but this is not always the case (127, 138). Thus, the disease-free survival was associated with the level of IDO1 expression in HCC patients. Moreover, there is a direct proportion between IDO1 expression levels and the ability of peripheral blood mononuclear cells of HCC patients to lyse HCC cell lines in vitro (127). These combined observations indicate that IDO1 may have great potential as a marker of prognosis in HCC patients.

Interestingly enough, IDO overexpression on tumors may have essential implications for immune-checkpoint therapy (139). It would be ideal for the prediction of patients for the degree of the immune response. The univariate analysis for overall survival (OS) showed that patients of early non-small cell lung cancer with higher levels of both genes (PD-L1/IDO-2) or (PD-L2/IDO-1) were associated with a worse OS. High levels of PD-L1/IDO-2 and PD-L2/IDO-1 co-expression have been independent negative prognostic factors (139). There are crucial implications of the features of IDO mentioned above for future immune checkpoint therapy (140).

An effective combination of immunomodulators and other treatments is another challenge for identifying predictive biomarkers (136). Recent studies indicated that combined multiple therapeutic options, such as combinations of anti-CTLA-4 with anti-PD-1/PD-L1 agents or combinations of anti-PD-1/PD-L1 agents and conventional treatments, have the most significant potential for successful treatments (141). The latest research directions are investigation in other biomarkers such as microsatellite instability, tumor mutational burden, BRAF and polybromo 1 (116, 142). These immune checkpoint inhibitors have shown unprecedented potentials based on positive results of biomarkers in multiple tumors.





CONCLUSION

To date, the increasing interest in liver dysfunction has been associated with IDO enzyme. We summarize the immunomodulatory role of IDO, current treatment advances and challenges in various liver injury models including chemical-induced liver injury, viral liver injury, surgical liver injury and HCC. However, emerging contrary outcomes occurred, which attracts some arguments against the involvement of IDO enzyme in liver dysfunction even in Trp metabolism. Surprisingly, IDO is an integral part of KP in regulating liver dysfunction, which might be compensated with other factors such as TDO. The essential part of KP in the liver which is related to various KP metabolites, result in immune response and immunoregulation mediated by the activity of IDO rather than the amount of metabolic tryptophan. TDO might also be responsible for the degradation of intrahepatic Trp (45, 96). However, the relationship between “quantity” and “effect” is equally important, thus we need to consider other crucial factors, including the activity of IDO, TDO, Kyn monooxygenase and kynureninase, the flux of plasma free (non-albumin-bound), Trp through TDO, the Kyn/Trp ratio, the level of KP metabolites and any other factor that alters plasma Kyn disposition (63). In addition, we gave a more rational appraisal against some aspects of present IDO research, such as the somewhat indiscriminate use of the ratio in plasma or serum of concentration of Kyn to that of Trp, i.e., the (Kyn)/(Trp) ratio, to express IDO activity. Thus, it may be more informative to assess the IDO or TDO status by other means, i.e., mRNA expression and enzymatic activity. It is good enlightenment for future studies on the mechanism of KP in liver dysfunction, even other diseases. For instance, this review may provide some new inspired movements of the expected promising IDO1 inhibitors in initial studies but terminated in recent phase III trial. Dual IDO and TDO inhibitors or effective combination of other immunomodulators may also have great prospects.
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Patients with end-stage renal disease (ESRD) present alterations in mineral and bone metabolism. Hyperphosphatemia in ESRD is considered an independent risk factor for cardiovascular disease (CVD), increasing morbidity, and mortality. Sevelamer hydrochloride is a calcium-free, non-absorbable phosphate-chelating polymer. Calcium carbonate chelator is helpful in controlling serum phosphate levels. There is insufficient information on the influence of sevelamer hydrochloride and calcium carbonate on the behavior of oxidative stress (OS) markers and inflammation in patients on hemodialysis (HD). A randomized open clinical trial was carried out on patients to evaluate sevelamer hydrochloride and calcium carbonate influence at 6 months of study follow-up. Levels of oxidants (LPO, NO, and 8-isoprostanes), antioxidants (SOD and TAC), oxidative DNA damage (8-OHdG and hOGG1), pro-inflammatory cytokines (IL-6 and TNF-α), and inflammation markers (ferritin and C-reactive protein) were measured with colorimetric and ELISA methods. We found a significant increase in oxidants LPO and NO, and antioxidants SOD and TAC, and downregulation of IL-6 and TNF-α. Ferritin decrease at 6 months follow-up in the sevelamer hydrochloride group. Increase in C-reactive protein was found in the group of patients treated with calcium carbonate. In conclusion, we found an oxidative state imbalance with increase in LPO and NO oxidants. The activity of the antioxidant enzymes (SOD and TAC) was also found to increase, suggesting a compensatory effect in the face of increase in oxidants. The same phenomenon was observed with increase in the oxidative damage marker to DNA and the increase in the DNA repair enzyme, suggesting a compensatory effect. Pro-inflammatory cytokines were predominantly downregulated by TNF-α in the group that ingested sevelamer hydrochloride in the final determination at 6 months of follow-up. Serum ferritin levels decreased significantly at the end of follow-up in patients on HD in the sevelamer hydrochloride group. The management of hyperphosphatemia with sevelamer hydrochloride appears to have obvious anti-inflammatory and antioxidant benefits.

Keywords: oxidative stress markers, ESRD, calcium carbonate, antioxidants, sevelamer hydrochloride


INTRODUCTION

Disorders of mineral and bone metabolism are frequent complications in patients with end-stage renal disease (ESRD). Hyperphosphatemia is an inevitable consequence of ESRD, the presence of which is associated with increased morbidity and mortality (1). Oxidative stress (OS) is characterized by an imbalance between decrease in antioxidant defense mechanisms and increase in oxidant products. OS appears in early stages of chronic kidney disease (CKD), progresses along with worsening kidney failure, and is aggravated by the hemodialysis (HD) process. Observational studies have reported that hyperphosphatemia is an independent risk factor for cardiovascular disease (CVD) capable of increased mortality in patients on dialysis (2). Control of serum phosphorus (Pi) is key to improving clinical outcomes for patients on dialysis. The predominant drug treatment for hyperphosphatemia has been calcium-based phosphate binders (calcium carbonate or calcium acetate). However, calcium salts are related to arterial calcification (3). New phosphate binders have made it possible to dispense with calcium in the formulation (4). Sevelamer hydrochloride is a non-absorbable, calcium-free phosphate-chelating polymer that has been available since 1998 (5). Sevelamer hydrochloride is an anion exchange resin, allowing it to exchange negatively charged ions. Sevelamer hydrochloride has a high affinity for phosphate ions and exerts its therapeutic action in the intestine, exchanging chloride for phosphate and forming an insoluble compound that is excreted in feces (6).

Figure 1 briefly shows the binding mechanism of sevelamer hydrochloride and calcium carbonate with ingested Pi. Some studies have reported potential benefits of the use of sevelamer hydrochloride. However, there are insufficient data to establish the superiority of phosphate binders without calcium content over those containing calcium with CVD development (7). Sevelamer hydrochloride helps prevent calcium overload, reduces hyperphosphatemia, and translates into better clinical results. Sevelamer hydrochloride is associated with better survival in patients on HD (8). Experimental, observational, and clinical trials have shown sevelamer hydrochloride to have pleiotropic effects beyond the control of hyperphosphatemia. Sevelamer hydrochloride acts on inflammation, OS, lipid profile, atherogenesis, vascular calcification, and endothelial dysfunction, and reduces uremic toxins (9, 10). Patients on HD have a high risk of mortality from all causes and cardiovascular events. Excessive OS and chronic inflammation emerge as new contributors of accelerated atherosclerosis and elevated mortality in ESRD. Patients on HD show an increase in free radicals due to retention of uremic toxins, reduction in antioxidants, activation of leukocytes, infectious processes, and presence of comorbidities (11). The potential benefits of sevelamer hydrochloride to decrease inflammation and OS markers need to be studied (12).


[image: Figure 1]
FIGURE 1. Sevelamer hdyrochloride and calcium carbonate mechanism. Binding of sevelamer hydrochloride and calcium carbonate with phosphate. Right side shows the ion exchange between the resin and the phosphate. Left side shows the reaction between calcium carbonate and phosphate.


The purpose of the study was to evaluate the influence of sevelamer hydrochloride and calcium carbonate on OS markers and inflammation in patients on HD at 6 months of follow-up.



PATIENTS AND METHODS


Patients

A randomized open clinical trial was carried out on patients to evaluate sevelamer hydrochloride and calcium carbonate influence at 6 months of study follow-up. An open randomized clinical trial was designated, because it was not possible to mask the drugs. The medications were obtained through a prescription that was exchanged at the pharmacy by the patient himself. The initial doses of sevelamer hydrochloride were two tablets of 800 mg every 12 h. It was necessary to adjust the dose (±1 tablet) each month to achieve a target serum Pi of 5 mg/dl and considering drug tolerance. Serum Pi was monitored each month to determine the need for dose adjustment using a colorimetric method for its determination. The doses administered at the end of the study were 1,600, 2,400, and 3,200 mg. The titration of the drug was gradual and according to each patient requirement (13).

Randomization and treatment allocation were based on simple randomization using the Microsoft Excel software that generates random numbers. Male and female patients aged 18–60 years were included. Medications were administered for comorbidities, for arterial hypertension (nifedipine, metoprolol, losartan), for DM (insulin), for anemia (folic acid, erythropoietin). The diet of ESRD patients includes limiting fluids, consuming a low-protein diet, and reducing their intake of salt, potassium, Pi, and other electrolytes. In ESRD patients it is important to consume enough calories to avoid losing weight. No dietary supplements were administered. All patients who have ESRD, with GFR < 10 ml/min/1.73 m2, were subjected to three HD sessions per week with the same type of filter without the possibility of determining albuminuria. The patients were attended in the HD Unit of the Department of Nephrology of the High Specialty Medical Unit of the Mexican Institute of Social Security (IMSS) in Guadalajara, Jalisco, Mexico. Patients who ingested antioxidants (vitamins E and C) 3 months before the study and patients with clinical or biochemical data of an infectious process were not included. Patients who withdrew informed consent, with <80% adherence to treatment and patients with adverse drug events were excluded from the study.



Data Collection

Sixty-four patients were enrolled, and two intervention groups with 32 patients were formed. One group was composed of patients treated with sevelamer hydrochloride, and the other was made up of patients treated with calcium carbonate. Treatment adherence was verified by the investigator in charge of prescribing the drug to each patient. Adherence was determined by recording the drug supply of a pharmacy according to the stipulated time and loaded into the file of each patient. Body mass index (BMI) and treatment group were recorded. Biochemical data were obtained the first day of treatment immediately before starting HD and at 6 months of follow-up: hemoglobin, urea, uric acid, cholesterol, triglycerides, albumin, urea, serum creatinine, and uric acid, serum electrolytes (sodium, potassium, chlorine, Pi, calcium, and magnesium), ferritin, iron saturation, bicarbonate, C-reactive protein (CRP), vitamin D, pH, and parathyroid hormone (PTH). Venous blood samples, 5 ml, were collected in a dry tube and 5 ml in a tube with 7.2 mg of dipotassium ethylene-diamine-tetra-acetic acid (K2 EDTA). The samples were centrifuged at 3,500 rpm for 10 min to obtain serum and plasma. Six months after starting treatment (sevelamer hydrochloride or calcium carbonate), blood samples were collected to compare the results. The aliquots obtained were stored at −80°C to analyze later inflammation markers, oxidants, antioxidants, and oxidative damage to DNA.



OS Markers
 
Lipoperoxidation (LPO) Products

The levels of LPO in plasma were measured using an FR22 assay kit (Oxford Biomedical Research Inc., Oxford, MI, United States) and according to the instructions of the manufacturer.



8-iso Prostaglandin F2α 8-Isoprostanes (8-IP)

An immunoassay reagent kit from Abcam Company® (Cambridge, England) was used according to the instructions of the manufacturer.



Nitric Oxide (NO)

Before determining NO levels, the serum samples were deproteinized by adding 6 mg of zinc sulfate to 400 μl of the sample vortex for 1 min, and the samples were centrifuged at 10,000 × g for 10 min at 4°C. The determination of NO was carried out per the kit (NB98; Oxford Biochemical Research Inc., Oxford, MI, United States).




Antioxidants
 
Superoxide Dismutase (SOD)

The instructions of the kit manufacturer (SOD No. 706002; Cayman Chemical Company®, Ann Arbor, Michigan, USA) were followed to measure SOD activity. The levels are reported in U/ml.



Total Antioxidant Capacity (TAC)

Evaluations of total antioxidant capacity (TAC) were performed according to the instructions of the kit manufacturer (Total Antioxidant Power Kit, No. TA02.090130; Oxford Biomedical Research®, Oxford, MI, United States).



Marker of Oxidative DNA Damage

The serum levels of 8-hydroxy-2′-deoxyguanosine (8-OHdG) were measured using an 8-hydroxy-2-deoxyguanosine ELISA kit ab201734 (Abcam®, Cambridge, MA, United States).



DNA Repair Enzyme—Oxoguanine Glycosylase

It was performed by the manufacturer of human 8-oxoguanine DNA glycosidase (hOGG1) ELISA kit no. MBS702793, MyBioSource® (San Diego, USA).




Pro-inflammatory Cytokines
 
TNF-α and IL-6

The sandwich ELISA method of the commercial 900-K25 and 900-K16 kit suggested by the manufacturer Peprotech (New Jersey, USA) was followed. The absorbances of the wells were recorded at 405 nm with a correction of 650 nm.



Ferritin and C-Reactive Protein (CRP)

They were determined by immuno-turbidimetry. Antibody-coated latex particles were agglutinated by ferritin or CRP present in the patient sample. The agglutination process caused an absorbance change proportional to the concentration of the inflammation marker in the sample, and the concentration in the sample was determined by comparison with a standard.




Statistical Analysis

Sample size calculation was performed by comparing two means formula (14). In the available literature, we did not find longitudinal studies on the effect of sevelamer on OS markers. Therefore, we used as a reference the variation of TNF-α in patients on HD treated with sevelamer reported by Peres et al. (13). There were no losses from the included population. The patients underwent HD three times a week with the same type of filter; no intention-to-treat analysis was required. The results are presented in measures of central tendency and dispersion for quantitative variables. Qualitative variables are shown in frequencies and percentages. The Kolmogorov–Smirnov test was performed to determine the normality of the data. For intra-group differences, the Wilcoxon rank test was performed according to the distribution obtained. Mann–Whitney U-test or Student's t-test was performed on independent samples for treatment inter-group differences. ANOVA or Kruskal-Wallis test was performed for dose inter-group differences. All results with a value of p ≤ 0.05 were documented as statistically significant.



Ethical Considerations

The study was followed under the ethical principles for medical research in human beings stipulated in the declaration of Helsinki 64th General Assembly, Fortaleza Brazil, October 2013, and the Standards of Good Clinical Practice according to the guidelines of the International Conference on Harmonization. Under the General Health Law's provisions following the Regulations of the General Health Law on Research for Health Article 17 of Mexico, the study corresponds to category III. All the patients signed the Low Information Consent in the presence of witnesses. The study was evaluated and approved by the Local Ethics and Research Committee at the Centro Médico Nacional de Occidente, Instituto Mexicano del Seguro Social (R-2021-1301-063).




RESULTS

Sixty-four patients were included, 32 in the sevelamer hydrochloride group and 32 patients in the calcium carbonate group. Thirty-eight female and 26 male patients were included. Body weight was similar in both groups, 64.79 ± 19.1 kg of patients treated with sevelamer hydrochloride and 63.55 ± 22.46 kg of those treated with calcium carbonate. The time in the HD program was also similar, 8.06 ± 4.78 years in the sevelamer hydrochloride group and 7.05 ± 5.06 years in the group treated with calcium carbonate. In the sevelamer hydrochloride group, a normal BMI was found in 64.5% of the patients, 12.9% were overweight, and 22.6% were obese. In the calcium carbonate group, the BMI was normal in 71.4%, 14% of the patients were overweight, and 14.3% were obese. 74.2% of the patients in the sevelamer hydrochloride group and 71.4% of the patients treated with calcium carbonate had diabetes mellitus (DM). 32.3% of the patients treated with sevelamer hydrochloride and 19% of those treated with calcium carbonate had arterial hypertension (AH) (Table 1).


Table 1. Baseline anthropometric data.
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Table 2 shows the causes of kidney failure in both treatment groups. The unknown cause is highlighted.


Table 2. ESRD causes.
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Biochemical Data

The baseline hemoglobin levels in both groups were similar, 10.5 ± 1.63 mg/dl in the sevelamer hydrochloride group and 10.14 ± 2.23 mg/dl in the calcium carbonate group. In the determination at six months of follow-up, the hemoglobin levels in the sevelamer hydrochloride group increased to 12.15 ± 1.93 mg/dl (p = 0.001) without observing changes in those who received calcium carbonate. 10.85 ± 2.57 mg/dl (p = 0.23). Ferritin levels decreased significantly in the sevelamer hydrochloride group, 201.67 ± 60.39 ng/ml with respect to the 396.24 ± 709.77 ng/ml in the calcium carbonate group (p = 0.004). CRP levels showed an increase in both groups (Table 3).


Table 3. Sevelamer hydrochloride or Calcium carbonate dose.
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OS Markers
 
LPO, 8-IP, NO

The LPO levels increased significantly between the baseline levels 15.7 ± 3.79 mM and the final determination 35.85 ± 6.32 mM (p = 0.022) in the sevelamer hydrochloride group. The same behavior was observed in basal NO levels 1,196.01 ± 112.08 μg/ml compared with the increase found at the end of follow-up, 1,387.61 ± 175.97 μg/ml (p = 0.001). The group treated with calcium carbonate had similar results between the baseline and 6 months of treatment. The 8-IP levels in the sevelamer hydrochloride group were 50.46 ± 10.2 vs. 73.11 ± 13.34 pg/ml (p = 0.07) (Table 3).



Antioxidants

The activity of the SOD enzyme was found to be significantly increased in the final determination of those treated with sevelamer hydrochloride, 7.69 ± 3.19 U/L (p < 0.001) and with calcium carbonate, 8.78 ± 5.43 U/L (p = 0.016). The levels of TAC were significant increased at the end of the follow-up for the sevelamer hydrochloride (0.82 ± 0.22 μM, p < 0.001) and calcium carbonate, (0.87 ± 0.34 μM, p < 0.001) groups (Table 3).



Pro-inflammatory Cytokines

We found a significant decrease in the expression of the pro-inflammatory cytokine TNF-α between baseline levels, 2.44 ± 1.92 pg/ml, and the final result, 2.01 ± 1.47 pg/ml (p = 0.003), in patients treated with sevelamer hydrochloride. The same behavior was observed in those who received calcium carbonate between the expression of basal TNF-α, 2.12 ± 0.73 pg/ml, and final result, 1.75 ± 0.53 pg/ml (p = 0.009). Ferritin levels were decreased at the end of follow-up 201.67 ± 60.39 ng/ml (p = 0.04), in the patients who ingested sevelamer hydrochloride. CRP levels were increased in the patients treated with calcium carbonate, 10.66 ± 6.07 mg/L (p = 0.008) (Table 3).



Oxidative Damage to DNA

The expression of the oxidative DNA damage marker (8-OHdG) in the final determination increased, 9.52 ± 7.21 ng/ml (p = 0.033), compared with the baseline determination of 6.29 ± 2.22 ng/ml in the hydrochloride sevelamer group. The same behavior was observed with the DNA repair enzyme in the final determination, 21.84 ± 6.54 pg/ml (p < 0.001), of the patients treated with sevelamer hydrochloride compared with the baseline value of 3.67 ± 0.53 pg/ml. The group that ingested calcium carbonate did not change the levels between the baseline and final determination (Table 3).




Hemodialysis and Sevelamer Hydrochloride Dose

Three daily doses (1,600, 2,400, and 3,200 mg) of sevelamer hydrochloride were administered to the patients in the HD program. Patients who ingested 3,200 mg had a significant increase in LPO in the final determination of the study, 48.85 ± 42.79 mM (p = 0.011), compared with the baseline level of 9.18 ± 4.52 mM. NO levels were also increased in the final determination in patients who received 1,600 mg, 1,372.14 ± 177.5 μg/ml (p = 0.031), and 3,200 mg, 1,319.25 ± 158.35 μg/ml (p = 0.028). The DNA repair enzyme was found to be significantly increased in the final determination in patients who ingested 1,600 mg of sevelamer hydrochloride 17.74 ± 9.02 (p = 0.028).

The activity of the antioxidant enzyme SOD was significantly increased at 6 months of follow-up only in patients who ingested 1,600 mg of sevelamer hydrochloride 0.91 ± 0.25 μM (p = 0.047). TAC levels were found to be increased in the final determination in patients who ingested 1,600 mg, 0.91 ± 0.25 μM, (p = 0.004), and 3,200 mg, 0.85 ± 0.28 μM (p = 0.011) of sevelamer hydrochloride.

The expression of IL-6 decreased significantly in the final determination in those who ingested 1,600 mg, 2.3 ± 1.01 pg/ml (p = 0.03). The expression of TNF-α decreased at the end of the study in those who ingested 3,200 mg, 1.8 ± 0.54 pg/ml (p = 0.038). Hemoglobin significantly improved in the final determination in patients who ingested 1,600 mg, 12.13 ± 2.81 mg/day (p = 0.012), and 3,200 mg, 11.2 ± 1.63 mg/dl (p = 0.03) of sevelamer hydrochloride. Ferritin levels decreased significantly at the end of the study in those who ingested 1,600 mg, 190.99 ± 282.23 ng/ml, (p = 0.028), and 3,200 mg, 231.47 ± 154.03 ng/ml (p = 0.05) of sevelamer hydrochloride. The levels of CRP, 9.63 ± 7.36 mg/L (p = 0.043), and vitamin D, 28.7 ± 12.65 nmol/L (p = 0.018), increased at the end of the study in patients who ingested 1,600 mg of sevelamer hydrochloride (Table 4).


Table 4. Doses of sevelamer hydrochloride intervention Calcium carbonate dose.
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Hemodialysis and Calcium Carbonate Dose

Patients who ingested calcium carbonate in daily doses of 2–4 g showed an increase in NO, 1,313.13 ± 42.38 μg/ml (p = 0.043), and even those who ingested ≥ 5 g per day had increased NO levels at 6 months of follow-up, 1,410.69 ± 172.87 μg/ml (p = 0.008). The DNA repair enzyme was significantly increased at the final determination in patients who ingested 2–4 g of calcium carbonate, 16.23 ± 5.78 pg/ml (p = 0.009).

The activity of the antioxidant enzyme SOD was significantly increased in those who ingested ≥ 5 g in the final determination of the study, 8.13 ± 4.96 U/L (p = 0.017). TAC was determined to be significantly increased at 6 months of follow-up in those who ingested 1 (0.84 ± 0.29 μM, p = 0.028), 2–4, (0.89 ± 0.07 μM, p = 0.007), and ≥ 5 g (0.7 8 ± 0.13 μM (p = 0.011).

The expression of TNF-α decreased significantly in the final determination of those who ingested 2–4 g, 1.99 ± 0.33 pg/ml (p = 0.001). Hemoglobin improved with the doses of 2–4 (11.51 ± 2.5 mg/dl) and ≥5 g (11.93 ± 2.26 mg/dl, p =0.032). CRP was significantly increased in patients who ingested 2–4 g at 6-month follow-up 10.66 ± 6.07 mg/L (p = 0.008). PTH was significantly increased in patients who ingested 1 g of calcium carbonate, 652.86 ± 217.31 pg/ml (p = 0.043) (Table 4).



Correlation Between Clinical Data and Markers of Inflammation and OS

Table 5 shows the moderate negative correlations found between SOD and PTH (rho = −0.052, p = 0.035), TAC and CRP (rho = −0.58, p = 0.017), for sevelamer hydrochloride. For calcium carbonate, moderate negative correlations were found for hOGG1 and HCO3 (rho = −0.68, p = 0.05), and LPO and pH (rho = −0.67, p = 0.035). Those with high correlations included 8-OHdG and urea (rho = −0.7, p = 0.024), and hOGG1 and K (rho = 0.7, p = 0.038) (Table 5).


Table 5. Correlation between oxidative stress markers and clinical parameters.
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DISCUSSION

Most patients on HD are treated with phosphate binders to reduce serum levels and intestinal absorption of this mineral (15). It is known that dietary Pi restriction is not sufficient to maintain serum concentration within recommended levels. The management of hyperphosphatemia includes various chelators, such as sevelamer hydrochloride and calcium carbonate (16). Sevelamer has been observed in previously published research to reduce the absorption of advanced glycation products (AGE), bacterial toxins, and bile acids, suggesting that this mechanism reduces inflammatory, oxidative, and atherogenic stimuli in addition to its direct action of reducing serum Pi (17). Recently, some antioxidant and anti-inflammatory pleiotropic effects of sevelamer hydrochloride not associated with Pi depletion have been described (18). Elevated extracellular Pi causes mitochondrial OS related to mitochondrial hyperpolarization (19). The binding of Pi to sevelamer hydrochloride could explain the antioxidant mechanism by reducing mitochondrial OS. In this clinical study, the influence of sevelamer hydrochloride and calcium carbonate on markers of inflammation, oxidants, antioxidants, and oxidative DNA damage in patients on HD with 6 months of follow-up was evaluated (Figure 2).


[image: Figure 2]
FIGURE 2. Hypothetical mechanism of sevelamer hydrochloride in oxidative stress (OS). Increase in extracellular Pi causes mitochondrial OS conditioned by mitochondrial hyperpolarization produced by a phosphate-hydroxyl exchange. Hyperpolarization stimulates the electron transport chain and increases the concentration of superoxide radicals by complex III. The binding of Pi to sevelamer hydrochloride could explain the antioxidant mechanism by reducing mitochondrial OS (20).


Calcium carbonate is the first-line treatment for lowering Pi in ESRD. However, its main effect is to avoid significant hyperphosphatemia without normalizing Pi serum levels. Adequate adherence to treatment with calcium carbonate avoids the uncontrolled rise of hyperphosphatemia (21).

Lipoperoxidation produces increased OS, leading to the formation of molecules such as aldehydes (malondialdehyde), and whose measurement is used to determine OS (22). HD can remove water-soluble, low molecular-weight LPO products. However, the HD process can also favor the increase in LPO depending on the time spent in the HD program (23). The prolonged stay of a patient in renal replacement therapy is considered a contributing factor to increasing inflammation and OS (24). In this study, the results at 6-months follow-up showed an increase in LPO in patients treated with the 3,200 mg dose of sevelamer hydrochloride.

NO is a molecule with a wide variety of fundamental physiological functions, such as maintenance of muscle tone. It is an intracellular messenger, a cytotoxic agent, and has a primordial effect on the vascular endothelium. NO has specific functions in the kidney, regulating hemodynamics, salt and water reabsorption, renin secretion, and tubule-glomerular feedback. Its bioavailability abnormalities are causally related to various cardiovascular and renal disorders (20). In patients with ESRD, there could be decreased NO synthesis due to kidney damage (25). The disturbed balance of NO is related to the imbalance of endothelin-1 (ET-1) (26). NO is involved in the pathogenesis of hypertension and rebound hypotension during the HD process (27). The female gender tends to have better kidney function and higher NO concentration (as usual) due to the action of estrogens (28). According to previous studies, the bioavailability of NO in patients with DM is low (29, 30). Endothelial dysfunction is a key step in the development of atherosclerosis in HD. Endothelial dysfunction has been attributed to altered NO bioactivity and increased formation of oxygen-derived free radicals. The underlying mechanisms of the altered bioavailability of NO in patients on HD are not fully understood. However, the activation of cytokines during HD can increase NO production (31, 32). The increase in NO levels in the patients who ingested sevelamer hydrochloride could suggest that they were under nitrosative stress in the final follow-up. This phenomenon occurred in patients who ingested doses of 1,600 and 3,200 mg. In the group that ingested calcium carbonate, NO levels also increased in the determination at 6 months of follow-up and when the patients ingested amounts >2 g, suggesting that they were also under nitrosative stress.

8-Hydroxy-2-deoxyguanosine (8-OHdG) is a marker that determines oxidative damage to DNA (33, 34). OS determined by the 8-OHdG marker is an independent predictor of all-cause mortality and morbidities in patients on HD (35, 36). Previously, it has been found that the oxidative damage to DNA evaluated with the marker 8-OHdG in peripheral blood lymphocytes increased more in patients on chronic HD than in non-dialyzed patients (37). On the other hand, sevelamer hydrochloride has previously been reported to have the ability to reduce oxidative damage to genetic material (38). The authors of a recent study reported the potential effect of sevelamer treatment on inflammation and possible oxidative RNA modifications (39). The results obtained at 6 months of follow-up of the patients on HD included in these studies who ingested sevelamer hydrochloride showed a significant increase in the oxidative DNA damage marker different from previously reported.

Repair of oxidative DNA damage is essential to maintain the integrity of genetic material, prevent mutagenesis, and decrease damage caused by reactive oxygen species. The hOGG1 enzyme is responsible for identifying and repairing oxidative damage to DNA through base cleavage mechanisms (40). High levels of pro-inflammatory cytokines and certain oxidants can decrease the activity of the DNA repair enzyme, especially in patients with ESRD (41, 42). The authors of a recent publication reported the downregulation of DNA repair enzymes in patients dependent on the type of peritoneal transport (43). Significant increase in oxidative DNA damage repair enzyme levels in patients treated with sevelamer hydrochloride, at 6 months of follow-up, is notable, especially in those who ingested 1,600 mg of the phosphate binder. Given this finding, we could hypothesize that the significant increase in DNA repair enzyme in the sevelamer hydrochloride group of patients on HD could be compensating for the increased oxidative damage marker in DNA. In contrast, no modification of the oxidative DNA damage marker or DNA repair enzyme was observed in those who ingested calcium carbonate.

The SOD enzyme is the first antioxidant defense of the body. The dismutation of the superoxide anion characterizes the SOD enzyme into oxygen and hydrogen peroxide (44). Increased activity of the antioxidant enzyme SOD in patients on HD with or without hyperglycemic status is well-documented. Increased SOD activity is considered an indicator of future vascular complications in patients on HD (45, 46). Elevated extracellular Pi causes mitochondrial OS related to mitochondrial hyperpolarization (20). The binding of Pi to sevelamer hydrochloride could explain the antioxidant mechanism by reducing mitochondrial OS. In this study, a significant increase in the activity of the SOD enzyme was found in the groups treated with sevelamer hydrochloride and with calcium carbonate in the determination at 6 months of follow-up. The increase in the activity of the SOD enzyme was notorious in those who ingested 3,200 mg of sevelamer hydrochloride (Figure 2).

Total antioxidant capacity determines the sum of endogenous and exogenous antioxidants (47). Advanced glycation end (AGE) products are excreted in the urine of subjects with normal renal function. However, in patients with ESRD who require HD, AGE products accumulate in the body from insufficient urinary excretion and limited clearance during dialysis (48). Treatment with sevelamer hydrochloride has previously been reported to reduce systemic and cellular AGE levels by restoring innate antioxidant defenses, improving inflammatory status, and reducing chronic OS (49, 50). At the end of the follow-up period of this study, SOD enzyme activity and TAC levels were found to be increased in the groups treated with sevelamer hydrochloride and calcium carbonate. These findings could suggest an attempt to compensate for the increase in oxidant molecules LPO and NO.

Mediators that orchestrate inflammatory response are cytokines. Among the cytokines, IL-6, and TNF-α have profound effects on the pro-inflammatory process in patients undergoing HD (51). According to our results, sevelamer hydrochloride showed an anti-inflammatory effect (52). Sevelamer hydrochloride can bind the endotoxins present in the intestinal lumen. In this way, the negatively charged lipid. Endotoxins are a powerful stimulus with the ability to activate the innate immune system that favors the transcription and production of pro-inflammatory cytokines. A part of endotoxins binds to sevelamer. In this way, sevelamer hydrochloride could exert its anti-inflammatory effect (53, 54). IL-6 decreased significantly in the determination at 6 months of follow-up in patients who ingested calcium carbonate and those who ingested 1,600 mg of sevelamer hydrochloride. TNF-α showed downregulation at 6 months of follow-up in the sevelamer hydrochloride and calcium carbonate groups. TNF-α decreased its levels primarily in those who ingested 3,200 mg of sevelamer hydrochloride and in those who ingested 2–4 g of calcium carbonate.

Sevelamer hydrochloride (more significant effect) and calcium carbonate showed anti-inflammatory and antioxidant effects independent of the phosphate inhibitory effect as previously reported (55, 56). Inflammatory markers, such as CRP, progressively increase with deterioration in renal function (57). Available data, such as CRP, TNF-α, IL-6, and arteriovenous fistula dysfunction, demonstrated that these systemic inflammatory markers were elevated in patients on HD (58). CRP was found to be increased in the final determination at the follow-up in those who ingested calcium carbonate, 2–4 g of calcium carbonate, and 1,600 mg of sevelamer hydrochloride. Alteration of serum ferritin may be a determining factor in mortality in adults on HD, and high ferritin levels lead to high mortality (59). The alteration of serum ferritin can be a determining factor in mortality in adults on HD. At the end of the follow-up of the patients who ingested sevelamer hydrochloride, ferritin levels decreased. In patients who ingested 1,600 and 3,200 mg of sevelamer hydrochloride, ferritin levels were decreased (Figure 3).


[image: Figure 3]
FIGURE 3. Anti-inflammatory of sevelamer hydrochloride. Sevelamer hydrochloride can bind to endotoxins present in the intestinal lumen. In this way, the negatively charged lipid A portion of endotoxins binds to sevelamer. Endotoxins are a component of the cell wall of gram-negative bacteria and are a potent stimulus for activating the innate immune system that leads to the transcription of pro-inflammatory cytokines. In this way, sevelamer hydrochloride could exert its anti-inflammatory effect.




CONCLUSIONS

The pleiotropic antioxidant and anti-inflammatory effects of sevelamer hydrochloride were fundamental in the results of this research study. OS was manifested by a significant increase in LPO and NO levels in the final determination at 6 months of follow-up in the sevelamer hydrochloride group and with the intake of 1,600 and 3,200 mg. The increase in NO at the end of the follow-up favored OS in the calcium carbonate group when they ingested doses of 2–4 and >5 g. OS is not only explained by the intake of Pi binders. ESRD and HD could play an essentially active role in their presence. As a probable compensatory mechanism for the increase in OS markers, levels of antioxidant enzymes were found to be increased at 6 months of follow-up. Increase in the SOD enzyme and TAC activity was observed in the sevelamer hydrochloride group and calcium carbonate groups in the final determination at the follow-up. A more significant increase in SOD activity was observed when the patients ingested 1,600 and 3,200 mg of sevelamer hydrochloride. In the calcium carbonate group, the increase in TAC was observed when they ingested from 1, 2–4, and more than 5 g. The behavior of pro-inflammatory cytokines was downregulated; primarily, TNF-α decreased its levels in the final determination at six months of follow-up in the groups that ingested sevelamer hydrochloride and calcium carbonate. Decrease in TNF-α is predominant in those who ingested 2–4 g of calcium carbonate or 3,200 mg of sevelamer hydrochloride. IL-6 decreased in those who ingested 1,600 mg of sevelamer hydrochloride and in the final determination of the calcium carbonate group, suggesting that both phosphate inhibitors have anti-inflammatory effects. Ferritin levels decreased significantly at 6 months of follow-up in the sevelamer hydrochloride group. This phenomenon was predominantly observed when they ingested the 1,600 and 3,200 mg doses, suggesting an anti-inflammatory improvement.

Contrary to the sevelamer hydrochloride, those who ingested calcium carbonate did not show changes in their levels. CRP levels increased in the final determination of the calcium carbonate group. The beneficial influence of sevelamer hydrochloride on pro-inflammatory cytokines and OS markers could be essential in managing phosphate binders in patients on HD by offering advantages in morbidity. However, the mechanism of action of sevelamer hydrochloride in OS is not fully understood. Long-term studies with a larger number of patients are required to know all the benefits that they can provide to patients with ESRD.


Study Limitations

The limitations of this study are based on the small number of patients in the HD program and the short follow-up time. We consider it worthwhile to design another stratified analysis that considers several phosphorus inhibitors for different follow-up times.



Study Strengths

The study offers a broader view on the simple use of two phosphate binders, the widely known calcium carbonate, and sevelamer hydrochloride, with probable anti-inflammatory pleiotropic effects. The information reported on the impact of sevelamer hydrochloride on the repair of oxidative DNA damage is scarce. In this study, we found the overexpression of the DNA repair enzyme possibly compensating for the significant increase in the oxidative DNA damage marker in patients on HD. This study provides new information on the possible regulatory effects of sevelamer hydrochloride on DNA repair.
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This study aimed to investigate the role and molecular mechanisms of Bruton's tyrosine kinase (BTK), a member of the Tec family in burn sepsis-induced intestinal injury. Eighty C57BL/6 mice were randomly divided into four groups: the sham group, the burn group, the burn + sepsis group, and the burn + sepsis + LFM-A13 (a selective BTK inhibitor) group. The dynamic expression profiles of BTK and p-BTK in the intestine were measured by Western blot analysis. Intestinal histopathological changes and cellular apoptosis were determined. Inflammatory cytokines in serum and intestinal tissue were examined through enzyme-linked immunosorbent assay. Myeloperoxidase (MPO) activity was determined via a colorimetric assay. Intestinal p-BTK expression in the burn+sepsis group was significantly increased compared with that in the sham and burn groups. In the burn + sepsis group, the p-BTK expression level increased over time, peaked at 12, and then decreased at 24 h. LFM-A13 administration significantly inhibited p-BTK expression in the intestine. In contrast to the sham and burn groups, the burn + sepsis group exhibited obvious histopathological changes, which gradually aggravated over time. LFM-A13 also reduced the histopathological changes and cellular apoptosis in intestinal tissues, inhibited the inflammatory cytokines IL-4, IL-6, and TNF-α in serum and intestinal tissues, and significantly inhibited the increase in intestinal MPO activity induced by burn sepsis. BTK activation is one important aspect of the signaling event that may mediate the release of the anti-inflammatory cytokine IL-4 and the pro-inflammatory cytokines IL-6 and TNF-α; oxidative stress; and intestinal cell apoptosis. Thus, it contributes to burn sepsis-induced intestinal injury.

Keywords: Bruton's tyrosine kinase, intestinal injury, burns, sepsis, oxidative stress


INTRODUCTION

Burn injuries, as one of the common clinical critical illnesses worldwide caused by thermal aggressions, have caused high morbidity and mortality rates, especially in low and middle-income countries (1). Burns affect the integrity of the skin, which acts as the protective organ that prevents the body from experiencing microbial invasion; extensive burn injuries are highly prone to inflicting deep damages, such as severe infections, complications, and sepsis, to the body (2). Sepsis is a multifactorial and complex pathophysiological syndrome caused by systemic infection with exaggerated inflammatory response and leads to severe consequences, such as shock, multiple organ dysfunction, and even death (3). According to the recent statistics of the United States, the mortality rate among patients with sepsis is approximately 20–50%, making sepsis a major health and economic concern (4, 5). A series of diagnostic and treatment measures, including appropriate antimicrobial treatment, infection control measures, fluid and nutritional support, debridement, and wound closure, have been gradually improved in recent years, considerably enhancing the prevention and treatment of burn sepsis and improving the taking rate (6, 7). However, the pathogenesis and knowledge of sepsis remain insufficient even after decades of exploration by researchers, resulting in the lack of theoretical guidance for the further treatment of this disease.

As generally known, the main functions of the intestinal tract are digestion and absorption to provide essential energy to organisms, and the intestinal tract is often considered to play a passive role in the development of sepsis and the actions of the body against pathogenic microorganisms (8). However, several scholars have found that during the early stage of sepsis, some abnormal phenomena occur during intestinal metabolism, that is, the intestinal tract is considered to be the “engine” in the process of sepsis-induced multiorgan dysfunction syndrome (MODS) (9). Therefore, exploring the relationship between the dysfunction of the intestinal mucosal barrier and the occurrence of sepsis is essential (10). With the deepening of research in recent years, researchers have discovered that the dysfunction of the intestinal mucosal barrier leads to the imbalance of intestinal microbiota; the entry of endotoxins into the blood through the barrier may induce the release of large amounts of inflammatory factors and thus accelerate the development of sepsis (11). In addition, intestinal epithelial and endothelial cells are further disrupted when sepsis-induced excessive inflammatory responses occur, further exacerbating intestinal permeability and intestinal flora imbalance and thus inducing a vicious cycle of sepsis (12). Moreover, these interactions lead to the activation of large numbers of genes, inflammatory cytokines (e.g., the proinflammatory cytokines TNF-α andIL-6 and the anti-inflammatory cytokine IL-4), and chemokines that are released by macrophages under the mediation of downstream signaling molecules involved in inflammatory responses (13). These processes enhance the systemic inflammatory response and further aggravate damage to the viscera. Therefore, the treatment of sepsis by blocking these signaling molecules is considered as a promising approach.

Recent studies have shown that Gram-negative bacteria are one of the prominent pathogens that cause sepsis, and the key molecule that can induce sepsis is the lipopolysaccharide (LPS) present on their surfaces (14, 15). As a Toll-like receptor (TLR), an important protein molecule involved in non-specific immunity, the TLR4 molecule could bind with the antigen molecule LPS, activate the signaling pathways of TRIF and MyD88, and then stimulate their downstream signaling pathways, this causing systemic or local inflammatory reactions in the body (16, 17). Therefore, TLR4 is a promising target in the treatment and intervention of sepsis. However, blocking the whole TLR4 pathway may result in the failure of follow-up anti-infective treatment given that burn sepsis is an aggravation of systemic inflammatory response.

The Tec family, which has been widely studied in recent years, is a series of cytoplasmic tyrosine protein kinase molecules and non-receptor tyrosine kinases (TKs) that are mainly expressed in lymphocytes and myeloid cells (18). BTK, a member of the Tec family, is involved in the growth and function of B cells; it is closely associated with a variety of B-cell lymphoid tissue disorders and is also a key kinase in the B-cell antigen receptor signaling pathway (19). In addition, in human mono-nuclear cell lines and primary human mono-nuclear cells, BTK is one of the important signaling molecules in the TLR signal pathway and is phosphorylated after LPS stimulation and interacts with multiple components of the TLR pathway (20). Therefore, the selective blocking of BTK may provide greater benefits to patients than blocking the whole TLR4 pathway, and BTK may be an ideal target for intervention in patients under the condition of systemic inflammatory response and organ dysfunction caused by burn sepsis. LFM-A13, the first inhibitor of BTK, was used as the selective blocking of BTK in this study (21).

Therefore, the present study was designed to determine the effects of LFM-A13 on burn-sepsis-induced intestinal injury; the intestinal activation of BTK; the expression changes of the anti-inflammatory cytokine IL-4 and the proinflammatory cytokines IL-6 and TNF-α; oxidative stress; and intestinal cell apoptosis in the intestinal injury of mice induced by burn sepsis.



MATERIALS AND METHODS


Animals and Reagents

Male C57BL/6 mice with average weights of 23–26 g were purchased from the Corporation of Lingchang Biological Technology (Shanghai, China). The animals were allowed to acclimate to their surroundings for 1 week. LPS was purchased from Sigma (USA). LFM-A13 was purchased from Topscience (Shanghai, China). Kits for protein extraction, BCA protein assay, SDS-PAGE gel preparation, Western blot analysis, hematoxylin and eosin (H&E staining), TUNEL apoptosis assay, mouse IL-4 enzyme-linked immunosorbent assay (ELISA), mouse IL-6 ELISA, mouse TNF-α ELISA, and myeloperoxidase (MPO) colorimetric activity assay were purchased from KeyGEN (Nanjing, China). Neutral gum, methanol, ethanol, and xylene were purchased from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China). Triton-X100 was purchased from KeyGEN (Nanjing, China). Rabbit anti-GAPDH (10B8) and goat antirabbit IgG-HRP were purchased from KeyGEN (Nanjing, China). Rabbit anti-p-BTK (ab52192) was purchased from Abcam (Shanghai, China). Rabbit anti-BTK (DF6472) was purchased from Affinity Biosciences (Cincinnati, USA).



Animal Model Preparation and Groups

This study was performed in accordance with the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was approved by the Anhui Medical University Ethics Committee of Animal Experiments in Hefei city, China (Permit Number: 20160188).

Mice were anesthetized intraperitoneally with pentobarbital sodium (30 mg/kg), and their back skin were shaved. Eighty animals were randomly divided into four groups: sham group (n = 8), burn group (n = 8), burn + sepsis group (n = 32), and burn + sepsis + LFM-A13 group (n = 32). Animals in the sham group were sacrificed after anesthesia. The mice received full-thickness scald burns on 10% of their total body surface area on their dorsal area by immersion for 15 s in a 100°C water bath. Animals in the burn group were resuscitated immediately with the intraperitoneal administration of normal saline (10 mg/kg). Animals in the burn + sepsis group were injected with LPS (10 mg/kg) intraperitoneally after scalding to establish the sepsis model. Animals in the burn + sepsis + LFM-A13 group received intervention through the intraperitoneal administration of LFM-A13 immediately after scalding before LPS injection. According to our previous study, the dose of LFM-A13 was set at 10 mg/kg (22). Animals in the burn + sepsis and burn + sepsis + LFM-A13 groups were sacrificed at 0, 8, 12, and 24 h (8 animals per time-point) after dosing.



Sample Collection

A portion of intestinal tissue was removed from each mouse and shock frozen in liquid nitrogen for Western blot analysis. Another portion of intestinal tissue was collected for histopathological examination (H&E staining), cellular apoptosis (TUNEL assay), inflammatory cytokine detection (ELISA), and MPO activity determination (MPO colorimetric activity assay).



Measurement of Total BTK and p-BTK Protein Levels via Western Blot Analysis

Total proteins were extracted from intestinal tissue samples for Western blot analysis. The concentration of protein was determined by using the Bradford method established by Bradford in 1976. The protein samples were separated through SDS-PAGE, transferred to nitrocellulose membranes, and oscillated in 5% blocking solution at room temperature. The membranes were incubated with primary antibodies on a shaker at 4°C overnight. The membranes were washed three times with TBST, incubated with horseradish peroxidase-conjugated secondary antibodies for 1 h, and washed three times with TBST for color development. Blots were imaged by using a G:BOX ChemiXR5 imaging system, and the gray values were analyzed by using Gel-pro 32 analysis software.



Histopathological Examination via H&E Staining

Intestinal tissues were fixed, dehydrated, and embedded in paraffin and sectioned to a thickness of 5 μm for H&E staining. The sections were observed through optical microscopy (×400) with three fields of vision that were randomly selected from each section; photographed; and scored for histopathological changes. The scoring criteria were as follows: 0 represents neatly arranged and complete glandular architecture, columnar-lined epithelia, and abundant goblet cells, and each one added point represents glandular atrophy, epithelial thinning, and absent or shedding goblet cells. Gland absence is represented by a score of three points.



Measurement of Cellular Apoptosis via TUNEL Assay

Cellular apoptosis was detected through TUNEL assay by using a TUNEL apoptosis assay kit. Paraffin-embedded sections were dewaxed, dehydrated, and rehydrated for the TUNEL assay. Slides containing cells were treated with 0.1% Triton X-100 for 15 min at room temperature. Next, each sample was incubated with 10 μl of proteinase K solution and 90 μl of PBS for 5 min and washed with PBS. Each sample was incubated with 50 μl of the TUNEL reaction mixture for 1 h at 37°C and washed with PBS. DAB solution was utilized for color development. The slides were observed by using an optical microscope, and the apoptotic index (AI) was calculated as follows:

[image: image]



Determination of Inflammatory Cytokines via Standard Sandwich ELISA

Serum and intestinal tissue samples were collected from the mice, and the expression levels of inflammatory cytokines (IL-4, IL-6, and TNF-α) were detected by using specific ELISA kits. A total of 100 μl of the sample or the standard was added to each well of the ELISA plate. The plates were sealed and incubated at 37°C for 1.5 h. After five cycles of washing, the biotin–antibody diluent and biotinylation antibody working solution were added to the ELISA plates. The plates were sealed and incubated at 37°C for 0.5 h. After five cycles of washing, the substrate solution was added for color development, and the plates were incubated at 37°C for 0.25 h under protection from light. Finally, the termination solution was added and mixed well to terminate the reaction, and the OD450 was measured and recorded immediately.



Examination of MPO Activity in Intestinal Tissues via MPO Colorimetric Assay

MPO activity in intestinal tissues was detected by using a MPO colorimetric activity assay kit. Mouse intestinal tissues were homogenized, mixed thoroughly with buffer, and placed in a water bath at 60°C for 10 min to detect MPO activity. The MPO activity of intestinal tissues was evaluated by measuring the absorbance of the samples at 460 nm (OD). MPO activity was expressed in milliunits per gram weight of wet tissue with the following calculation formula:

[image: image]



Statistical Analysis

Data was expressed as the mean ± standard deviation ([image: image] ± s). Normality test and homogeneity test of variance were performed. SPSS25.0 statistical software was used for data analysis. Data were analyzed with independent-sample t-test and one-way analysis of variance followed by Bonferroni. P < 0.05 was regarded as statistically significant.




RESULTS


Expression Levels of Total BTK and p-BTK in Intestinal Tissue

As shown in Figure 1, the expression levels of total BTK protein in the intestinal tissues of mice in each group did not significantly differ (P > 0.05). Meanwhile, the Western blot analysis results indicated that the p-BTK level in the sham and burn groups were low, whereas that in the burn + sepsis group increased over time, peaked at 12 h, and then decreased at 24 h (P < 0.05). The Western blot analysis results of the burn + sepsis + LFM-A13 and burn + sepsis group exhibited similar trends (P < 0.05). However, at 8, 12, and 24 h, the expression levels of p-BTK in the burn +sepsis+ LFM-A13 group were significantly decreased relative to those in the burn + sepsis group (P < 0.05), indicating that LFM-A13 had a significant inhibitory effect on the activation and expression of BTK in the intestinal tissues of burn sepsis mice.


[image: Figure 1]
FIGURE 1. Expression levels of total BTK and p-BTK in intestinal tissue. (A) A representative western blot image of total BTK protein and p-BTK in each group. (B) The expression level of p-BTK (p-BTK /BTK) in each group at different time points of postburn. *P < 0.05, vs. the sham group and burn group; in the burn + sepsis group, #P < 0.05, vs. 0h; &P < 0.05, vs. 8h; ΔP < 0.05, vs. 12h; ▴P < 0.05, ▴▴P < 0.01, vs. the burn + sepsis group at corresponding time points except 0 h of postburn.




Histopathological Analysis and Scores of Intestinal Tissue

As shown in Figure 2, the sham and burn groups received histopathological scores of 0 because they exhibited neatly arranged and intact glands, columnar-lined epithelia, and abundant goblet cells. However, the burn + sepsis group demonstrated obvious histopathological changes, including glandular atrophy, epithelial thinning, and goblet cell reduction or absence that gradually aggravated over time. Meanwhile, the histopathological scores of the burn + sepsis group increased gradually over time (1.44 ± 0.51 vs. 2.22 ± 0.39 vs. 2.77 ± 0.36 vs. 2.89 ± 0.19 vs., P > 0.05). Compared with those or the burn+sepsis group at the corresponding time points, the degree of intestinal histopathological changes and pathological scores or the burn+sepsis+LFM-A13 group were significantly lower (1.11 ± 0.19 vs. 1.33 ± 0.33 vs. 1.89 ± 0.19 vs. 1.66 ± 0.34, P < 0.05) but were not significantly different at 0 h (P > 0.05).


[image: Figure 2]
FIGURE 2. Histopathological analysis and scores of intestinal tissue. (A) Histopathological changes in each group. (1) The sham group (×100 and × 400), (2) the burn group (×100 and × 400), (3) the burn+sepsis group at 0 h (×100 and × 400), (4) the burn + sepsis group at 8 h (×100 and × 400), (5) the burn + sepsis group at 12 h (×100 and × 400), (6) the burn + sepsis group at 24 h (×100 and × 400), (7) the burn+sepsis+LFM-A13 group at 0 h (×100 and × 400), (8) the burn+sepsis+LFM-A13 group at 8 h (×100 and × 400), (9) the burn+sepsis+LFM-A13 group at 12 h (×100 and × 400), (10) the burn + sepsis + LFM-A13 group at 24 h (×100 and × 400). (B) Histopathology scores in each group at different time points of post-burn. **P < 0.01, vs. the sham group and burn group; in the burn+sepsis group, #P > 0.05, vs. 0 h; &P > 0.05, vs. 8h; ΔP > 0.05, vs. 12h; ▴P < 0.05, ▴▴P < 0.01, vs. the burn + sepsis group at corresponding time points except 0 h of post-burn.




Apoptosis and AI of Intestinal Epithelial Cells

Cells with brown or dark brown granules in their nuclei were considered to be apoptotic cells (TUNEL-positive cells). As shown in Figure 3, in the sham group, almost no apoptotic cells were observed in the sections of intestinal tissues, and the AI was 1.06 ± 1.16%. In the burn group, a few apoptotic cells were observed, and the corresponding AI was 1.78 ± 1.25%. However, the apoptotic cells in the burn + sepsis group increased sharply and increased over time (P < 0.05). The AIs at 0, 8, and 12 h were 6.77 ± 1.21%, 15.47 ± 0.78%, and 22.71 ± 3.13%, respectively. The corresponding AI of apoptotic cells at 24 h was 23.99 ± 2.14%, and no significant difference was found between the AI at 12 h and that at 24 h. Similarly, compared with that of the burn + sepsis group, the AI of intestinal epithelial cells in the burn + sepsis + LFM-A13 group were significantly lower at the corresponding time points (P < 0.05) but did not significantly differ at 0 h (P > 0.05).
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FIGURE 3. Apoptosis and AI of intestinal epithelial cells. (A) Cell apoptosis at 0 h postburn in each group. (1) The sham group, (2) the burn group, (3) the burn + sepsis group. (B) Cell apoptosis at 4 different time points of postburn in the burn + sepsis group and burn + sepsis + LFM-A13 group. (1–4): The burn + sepsis group at 0; 8; 12; 24 h, (5–8): the burn + sepsis + LFM-A13 group at 0 h; 8; 12; 24 h. (C) AI in each group at different time points of postburn. **P < 0.01, vs. the sham group and burn group; in the burn + sepsis group, ##P < 0.01, vs. 0 h; &P < 0.05, vs. 8 h; ΔP > 0.05, vs 12 h; ▴P < 0.05 vs. the burn + sepsis group at corresponding time points except 0 h of post-burn.




Levels of IL-4, IL-6, and TNF-α in Serum and Intestinal Tissue

The levels of three kinds of inflammatory cytokines, namely, IL-4, IL-6, and TNF-α, in serum were determined through ELISA. The expression levels of the inflammatory cytokines in each group showed similar trends. As shown in Figures 4A–C, the sham group had the lowest levels of inflammatory cytokines, i.e., IL-4 levels of 25.29 ± 3.07 pg/ml, IL-6 levels of 81.06 ± 8.60 pg/ml, and TNF-α levels of 28.37 ± 1.99 pg/ml. In the burn group, the levels of inflammatory cytokines increased, and the level of IL-4 was 32.27 ± 3.48 pg/ml, that of IL-6 was 125.76 ± 14.29 pg/ml, and that of TNF-α was 37.03 ± 1.40 pg/ml. The levels of the three kinds of inflammatory cytokines in the serum of the burn + sepsis group significantly increased and increased over time (P < 0.05). Specifically, IL-4 levels increased from 41.24 ± 4.03 pg/ml (0 h) to 88.19 ± 3.04 pg/ml (24 h); IL-6 levels increased from 159.06 ± 12.84 pg/ml (0 h) to 374.98 ± 19.48 pg/ml (24 h); and TNF-α levels increased from 53.66 ± 16.43 pg/ml (0 h) to 315.49 ± 27.10 pg/ml (24 h). By contrast, the levels of the three inflammatory cytokines, except for those at 0 h (P > 0.05), in the burn+sepsis+LFM-A13 group were significantly lower than those in the burn + sepsis group (P < 0.05). As shown in Figures 4D–F, the variation trends of the expression levels in each group were consistent with those of the expression levels in serum. Specifically, the expression levels of the inflammatory cytokines in the sham group were the lowest and increased in the burn group. In the burn + sepsis group, the levels of the three inflammatory cytokines in intestinal tissues were also significantly increased and increased over time (P < 0.05), whereas those in the burn + sepsis + LFM-A13 group were significantly lower than those in the burn + sepsis group (P < 0.05).
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FIGURE 4. Levels of IL-4, IL-6, and TNF-α in serum and intestinal tissue. (A–C): Levels of IL-4 (A), IL-6 (B), and TNF-α (C) levels in serum at different time points in each group. **P < 0.01 (A,B), *P < 0.05 (C), vs. the sham group and burn group; in the burn+sepsis group, P < 0.05, #P < 0.05 (A),#P < 0.05 (B,C) vs. 0 h, &P < 0.05 (A), &&P < 0.01 (B), &P > 0.05 (C) vs. 8 h, ΔP > 0.05 (A,B), ΔΔP < 0.01 (C) vs. 12 h; ▴P < 0.05, ▴▴P < 0.01 vs. the burn+sepsis group at corresponding time points except 0 h postburn. (D–F): Levels of IL-4 (D), IL-6 (E) and TNF-α (F) levels in intestinal tissue at different time points in each group. **P < 0.01, vs. the sham group and burn group; in the burn+sepsis group, #P > 0.05 (D), ##P < 0.01 (E), #P < 0.05 (F) vs. 0 h, &P < 0.05 (D,F), &&P < 0.01 (E), vs. 8 h, ΔP < 0.05 (D,E), ΔP > 0.05 (F), vs. 12 h; ▴P < 0.05, ▴▴P < 0.01, vs. the burn + sepsis group at corresponding time points except 0 h post-burn.




Activity of MPO in Intestinal Tissue

MPO is a functional and activation marker of neutrophils (PMNs), and PMN infiltration in intestinal tissues can be evaluated by assessing MPO activity in intestinal tissues. As shown in Figure 5, the activity of MPO in the burn group was slightly increased compared with that in the sham group, and that in the burn+sepsis group was significantly higher than that in the other two groups and gradually increased over time. It was 1.49 ± 0.05, 1.96 ± 0.04, and 2.27 ± 0.07 U/g at 0, 8, and 12 h, respectively (P < 0.05). No significant difference was found between the activity of MPO at 24 h and that at 12 h (P > 0.05). Compared with that in the burn+sepsis group, the activity of MPO in the burn + sepsis + LFM-A13 group was significantly lower (P < 0.05) but did not significantly differ at 0 h (P > 0.05).
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FIGURE 5. Activity of MPO in intestinal tissue at different time points in each group. **P < 0.01, vs. the sham group and burn group; in the burn + sepsis group, ##P < 0.01, vs. 0 h, &&P < 0.01, vs. 8 h, ΔP > 0.05, vs. 12 h; ▴P < 0.05, ▴▴P < 0.01, vs. the burn + sepsis group at corresponding time points.





DISCUSSION

Sepsis is a systemic disease that is caused by the dysregulated immune response to infection. It can lead to multisystem organ failure. It involves complex and dynamic processes, including immunity and inflammation, and other aspects with physiological, pathological, and biochemical abnormalities. Burn sepsis, as a type of sepsis, is likely to cause local or systemic inflammatory response syndrome and MODS. In this study, we explored the activation of BTK in the intestinal tissue of burn sepsis mice. Then, we used LFM-A13 to intervene in mice to explore the roles and molecular mechanisms of BTK in burn-sepsis-induced intestinal injury.

Previous studies have shown that TKs are involved in a variety of inflammatory responses in the body and have an important role in autoimmune diseases and tumors (23). As a member of TKs, BTK is involved in the growth and function of B cells and is a key kinase in the B-cell antigen receptor signaling pathway. In this experiment, Western blot analysis was performed to detect the activation of the BTK protein quantitatively. The expression level of total BTK protein in the intestinal tissue of mice in each group clearly had no significant change. The p-BTK protein was expressed at low levels in intestinal tissues of mice in the sham and burn groups. However, the corresponding results of the burn + sepsis group showed that the expression level of p-BTK increased over time, peaked at 12 h, then decreased at 24 h. Similarly, the histopathological results also showed no obvious pathological changes in the sham and burn groups, whereas the degree of histopathological damage in the burn + sepsis group gradually intensified over time, peaked at 12 h, and then decreased at 24 h. Therefore, these results demonstrated that BTK activation was closely associated with the degree of intestinal injury and played a destructive role in intestinal injury.

TK inhibitors can be used to inhibit the abnormal pathways of cell signal transduction and participate in cell growth and proliferation. LFM-A13 is an inhibitor with relatively good targeting capability; it can inhibit some members of the Tec family, such as BTK, by inhibiting the activation of BTK in cells and thus inhibits excessive inflammatory responses in the body (24). In this study, one of the groups of mice received LFM-A13 intervention immediately after burn sepsis modeling, and their BTK expression levels were observed at 0, 8, 12, and 24 h after injury. The results showed that the expression levels of the total BTK protein in the intestinal tissue of mice in each group did not significantly differ. Compared with those in the burn+sepsis group at the corresponding time points (8, 12, and 24 h), the expression levels of the p-BTK protein in the burn + sepsis + LFM-A13 group had significantly decreased. H&E staining also showed that at corresponding time points (8, 12, and 24 h), the degree of histopathological changes in the burn + sepsis + LFM-A13 group was significantly reduced compared with that in the burn + sepsis group, and the pathological scores were significantly reduced. These results further demonstrated that in the burn sepsis-induced intestinal injury of mice, the activation of BTK could be inhibited significantly by LFM-A13. Our previous study also showed that LFM-A13 inhibited BTK activation and inhibited the burn sepsis-induced pyroptosis of intestinal cells (22).

In the present study, the apoptosis of intestinal epithelial cells and AIs were detected by using the TUNEL assay. As can be clearly seen, apoptotic cells were rare in the sections of intestinal tissues from the sham and burn groups. However, the number of apoptotic cells increased sharply in the burn + sepsis group, and the AIs increased accordingly. These results indicated that in burn sepsis mice, the activation of BTK was closely associated with the apoptosis of intestinal epithelial cells. The TUNEL assay was also used to detect the apoptotic cells in the intestinal tissues of mice in the burn + sepsis + LFM-A13 group to illustrate this point. At the corresponding time points, the number of apoptotic cells significantly decreased and the AI decreased accordingly in the burn + sepsis + LFM-A13 group compared with those in the burn + sepsis group. These results also indicated that LFM-A13 could significantly reduce the apoptosis of intestinal epithelial cells in burn sepsis mice by inhibiting the activation and expression of BTK during intestinal injury and thus played a protective role against intestinal injury in burn sepsis mice.

Previous studies have shown that cell apoptosis is mainly induced by the activation of Caspase-3, which acts as the final downstream protein required for cell apoptosis (25). Bcl-2 and Bax, the main antiapoptotic proteins of the Bcl family, could execute apoptotic programs by regulating Caspase-3 during apoptosis (26, 27). This study found that LFM-A13 could significantly reduce the apoptosis of intestinal epithelial cells in burn sepsis mice. Thus, whether LFM-A13 could reduce the apoptosis of cells by inhibiting the activation of Caspase-3, by activating Bcl-2 and Bax, or by doing both remains unclear. The mechanisms of LFM-A13 in inhibiting apoptosis in intestinal tissues warrant further studies.

Previous studies have shown that the main role of the gastrointestinal tract in the body is digestion and absorption and is often regarded as a passive organ during the occurrence and development of sepsis and resistance to invasion by pathogenic microorganisms (28). However, with the deepening of research in recent years, the intestinal metabolism of the body has been found to be abnormal in the early stage of sepsis and that the intestine is vulnerable to damage during sepsis, causing multiple organ dysfunction (29). In a normal organism, the intestinal mucosal barrier could keep endotoxins and bacteria in the gut away from the blood and allow the body to function normally (30). Severe burns cause a wide range of immune responses and extensive cell damage, which is considered a precursor to organ dysfunction. Then, excessive inflammatory reaction would destroy endothelial and intestinal epithelial cells and lead to their apoptosis, resulting in increased intestinal permeability and aggravating intestinal mucosal barrier dysfunction; these effects are followed by endotoxin and bacterial migration and further intestinal flora imbalance (31). As a result, sepsis in patients progressively develops and deteriorates. Among the many known inflammatory mediators, three inflammatory factors (IL-4, IL-6, and TNF-α) play an important role in local or systemic inflammatory response (32). They could release secondary inflammatory factors by stimulating immunoreactive cells, such as monocytes and macrophages, to cause intestinal tissue inflammation. They could also promote the release of proteases and oxygen free radicals from PMNs, causing inflammatory injury (33).

ELISA results showed that the levels of inflammatory factors in the burn sepsis group were significantly higher than those in the other two groups and that IL-4, IL-6, and TNF-α continuously increased over time. Therefore, these results showed that the activation of BTK was closely related to the release of inflammatory factors in the serum and intestinal tissue of burn sepsis mice. Compared with those in the burn+sepsis group at the corresponding time points (8, 12, and 24 h), the levels of inflammatory cytokines in serum and intestinal tissue were significantly decreased in the group treated with LFM-A13. These results indicated that in burn sepsis mice, LFM-A13 could significantly inhibit the expression of inflammatory cytokines by inhibiting the activation and expression of BTK during intestinal injury, thereby reducing the excessive inflammatory response and exerting a protective effect.

MPO, a peroxidase present in myeloid cells, is a specific marker of myeloid cells and a marker of the function and activation of PMNs; changes in its expression level and activity represent the function and activity of PMNs (34). The detection of MPO activity in the intestinal tissues of mice showed that the activity of MPO in the burn+sepsis group was significantly higher than that in the sham and burn groups and gradually increased over time. Therefore, the results suggested that in the intestinal tissues of burn sepsis mice, the activation of BTK was closely associated with the activity of MPO. MPO catalyzes the conversion of H2O2 and Cl− to form OCl− and free radicals with oxidative capacity; the MPO–H2O2-Cl− system is then formed to regulate the immune response of the body. Meanwhile, MPO can activate signaling pathways, such as the NF-κB pathway, to promote the development of inflammatory response. At the corresponding time points (8, 12, and 24 h), the activity of MPO in the burn + sepsis + LFM-A13 group was significantly lower than that in the burn + sepsis group. These results indicated that in burn sepsis mice, the BTK-specific inhibitor LFM-A13 could significantly inhibit the expression of MPO in intestinal tissues by inhibiting the activation and expression of BTK during intestinal injury, thus mitigating the oxidative stress response.



CONCLUSION

BTK signaling pathway mediated intestinal cell apoptosis; regulated the production of the anti-inflammatory cytokine IL-4 and the proinflammatory cytokines IL-6 and TNF-α; and participated in intestinal oxidative stress. Thus, it played an important regulatory role in the intestinal injury induced by burn sepsis.
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When a traumatic injury exceeds the body’s internal tolerances, the innate immune and inflammatory systems are rapidly activated, and if not contained early, increase morbidity and mortality. Early deaths after hospital admission are mostly from central nervous system (CNS) trauma, hemorrhage and circulatory collapse (30%), and later deaths from hyperinflammation, immunosuppression, infection, sepsis, acute respiratory distress, and multiple organ failure (20%). The molecular drivers of secondary injury include damage associated molecular patterns (DAMPs), pathogen associated molecular patterns (PAMPs) and other immune-modifying agents that activate the hypothalamic-pituitary-adrenal (HPA) axis and sympathetic stress response. Despite a number of drugs targeting specific anti-inflammatory and immune pathways showing promise in animal models, the majority have failed to translate. Reasons for failure include difficulty to replicate the heterogeneity of humans, poorly designed trials, inappropriate use of specific pathogen-free (SPF) animals, ignoring sex-specific differences, and the flawed practice of single-nodal targeting. Systems interconnectedness is a major overlooked factor. We argue that if the CNS is protected early after major trauma and control of cardiovascular function is maintained, the endothelial-glycocalyx will be protected, sufficient oxygen will be delivered, mitochondrial energetics will be maintained, inflammation will be resolved and immune dysfunction will be minimized. The current challenge is to develop new systems-based drugs that target the CNS coupling of whole-body function.
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Introduction

Globally, over one billion people sustain traumatic injuries, and over six million die annually (1). Mortality is twofold higher in low- and middle-income countries compared to high-income countries, and up to 5-times higher in resource-limited rural and remote regions (1, 2). In patients who survive the first few hours of hospital admission, complications can occur at different times (Figure 1) (3). The first window is 3–6 to 24 h where CNS dysfunction (∼50% of early deaths) and circulatory collapse (usually manifesting as shock) lead to early deaths (40% of early deaths) (Figure 1) (4–6). The second window occurs over the next few weeks and typically involves infectious complications with a prolonged indolent form of multiple organ failure, immunosuppression and sepsis, referred to as Persistent Inflammation, Immunosuppression and Catabolism Syndrome (PIICS) (∼20% of deaths) (Figure 1) (4, 7, 8). Sepsis develops in ∼10% of these patients and multiple organ dysfunction syndrome (MODS) in around 70% (3, 9, 10). Despite decades of research, little progress has been made in the development of effective drugs to treat the polytrauma patient (2, 11, 12). The lack of progress in drug development may reflect the way we think about the problem (13, 14). In this review, our aim is to discuss the inflammatory and immune mechanisms that are believed to be responsible for early and late secondary injuries and death following traumatic injury, and possible ways to reduce morbidity and mortality from a systems-based perspective. Before doing so, we will briefly discuss the physiological importance of the system.
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FIGURE 1
After hospital admission, complications occur at different times and depend upon type and severity of injury. These have been characterized as early and late Deaths. Modified after Rauf et al. (3) and Brohi et al. (4). Patients who died at the point-of-injury or in the first few hours upon arrival to hospital have not been included. CNS, central nervous system; TBI, traumatic brain injury.




Challenging the steady-state and evolutionary internal tolerances

After a traumatic injury, defined as one or more sudden injuries requiring immediate medical attention, the body activates a series of defense mechanisms to restore homeostatic balance. The concept of homeostatic balance was introduced into medicine in 1916 by Cannon (15). Cannon’s genius was to combine the ideas of Pfluger’s “natural adjustments” (1877), Bernard’s concept of “milieu intérieur” (1878), and Richet’s “living beings were stable but modifiable” (1900) into a unified scheme (16). Cannon proposed that every living organism was in a dynamic state of constancy, with its constituent parts and processes being actively maintained in balance despite external fluctuations (15). The system is not an equilibrium system as it requires a continual flow of matter, energy and exchange with the environment (16, 17). In the mid-1930s, Cannon’s concept was refined to include negative and positive feedback circuits (18), and the system’s steady-state was now viewed as the net sum of negative and positive feedback mechanisms that operate within a range of tolerances, which differ from person to person, and from species to species. The system has evolved such that small injury perturbations are self-limiting and quickly resolved. However, when the trauma overwhelms the system, it triggers a CNS stress response that typically involves excessive sympathetic and neuroendocrine outflows from the brain’s central control, hyperinflammation, immune dysregulation, coagulopathy, endothelial activation and metabolic dysfunction (13, 19, 20). If homeostatic balance is not restored early, secondary injury processes will amplify and may become life-threatening (14).



First line-of-defense: The innate immune system








	

	When I first put forward the biological theory of inflammation 8 years ago, I expressed the idea that this reaction is affected by the intermediation of a physiological continuity between “the cells of the connective tissue, those of the endothelial wall and the leucocytes, which form a complete chain and play the principal part in the inflammation of vertebrates.” The connective tissue cells which are first attacked, would, I thought, transmit the action to the vascular wall, the cells of which would contract to facilitate the passage of the white corpuscles.

Metchnikoff (21) p. 191.






Any trauma to the body inflicts a barrier breach in three-dimensional space and one in time. Damage signals from cellular, vascular and nerve injury are sent around the body, and to the CNS via nerve afferents and resident damage control mechanisms to begin the process of tissue repair and remodeling (14, 22). Recovery begins by rapidly closing the breach, activating immuno-inflammatory processes, removing damaged cells and killing any invading microbes (Figure 2). Immune defense occurs in two parts: First, there is a local frontline defense from patrolling resident immune cells in tissues, and second, from deployment of additional leukocyte subsets from the circulation. Early defense includes activation of tissue resident macrophages, dendritic cells (DCs), neutrophils (PMNs), mast cells, a subset of memory B cells, natural killer (NK) cells, complement (22–24) and recently characterized resident T cells, referred to as innate lymphoid cells (ILCs), which are believed to interact with other resident cells, and trigger the early adaptive immune response and recruitment of cells from the circulation to repair and restore tissue function (25–29) (Figure 2).
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FIGURE 2
Sequence of events that occur after major traumatic injury. This diverse group of innate cells resident in the tissues detect and respond to changes in the local environment, including damage associated molecular patterns (DAMPs), pathogen associated molecular patterns (PAMPs), neural signals, and other immune-modifying triggers. The pattern recognition receptors on these cells include Toll-like receptors (TLRs), C-type lectin receptors (CLRs), nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs), retinoic-acid-inducible gene-I (RIG-I)-like receptors (RLRs), and receptor for advanced glycation end products (RAGE). PAMPs can be derived from viruses, opportunistic bacteria, fungi, and protozoa and helminths. The innate cells orchestrate an immune response to response to the barrier breach by releasing different inflammatory factors. If dysregulated, the response can lead to secondary injury to the CNS and major organs of the body. The spleen has been included as it is reservoir of platelets, peripheral macrophages, undifferentiated monocytes and other immune cells. ILCs, innate lymphoid cells; NK, natural killer cells, PIICS; Persistent Inflammation, Immunosuppression and Catabolism Syndrome, ARDS; acute respiratory distress syndrome, MODS; multiple organ dysfunction.


This diverse group of resident innate cells have evolved different pattern-recognition receptors that detect and respond to changes in the local environment, including damage associated molecular patterns (DAMPS), pathogen associated molecular patterns (PAMPs) and other immune-modifying triggers (Figure 2) (30–32). DAMPs are released from damaged, stressed or dying cells, including extracellular and cell membrane, cytosolic, cytoskeleton, nuclear mitochondrial, endothelial and blood components (30, 33), while PAMPs are signature proteins, lipoproteins, nucleic acids and saccharides located on the cell surface or released from invading pathogens. Together, they activate the body’s early immune and inflammatory systems to dial in the right response to repair and restore function (Figure 2). Early post-traumatic DAMP markers include high mobility group box protein 1 (HMGB1), mitochondrial DNA (mtDNA), S100, cell fragments, and many other molecules from injured or dying cells and proteoglycans and glycoproteins from endothelial-glycocalyx shedding (34). Importantly, DAMPs and PAMPs are not mutually exclusive and may share co-receptors and accessory molecules, and form partnerships to coordinate the right response (35).

A 2011 landmark study of Xiao and collaborators shed light on the early activation patterns of the immune system following severe blunt trauma and burn injuries. The group reported there was ∼80% activation of the leukocyte transcriptome in the circulation, which they termed a genomic storm (36). This storm developed within 4–12 h and lasted days to weeks. Importantly, in Xiao’s study, what separated patients who developed secondary complications was not the magnitude of the storm, rather the time to resolve it (36). Prolonged resolution times led to worse outcomes. Moreover, both pro-inflammatory and anti-inflammatory pathways were activated early, which challenges the older two-hit and other sequential pro-inflammatory and compensatory anti-inflammatory models of trauma (37). On a cautionary note, although transcriptomic analysis establishes early temporal patterns of change, it provides little or no knowledge into the molecular mechanisms. Future studies should include proteomic and pathway-level analysis to establish the different roles of the early innate (and adaptive systems) to amplify inflammation after severe trauma.



Early drivers of inflammation and immune dysfunction

Inflammation is universal, beneficial and restorative. However, after major trauma, it can be lethal. As mentioned earlier, the massive release of DAMPs can overwhelm the system and trigger a hyperinflammatory state that, if not resolved in a timely manner, can lead to immune dysfunction, immunosuppression, infection, sepsis and MODS (4, 13, 19, 38–41). The disruption can lead to pathological interactions between monocyte, macrophage, NK and DCs, T cell dysfunction, and the development of persistent lymphopenia (8–10, 34, 38, 40, 42–45). Persistent lymphopenia carries a high mortality. Brohi’s group recently reported a 45% mortality rate in trauma patients when the lymphocyte count was ≤ 0.5 × 109/L at 48 h after hospital admission (38). In addition, the type of trauma determines a patient’s susceptibility to persistent lymphopenia and infection, with traumatic brain injury (TBI) patients having disproportionally worse outcomes compared to those with burns, polytrauma or major surgery (43). A recent study of Campbell et al. reported that 37% of TBI patients were lymphopenic on hospital admission, and its persistence was associated with increased risk of mortality and pneumonia (46). Wang further reported that up to 83% of severe TBI patients contracted a respiratory infection within 3 days following injury (43, 47).

The mechanisms responsible for persistent lymphopenia and immunosuppression are not well understood (38, 48). The difficulty is that immunosuppression is a highly heterogeneous response involving differential T cell loss, T-cell exhaustion, T-helper 1 (Th1) depression, receptor shedding, and expansion of myeloid-derived suppressor cells (MDSCs) that have suppressive activity (44, 49). Separating the relative contributions of different immune cell subsets to post-traumatic immunosuppression has been a challenge. In a ground-breaking study, Mansen and colleagues examined early changes in circulating lymphocytes and showed that trauma patients who developed MODS within 24 h had nearly 2-fold higher CD56dim NK cells, 80% lower gamma delta (γδ)-low T cells and 4-fold higher IFN-γ upon hospital admission, compared to patients who did not (38). CD56dim NK cells are potent mediators of natural and antibody-dependent cytotoxicity and only weakly secrete cytokines (50). Moreover, the group showed that the patients who developed MODS also developed lymphopenia within 24 h of injury, which if persisted to 48 h led to high mortality (38). The association between lymphopenia, MODS and decreased frequencies and functional responses of innate T cells in trauma patients suggests that early immuno-inflammatory events may “predetermine” late secondary complications. The rise in NK cells and early fall in γδ-low T cells seen in patients who developed MODS may be clinically significant and predict risk for late complications, however, further studies are required (38, 48).

Another early driver of immune complications is HMGB1, which is a major DAMP that induces inflammation via TNF-α, IL-6, and IL-1β that in turn stimulate pattern recognition receptors TLR4 and RAGE on immune cells (Figure 2) (44, 51). In a rat polytrauma model (femoral osteotomy, blunt chest contusion and burn injury), Muire and colleagues showed that HMGB1 was an early contributor to the onset of lymphopenia and the loss of CD4+, CD8+, and γδ-T cells (34). Interestingly, the decrease in T cells was partly attenuated when HMGB1 was neutralized immediately post-trauma, however, the γδ-T cell population was not affected (51). The authors proposed that diminished levels of surface expression of RAGE and TLR4 on T cells, via ectodomain shedding, may be responsible for suppression in vivo (51). HMGB1 has also been shown to activate MDSCs after trauma and cancer (44), and is a late mediator of sepsis (44, 51), which further highlights the complexity of the system.

Apoptosis is believed to play a central role in persistent lymphopenia (52–58). Three main mechanisms for inducing lymphocyte apoptosis include: (1) cell-autonomous T-cell death (ACAD), (2) stress-related activation-induced cell death (AICD), and (3) newly discovered inflammasome-dependent monocyte activation (52–58) (Table 1). Persistently elevated plasma interleukin (IL)-10 levels have further been correlated with monocyte deactivation, reduced T cell activation and secondary infectious complications (8, 39, 40, 42, 59). Platelets also modulate T cell subsets via PAR4 that may link the innate and adaptive systems via pro-inflammatory cytokines (58). The interconnectedness of the T cell subsets and potential drivers of immunosuppression requires further research. Interestingly, post-injury immunosuppression shares many similarities with non-traumatic, sepsis-induced immunosuppression (41, 57).


TABLE 1    Possible mechanisms for T-cell apoptosis and immunosuppression after major trauma.
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Central nervous system and organ interconnectedness: A major overlooked factor








	

	The defense of the organism against deleterious agencies, which is at first confined to the phagocytic mechanisms and the somatic system of nerves, by and by spreads to and is undertaken by the psychical nervous apparatus … One function of these psychical cells has been to develop a complete science for the defense of the organism against hostile influences.

Metchnikoff (21) p. 195.







Metchnikoff had it right over 130 years ago. Activation of the “psychical cells” of the CNS following severe trauma results are important, and involve the release of norepinephrine, epinephrine and hormones (ACTH and glucocorticoids) from the adrenal medulla into the circulation and from the postganglionic nerve endings innervating the heart, and other organs of the body (14, 60–65). Traditionally, this is known as the whole-body stress response which dates back to Cannon (20, 66). The link between CNS injury, the immune system and immunosuppression is less well known. Yang and colleagues recently showed in a rat model of TBI that activation of sympathetic nervous system upregulated the expression of programmed cell death-1 (PD-1) on CD4+ and CD8+ T cells, and subsequently contributed to immunosuppression (43). The group speculated that immunosuppression may be partly mediated by stress hormones targeting β-adrenergic receptors (β-AR) on T cells (and indirectly B cells), because propranolol, a β-AR blocker, restored dysfunction in vitro, although they acknowledge it was more complex in the intact animal (43).

CNS modulation of the immune system occurs via the central hypothalamic-pituitary-adrenal (HPA) axis and the brainstem’s nucleus tractus solitarius (NTS) (67–70). After major trauma, the CNS balance switches to a sympathetic dominance and suppression of the parasympathetic system that normally counters inflammation via activation of the parasympathetic vagal cholinergic neurons and splanchnic/splenic nerves, known as the inflammatory reflex (71–73). The shift in CNS balance also impacts other organs, such as the heart and vasculature, and the gut microbiome via the gut-brain axis, which can alter blood flow to the gut wall and cause ischemia and increased permeability, where bacteria and/or their active metabolic products (lipopolysaccharides, cytokines, neuropeptides, and protein messengers) can enter the blood stream or lymph vessels and increase PAMPs and a patient’s susceptibility to infection (74, 75). Together, all these factors may contribute to predetermining the extent and resolvability of the immuno-inflammatory response after major trauma.

Another unappreciated fact in the polytrauma patient is that many undergo a second trauma from the corrective surgery itself (20). At all times, from the prehospital setting to after major surgery, the brain remains “wide awake” to changes in circulating DAMPs and PAMPs, inflammatory cytokines and immune cells circulating in the body (20, 76). Even the anesthetized brain remains “awake” because the blood brain barrier (BBB) is disrupted from the trauma and changes in cerebral blood flow and shear stress, which is part of the injury phenotype (77), and this is further amplified in the patient with a TBI (20, 74, 78, 79). Following any major trauma, the brain loses its “immune privilege” as it is no longer “separated” from the rest of the body (77). This is a research area in its infancy. We recently showed in a rat model of a laparotomy, designed to simulate a penetrating wound, that profound changes in gene expression occurred in brain, heart and other organs (80). Abdominal trauma was associated with 10–20-fold increases in plasma corticosterone, pro-inflammatory cytokines, endothelial injury markers, neutrophils (6 h), lactate (3 days), and coagulopathy (80). Lymphocytes decreased by ∼70% at 6 h and 3 days, and IL-10 dramatically increased from undetectable baseline levels to 483 pg/ml after 6 h and again at 3 days (1,149 pg/ml). Cortical excitability was high over 3 days with 30-fold increases in M1 muscarinic receptor expression and α-1A-adrenergic expression, and similar in heart with 8-fold increases in β-1-adrenergic receptor expression, and up to 6-fold increases in M2 and M1 muscarinic receptors after 6 h despite no changes in hemodymanics (80). These “silent” changes are remarkable given that there was only one incision, with no further injury to brain or heart. Unfortunately, we did not examine changes in the different T-cell subsets to further understand changes in immune activation.



Systems hypothesis of trauma








	

	Except on few occasions, the patient appears to die from the body’s response to infection rather than from it.

William Osler (81)







Osler’s point cannot be overemphasized. It is not the infection that kills you it’s the body’s response to the trauma. The shift in homeostatic balance toward extreme limits and death led us to develop the Systems Hypothesis of Trauma (SHOT) (82) (Figure 3), which has undergone a number of iterations to include hemorrhagic trauma and the trauma of surgery (12, 13, 16, 20). SHOT has three pillars of protection.
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FIGURE 3
Systems Hypothesis Of Trauma (SHOT) showing key inter-connected sites of uncoupling during early and late deaths: (1) brain, (2) heart, (3) vasculature, (4) endothelial-glycocalyx-mitochondrial unit, and (5) gut barrier breaches. Our hypothesis is that if central and local control of cardiac output and ventriculo-arterial (VA) coupling are improved, endothelial and microvascular function will be improved and tissue O2 delivery will be maintained. An uncoupling is reflected by an increase in stress hormones, sympathetic discharge, loss of baroreceptor sensitivity, reduced heart rate variability (183, 184), unresolved inflammation, immune dysfunction, coagulopathy and mitochondrial dysfunction. New drugs are required to prevent inflammatory hyperdrive and support a VA-coupled, high flow, vasodilatory system with endothelial-glycocalyx protection and tissue oxygenation (185). HR, heart rate; ATP, adenosine triphosphate; CNS, central nervous system; NTS, nucleus tractus solitarius; PVN, paraventricular nucleus of the hypothalamus; MAP, mean arterial pressure. PIICS, Persistent Inflammation, Immunosuppression and Catabolism Syndrome, see text for description of early and late deaths.



1.CNS-cardiovascular coupling (Central Controller)

2.Endothelial glycocalyx material exchange (Systemic Integrator)

3.Mitochondrial integrity (Systemic Regulator)





First pillar: Central nervous system-cardiovascular coupling

If the CNS can be protected early after trauma and the “hyperdrive” response can be suppressed, we argue that the immuno-inflammatory storms and lymphopenia will be reduced (20). According to SHOT, shifting autonomic balance toward parasympathetic outflows in the first minutes to hours after trauma would assist to maintain ventriculo-arterial (VA) coupling close to unity. VA coupling is a metric rarely discussed or measured in major trauma patients. It is the ratio of arterial elastance (Ea) to left-ventricular (LV) elastance (Ees) and can be measured from routine echocardiography (83–88). When the ratio is close to unity, the efficiency of the system is considered optimal. If the ratio is excessively high or low, the heart as a pump and vascular load become uncoupled with adverse downstream clinical outcomes (86, 89, 90). The clinical advantage of VA coupling over ejection fraction (EF) or cardiac output (CO) is that it provides arterial load properties in addition to LV function (86, 87). If the proximal arterial vessels become stiff, as a result of the CNS stress response, it increases load on the pump (91), whereas if the heart becomes stiff it cannot relax optimally to fill and eject blood into the conduit vessels (87). If both occur, they lead to VA uncoupling, tissue hypoperfusion, mitochondrial damage (92, 93) and subsequent immuno-inflammatory dysfunction (Figure 3). In the case of a high VA coupling ratio, vasodilator therapies can lower Ea and reduce the Ea/Ees ratio toward 1.0, and in the case of a low ratio, inotropes can increases Ees to improve VA coupling (92).

We predict further that maintaining VA coupling would improve immune function by reducing gut-brain axis dysfunction and preventing the gut wall from becoming ischemic and leaky which exacerbates immuno-inflammatory conditions, coagulopathy, immunosuppression, infection and sepsis (75). Howard and colleagues reported in trauma patients rapid changes in the microbiome during resuscitation and stabilization (94), although further studies are required to understand the role of the gut in exacerbating systemic inflammation and infectious complications after major trauma.



Second pillar: The endothelial glycocalyx

The second pillar of SHOT is to maintain the health of the endothelium (95). The endothelium is located at the nexus of the blood and tissues and controls the transfer of O2, metabolic fuels, hormones, immune cells and factors, inflammatory regulators and fluids (96–102). Trauma-induced damage to this organ is termed the endotheliopathy of trauma (EoT), which is characterized by endothelial activation, vasoactivity, loss of barrier function, leukocyte adhesion, coagulopathy, inflammation and organ dysfunction (103–110). In addition, the endothelium, like the BBB, is highly sensitive to changes in blood flow and shear stress, which can alter vascular tone, tissue perfusion, exchange and permeability (111).

The endothelial surface area (SA) has been estimated to be 3,000–7,000 m2 (98, 112). However, this estimate ignores the SA of the glycocalyx mesh that is synthesized and secreted by the endothelium and anchored to its cellular lining. As mentioned, the function of the endothelial glycocalyx is dynamic and diverse and it also acts as a vascular filter overlying the endothelial cell-cell junctions as it contains a large volume of non-circulating plasma (1–1.7 L) (113–115). We have estimated for the first time the SA of glycocalyx and found it was at least 10-fold higher than the endothelium (SAglycocalyx = 46,120 m2) (see Figure 4). This is equivalent to a SA of over ∼200 tennis courts or 8 USA football fields, and given its central role has major implications to immune function and secondary injury progression post-trauma.


[image: image]

FIGURE 4
A schematic of the vascular endothelium and calculation of total glycocalyx surface area (SA) in humans. Photo insert was modified from Chappell et al. (186). Glycocalyx fibers appear in clusters composed of proteoglycans, glycosaminoglycans, and glycoproteins, which are anchored into endothelial cells by core-proteins (113, 115, 187, 188). Together they form a dynamic structure that participates in shear stress regulation, barrier protection, vascular permeability, inflammation, coagulopathy, fibrinolysis, mechanotransduction, immune function and cytokine signaling (97, 101, 104, 116). The glycocalyx is difficult to characterize because of its fragility and instability, and its structural dimensions critically depend on the method of ultrastructural visualization (97, 116, 189–193). The SA calculation should be viewed as approximate. A glycocalyx SA of 44,120 m2 for material exchange equates to ∼200 tennis courts or over 8 US football fields (see text).


When damaged by inflammatory mechanisms, the endothelium can rapidly shed its glycocalyx “fuzz” via sheddases, and release nanoscale bioactives and DAMPs, such as thrombomodulin, syndecan-1, heparan sulfate, hyaluronic acid, and other proteoglycans and glycoproteins, into the circulation (96, 104, 107, 116–119). This degradation is believed to perpetuate immuno-inflammation and coagulopathy (13, 120–125), immunosuppression (102, 126, 127) and mitochondrial dysfunction (115, 128, 129). SHOT predicts if VA coupling is close to unity and tissue perfusion and O2 exchange can be maintained, damage to the endothelium-glycocalyx will be minimized and these secondary injury processes reduced (Figure 3). Remarkably, if adequate tissue perfusion can be restored, the damaged glycocalyx has the capacity to repair itself (130, 131). Timing of repair appears to depend upon the duration and extent of hypoperfusion and ischemia, and the type and severity of trauma (130, 131).



Third pillar: Mitochondrial integrity

Maintaining the functional integrity of mitochondria post-trauma is essential for a good outcome. Mitochondria are sensor organelles of ancient bacterial origins involved in ATP production, substrate regulation, immune cell signaling, calcium homeostasis, endoplasmic reticulum communication, and cell death regulation (32, 132–135). After severe trauma, prolonged hypoperfusion leads to mitochondrial damage. However, before damage occurs there is a switch from aerobic mitochondrial oxidative and to anaerobic glycolytic metabolism, which can only be sustained for short periods of time (136). Damage occurs from depletion of local glycogen stores, depolarization of the sarcolemma membrane, increased lactate, reduced pH, increases in cell Ca2+ loading, a fall in ATP phosphorylation and redox potentials, increased reactive oxygen species, reduced inner mitochondrial membrane proton pumping, opening of the permeability transition pore, collapse of mitochondrial membrane potential and finally the release of cytochrome C, and other DAMPs (32, 134, 135, 137–142). DAMPs from damaged mitochondria exacerbate CNS injury, cardiovascular dysfunction and secondary injury (143–145). According to SHOT, improving CNS protection and CNS-cardiovascular-endothelium coupling will improve tissue perfusion and protect mitochondrial integrity (146) (Figure 3).



Other unifying models of traumatic injury

In 2017, Johansson and colleagues introduced a model of SHock-INduced Endotheliopathy (SHINE) to better understand the underlying pathophysiological mechanisms for critically ill patients (147). Like SHOT, they propose that shock-induced sympatho-adrenal hyperactivation is a critical driver of endothelial cell and glycocalyx damage, hypoperfusion, and subsequent hemostatic aberrations and multiorgan dysfunction (110). More recently, Henriksen reported that patients with identical trauma severity developed significantly different degrees of endothelial dysfunction, as measured by syndecan-1, and proposed a minimum of four shock-induced endotheliopathy phenotypes (148) with the differences most likely driven by a genetic component (148). Moreover, they introduced a new research tool in trauma by using metabolic systems biology, which should be encouraged. A major difference between SHOT and SHINE is the functional linkage between CNS and VA coupling, which is testable. SHINE does not include this key linkage, which describes the coupling of cardiac and arterial vascular reactivity to optimally propel blood to deliver sufficient oxygen from the lungs to tissue mitochondria and prevent and/or reduce ongoing immuno-inflammatory dysfunction (discussed above).



Urgent need for systems-based therapies: Heterogeneity vs. homogeneity in research

How do we switch the injury phenotype of a polytrauma patient to a survival one? Why are there no effective drugs to treat immune dysregulation in the early hours to days following major trauma or in the critically ill patient? We argue the main reasons for lack of progress in drug development include:


1.Failure to replicate the heterogeneity of humans.

2.Poorly designed trials lacking diversity.

3.Inappropriate use of pathogen-free animals.

4.Ignoring sex-specific differences.

5.The flawed practice of single-nodal targeting.



The heterogeneity of the human condition is a major variable when conducting animal experiments to solve a medical problem (149). Preclinical models typically use animals from relatively homogeneous breeding colonies whereas humans are genetically, epigenetically, biologically and physiologically heterogeneous (149, 150). Large animals, such as pigs and sheep, do have some advantages with similar physiologies and/or anatomies as humans, however, they are more costly than using rodents (149, 150). A second confounding variable are poorly designed human trials that are either not sufficiently powered or recruit patients who do not adequately represent the wider population for which the drug therapy is intended (151–153).

Similar problems apply to preclinical models that use specific pathogen-free (SPF) animals. SPF animals were introduced in the early 1960s to minimize disease or infection as an unwanted variable in experimental design (151, 154). However, SPF animals have different gut microbiota that can profoundly influence basic physiology, stress behaviors and the immuno-inflammatory response to trauma (151–153, 155). Beura et al. showed that SPF adult mice, for example, have “immature” immune systems that were more prone to infection than conventionally bred mice (156). SPF animals may be useful for studying specific questions in biochemical mechanisms, but they do not mimic the patient following trauma (152). The current consensus is that conventionally bred animals are the animals of choice if translation of a new drug therapy is the end-game (151). In addition, the mouse model may be problematic for trauma studies because unlike rats, guinea-pigs, pigs, sheep, dogs, and humans, mice can enter a dormant state, called torpor, when subjected to traumatic stress (157, 158). Torpor itself can profoundly change the animal’s immune system by reducing the numbers of circulating leukocytes, lowering complement levels, and changing the animal’s response to infection (159).

The other important variable in preclinical and clinical studies is sex. An increasing number of animal and human studies show sex-specific differences in pathophysiological responses to polytrauma, hemorrhagic shock, TBI and burns (160–162). Chaudry and colleagues have been emphasizing the importance of sex in biochemical research for over two decades. They showed that administration of female sex hormone 17β-estradiol in males and ovariectomized females after trauma-hemorrhage prevented the suppression of immune response (163, 164). On the basis of accumulated data, greater inclusion of females in preclinical modeling and translation has been earmarked by the National Institutes of Health (NIH), European Commission, US Department of Defense and FDA (151–153).

Lastly, the practice of single-nodal targeting is another factor for why there are no effective systems-acting drugs for the polytrauma patient. Past drug development efforts have focused more on alleviating symptoms rather than addressing an underlying problem. The current practice of treat-as-you-go using sequential, single-target therapies leads to what US surgeon William C. Shoemaker considered: “an uncoordinated and sometimes contradictory therapeutic outcome” (165). Targeting individual pro-inflammatory cytokines, or any single step along a signaling pathway, ignores the critical importance of the system. Single-nodal thinking rarely solves a medical problem unless the site is believed to be a central hub or upstream intersection point. The IL-1 receptor has been proposed to be such a target, and while anakinra (IL-1 antagonist) has an excellent safety record, further trials are required to demonstrate its clinical efficacy after trauma or infection (166, 167). Reductionism in scientific discovery is important in breaking a system into its constituent parts, however, it does not do away with the system (151–153). This flawed way of thinking, we believe, is a major contributor for the high failure rate of translating promising new drugs in clinical trials (168). Choosing the right model and experimental design, a systems approach is much more likely to increase animal-to-human translational success to improve trauma care.



Adenosine, lidocaine and magnesium (ALM): Toward a systems-based drug therapy








	

	If you control hemorrhage and infection, the patient will do the recovery, since every cell in his body is working hard in that direction already. But you must understand what those cells are doing so that you can help them.

Walter B. Cannon [Moore, (169) p. 816].







We have been developing a small-volume intravenous (IV) ALM fluid therapy to treat polytrauma for civilian and military use (12, 16). In different animal models, ALM confers a survival advantage after hemorrhagic shock (12, 16, 170, 171), traumatic injury (170–174), sepsis (175, 176) and endotoxin insult (177). The ALM survival phenotype is not replicated with individual actives adenosine, lidocaine or magnesium (12, 16). ALM confers its benefit by shifting CNS function from sympathetic to parasympathetic dominance (178), blunting inflammation (172), correcting coagulopathy (179), maintaining VA coupling, improving tissue blood flow, lowering energy demand and protecting mitochondria (178). Studies carried out by US Army Institute of Surgical Research also showed that ALM therapy restored 97% of endothelial glycocalyx after severe hemorrhagic shock (180). Currently, we don’t know how and when the “switch” from an injury phenotype to a survival phenotype occurs, however, we suspect it is early because the same 5 h therapy confers dual protection against trauma and infection (12, 14, 16). It is possible ALM may act in the first minutes to hours after administration to assist the body to develop a “normal” immune response with timely resolution of the immuno-inflammatory genomic storms. While the preclinical ALM data appear promising, translation to humans remains challenging given the failure rate of translating new drugs into humans exceeds 95% (181), and of those that do obtain FDA approval, around 30% show postmarket safety concerns (182). Understanding the underlying mechanisms of action of ALM is vital for safe translation.



Conclusion

Trauma is a leading cause of death and disability worldwide. Currently there are no effective drug therapies to reduce hyperinflammation and immune dysfunction, immunosuppression, infection and MODS following major trauma. The present treat-as-you-go approaches fail to appreciate that immuno-inflammatory complications are a systems failure, and not a single nodal failure. New therapies are required to target the CNS control of cardiovascular function, endothelial-glycocalyx shedding, tissue O2 supply and its mitochondrial circuitry in both homeostatic and pathophysiological processes to prevent those complications.
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Background: Scalp nerve block (SNB) is widely used for postoperative pain control, intraoperative hemodynamic control, and opioid-sparing in adult craniotomies. However, there are few studies of SNB in pediatric patients undergoing craniotomy. In the present study, we aimed to investigate the effect of SNB on postoperative pain, intraoperative hemodynamic stability, and narcotic consumption in pediatric craniotomy under general anesthesia.

Methods: This trial is a single-center, prospective, randomized, and double-blind study. A total of 50 children aged between 2 and 12 years who are undergoing elective brain tumor surgery will be randomly allocated in a 1:1 ratio to receive either 0.2% ropivacaine for SNB (group SNB, intervention group, n = 25) or the same volume of saline (group Ctrl, control group, n = 25). The primary outcome was to assess the score of postoperative pain intensity at time 1, 4, 8, 12, 24, and 48 h postoperatively using the FLACC score method. Secondary outcomes were to record intraoperative hemodynamic variables (MAP and HR) during skull-pin fixation, skin incision and end of skin closure, intraoperative total consumption of remifentanil and propofol, postoperative opioid consumption, and the incidence of postoperative nausea and vomiting.

Results: Fifty patients were analyzed (n = 25 in SNB group; n = 25 in control group). Compared to the control group, postoperative pain intensity was significantly relieved in the SNB group up to 8 h post-operatively. In addition, SNB provided good intraoperative hemodynamic stability, reduced intraoperative overall propofol and remifentanil consumption rate, and postoperative fentanyl consumption compared to the control group. However, the incidence of postoperative nausea and vomiting was not different between SNB and the control group.

Conclusions: In pediatric craniotomies, SNB with 0.2% ropivacaine provides adequate postoperative pain control and good intraoperative hemodynamic stability during noxious events compared to the control group.

Clinical trial registration: Chinese Clinical Trial Registry [No: ChiCTR2100050594], Prospective registration.
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 scalp nerve block, postoperative pain, pediatric craniotomy, hemodynamic stability, ropivacaine


Introduction

For a long time, postoperative pain has not received sufficient attention in pediatric craniotomy patients (1, 2). On the one hand, young children, particularly infants, cannot properly describe their pain and it is sometimes difficult to distinguish painful or emotional responses in young children, so the pain after surgery is often inappropriately considered associated with emotional responses (3–5). On the other hand, many neurosurgeons fear that the use of opioids may interfere with neurologic examination (6). Moreover, opioid-induced side effects, such as nausea, vomiting, and especially respiratory depression may lead to disastrous results (7, 8). Therefore, prevention and treatment of postoperative pain in pediatric craniotomy patients is still a challenging clinical problem.

Inadequate postoperative pain control in children following craniotomy may cause severe consequences such as agitation, intracranial hypertension, and postoperative hemorrhage, which may increase morbidity and mortality (9, 10). Given the side effects of opioids, it is necessary to minimize reliance on opioid analgesia in craniotomy patients. Multimodal analgesia which combines low doses of systemic analgesics with local anesthetics for scalp infiltration or regional scalp nerve block has been proposed to prevent postoperative pain in adult craniotomy patients (11–13). However, the optimal postoperative analgesic management for pediatric craniotomy patients remains elusive.

SNB has been widely used as the principal anesthetic in awake craniotomies or served as an adjuvant method to general anesthesia in adult supratentorial craniotomies (13, 14). SNB can attenuate postoperative pain, decrease opioid and narcotic agent consumption and prevent intraoperative hemodynamic responses to noxious stimulation (12, 15). However, over the past decade, the studies of SNB mostly focused on adult craniotomy patients, and there are few studies of SNB in pediatric patients undergoing craniotomy.

The purpose of our study was to determine if SNB with ropivacaine reduce postoperative pain score in pediatric patients undergoing craniotomy. Our primary hypothesis was that SNB before surgery would improve postoperative pain control, and the secondary hypothesis was that SNB would provide intraoperative hemodynamic stability, and reduce perioperative opioid and narcotic agent consumption.



Materials and methods


Participants

This prospective, randomized, placebo-controlled, double-blind study was approved by the Institutional Ethical Committee of Xinhua Hospital, Medical School, Shanghai Jiaotong University, and was registered in the Chinese Clinical Trial Registry (registration number: ChiCTR2100050594). Written informed consent was obtained prior to study enrollment. Pediatric patients aged 2–12 years presenting for elective supratentorial craniotomies will be recruited from Xinhua Hospital, Medical School, Shanghai Jiaotong University from July 2020 to October 2021.



Patient recruitment and assignment to groups

Sixty pediatric patients aged 2–12 years with American Society of Anesthesiologists (ASA) physical status I or II scheduled to undergo elective supratentorial brain tumor surgery and to receive general anesthesia were prospectively screened for possible inclusion. The exclusion criteria included: (1) Pediatric patients aged>12 or <2 years; (2) Children with mental disorders; (3) Children whose authorized surrogates are unwilling to participate in the study; (4) Children with severe diseases or cardiac insufficiency; (5) Emergency craniotomies; (6) Children with severe kidney or liver diseases; (7) Children with severe coagulation disorders; (8) Children who cannot be weaned from endotracheal intubation following surgery; (9) Children with a history of allergy to opioids or other anesthetics; (10) Children with a history of analgesic substance abuse.



Randomization

After meeting the eligibility criteria and signing the informed consent to participate in the study, Patients were randomized in a 1:1 ratio into two groups using computer-generated randomized numbers. Groups differed according to the performance of a SNB with either 0.2% ropivacaine (Group SNB, intervention group) or the same volume of saline (Group Ctrl, control group). The SNB was performed by the attending anesthesiologists who were blinded to the agents which has been prepared by a nurse non-involved in the study in identical syringes. Patients, children's guardians, anesthesiologists, and neurosurgeons were blind to group assignment. The outcome assessors who were blinded to randomization and did not participate in anesthetic management and data recording or analysis. All of them received the use of evaluation scale training and recorded pain scores and complications postoperatively.



Anesthesia and analgesia

All patients received standardized anesthetic monitoring including non-invasive blood pressure (BP), heart rate (HR), pulse oximetry saturation (SpO2), invasive arterial pressure, end-tidal carbon dioxide partial pressure (PETCO2), and anesthesia gas monitoring. General anesthesia was induced with intravenous atropine (0.01 mg/kg), midazolam (0.1 mg/kg), propofol (2–3 mg/kg), fentanyl (1–2 μg/kg), and cisatracurium (0.2 mg/kg). In addition, dexamethasone (0.2 mg/kg to a maximum dose of 5 mg) was given after anesthesia induction. Following anesthesia induction, continuous invasive blood pressure monitoring was established through a radial arterial catheterization, and a jugular vein catheter was inserted. Mechanical ventilation was performed in all patients (50% air in oxygen) to maintain an O2 saturation of >98% and an end-expiratory CO2 of 30–35 mmHg.

Anesthesia was maintained with 0.5 MAC (minimum alveolar concentration) sevoflurane at an inhalational concentration of 1–1.5% and an intravenous infusion with propofol 3–6 mg/kg/h and remifentanil 0.05–0.25 μg/kg/min. Cisatracurium was administered intraoperatively as needed and was reversed at the end of the surgery with neostigmine (0.04 mg/kg) and atropine (0.015 mg/kg). Mean arterial blood pressure and heart rate were maintained within 20% of baseline measures. Remifentanil was adjusted by steps of 0.05–0.1 μg/kg/min if intraoperative MAP or HR over or below 20% of baseline values. If the adjustment failed, propofol was adjusted by steps of 0.5–1 mg/kg/h until stabilization within the 20% range. Baseline values were defined as 3-min averaged values immediately before the performance of SNB. Fentanyl (1 μg/kg) was given 20 min before the end of surgery. Additionally, all patients received tropisetron hydrochloride (0.2 mg/kg to a maximum dose of 5 mg) as an emesis prophylaxis 30 min before the end of surgery. No other intraoperative adjuvant analgesics were given.

After surgery, mechanical ventilation was discontinued, and the patient was ready for tracheal extubation when consciousness and sufficient spontaneous breathing recovered and hemodynamics was stable. All the patients were equipped with nurse-controlled intravenous analgesia (NCIA) device containing a fentanyl solution (15 μg/kg fentanyl, 0.2 mg/kg dexamethasone to a maximum dose of 5 mg and 0.2 mg/kg tropisetron hydrochloride to a maximum dose of 5 mg, the total volume was diluted to 100 ml with 0.9% normal saline). The NCIA device was connected to the IV line before the end of surgery (parameters: background dose-rate: 2 ml/h; boluses: 2 ml, 15 min refractory time). If the score of postoperative pain <3, the Acute Pain Services who were blinded to study treatment allocation will consider discontinuing the NCIA. The care physicians or nurses had been informed of the adequate NCIA use the day before surgery and blinded to randomization.



Regional scalp block

Bilateral scalp nerve blocks were performed by the anesthesiologist before skull-pin fixation and after induction of general anesthesia. The block was performed by the attending anesthesiologists who were blinded to the agents. The anesthetic solution was prepared by a nurse, who was not participating in patient anesthetic management and data recording or analysis, according to the computer-generated randomization list. For SNB group patients, the syringe was containing 20 mL of 0.2% ropivacaine. For control group patients, the syringe was containing 20 mL of 0.9% normal saline.

Bilateral scalp nerve blocks were done at several points over the scalp. (1) Bilateral supraorbital nerve (1–2 ml); (2) Bilateral supratrochlear nerves (1–2 ml); (3) Bilateral zygomatic temporal nerve (1–2 ml); (4) Bilateral auriculotemporal nerve (1–2 ml); (5) Bilateral greater occipital nerve (2–3 ml); (6) Bilateral lesser occipital nerve (2–3 ml).



Outcomes

The primary measured outcome was the score of postoperative pain which was assessed at time 1, 4, 8, 12, 24, and 48 h postoperatively. In our study, postoperative pain was evaluated by the Faces, Legs, Activity, Cry, and Consolability Scale (FLACC, 0–10 scores) following pediatric surgery (16). Secondary outcomes included: the intraoperative hemodynamic variables (MAP and HR) during baseline, skull-pin fixation, skin incision, and end of skin closure; The overall consumption rate of propofol (mg/kg/h) and remifentanil (μg/kg/min); The total amount of fentanyl consumption and the total number of compressions of NCIA device within 48 h postoperatively; The incidence of postoperative nausea and vomiting (PONV) and complications both from local anesthetic and the nerve block were also assessed.



Sample size calculation

The sample size was calculated based on data available in published studies and our clinical experience at the study centers using the G* Power software (version 3.1.9.2, Franz Faul, Kiel University, Germany) (9, 10). According to previous studies, the incidence of moderate postoperative pain in children is ~50% in pediatric craniotomy patients (10). Assuming a two-sided α value of 0.05 and a β value of 0.2, we estimated that 21 patients in each group would be required to detect a 1.8-point difference in the FLACC score. Considering a 20% dropout rate, 27 patients were recruited in each group. Therefore, the total sample size was 54 patients in this study.



Statistical analyses

SPSS version 22.0 (International Business Machines Inc.) was used for data analysis. All analyses were conducted using the modified intention-to-treat principle. All data are either presented as median (IQR) or mean (SD), or as frequency and percentage (%), respectively. Categorical variables (sex, ASA physical status) were presented as frequencies and percentages. The chi-square test was used for comparing proportions, the Shapiro–Wilk test was used to test the normal distribution of continuous variables. Student's t-test was used to compare normally distributed outcome variables between the two randomized groups. MAP and HR were compared using 2-way mixed-design analysis of variance (ANOVA) and Tukey's multiple comparisons test for post-hoc comparisons. FLACC score was compared using the Mann-Whitney U test for non-parametric variables (17, 18). Two-tailed analyses were conducted, and a p≤0.05 was considered statistically significant.




Results


Demographic characteristics

As in Figure 1, a total of 60 patients who underwent major craniotomy were enrolled in the study, of whom 54 patients were randomized into group control and group SNB, with 27 patients in the group control and 27 patients in the group SNB (Figure 1). Among them, two patients in the group control and two patients in the group SNB were excluded from analysis for delaying extubation postoperatively, the outcomes in those patients could not be assessed. Ultimately, 50 patients were completed in this study. There were no significant differences between group control and group SNB in demographic characteristics of patients and operative variables, including sex, age, weight, ASA status, the duration of operation and anesthesia, recovery time from anesthesia (Table 1, P > 0.05).


[image: Figure 1]
FIGURE 1
 CONSORT diagram showing patient recruitment and follow-up. group Ctrl, control group; group SNB, scalp nerve block group.



TABLE 1 Demographic characteristics of group Ctrl and group SNB.

[image: Table 1]



Primary outcome

Pain intensity was evaluated at 1, 4, 8, 12, 24, and 48 h after surgery. FLACC pain scores were significantly decreased in the SNB group compared to the control group at postoperative 1, 4, and 8 h (Table 2, P < 0.05). The pain intensity gradually decreased after postoperative 8 h. However, there was no significant difference at postoperative 12, 24, and 48 h between the two groups (Table 2, P > 0.05).


TABLE 2 Pain scores across postoperative time points.

[image: Table 2]



Secondary outcomes

The MAP and HR were significantly higher in group control than in group SNB at the time of skull-pin fixation and skin incision (Figure 2, P < 0.05). However, there was no significant difference at the time of end of skin closure between two groups (Figure 2, P > 0.05).


[image: Figure 2]
FIGURE 2
 The intraoperative hemodynamic variables (HR and MAP) in group Ctrl and group SNB. Changes in HR (A) and MAP (B) during baseline, skull-pin fixation, skin incision, and end of skin closure in group Ctrl and group SNB. MAP, mean arterial blood pressure; HR, heart rate. Data are presented as mean ± SD. *P < 0.05; **P < 0.01. group Ctrl, control group; group SNB, scalp nerve block group.


The overall intraoperative consumption rate of propofol and remifentanil was significantly higher in group control than in group SNB (Figure 3, P < 0.001). The total amount of medicine used in the postoperative analgesia pump was calculated. The total amount of fentanyl consumption and the total number of compressions of NCIA were significantly higher in group control than in group SNB during postoperative 48 h (Figure 4, P < 0.001).


[image: Figure 3]
FIGURE 3
 The intraoperative total remifentanil (A) and propofol (B) consumption rate in group Ctrl and group SNB. Data are presented as mean ± SD. **P < 0.01; ***P < 0.001. group Ctrl, control group; group SNB, scalp nerve block group.



[image: Figure 4]
FIGURE 4
 The total amount of fentanyl consumption (A) and the total number of compressions (B) of NCIA in group Ctrl and in group SNB within postoperative 48 h. Data are presented as mean ± SD. **P < 0.01. NCIA, nurse-controlled intravenous analgesia; group Ctrl, control group; group SNB, scalp nerve block group.


There was no statistical difference in the incidence of PONV between the two groups (Table 3, P > 0.05). In our study, no adverse effects such as post-operative scalp infection, hematoma, or local anesthetic toxicity were observed in patients during the study period (Table 3, P > 0.05).


TABLE 3 The incidence of PONV, local anesthetic toxicity, and SNB complications.

[image: Table 3]




Discussion

In the present study, we found that bilateral SNB with ropivacaine improved postoperative pain control for up to 8 h compared to the control group in pediatric craniotomy patients. Furthermore, bilateral SNB provided good intraoperative hemodynamic stability and reduced propofol and opioid consumption compared to the control group.

Regional anesthesia is mainly used to provide postoperative analgesia. Preemptive analgesia with local anesthetics is an effective method of postoperative pain control (13). The theory was that preemptive analgesia prior to surgery can prevent central sensitization caused by noxious stimuli and inflammation (19, 20). Previous studies demonstrated that preoperative SNB has beneficial to postoperative pain in adult craniotomy patients (12, 13). In our study, we found that SNB with 0.2% ropivacaine provided preferable analgesia which relieved postoperative pain for up to 8 h postoperatively. The previous studies showed the persistent analgesic time of SNB on postoperative pain was 4–48 h in adult craniotomy patients (12, 15). The reasons for the different duration of SNB on postoperative pain may be related to the type of local anesthetic, the dose of local anesthetic, and the compound application of epinephrine. In the present study, we did not add epinephrine for SNB. In light of the mean duration of operation was over 4 h in scalp nerve block group, the persistent analgesic time of SNB on postoperative analgesia was up to 8 h. Therefore, it is supposed to be at least 12 h to return the sensitivity of the scalp nerve, which was far longer than the duration of action of ropivacaine (about 3 h). This long-lasting effect on postoperative analgesia might be due to preemptive analgesia.

Hemodynamic stabilization is important to neurosurgery patients both in the intraoperative and postoperative periods. The elevation of blood pressure may cause an abrupt increase of intracranial pressure and favor bleeding in injured parenchyma with fragile hemostasis (21, 22). In the absence of regional anesthesia, deep anesthesia is usually used to control hemodynamic variations in response to noxious stimulation, including an increase in opioid and/or hypnotic anesthetic agent concentrations (23–25). However, too deep anesthesia may cause deleterious consequences such as hypotension, bradycardia, and increase postoperative morbidity and mortality (26, 27). In our study, we found that the hemodynamics were stable during dramatic noxious stimulation in the SNB group compared to the control group. Moreover, SNB decreased the intraoperative propofol and remifentanil total consumption, consistent with the previous studies in adult craniotomy patients (12, 15).

Another advantage of combining SNB with general anesthesia in pediatric craniotomy patients has the potential for decreasing intraoperative general anesthetic requirements. Pediatric neurosurgery usually takes a long time, so it requires a lot of general anesthetics in the absence of regional anesthesia (9, 10). However, the neurotoxicity of general anesthetics have been well-documented in some animal models and clinical trials (28–30). The dose of general anesthetics is an important factor in neurotoxicity in the developing brain (31). Therefore, it is necessary to pay attention to the neuron death of general anesthetics exposure in pediatric craniotomy patients. In the present study, combining SNB with general anesthesia significantly decreased intraoperative general anesthetic consumption. An eventual beneficial effect of SNB on neurological prognosis should be the object of a specifically designed study.

Postoperative nausea and vomiting (PONV) are the common and distressing symptoms after craniotomy. PONV may not only generate lower patient satisfaction but cause deleterious consequences such as intracranial hypertension and postoperative intracranial hemorrhage (32). In light of opioids being a risk factor for PONV, the use of regional anesthesia and non-opioid analgesics has been proposed to decrease PONV (33, 34). In our study, opioid consumption was decreased both in the intraoperative and postoperative periods. However, the incidence of PONV had no significant difference between the two groups within 48 h postoperatively. Although we used dexamethasone and tropisetron hydrochloride intraoperative for PONV prophylaxis, the incidence of PONV was up to 42% (10 patients in the control group and 11 patients in the SNB group) within the first 48 h after surgery. The high incidence of PONV in our study might be related to the duration of surgery, use of volatile anesthetic agents, brain tumor size, and postoperative intracranial pressure.

Ropivacaine is widely used in pediatric regional anesthesia for its minimal cardiotoxicity and neurotoxicity (35). Additionally, ropivacaine has a relatively short onset time and long effect duration as compared to bupivacaine and lidocaine, respectively (36). It has become one of the most popular local anesthetics for pediatric regional blocks (36, 37). In our study, we used 0.2% ropivacaine for SNB and the total dosage of ropivacaine did not exceed 2 mg/kg. The concentration was demonstrated safety in pediatrics which the concentration of ropivacaine was 0.1–0.375% and the total dosage was should not exceed 3 mg/kg for caudal blocks (37, 38).

Our study has several limitations. First, we only examined the effect of 0.2% ropivacaine on postoperative pain and did not examine the effect of other concentrations of ropivacaine on postoperative pain. Second, we did not examine the plasma concentration of ropivacaine in our patients to rule out the risk of toxicity with our SNB technique. Because the scalp is rich in blood vessels with rapid local anesthetic uptake, local anesthetic injection may predispose to local anesthetic toxicity (39). However, we did not find any local anesthetics toxicity of 0.2% ropivacaine for SNB in our study. Third, epinephrine was recommended in well-vascularized areas to maximize block duration and minimize acute rises in anesthetic plasma concentration (40). In the present study, we did not supplement with epinephrine during SNB. It is possible to prolong the postoperative analgesia time by adding epinephrine. Fourth, postoperative pain was assessed by the FLACC in our study, which was commonly used for the evaluation of postoperative pain aged 1–18 years for hospitalized children (16). Although children older than 7 years of age can use NRS or VAS for self-assessment, some children were apathetic after neurosurgery, so the reliability may decline through self-assessment methods such as NRS and VAS in children after neurosurgery.

SNB has been proposed as an adjuvant to general anesthesia for postoperative pain control, intraoperative hemodynamic control, and opioid-sparing in adult craniotomy. However, the SNB technique is not commonly used in pediatric craniotomy patients so far. In the present study, we demonstrated that SNB combined with general anesthesia significantly improved postoperative pain control, intraoperative hemodynamic control, and reduced opioid consumption in pediatric craniotomy patients compared to the control group. It was no adverse effects with 0.2% ropivacaine for SNB pediatric craniotomy patients. Therefore, the SNB is a safety technique in pediatric craniotomy patients.
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Infections in trauma patients are an increasing and substantial cause of morbidity, contributing to a mortality rate of 5–8% after trauma. With increased early survival rates, up to 30–50% of multitrauma patients develop an infectious complication. Trauma leads to a complex inflammatory cascade, in which neutrophils play a key role. Understanding the functions and characteristics of these cells is important for the understanding of their involvement in the development of infectious complications. Recently, analysis of neutrophil phenotype and function as complex biomarkers, has become accessible for point-of-care decision making after trauma. There is an intriguing relation between the neutrophil functional phenotype on admission, and the clinical course (e.g., infectious complications) of trauma patients. Potential neutrophil based cellular diagnostics include subsets based on neutrophil receptor expression, responsiveness of neutrophils to formyl-peptides and FcγRI (CD64) expression representing the infectious state of a patient. It is now possible to recognize patients at risk for infectious complications when presented at the trauma bay. These patients display increased numbers of neutrophil subsets, decreased responsiveness to fMLF and/or increased CD64 expression. The next step is to measure these biomarkers over time in trauma patients at risk for infectious complications, to guide decision making regarding timing and extent of surgery and administration of (preventive) antibiotics.
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Outline

Trauma leads to a complex inflammatory cascade that can cause an acquired immunodeficiency, which makes patients prone to develop infectious complications (1). Neutrophils play a key role in these processes (2). Distinct neutrophil subtypes with different functions exist, and these cells participate in the development and/or recovery of infectious complications after trauma (3–5). Recently, analysis of neutrophil phenotype and function as complex biomarkers has become accessible for point-of-care decision-making in the management of trauma patients (6). The aim of this narrative review is to discuss the potential use of longitudinal assessment of the neutrophil compartment by point-of-care flow cytometry. The goal of these sequential measurements over time is to guide clinical decision-making regarding end goals of resuscitation, indication and timing of immune protective surgery in a damage control setting as well as definitive surgery and the administration of (preventive) antibiotics.

The immunological response to trauma is initiated at the moment of injury. At this point, two inflammatory responses are induced in parallel. The systemic pro-inflammatory response to tissue damage makes patients susceptible to multi organ dysfunction syndrome (MODS), while the simultaneous immune paralysis makes patients susceptible to late infectious complications (7). Additional trauma caused by (operative) interventions can worsen this inflammatory response, thereby, increasing the risk of inflammatory and infectious complications (1). From a clinical perspective, these processes can complicate the course of trauma patients by early pro-inflammatory complications during the first 4 days after trauma and by late-onset (>5 days) sepsis, which is suggested to have a relation with the magnitude of the inflammatory response in the beginning (8–11).

This relation between extent of the inflammatory response and the activation of the immune system can be measured by multiple neutrophil biomarkers for both phenotype and function (12). The next step is to measure neutrophil biomarkers at different time points after trauma to guide decision making regarding timing and burden (i.e., approach and extent) of surgery and administration of (preventive) antibiotics.



Clinical relevance

Injury is the leading cause of death in young individuals (13). Due to advances in the organization of trauma care, hemorrhage control, surgical approaches and resuscitation, overall mortality after trauma has declined up to 75% in recent decades (14–17). With increased early survival rates, infections are the most common complications affecting trauma patients (18, 19). Thus, infections are an increasing and substantial cause of morbidity, contributing to a mortality rate of 5–8% after trauma (17, 20). A large number of trauma patients are able to survive the first critical phase after trauma, which creates new challenges in terms of diagnostics and treatment in longitudinal management of trauma patients.

Injury induces an immediate innate immune response, leading to a complex inflammatory cascade that induces both immune activation and a refractory immune state in parallel (21). Neutrophils are the first immune cells responding to tissue damage and invading pathogens and they are known to play a key role in regulating the inflammatory response after trauma (2). Recently, analysis of neutrophil phenotype and function (e.g., neutrophil size, neutrophil subsets, neutrophil activation markers, responsiveness of these markers to bacterial stimuli) has become accessible to such extent that they can be used for point-of-care (POC) decision making after trauma (6).

Until now, studies mainly focused on the assessment of the neutrophil functional phenotype on admission at the trauma bay. In this setting, a relation between neutrophil phenotype on admission and the clinical course of trauma patients (e.g., inflammatory, and infectious complications) was demonstrated (8–11). However, the course of the inflammatory response is dynamic in time and is driven by both patient characteristics, injury type and severity, timing and burden (i.e., extent) of (operative) interventions. Further determination of these changes over time will increasingly facilitate personalized care of injured patients. As it is now possible to measure the neutrophil functional phenotype at any time point after trauma in a fast and non-labor intensive manner (12), the longitudinal course of the inflammatory response and the impact of additional interventions can be measured.



Inflammatory responses after trauma

The innate immune response is initiated by injury-related tissue damage, coined as “the first hit” (22). The amplitude of this response is thought to be determined by the severity and type of injury (6, 9, 11, 23). The response is characterized by two responses developing in parallel. Firstly, a pro-inflammatory response is mediated by a systemic inflammatory response to tissue damage, in reaction to damage-associated molecular patterns (DAMPs) and microbe-associated molecular patterns (MAMPs) (24). A dysregulated pro-inflammatory response can increase susceptibility to (multi) organ failure such as ARDS or MODS (9). Neutrophils might also help to resolve tissue damage by the release DNA structures that are formed like a web, namely neutrophil extracellular traps (NETs). NETs could contribute to preventing dissemination of (larger) pathogens (25). However, when neutrophils produce too many NETs as a reaction to trauma, these toxic structures further amplify the pro-inflammatory response, contributing to an imbalanced immune reaction (26). Secondly, an anti-inflammatory response is mediated by a refractory immune state, which leads to immune paralysis and susceptibility to infectious complications e.g., sepsis. Recently, it became clear that although these responses appear clinically distinct, the underlying immunological mechanisms, in terms of the appearance of neutrophil subsets and pro-inflammatory cytokines e.g., IL-6 and IL-10, start simultaneously and immediately after the injury (8, 27–30).

Additional trauma caused by surgical intervention, generally referred to as “a second hit,” can contribute to a further dysregulation of the immune response, thereby increasing the risk of inflammatory/infectious complications (31). Over the past decade surgical procedures were shortened to minimize the effect of such a second hit. This physiological and immune protective surgery is becoming more and more recognized as important in the early phases of treatment after trauma. Over time, different strategies have been practiced for treating multitrauma patients that are considered too unstable for early total care. The concept of damage control surgery (DCS) has come up since the 1990s, focusing on improving survival by rapidly controlling hemorrhage and contamination by a brief initial operation. Only when a patient becomes hemodynamically stable, definitive surgery is performed (22). Nowadays, a strategy that focusses on early fixation of bones, combined with a continual reassessment of the reaction and response to injury and surgery, has gained popularity. When physiology (e.g., in terms of physiological or immunological response) deteriorates, fixation should be delayed until the patient stabilizes (32). This strategy is coined early appropriate care.

Over the past decades, due to advanced hemorrhage control (damage control surgery and damage control orthopedics) and (damage control) resuscitation, a decrease in mortality and a significant lowering of the incidence of inflammatory complications (e.g., ARDS, MODS) was observed (33–35). This had consequences for studies before 2010 and after 2012, during which the inflammatory marker interleukin-6 (IL-6) was measured (11, 36, 37). In the earlier period 2006–2010 higher injury severity scores (ISS) and higher concentrations of IL-6 were found to correlate with inflammatory complications. Interestingly, this correlation between IL-6 and ISS was lost in studies published after 2012, where a lower incidence of inflammatory complications was observed (see Table 1) (11, 36–38). Thus, despite a pronounced initial inflammatory response, the systemic inflammation was lower leading to a decrease in inflammatory complications most likely due to ongoing better management of trauma care (39).


TABLE 1    Incidence of SIRS, sepsis and ARDS were tested using Fisher’s exact test.
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In addition, in a cohort study with thirty-three patients with acute burn patients, a clear dose response relation was found between the degree of skin injury and the percentage of banded neutrophils. Furthermore, patients with additional thermal inhalation injuries were characterized by a decreased responsiveness of fNLF of neutrophils in peripheral blood. This indicates that burn injuries cause a mild activation of systemic cellular inflammation, and that additional thermal inhalation injury induces refractory systemic neutrophils, possibly leading to an increased susceptibility to infectious complications. These results are not published.

Currently, the mortality after trauma is increasingly caused by neurotrauma (33, 40, 41). This illustrates that the pro-inflammatory response, that used to be causing hyper-inflammatory systemic conditions, seems more under control (33). This leads now to an anti-inflammatory imbalance with new clinical challenges, such as recognition and treatment of late (>5 days) infections mainly resulting in increased morbidity. A dysregulation of the immune response, in which neutrophils play a pivotal role, predisposes patients to these infectious complications (11). Understanding the functions and characteristics of neutrophils is important to understand their involvement in the development of infectious complications.



Potential neutrophil biomarkers for treatment of trauma patients

The immediate immune response directly after trauma is regulated by many humoral and cellular mediators including leukocytes, coagulation, systemic cytokine release and complement cascades (42). Neutrophils are the most abundant innate effector cells and belong to a final common pathway causing tissue damage upon hyper activation of these cells (2). Therefore, research over the past decades has focused on identification of complex activation of neutrophils to identify trauma patients with high risk on adverse outcome. An overview of the investigated markers is described below.


Cell size and granularity of neutrophils

White blood cell count (WBC) and differentiation into leukocyte subsets have been extensively investigated in trauma patients. A marked increase of WBC and especially neutrophilic granulocytes has been noted after trauma, but this increase in cell numbers per se was found to be of no prognostic value (43, 44). In addition, WBC morphological parameters have been assessed to identify patients at risk. An increase in neutrophil cell size was observed in non-survivors after severe trauma, implying an increased cell size to be a predictor for mortality (45). Thereafter, in another cohort, a rise in neutrophil cell size preceded the clinical manifestation of organ dysfunction in every patient with a complication (46). Unfortunately, it remains to be determined which precise mechanisms underlie the increase in neutrophil cell size.

A partial explanation for an increased cell-size could be the influx of immature neutrophils in the peripheral blood (47, 48). It is known that immature neutrophils appear in the bloodstream as a result of the inflammatory reaction immediately after trauma; generally referred to as a left shift (49, 50). These young neutrophils with a larger cell size are known to have a C shaped (“band”) nucleus instead of a lobulated nucleus. The neutrophil left shifts have proven their diagnostic value in patients with a bacterial infection (51). However, routine analyzers are not able to recognize a left shift of banded neutrophils in trauma patients, while they are able to do so in infectious patient groups (52). So, the question remains if banded neutrophils in trauma patients are different in function and phenotype from banded neutrophils in patients suffering from an infection. Further research has focused on phenotyping neutrophils based on receptor expression (CD16/CD62L), as this is a more accurate method to identify different phenotypes of neutrophils in trauma patients (6).



Subsets of neutrophils

Under homeostatic conditions, only a homogeneous population of mature neutrophils identified by CD16bright/CD62Lbright cells circulate in the peripheral blood. However, during acute inflammation, neutrophils in the peripheral blood can be divided into different subsets based on the expression of specific surface proteins (CD16/FcγRIII and CD62L/L-selectin) (3). Immediately after trauma, large numbers of immature neutrophils with a banded shaped nucleus (CD16dim/CD62Lbright) enter the circulation and after several days also hypersegmented neutrophils (CD16bright/CD62Ldim) can be observed (Figure 1) (50, 53). Interestingly, these neutrophil subsets based on the expression of CD16 and CD62L have different functions (3, 54). Landmark studies in healthy controls, who received lipopolysaccharide (LPS) inducing systemic inflammation, showed that banded (immature) neutrophils display a higher killing capacity than segmented neutrophils and that hypersegmented neutrophils are associated with almost immediate bacterial outgrowth, due to impaired intracellular killing after adequate phagocytosis (3). In addition, polytrauma patients who developed infectious complications had significantly higher percentage CD16dim/CD62Lbright (banded) neutrophils in the blood immediately after trauma compared with polytrauma patients who did not develop infectious complications (6).
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FIGURE 1
Concept of the neutrophil subset response over time in a trauma patient at risk for infectious complications. The pink line represents the course of well-functioning banded (CD16dim) neutrophils, entering the circulation immediately after trauma. The influx of these cells stops after approximately 1 day and the neutrophils have an average lifetime of 5 days. The green line represents the course of hypersegmented (CD62Ldim) neutrophils, with impaired killing capacity. These cells appear after several days, with a peak after 10 days. The brown, dashed line represents the risk of infectious complications over time. The risk increases after 3–5 days, when there are no banded neutrophils left in the circulation. After 10 days, the peak of hypersegmented neutrophils coincides with the first systemic infectious complications. Created with BioRender.com.


Neutrophil left shifts (influx of immature CD16dim (banded) neutrophils into the blood) are observed immediately after trauma but quickly disappear after approximately 1 day (5). This well-known phenomenon is explained by a massive mobilization of neutrophils from the bone marrow (50). This can lead to a subsequent imbalance of the neutrophil compartment and the bone marrow might be unable to fully compensate in time for the loss of these well-functioning neutrophils that can live up to 5 days under homeostatic conditions (55, 56). This phenomenon might be the driving force for the clinical observation that the trauma patient becomes highly sensitive to infectious complications after 5–6 days post trauma (Figure 1) (57).

On the other hand, CD62Ldim (hypersegmented) neutrophils appear in the peripheral blood several days (>3 days) after trauma with a peak after 10 days (5). These CD62Ldim neutrophils were shown to have impaired killing capacity and a reduced acidification capacity, but they have immunoregulatory characteristics that could be important for keeping the balance in the immune response (54). The presence of high numbers of CD62Ldim neutrophils during the days to weeks following severe trauma might play a significant role in the risk of infectious complications in trauma patients but this concept needs more experimental support. It is, however, known that the first systemic infectious complications that have consequences for the clinical course of the patient arise at the end of the first week after trauma (58). This coincides with the rising counts of CD62Llow cells during the first week after trauma, so it is tempting to hypothesize that high numbers of CD62Llow neutrophils can lead to an increased risk of infectious complications (Figure 1) (10).

Trauma patients with high numbers of banded neutrophils directly after trauma and high numbers of hypersegmented neutrophils after 10 days in the peripheral blood seem also at risk for infectious complications (Figure 1). In these patients, longitudinal measurement of the neutrophil compartment and the amount of CD16dim and CD62Ldim neutrophils could guide the clinician regarding decisions on the timing and extent (burden) of surgery. A patient that is not at risk could benefit from early total care, while a patient displaying extensive neutrophil subsets could benefit from damage control immune protective surgery.



Responsiveness to inflammatory mediators (e.g., formyl-peptides/fMLF)

In addition to the assessment of neutrophil subsets by receptor expression, the functionality of neutrophils can be investigated in terms of responsiveness of neutrophil to formyl peptides (e.g., fMLF). fMLF activates neutrophils by interactions with their formyl peptide receptors (FPR) (59–63). A decreased responsiveness of neutrophils to fMLF at initial presentation was demonstrated in trauma patients who later developed septic shock (10). In addition, low responsiveness of neutrophils to fMLF immediately after trauma preceded by almost a week the development of septic complications after > 5 days (11). Thus, responsiveness to formyl-peptides appears to be a sensitive marker as it is involved in an essential part of the immune system that is activated during the pathogenesis of sepsis and septic shock. Modulation of this responsiveness can aid the clinician in identifying patients at risk. No longitudinal data has been published yet about the responsiveness of neutrophils in trauma patients. These patients might also benefit from longitudinal monitoring to guide decision making.



Expression of FCγRI (CD64) on neutrophils

Specific expression of neutrophil receptors could be used as an extra tool to measure markers associated with specific components of the immune response. Neutrophil CD64 is a receptor that is upregulated on neutrophils within 1–6 h after administration of pro-inflammatory cytokines or bacterial cell wall components such as LPS (64). In the absence of a pro-inflammatory stimulus, CD64 levels on neutrophils start to decrease after 48 h and are return to baseline within 7 days (65). Thus, neutrophil CD64 is a relatively specific marker for bacterial infections (66). This property of CD64 has been utilized as a diagnostic marker of infection particularly for sepsis in intensive care patients (67). This could potentially also be a marker to aid the decision to early antibiotics in patients at risk for bacterial infections. Longitudinal measurement of CD64 expression in patients admitted at the hospital could aid the clinician with early diagnosis and follow up of bacterial infections (64, 68–71).




Burden of surgery: Timing + intensity

There are different strategies for treating severely injured trauma patients. Damage control surgery (DCS) is characterized by a brief initial operation to stabilize the patient, followed by several short interventions (Figure 2) (22). This approach of physiological and immune protective surgery is commonly chosen when a patient is too unstable to survive definitive fixation in the acute moment (1). The alternative to damage control surgery is early total care (ETC) with definitive fixation within the first 24–36 h (Figure 2) (32). Recently, there has been a trend toward early appropriate care (EAC), which means providing a plan of action based on continuous assessment and reaction to the response to injury and surgery (31, 72). It is based on fixation of the fractured bones at an early stage, unless physiology deteriorates and definitive fixation should be postponed (32). However, the challenge is to correctly assess the response to injury and surgery to select the patients that benefit from delayed definitive fixation of bones.
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FIGURE 2
Conceptual representation of surgical strategies after trauma. The dashed lines represent the timing of surgical interventions and the height of the dashed lines represent the intensity. The upper arrow represents a proposed strategy for patients that, after flow cytometric measurement of the neutrophil compartment, are expected to be at risk for infectious complications. The impact of surgery is minimized and adjusted over time to reassessment of the neutrophil response. The lower arrow represents a proposed strategy for patients that are expected to be not at risk. Here, the approach of early appropriate care is suggested. DCS, damage control surgery; ETC, early total care. Created with BioRender.com.


Currently, there is no adequate method to estimate the physiological status of an injured patient over time. As shown in Figure 1, the trauma patient at risk of infectious complications is characterized by the presence of prominent neutrophil subsets in the peripheral blood directly after trauma (6). The change in the occurrence of these subsets over time might be associated with the risk of developing infectious complications (10). The impact of extensive surgery on the amount of neutrophil subsets in the blood and neutrophil responsiveness, has not yet been described. The next essential step is to investigate if the imbalance in the immune response further deteriorates, in terms of e.g., influx of banded/hypersegmented neutrophils of a further decreased responsiveness to fMLF, due to (extensive) surgery. Possibly, this could possibly aid decision making regarding timing and extent of surgery. Assessment of neutrophil subsets and responsiveness before and after surgery in patients that are deemed “at risk” directly after trauma is likely to give information about the impact of surgery and might give the opportunity to compare different surgical strategies. Thus, longitudinal assessment of changes in the neutrophil compartment might be the promising next step in personalized medicine in trauma patients, because it quantifies the inflammatory response caused by the first hit and subsequent hits.



Antibiotic interventions

Infectious complications in trauma patients are treated with antibiotics. However, not all antibiotics may be useful at every moment after trauma. Patients with increased CD62Ldim subsets and decreased fMLF responses, could suffer from invading bacteria that reside inside the neutrophils for up to 5 days after trauma (3, 55, 73, 74). Staphylococcus aureus (S. aureus) is a common causative pathogen of infections after trauma and it is known that it has the ability to survive and proliferate inside neutrophils, as in a Trojan horse (3, 75). Treatment with antibiotics that could kill bacteria that are contained inside the neutrophil would protect vulnerable patients against severe infections that typically occur >5 days after trauma. The antibiotics quinolones, rifamycins and sulfamethoxazole-trimethoprim seem effective against S. Aureus inside a human neutrophil (74). Moreover, the infectious state of a patient should be monitored by measuring the neutrophil receptor CD64. In patients with a suspected infection, high levels of CD64 are of diagnostic value (66). Moreover, when the infection is diagnosed and antibiotics are administered, sequential measurement of CD64 gives early information on the effect of the antibiotics (76). If the expression of CD64 remains high, the bacteria could be resistant, or the antibiotic is not able to reach the bacteria. Later, a low expression of CD64 after cessation of antibiotic treatment, confirms a successfully treated infection. Thus, sequentially analyzing neutrophil subsets, estimating the killing capacity and monitoring the infectious status by CD64 on neutrophils may individualize both indication, timing and type of antibiotic used in severely injured trauma patients.



Conclusion

The extent of the inflammatory response after trauma can be measured with an automatic point-of-care flow cytometry approach. It is known that there is a relation between the neutrophil functional phenotype on admission, and the clinical course (e.g., infectious complications) of the trauma patient. Potential neutrophil associated biomarkers include determination of subsets based on neutrophil receptor expression, responsiveness of neutrophils to formyl-peptides (fMLF) and CD64 expression representing the infectious state of a patient. By this technology it is likely possible to identify patients at risk for infectious complications when presented at the trauma bay. These patients display large extents of banded neutrophils directly after trauma and high numbers of hypersegmented neutrophils after 10 days, decreased responsiveness to fMLF and/or increased CD64 expression. The next step is to measure these biomarkers over time to guide decision making regarding timing and extent of surgery to achieve early appropriate care and determine the administration of (preventive) antibiotics.
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Introduction

Traumatic hemorrhagic shock causes an estimated annual loss of more than 75 million years of life globally, and mostly affects young people (1). It is a time-dependent process, in which prehospital and emergency interventions must be sufficient to prevent the lethal triad of hypothermia, acidosis, and coagulopathy (2), and to avoid trauma-induced coagulopathy (TIC). Both are key determinants of trauma-associated mortality, so early control is essential to improve prognosis and reduce this outcome (3). During hemorrhagic shock, special attention needs to be paid to hyperfibrinolysis and deficiency of coagulation factors. The latter may be deficient for various reasons, such as loss due to hemorrhage, dilution due to vigorous fluid resuscitation, or the activation of pathophysiological mechanisms in TIC that mediate dysfunction (1, 4, 5).

From a therapeutic point of view, the administration of fresh frozen plasma (FFP) has conventionally been the only option to compensate TIC. However, this strategy is associated with a number of limitations such as fluid overload, variability in the quantity and quality of coagulation factors administered, as well as the need for compatibility with the patient's blood group and thawing prior to infusion. The use of FFP has also been associated with an increased risk of respiratory distress and multiple organ failure (6).

Prothrombin complex concentrate (PCC) could be considered an option within the emergent management of severe trauma patients, given its advantages such as lower infusion volume, immediate bioavailability, and compatibility with all blood groups. Additionally, a correct assistance of these patients requires a time-dependent management, thus, PCC can be administered immediately which makes it highly favorable. It is important to note that the composition of individual coagulation factors and the content of anticoagulants, especially heparin, as well as the indications vary among PCC from different manufacturers (7, 8). Therefore, their function and indications also differ.



Use of prothrombin complex in the undercoagulated patient

In recent years, the management of undercoagulated patients has improved with the introduction of new direct-acting oral anticoagulants, such as thrombin and factor X inhibitors. Nonetheless, the incorporation of these drugs into the standard therapeutic arsenal of this population presents a challenge for urgent reversal of coagulation in the undercoagulated severe trauma patient (9). Although these direct-acting drugs have antidotes, not all are marketed in Spain, despite being authorized by the Spanish Agency for Medicines and Medical Devices (AEMPS). Accordingly, in these cases, the therapeutic alternatives involve waiting for the half-life of the drug, dialyzing the patient, if feasible, or administering high doses of PCC (25–50 IU/kg) together with tranexamic acid (9, 10). Studies have identified the reversal capacity of this strategy, reporting a good safety profile, and indeed the authors of one such paper recommend performing a comparison between PCC and andexanet alfa (antidote against thrombin inhibitors) to establish the best alternative in each case (7).

However, the approved indications for PCC are limited to antagonizing the effect of vitamin K-dependent coagulation factor inhibitors and treating congenital coagulation factor deficiency. The latest guidelines for severe polytrauma patients recommend the direct application of PCC in the emergent reversal of patients anticoagulated with vitamin K antagonists, based on the patient's weight and international normalized ratio (INR) (11). Furthermore, observational studies in traumatic brain injuries have found that PCC, as in spontaneous intracerebral hemorrhage, rapidly normalizes the INR, limiting the intracerebral injury and improving the prognosis of these patients (12).



Application of PCC in the urgent management of the polytrauma patient

Although some experimental studies report rapid recovery of hemostasis with the use of PCC, its application in the urgent management of the polytrauma patient with TIC is underdeveloped (13). This may be due in part to concerns over the risk of using a drug that increases the availability of thrombin and, therefore, the patient's thromboembolic risk. However, evidence regarding the reversal of coagulation in anticoagulated patients shows that the risk—estimated to be around 1.8%—is relatively low (14).

It is important to note that the pharmacological management of TIC should not focus solely on the urgent infusion of coagulation factors in the form of PCC. The possibility of administering both fibrinogen and tranexamic acid must first be evaluated (3, 4, 10). Moreover, the accumulation of thrombin that cannot interact with fibrinogen will not result in the fibrin necessary to generate the clot; furthermore, if hyperfibrinolysis occurs, the TIC will not be reversed. In fact, the isolated use of PCC in trauma does not allow optimization of viscoelastic test parameters unless it is combined with the administration of fibrinogen (15). Specifically, the parameter that should guide our actions when deciding to administer PCC is extrinsic thromboelastometry [EXTEM CT (clotting time)], provided that fibrinogen values have been restored (10). In this regard, it should be noted that the use of PCC has been reported to reduce the use of blood products compared to FFP (16). However, in this study, the control group was a historical cohort in which the baseline blood fibrinogen concentration was not considered, possibly generating bias. Other studies suggest that one benefit of PCC is that fewer transfusions are required after its use; even so, the authors are cautious about the use of PCC as first-line therapy in the management of severe polytrauma patients (17).



When should we use prothrombin complex to reverse TIC?

Various factors should be considered when deciding when to use PCC to reverse TIC: (i) Is this a massive bleed? (ii) Is there compromised space or organ-specific involvement (e.g., central nervous system, pharyngeal hematoma, intraocular hematoma, etc.)? (iii) Is there persistent major bleeding? (iv) Is urgent surgery or surgery with high bleeding risk needed? and (v) Are no other time-dependent options available (as happens in situations of war or catastrophes, etc.,)? Finally, the criterion of the healthcare team should carry a specific weight when determining the use of PCC. Given that early initiation of all medical-surgical interventions is essential for the successful management of TIC, we found studies that have evaluated the role of the normalization of hemostasis during the prehospital care of patients by emergency teams, some of which were successful and others somewhat contradictory (18, 19).

It is important to note that in order to have objective parameters on which to base the management of TIC in emergencies, the use of PCC must always be guided, either by conventional tests, such as INR, or by the support of viscoelastic tests (in case of EXTEM CT >80 s) (10, 16). In this regard, the algorithm presented herein (Figure 1) may be very useful for decision-making in these patients. The logistics and specific circumstances of each emergency unit must be taken into consideration, so that this algorithm can be adapted to the local protocol.


[image: Figure 1]
FIGURE 1
 Coagulation support scheme for massive bleeding in two different scenarios: (A) Uncoagulated patient with massive bleeding (ROTEM-guided). (B) Uncoagulated patient with massive bleeding (not ROTEM-guided). (C) Overdose in a patient receiving oral anticoagulants. aThe presence of the lethal triad is not a prerequisite to activate the algorithm; however, we stress the need to look for those signs during the approach of severe polytrauma patients. bFixed doses 1000 UI. APTEM, aprotinin thromboelastometry; APTT, activated partial thromboplastin time; CT, clotting time; EXTEM, extrinsic thromboelastometry; FIBTEM, fibrinogen thromboelastometry; Hb, hemoglobin; HEPTEM, heparinase-modified thromboelastometry; INR, international normalized ratio; INTEM, intrinsic thromboelastometry; MCF, maximum clot firmness; ML, maximum lysis; PCC, prothrombin complex concentrate; PCF, platelet contractile force; PT, prothrombin time; ROTEM, rotational thromboelastometry.




Conclusion

Limited therapeutic strategies are available today in the management of TIC, and those that are, are based on the correction of coagulopathy triggers and associated processes, and the replacement of coagulation factors. PCC is a useful therapeutic option with a proven cost-effectiveness balance in different emergency departments in Spain that should be analyzed in greater detail in the near future (10). However, more data from clinical trials are needed if we are to offer our severe trauma patients safe and personalized interventions. We must not forget that while increasing thrombin production is a fundamental process in the management of patients in traumatic hemorrhagic shock, fibrinolysis must be simultaneously controlled and platelet function and clot formation must be monitored. Otherwise, management will not be well balanced and the results may not be as expected, impacting on TIC and the outcome of the severe trauma patient.
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Background: The disruption of immune homeostasis after trauma is a major cause of post-traumatic organ dysfunction and/or sepsis. Recently, a variety of neutrophil phenotypes with distinct functions have been identified and suggested as involved in various clinical conditions. The association between neutrophil phenotypes and post-traumatic immunodeficiency has also been reported, yet the specific neutrophil phenotypes and their functional significance in post-traumatic sepsis have not been fully clarified. Therefore, we sought to investigate neutrophil phenotypic changes in a murine model, as these may hold prognostic value in post-traumatic sepsis.

Materials and methods: Third-degree burns affecting 25% of the body surface area were used to establish trauma model, and sepsis was induced 24 h later through cecal ligation and puncture (CLP). The Burn/CLP post-traumatic sepsis model and the Sham/CLP control model were established to assess the immunological status after trauma. Histopathological evaluation was performed on the spleen, liver, kidneys, and lung tissues. Immunological evaluation included the assessment of neutrophil markers using mass cytometry as well as cytokine measurements in serum and ascitic fluid through multiplex analysis using LUMINEX®.

Results: The Burn/CLP group had a lower survival rate than the Sham/CLP group. Histopathological examination revealed an impaired immune response and more advanced organ damage in the Burn/CLP group. Furthermore, the Burn/CLP group exhibited higher levels of transforming growth factor-beta 1 in the blood and generally lower levels of cytokines than the Sham/CLP group. CD11b, which is involved in neutrophil adhesion and migration, was highly expressed on neutrophils in the Burn/CLP group. The expression of CD172a, which is related to the inhibition of phagocytosis, was also upregulated on neutrophils in the Burn/CLP group. The expression of sialic acid-binding lg-like lectin F and CD68 also differed between the two groups.

Conclusion: Different neutrophil phenotypes were observed between Burn/CLP and Sham/CLP groups, suggesting that neutrophils are implicated in the immune imbalance following trauma. However, further studies are needed to prove the causal relationships between neutrophil phenotypes and outcomes, including survival rate and organ dysfunction.
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neutrophil phenotype, post-traumatic sepsis, innate immune system, CD11b, SIRPα, Siglec-F, CD68


Introduction

For over 50 years, trauma has been one of the leading causes of death worldwide, especially among working-age populations (1, 2). Although many patients die due to macrovascular injuries, severe brain injury, or hemorrhage in the hyperacute or acute phase after trauma, survival rates have increased owing to the improved management of trauma patients through transfusion therapy and surgical hemostasis techniques, among other medical advances (3–5).

Despite surviving the acute phase of trauma, a number of patients lose their lives within days to weeks after injury (6, 7). Subacute death in trauma patients is associated with the disruption of immune homeostasis (8). Once trauma occurs, the innate immune system drives a pro-inflammatory response, and an anti-inflammatory response mediated by the adaptive immune system then arises in response to an excessive initial pro-inflammatory signaling (8). An imbalance between pro- and anti-inflammatory responses can lead to the development of systemic inflammatory response syndrome (SIRS) or compensatory anti-inflammatory response syndrome (CARS), resulting in organ damage and/or sepsis (7, 8). However, the treatment of post-traumatic conditions caused by an immune imbalance mainly consists of supportive care, and no curative treatment has yet been established.

The innate immune response eliminates invading pathogens at the initial stage of infection, mainly through the activity of neutrophil and monocyte lineages (9, 10). In recent years, the existence of neutrophil phenotypes with distinct functions has been recognized (11–14). In particular, anti-inflammatory neutrophils have been suggested as involved in the development of CARS and subsequent secondary infections (9, 14). Polymorphonuclear myeloid-derived suppressor cells, which are produced by a variety of infections, including bacterial, and known to act as immunosuppressive agents in sepsis, have also attracted attention in recent years (15). Moreover, neutrophils polarize in the same manner as pro-inflammatory and anti-inflammatory macrophages, which are activated by Th1 and Th2 type cytokines, respectively (16). In the field of cancer, it has been shown that inhibition of transforming growth factor-beta 1 (TGF-β1) signaling, which is implicated in cell death and differentiation, increases the number of pro-inflammatory neutrophils (16). A previous study showed that the balance between pro- and anti-inflammatory neutrophils may be involved in the ventricular remodeling process during myocardial inflammation after infarction (17). Further, toll-like receptor (TLR) 4 deficiency in the central nervous system protected the brain after stroke by increasing the percentage of anti-inflammatory neutrophils (18).

Immunodeficiency after trauma has been studied from various perspectives (6–8, 19–24), including through a focus on neutrophils (25–27). However, the involvement of neutrophils in the pathogenesis of post-traumatic sepsis remains elusive. To investigate this issue, we conducted a study with two features. First, we employed the burn injury model as the experimental trauma model in this study. This model causes tissue damage with decreased circulating blood and has been used in many post-traumatic immunological studies (6, 7, 20–24). By using this model, we can avoid traumatic brain injury, which leads to specific immune responses (28, 29). Moreover, unlike other trauma models, the third-degree burn model is favorable from the perspective that there is no pain after the injury. Second, we employed mass cytometry (cytometry by time-of-flight: CyTOF) to reveal a wide range of functional changes in neutrophils and to investigate neutrophil phenotypes, which may influence the prognosis of post-traumatic sepsis patients.



Materials and methods


Ethics statement

All animal protocols performed in this study were approved by the Hokkaido University Animal Experiment Regulations and the Institutional Ethical Review Board at Hokkaido University (Approval number: 19-0167).



Mice

Outbred male Institute of Cancer Research (ICR) mice were purchased from the Sankyo Labo Service Corporation, Inc. (Tokyo, Japan). Mouse housing was set up to maintain the appropriate temperature and humidity, with automatic light/dark switching every 12 h. The mice were supplied with standard chow (Nosan Corporation, Yokohama, Japan) and water ad libitum for the entire study. The mice were acclimated to the environment for at least 72 h before use in the experiments.



Trauma model

A burn trauma model was established as previously described (20, 22–24, 30). The mice were anesthetized via intraperitoneal administration of ketamine/xylazine (125/20 mg/kg), and buprenorphine (0.05 mg/kg) was subcutaneously administered for analgesia before treatment. After shaving of the dorsal hair, an anesthetized mouse was placed and immobilized in a plastic mold so as to expose 25% of the body surface area. The exposed dorsum was immersed in 90°C hot water for 9 s to induce burn, and in 24°C water for 9 s for the sham model. A subcutaneous injection of 1 ml of 0.9% pyrogen-free saline was administered immediately after the resuscitation procedure. A full-thickness and well-demarcated anesthetic third-degree burn injury was induced. No post-injury analgesics were used because the burns were applied to a painless depth. The mortality rate of model mice established using this protocol was below 5%, as previously reported (6, 7, 20, 23, 24) and observed in our laboratory.



Sepsis model

A cecal ligation and puncture (CLP) sepsis model was established as previously described (31–33). The mice were anesthetized in the same manner as for the burn protocol, and their abdominal fur was shaved. A 1 cm skin and peritoneal incision was made vertically in the midline of the abdomen, and the cecum was gently exposed after resection of the adipose tissue on both sides (34). Ligation was performed at 50% of the cecum, with two punctures with a 21-gauge needle 5 mm from the blind end. The method yielded a survival rate equivalent to the sepsis survival rate in humans (65–80%) (35–37). The cecum was returned to the abdominal cavity, whereafter the peritoneum was sutured with five stitches and the skin with three stitches using a 4-0 nylon thread. Resuscitation was performed via subcutaneous injection of 1 ml 0.9% pyrogen-free saline after CLP. The CLP procedure was performed on a hot plate (Heater Mat KN-475, Natsume Seisakusho, Co., Ltd., Tokyo, Japan) and maintained at approximately 38°C. To prevent surgical site infection, post-operative mice were kept in the supine position until the anesthetic effect wore off and they regained consciousness. To prevent post-operative hypothermia, the cage was placed on a hot plate until the mice woke up from anesthesia (38). Antibiotic treatment began 2 h after the CLP procedure, with a subcutaneous injection of imipenem/cilastatin (25 mg/kg) repeated every 12 h for the first 3 days (for a total of six injections) (39).



Schedule of experiments

Two murine models of post-traumatic sepsis, the Burn/CLP and Sham/CLP models, were established. The first day of trauma infliction was set as day 0, and CLP was performed 24 h after injury (day 1). Fifteen mice from each group were followed up until day 15 (14 days after CLP) to determine survival rates. Five mice from each group were used for histopathological, immunological, and serological evaluation. For histopathology only, five mice with neither trauma nor sepsis were used as controls in addition to the Burn/CLP and Sham/CLP models. Samples for histopathological, immunological, and serological examination were collected 24 h after CLP.



Histopathological evaluation

Twenty-four h after CLP, the mice were anesthetized and euthanized through the intraperitoneal administration of ketamine/xylazine (250/40 mg/kg) at twice the dose used in trauma and sepsis models, and were then placed in a supine position. The liver, kidney, spleen, and lung tissues were excised from five mice per group for histological evaluation. The organs were fixed in 10% formalin neutral buffer solution (FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan) for 2 weeks, following the fixation method in our other study, and the slides were prepared by Morphotechnology Co., Ltd. (Sapporo, Japan). Hematoxylin and eosin (H&E) staining was performed.



Cell preparation

Ascitic fluid and blood samples were collected from five mice per group. The mice were anesthetized and euthanized as done for histopathological evaluation and were then placed in a supine position. The abdominal skin was newly incised avoiding the CLP wound, the exposed peritoneum was then punctured, and 5 ml of 0.9% pyrogen-free saline was injected into the peritoneal cavity. The abdomen of each mouse was rubbed gently to ensure that the injected saline was evenly mixed. A 5 mm peritoneal incision was then made, through which as much ascitic fluid as possible (3–4 ml) was collected using a 2.5 ml syringe. Ascitic fluid was collected in a centrifuge tube pre-filled with 0.5 ml of 169 mM EDTA (EDTA tripotassium salt dihydrate 0.075 g/ml of water). Terminal blood collection was subsequently conducted on mice maintained under anesthesia by puncturing the cardiac fossa with a 1 ml syringe pre-filled with 0.1 ml of 169 mM EDTA.

Cells in the samples were prepared in culture medium (C5) containing RPMI 1640, 5% heat-inactivated FCS, 1 mM glutamine, 10 mM HEPES, 2 mM non-essential amino acids, penicillin/streptomycin/fungizone, and 2.5 × 10–5 M 2-mercaptoethanol. All of the above-listed products included in the C5 medium were purchased from Life Technologies Corporation (Carlsbad, CA, USA). Blood samples were washed and centrifuged repeatedly with C5 after removal of red blood cells (RBCs) using ammonium chloride-based mouse RBC lysis buffer (JL-buffer), which was developed by the Lederer Lab at Harvard Medical School (20). Ascitic fluid samples were also washed and centrifuged repeatedly using C5. The pellet containing cells at the bottom of the centrifuge tube was collected with 0.5 ml of cell freezing medium CryoStor® (Biolife Solutions, Inc., Bothell, WA, USA) and stored in a tube. To avoid rapid cooling, the tubes filled with cells in the CryoStor® were set in Mr. Frosty® (Thermo Fisher Scientific, Waltham, MA, USA), which had been pre-chilled in a refrigerator at 4°C. The tubes with cells in Mr. Frosty were first placed in a refrigerator at 4°C for 20 min and then kept in a −80°C freezer overnight (12–24 h). The tubes with cells were taken from Mr. Frosty and immediately stored at −196°C in a liquid nitrogen tank until mass cytometry was performed.



Mass cytometry

Cytometry by time-of-flight was performed for immunological evaluation. All CyTOF staining procedures were performed at room temperature. Cells were first stained with a cisplatin viability staining reagent (Fluidigm Sciences, South San Francisco, CA, USA) for 5 min and washed via centrifugation. Fc-blocking agents were added to the cells for 10 min before adding the CyTOF antibody staining cocktail. Cells were stained for 30 min and washed with CyTOF staining buffer (calcium/magnesium-free PBS, 0.05% sodium azide, and 0.2% bovine serum albumin). For fixation and permeabilization of the cells, we used Maxpar® Fix I Buffer/Maxpar 10X Barcode Perm Buffer (Fluidigm Sciences), which was incubated with a palladium-based barcode reagent for 30 min. The samples were pooled into a single tube after washing off the barcode reagent. The Maxpar Nuclear Antigen Staining Buffer Set (Fluidigm Sciences) was used to fix and permeabilize the cells, which were then incubated with an intracellular antibody cocktail. After addition of the intracellular antibody cocktail for 30 min, the cells were washed and fixed with 1.6% paraformaldehyde. The cells and iridium intercalator solution (Max-Par Intercalator-Ir 500 mM; Fluidigm Sciences) were added together for 20 min, followed by a final wash. Cells were incubated with MilliQ-filtered distilled water (EMD Millipore, Billerica, MA, USA) at a concentration of 1 × 106 cells/ml containing EQ calibration beads (EQ Four Element Calibration Beads; Fluidigm Sciences). The cells were analyzed using a Helios mass cytometer (Fluidigm Sciences) on pooled single samples using the Normalizer and Single Cell Debarker software developed at the Nolan Lab (Stanford, Palo Alto, CA, USA). Normalization and deconvolution were also performed. The CyTOF staining panels used in this study are listed in Supplementary Tables 1, 2. OMIQ (Omiq, Inc., Santa Clara, CA, USA) was used for mass cytometric analysis. In OMIQ, we used automated optimized parameters for T-distributed stochastic neighbor embedding (opt-SNE) for the dimension reduction algorithm and FlowSOM for the clustering and visualization algorithms.



Serological evaluation

Cytokines in the serum and ascitic fluid were evaluated by multiplex analysis using Luminex® 100/200™. Five mice from each group were used for evaluation. Blood and ascitic fluid were collected 24 h after CLP in the same manner as the samples for mass cytometry. The obtained blood samples were centrifuged at 700 × g for 20 min at 25°C, and the ascitic fluid samples were centrifuged at 200 × g for 5 min at 25°C. The supernatants were collected and stored in a freezer at −20°C. The samples were subjected to multiplex analysis by Luminex® 100/200™ using the MILLIPLEX® MAP kit (Merck Millipore Corporation, Darmstadt, Germany).



Statistical analysis

Statistical analyses and calculations were performed using GraphPad Prism for Windows version 9.3.1 (Graph Pad Software, San Diego, CA, USA). Survival curves were estimated via the Kaplan–Meier method, and differences in survival were evaluated using the log-rank test. Numerical data from the OMIQ were exported and compared among groups using the two-sided non-parametric Mann–Whitney U test to assess significance. Statistical significance was set at p < 0.05.




Results


Survival outcome after cecal ligation and puncture

The 14-day survival rate after CLP was compared between the Burn/CLP and Sham/CLP groups, using 15 mice per group. A significant reduction in survival was observed in the Burn/CLP group (13.3%) when compared to the Sham/CLP group (66.7%) (log-rank, p = 0.006) (Figure 1).
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FIGURE 1
Kaplan–Meier survival curve for 14-day survival after CLP. CLP, cecal ligation and puncture.




Histopathological findings of major organs

We performed histopathological analysis of the spleen, liver, kidney, and lung tissues using H&E staining, which did not show staining defects caused by overfixation (Figure 2). Considerable numbers of infiltrating macrophages were observed in the spleens of the Sham/CLP group compared to a few in the Burn/CLP and control groups. The extent of macrophage infiltration into the spleen, scored using the scoring system (Supplementary Figure 1) for control, Sham/CLP, and Burn/CLP mice are shown in Supplementary Figures 2–4. The Sham/CLP group exhibited dilation of the sinusoid, while livers of the Burn/CLP group exhibited hepatocyte damage around the central vein, with dilation of the sinusoid. In the kidneys, acute tubular necrosis was observed in three of the five cases from the Burn/CLP group, while none was observed in the control and the Sham/CLP groups. Congestion was more noticeable in the lungs of the Burn/CLP group than the Sham/CLP group.


[image: image]

FIGURE 2
Histopathological findings in the Burn/CLP group, Sham/CLP group, and control cases. 10× (Objective lens) spleen, liver, kidney, and lung tissues. CLP, cecal ligation and puncture.




Cytokine levels in serum and ascitic fluid

The cytokine levels in serum and ascitic fluid are presented in heatmaps (Figure 3). Cytokine levels, including those of interferon-gamma (IFNγ), were generally lower in the Burn/CLP group than in the Sham/CLP group, except for TGF-β1. Serum TGFβ-1 levels were elevated in the Burn/CLP group (Figure 4).
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FIGURE 3
Heatmaps of the cytokine levels in serum and ascitic fluid. CLP, cecal ligation and puncture; GM-CSF, granulocyte-macrophage colony-stimulating factor; IFNγ, interferon-gamma; IL, interleukin; IP, interferon gamma-induced protein; KC, keratinocyte-derived chemokines; MCP, monocyte chemotactic protein; MIG, monokine induced by interferon-gamma; MIP, macrophage inflammatory protein; RANTES, regulated on activation, normal T cell expressed and secreted; TNF, tumor necrosis factor; TGF-β1, transforming growth factor-beta 1.
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FIGURE 4
Transforming growth factor-beta 1 and IFNγ levels in serum and ascitic fluid. CLP, cecal ligation and puncture; TGF-β1, transforming growth factor-beta 1; IFN-γ, interferon gamma. **p < 0.01.




Cell phenotyping via mass cytometry

The number of events in both groups was adjusted via the subsampling method in OMIQ analysis so as to ensure that event numbers are comparable. Lymphocyte antigen 6 G (Ly6G)-positive cells were identified as neutrophils, and CD68-positive cells were identified as monocytes or macrophages through dimension reduction maps created by opt-SNE (Figure 5A). The files were concatenated per group for each blood and ascitic fluid sample, filtered based on CD45, and the contour plots of dimension reduction maps were compared (Figure 5B). CD45-positive cells were differentially abundant between the two groups both in blood and ascitic fluid, with a relative decrease of neutrophil islands in Burn/CLP group.
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FIGURE 5
Identification of neutrophils and monocytes/macrophages on the dimension reduction map and CD45 expression. (A) Identification of neutrophil islands based on Ly6G and monocyte/macrophage islands based on CD68 in the scatterplot (colored-continuous) of the dimension reduction map, all files concatenated, with the z-channel set to Ly6G or CD68. (B) The expression of CD45 in contour plot, with the files concatenated by groups. CD, cluster of differentiation; CLP, cecal ligation and puncture; Ly6G, lymphocyte antigen 6 G; opt-SNE, optimized parameters for T-distributed stochastic neighbor embedding.




Neutrophil marker expression

Marker expression levels are presented via heatmaps in Supplementary Figures 5, 6. We examined whether there were any apparent differences in the scatter plot of dimension reduction maps, which were concatenated per group, with the z-channel set to several markers. The expression of CD11b on neutrophils in ascitic fluid was significantly higher in the Burn/CLP group than in the Sham/CLP group. CD11b expression on neutrophils in the blood also tended to be higher in the Burn/CLP group (Figure 6A). CD172a (signal-regulatory protein alpha: SIRPα) appeared as differentially expressed on neutrophils between the two groups, being significantly higher on neutrophils in blood samples of the Burn/CLP group, with a similar trend observed for ascitic fluid samples (Figure 6B). Sialic acid-binding lg-like lectin F (Siglec-F), which is used as an eosinophil surface marker, was partly expressed on the neutrophil island in ascitic fluid samples. The expression of Siglec-F on neutrophils in ascitic fluid exhibited significant differences between the two groups (Figure 6C). Eosinophils, which are generally known to express high levels of Siglec-F, were identified (Figure 7A), and we generated metaclusters including eosinophils (metacluster I: MC-I in Figure 7B), Siglec-F positive neutrophils (MC-F and MC-T in Figure 7B), and Siglec-F negative neutrophils (MC-C in Figure 7B). Siglec-F expression in MC-I, MC-F, MC-T, and MC-C were compared in histograms (Figure 7C). Siglec-F expression in MC-F and MC-T was similar and lower than that in MC-I, i.e., eosinophils. Siglec-F expression in MC-C was even lower than in MC-F and MC-T. In addition, histograms of Ly6G expression in MC-I, MC-F, MC-T, and MC-C (Figure 7D) are shown to reveal that MC-I lacked Ly6G expression while its expression was similar in MC-F, MC-T, and MC-C. Since Siglec-F expression on neutrophils is found mainly in inflammatory tissues and not in peripheral blood, Siglec-F was not included in the blood panel in this study due to conflicts with other markers. We also examined the expression of the above-mentioned markers on monocytes and macrophages, obtaining similar results (Supplementary Figure 7).
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FIGURE 6
The expression of neutrophil markers. (A) The expression of CD11b. (B) The expression of SIRPα. (C) The expression of Siglec-F. CD, cluster of differentiation; CLP, cecal ligation and puncture; opt-SNE, optimized parameters for T-distributed stochastic neighbor embedding; Siglec-F, sialic acid-binding lg-like lectin F; SIRPα, signal-regulatory protein alpha. *p < 0.05.
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FIGURE 7
Sialic acid-binding lg-like lectin F and Ly6G expression on eosinophils and Siglec-F-positive/negative neutrophils. (A) Identification of eosinophils. (B) Metaclusters re-created with emphasis on Siglec-F expression. MC-I: eosinophils; MC-F and MC-T: Siglec-F-positive neutrophils; MC-C: Siglec-F-negative neutrophils. (C) Histograms of Siglec-F expression. (D) Histograms of Ly6G expression. CD, cluster of differentiation; Ly6G, lymphocyte antigen 6 G; MC, metacluster; opt-SNE, optimized parameters for T-distributed stochastic neighbor embedding; Siglec-F, sialic acid-binding lg-like lectin F.




CD68-high neutrophils in the Burn/cecal ligation and puncture group

The contour plots of the two groups were overlaid to assess differences. While notable differences were not recorded for the blood samples, areas without overlap in the neutrophil island were noted for the ascitic fluid samples (Figure 8A, surrounded by the dashed line). The clustering algorithm FlowSOM was used to create metaclusters and examine the non-overlapping area in greater detail. The scatter plot of the dimension reduction map with metaclusters was created. The non-overlapping area is shown as MC-14 (surrounded by the dashed line in Figure 8B) in the metacluster scatter plot. The scatter plot revealed the existence of another non-overlapping metacluster (MC-15, surrounded by the solid line in Figure 8B) on the neutrophil island, which was not apparent in the contour plot when the two groups were overlaid. These two metaclusters, MC-14 and MC-15, which did not overlap between the two groups, were found to be present in the Sham/CLP group but absent in the Burn/CLP group. To characterize both metaclusters, histograms of each cell surface marker were generated, and each metacluster was found to express high levels of CD68 (Figure 8C) when compared to the surrounding largest neutrophil metacluster (shown as MC-03 in Figure 8B). They also exhibited slightly lower CD11b and Ly6G expression when compared to MC-03 cells. Further, MC-15 showed higher expression of C-X-3C chemokine receptor 1 (CX3CR1), CD205, and Ly6A (stem cell antigen-1: Sca-1) than MC-03 or MC-14 cells. We also generated another metacluster map to compare the abundance of CD68 expressions between macrophages (MC-mac in Figure 9A), CD68 positive neutrophils (MC-14 and MC-15 in Figure 9A), and CD68 negative neutrophils (MC-03 in Figure 9A). In Figure 9B, histograms show that MC-mac, MC-14, and MC-15 had higher expression of CD68 when compared to MC-03, but MC14 and MC15 had lower CD68 expression compared to MC-mac which indicates a macrophage island. To confirm that MC-14 and MC-15 are indeed neutrophils and not macrophages, a scatterplot with the Z-channel set to macrophage scavenger receptor (MSR) (Figure 9C) and a histogram showing MSR expression (Figure 9D) are demonstrated. MC-mac had high expression of MSR, while MC-14, MC-15, and MC-03 lacked MSR expression.
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FIGURE 8
Deficiency of CD68-high neutrophils in the Burn/CLP group. (A) Comparison between the Burn/CLP and Sham/CLP groups by contour plot of the dimension reduction map. (B) Clustering by FlowSOM. (C) Height-adjusted histograms showing differences among the three metaclusters (MC-03, MC-14, and MC-15). CD, cluster of differentiation; CLP, cecal ligation and puncture; CX3CR1, C-X-3C chemokine receptor 1; Ly6, lymphocyte antigen 6; MC, metacluster.
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FIGURE 9
CD68 and MSR expression on macrophages and CD68-high/low neutrophils. (A) Metaclusters re-created with emphasis on CD68 expression. MC06: macrophages; MC14 and MC15: CD68-positive neutrophils; MC03: CD68-negative neutrophils. (B) MSR expression on an opt-SNE map. (C) Histograms of CD68 expression. (D) Histograms of MSR expression. CD, cluster of differentiation; MC, metacluster; MSR, macrophage scavenger receptor; opt-SNE, optimized parameters for T-distributed stochastic neighbor embedding.





Discussion

In this study, we investigated neutrophil phenotypes implicated in the pathogenesis of post-traumatic sepsis. Histopathological analysis revealed a suppression of the immune response and progressive organ ischemia in the Burn/CLP group, which were consistent with the lower survival rate. We found that the Burn/CLP group exhibited differences in the expression of CD11b, SIRPα, Siglec-F, and CD68 in neutrophils compared to the Sham/CLP group. These phenotypic differences in neutrophils may contribute to the dysregulation of immune homeostasis during post-traumatic sepsis, thus contributing to increased organ damage and reduced survival rates.

The decreased numbers of macrophages in the spleen suggest attenuated immune responses in the Burn/CLP compared to Sham/CLP groups. Hepatocyte damage around the central hepatic vein, acute tubular necrosis in the kidneys, and lung congestion were indicative of more advanced organ ischemia and greater tissue damage in the Burn/CLP group when compared with the Sham/CLP group. These observations were consistent with the decreased survival rate and overall lower cytokine release in the Burn/CLP group. The higher TGF-β1 levels detected in the blood of the Burn/CLP group could be attributed to its role in wound healing (40). TGF-β1 is also known to play an immunosuppressive role by inhibiting cell proliferation and suppressing cytokine release (41), and may therefore contribute to the suppressed immune response observed following trauma. In our study, both pro- and anti-inflammatory cytokines were generally suppressed in the Burn/CLP group. Pro-inflammatory cytokines, such as IFNγ, which are normally released in response to CLP-induced sepsis, may have been suppressed by TGF-β1, resulting in an impaired immune response and undesirable outcome. Figure 3 shows the variation in each mouse. This result is expected because outbred mice, which can have uneven immune responses, were used to generate clinically useful evidence. Furthermore, it is possible that differences in the size of the appendix and the amount of feces in the intestinal tract of each mouse may have influenced the results in the process of creating the CLP-induced sepsis model used in this study. However, we believe it is meaningful that there were clear differences between the two groups despite such variations.

Neutrophils are among the key cellular components of the innate immune system and are mobilized during the earliest stages of infection to directly eliminate target microorganisms through phagocytosis, the production of reactive oxygen species (ROS), the generation of neutrophil extracellular traps (NETs), and apoptosis (9, 42). Furthermore, neutrophils are known to have a significant impact on subsequent adaptive responses through the production of specific cytokines (25, 26). In our study, CD11b expression on neutrophils in both blood and ascitic fluid was higher in the Burn/CLP group, as previously reported for CD11b expression after trauma (9, 43). CD11b plays an important role in the adhesion and migration of neutrophils by forming integrins together with CD18. A previous report has demonstrated that CD11b/CD18 activation by integrin agonists improves inflammatory nephritis via enhancement of leukocyte adhesion and suppression of leukocyte migration to the tissues (44). Trauma-induced increased expression of CD11b may lead to the systemic attenuation of neutrophil migration, contributing to poorer outcomes in the Burn/CLP groups compared to the Sham/CLP groups, while this does not indicate a causal relationship.

Signal-regulatory protein alpha, which has recently attracted attention as a candidate target of immune checkpoint inhibitors in the field of cancer (45–48), was highly expressed on neutrophils, monocytes, and macrophages in the Burn/CLP group. SIRPα is a transmembrane protein that is expressed on the surface of phagocytic cells. When CD47 on target cells bind to SIRPα on phagocytes, their phagocytic activity is suppressed as a result of the generated “don’t eat me” signal (47). Therefore, the high expression of SIRPα in the Burn/CLP group suggests a decreased phagocytic capacity and may reflect a compromised immune response.

Recently, Siglec-F has been recognized as a surface marker of neutrophils, in addition to its well-established role as an eosinophil marker. Siglec-F-positive neutrophils were previously detected in nasal lavage fluid under inflammatory conditions (49), in myocardial tissue after acute myocardial infarction (50), and in lung cancer tissue (51, 52). This neutrophil subpopulation has thus been considered to promote tumorigenesis (52). Siglec-F-positive neutrophils have been reported to arise from conventional Siglec-F-negative neutrophils under the influence of TGF-β1 and/or granulocyte-macrophage colony-stimulating factor (GM-CSF) released from damaged tissues (53). Siglec-F-positive neutrophils are rarely detected in the bone marrow, spleen, or peripheral blood, with many reports of their presence in inflamed tissues. Siglec-F-positive neutrophils are known to be hyper-segmented neutrophils and can survive for several days, as opposed to conventional neutrophils, which survive for up to several hours (51). Previous studies have also shown that Siglec-F-positive neutrophils have an enhanced ability to produce ROS and form NETs when compared to Siglec-F-negative neutrophils (49, 53). Although there have been various reports on Siglec-F-positive neutrophils, their characteristics have not yet been fully elucidated, and the significance of their abundance in ascitic fluid of the Burn/CLP group remains elusive.

CD68 is often used as a marker for monocytes or macrophages, but CD68-positive cells from other cell types are also known (54). A previous report described CD68-positive neutrophils in the colon mucosal tissue of patients with inflammatory bowel disease (55). The inflammatory stimuli-induced upregulation of CD68 on macrophages has also been reported (56). Macrophages in CD68-knockout mice have an equivalent phagocytic capacity (57). Thus, the details of the role of CD68 on macrophages/monocytes in immune function have not been clarified, and the same has not been clarified for CD68 on neutrophils. We indicated that CD68-high neutrophils were deficient in the Burn/CLP group, but further study is needed to interpret these results with regard to neutrophil immunocompetence.



Conclusion

In the present study, we characterized the histological and immunological findings in a murine model of post-traumatic sepsis. We noted apparent changes in the expression of CD11b, SIRPα, Siglec F, and CD68 on neutrophils in model mice. Our results suggest that elevated serum TGF-β1 levels may influence subsequent cytokine suppression and neutrophil phenotype in the pathogenesis of post-traumatic sepsis, facilitating an immunosuppressive state. The functional modulation of neutrophils may represent a potential therapeutic target for the post-traumatic immunosuppressed state in sepsis.
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height (189) and 12 nm diameter (190). Akrill argues core protein
diameter may be 3 nm (12 nm is an artifactual aggregation of four 3 nm
fibers) (192).

Spacing midway between each cluster or tuft of elastic fibers is 100 nm
Each elastic fiber in each Cluster or Tuft is separated by 20 nm
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Early and Late Deaths after Major Traumatic Injury

| Early deaths: 3-6 to 24 h | Late deaths: 1 to 7-14 days |

(~30% of deaths after admission) (~20% of deaths after admission)

e Of 30% early deaths, ~50% are from e Prolonged indolent form of multiple
complex CNS, ~40% from organ failure different from the past.
cardiovascular, shock, and ~10% other. e Immunosuppression.

e Unresponsive to fluids and support. e Multiple episodes of sepsis.

e Lactate and creatine kinase rises. e Excessive or dysfunctional immune

e CNS swelling in non-TBI patients. response to trauma.

e Profound cardiac and vascular failure.
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Early period

Number of patients (n) 19
Study period 2006-2010
SIRS 14
Sepsis 4
ARDS/MODS 8

Late period

15
2012-2016
14
1
0

P-value

0.18
0.34
0.003*

Significant value in indicated with *. SIRS, systemic inflammatory response syndrome; ARDS,
acute respiratory distress syndrome; MODS, multiple organ dysfunction syndrome.





OPS/images/fmed-09-988919/crossmark.jpg
(®) Check for updates





OPS/images/fmed-09-988919/fmed-09-988919-g001.gif





OPS/images/fmed-09-952064/fmed-09-952064-t003.jpg
Complications Ctrl SNB P-value
(n=25) (n=25)

Postoperative nausea and 10725 11725 1.00
vomiting within 48 h

Local anesthetic toxicity 05 0/25 1.00
Post-operative scalp infection or 025 0725 1.00
hematoma

Data are presented as the total number of patients (). PONY, postoperative nausea and
vomiting; group Ctrl, control group; group SNB, scalp nerve block group.
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Characteristics Ctrl SNB P-value
(n=25) (n=25)

Sex (female/male) 916 916 1.00
Age (year) 636£299 6724342 069
Weight (kg) 26391142 2668£1284 093
ASA physical status [1/2,7 (% 1)) 10/15(40.0)  11/14(44.0) 1.00
Duration of operation (h) 483+122 443£137 0.28
Duration of anesthesia (h) 543£079 5124127 035

e for recovery from anesthesia 1220351 11.92:£4.09 079

(min)

Data are resented as mean  SD or percentage (%) asindicated. ASA, American Socicty
ists; group Ctrl, control group; group SNB, scalp nerve block group.
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Sevelamer hydrochloride

n-32
Baseline Six-months
Oxidants
LPO (mM) 15.70 £3.78 35.85 +6.31
NO (ug/mL) 1196.01 £ 11208 1387.61 £ 175.97
8P (pg/mL) 50.46 £ 10.20 7311+ 18.34
Markers of oxidative damage to DNA
8-OHAG (ng/mL) 6294222 952+ 7.21
hOGGH (pg/mL) 3674053 21844654
Antioxidants
SOD (L) 475307 7.69+8.19
TAC (M) 062+ 0.19 082022
Pro-inflammatory cytokines
IL-6 (pg/ml) 300+ 1.86 2.41%092
TNF- « (pg/mL) 2.44 £192 2.01+£047
Ferriin (ng/mL) 234.63 + 404.33 201.67 + 60.39
CRP (mg/l) 704734 11.65 % 10.55
Biochemical data
Hb (mg/aL) 10.50 % 1.63 12.15 + 1.98
Urea (mg/dl) 108.43  37.93 102.80 82,17
Uric acid (wmol/L) 5.16 £ 1.48 518+ 1.19
SCr (mg/dL) 10.56 +2.34 10.41 £8.1
Na (mmol/L) 138.79 % 2.29 136.95 = 0.96
K (mmol/L) 517052 515+ 0.59
Pi (mmol/L) 629+ 1.61 571452
Ca (mg/ml) 8.86+1.14 8.93+1.02
HCO; (MEq/L) 2362 +3.16 2214+ 4.90

wex

0.022**
<0.001**
0.07

0.033**
<0.001**

<0.001**
<0.001**

0.37
0.003**
0.004**

0.08

0.001**
0.42
0.79

06

0.008 **
0.38

0.040**
0.63
0.79

Calcium carbonate

n-32
Baseline Six-months
12,92 £2.03 27.53 +8.31
121570 £ 163.65 1322.02 £ 200.54
112.82 £ 14.62 90.32 £9.08
8.60 +4.77 8.88 £5.43
7.89£1.52 14.68 + 4.86
6.03 £ 4.39 878 +5.43
0.69 £0.21 0.87 £0.34
3.49+1.66 270 +£1.19
212£0.73 1.76 £ 053
168.44 + 153.60 396.24 + 709.77
7.08 £9.39 9.53 £ 4.10
10.14 £2.23 10.85 £2.57
130.27 £ 43.11 128.91 £30.14
527 +1.94 5.15+1.67
10.01 £3.2 9.51+3.2
138.65 + 2.56 138.09 +2.63
519£1.13 5.51£0.77
5.81£2.39 6.15 £ 1.60
8.71+1.43 8.05+2.34
21.62 +4.49 23.41£274

wex

0.1
<0.001**
0.12

0.84
022

0.016*
<0.001**

0.037**
0.009*
0.59
0.043**

0.26
0.26
06
06
0.49
0.60
0.59
0.44
0.047**

u-mw

0.68
08
<0.001*

0.69
0.10

051
0.86

0.38
0.97
0.10
0.65

023
0.69
076
0.1
0.75
0.048
079
0.22
<0.001**

Values are expressed as mean + standard deviation or standard error of the mean. *Mann-Whitney U-test. **Wilcoxon rank test. LPO, Lipoperoxides; NO, Nitric Oxide; 8-IF. 8-
isoprostanes; 8-OHAG, 8-hydroxy-2'-deoxyguanosine; hOGG1, Oxoguanine glycosylase; SOD, Superoxide dismutase; TAC, Total Antioxidant Capacity; IL-6, Interleukin 6; TNF-o,
Tumor necrosis factor alpha; Hb, hemoglobin; Na, Sodium; K, Potassium; Pi, Phosphate; CRF; C-reactive protein; Vit. D, vitamin D; HCOS, Bicarbonate. Data in bold are statistically

significant p-values.
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1,600mg wex 2,400mg wex 3,200mg wex K-W

n-16 n-5 n-11
Baseline Six-months P Baseline Six-months P Baseline Six-months p P
Oxidants
LPO (mM) 14.48£925 37.36 + 3651 0.12 24.20 £ 17.55 11.43 £ 402 065 9.18% 452 48.85 + 42.79 0011 054
NO (ug/mL) 1,200.88 + 92.41 1,872.04 £ 0.031 1,801.14 % 1,883.12 065 1,12051 £ 181925 + 0.028 089
17750 134.41 27253 150.00 158.35

8-1P (pg/mL) 51.96+81.15 89.33 + 84.95 0.16 18.41 5578 - 5328+ 3585 65.53 +34.06 051 090
Markers of oxidative damage to DNA
8-OHdG (ng/mL) 7.32:+ 490 8.06+3.64 057 7.65 733 - 623+ 1.74 7.01£2.71 087 0.48
hOGGH (ng/mL) 333+073 19.61 880 0017 7.95 145 - 3254032 14.81 £ 1024 0,051 029
Antioxidants
SOD (UL) 5.00+304 7.93+435 0.047 6.24£553 3704243 065 5.42 % 4.40 8184 4.06 016 089
TAC (M) 0.71£0.47 091025 0.004 0.78.+0.00 069 0.12 065 058 0.20 085 +0.28 0011 0.49
Pro-inflammatory cytokines
IL-6 (pg/ml) 324+ 179 230+ 101 0.030 191 2.47 - 305+ 1.97 2.63+0.91 095 0.42
TNF-o (pg/ml) 3.25+283 270214 009 1.12 1.41 - 2284091 180054 0.038 095
Feritin (ng/mL) 20158£24200 1909928228  0.028 21,16 +0.49 11.45 £ 2.05 0.18 37836+£220.96  281.47 £154.03  0.050** 024
CRP (mg/L) 6.47 + 687 963 7.36 0,043 540323 10.80 +5.23 0.18 902 + 869 9.15 & 4.60 077 087
Biochemical data
Hb (mg/dL) 1012+ 1.82 12,13 281 0,012 1300 % 1.27 12,06 + 1.48 065 987 1.1 11.20+ 163 0.030* 079
Urea (mg/dl) 11392 34.45 99.20 £ 3275 023 125.00 % 16.97 134.00 £ 12.73 0.18 11089 46.75 115.67  32.60 072 0.42
Uric acid (umol/L) 506 % 1.60 485+ 134 065 615+ 1.06 480 & - 580 1.68 584 1.38 046 0.70
SCr (mg/dL) 102442 10.03+29 072 115091 9.4:+41 065 11.73+29 10,40+ 422 024 047
Pi (mg/dL) 657 % 1.61 545%1.12 008 650 %000 450  2.40 0.18 688+ 1.78 658 1.64 029 0.49
Cl (mmoirt) 106.43 = 27.89 98.91+2.95 0.14 9850 +2.12 97.00 + 1.41 065 9956 + 2.83 102.00 = 8.24 0,041 0.42
Vitamin D (nmolL) 19.79 % 10.18 287041265 0018 3505+ 18.74 35.20 % 12.59 065 2869+ 13.65 27.18£965 046 082
Calcium carbonate dose

19 2-49 259

n-6 11 n-15

Baseline Six-months Baseline Six-months Baseline Six- Baseline Six-months
months
Oxidants
LPO (mM) 16.21 % 10.81 42.90 +81.01 0.1 14.27 £2.10 3333876 0.12 971862 27.27 £9.04 006 0.16
LPO (mM) 16.21 £ 10.81 42.90 +81.01 011 14.27 £2.10 33.33+8.76 0.12 9714862 2727 £9.04 006 0.16
NO (ug/mL) 1,257.37 + 96.35 1269.13 + 075 11603943720  1313.13£4238 0022 1,222.37 £ 1,41069 £ 0.008** 039
165.38 108.72 172.87

8P (pg/mL) 53.95+34.28 98.36 + 65.91 0.10 87.62 15,62 84.42 + 12.37 091 7070 & 60.51 75.12 % 42.07 077 090
Markers of oxidative damage to DNA
8-OHdG (ng/mL) 7.35 237 12.71:£2.88 0.10 7.30£ 1.06 847+1.26 017 849+ 3.37 890+ 7.08 044 008
hOGGH (ng/mL) 591296 46.40 + 26.45 028 600105 17.71£572 0014+ 466+ 1.19 153175 011 0.16
Antioxidants
SOD (UL) 4.78£3.06 7.08+423 024 631100 834096 0.10 458304 8.13+4.96 0.017¢ 057
TAC (uM) 057 £0.17 084029 0.028 0.65 0,04 089 0,07 0,007+ 065+ 0.22 0.78+0.13 0.011* 021
Pro-inflammatory cytokines
IL-6 (pg/mL) 382+ 247 387136 059 3.42.+0.42 258018 008 2504 0.62 260 1.53 072 041
TNF-o (pg/ml) 214055 1.79+008 028 256+ 0.43 1.99+0.33 0,001+ 1.92 +0.42 1.75£038 059 033
Ferritin (ng/mL) 184.28% 14637 144.16 £ 74.63 006 2476910641  320.87 £ 162.70 0.16 1768348649  199.26 % 104.42 o011 066
CRP (mg/l) 1030+ 11.26 2063 +22.33 1.00 5.34+4.82 10.66 + 6.07 0,008 813971 7.87 £4.11 024 057
Biochemical data
Hb (mg/dL) 10.00 098 12084 008 1023+ 228 1151 250 0,026 10.74 £ 1.46 11.98£226 0,032+ 071
Urea (mg/dL) 79.20 + 42.32 107 +34.73 042 126,85 % 40.02 11539+ 31.78 008 120.29 4 36.62 107.75 4 39.86 0610 0.19
Uric acid (wmol/L) 4445141 593+ 0.40 o011 529158 513151 079 522175 5124156 1.000 028
SCr (mg/dL) 895 %251 958+ 3.8 075 10.9+345 1031 £ 843 03 1042 £ 1.76 995 +3.16 086 088
Cholesterol (mg/dlL) 182.67 = 40.30 174.25 + 2855 046 143.62 % 30.41 159,63 = 33.22 025  105893+90135  151.11£2203  0.085" 036
Pi (mg/dl) 5.8+ 198 576+ 082 089 636236 6.14.+1.79 022 624 1.24 540 1.28 0092 090
K (mmol/L) 495061 506 %043 1.00 537097 534061 050 507 061 526 0.87 047 0011
HCOg(mEa/L) 24.18+2.43 2368+ 1.89 068 21.70 + 4.40 22,01 £5.12 036 24.32.+2.88 2358+ 184 020 0,020

Values are expressed as mean = standard deviation or standard error of the mean. ***Kruskal-Walls test. **Wilcoxon rank test. LPO, Lipoperoxides; NO, Nitric Oxide; 8-IF, 8-isoprostanes; 8-OHAG, 8-hydroxy-2'-deoxyguanosi
hOGG1, Oxoguanine glycosylase; SOD, Superoxide dismutase; TAC, Total Antioxidant Capacity; IL-6, Interleukin 6; TNF- a, Tumor necrosis factor alpha; Hb, hemoglobin; SCr, Serum creatinine; K, Potassium; Pi, Phosphate; Cl, Chlorine;
CRP, C Reactive Protein; HCO3, Bicarbonate. It was not possible to measure the glomerular filtration rate since its value is <10 mL/min/1.73 m?. Data in bold are statistically significant p-values.
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Gender (%)
Male

Female
Weight (k)
BMI (Kg/m?)
BMI (%)
Normal
Overweight
Obesity

ime in HD (years)
DM (%)

Yes

No

AH (%)

Yes

No

Sevelamer hydrochloride

41.90
58.1
64.79 £ 19.10
24.95 + 593

64.5

129

226
8.06 +4.78

742
258

323
67.7

Calcium carbonate

333
66.6
63.55 + 22.46
24.02 +£5.28

714

14

143
7.06 £5.06

7.4
286

19
81

061

08
072

0.44

0.038¥

0.11

031

Values are expressed as mean = standard deviation or percentages. ¥ Ch?” test. BMI,
Body mass index: DM, Diabetes Melitus; AH, Arterial Hypertension.
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In contrast to control group, the increase of IDO expression in model group is expressed as “+,” the decrease of that as
kynurenine; Trp, tryptophan.

Model Do
status
HBYV +
Liver +
transplantation
Attenuate lver  +
injury
HBY +
Liver +
transplantation
Acute hepatic  +
injury
Liver injury NA
Liver injury NA
Hepatic fibrosis ~ +
Hepatocarcinogenesis
Hepatic fibrosis UK.
Liver fibrosis Humans,-;
mice,+
Liver fibrosis NA
Liver injury NA
Liver injury UK
Acute immune  +
hepaitis (AIH)
Idiosyncratic UK
drug-induced
fiver injury (IDILI)
BDL +

Study design

Hepatitis B virus (HBV)
transgenic (Tg) mice

Rat orthotopic liver
transplantations (OLT)
a-GalCer-inducedhepatitis
Hepatitis B virus

(HBV)-transgenic
(Tg)/IDO-knockout (KO) mice

Rat iver transplantation

CCly-induced hepatitis model

High-fat diet-induced hepatic
inflammation and fibrosis

The CCl; liver-injured rats

The CClg-induced liver fibrosis
in Mice

DEN-induced
hepatocarcinogenesis

CClg-induced liver fiorosis rat
model

CClg-induced liver fiorosis
mice

GCla-induced liver fibrosis rat
model
ANIT-induced liver injury in rats

GCla-induced acute liver injury

ConA-induced AIH mice

PD-1-/~mouse model of IDILI

BDL mice model

Roles of IDO

Cytotoxic T lymphocytes transduction
results in the upregulation of IDO, which
might downregulate T-cell responsiveness
IDO may act as a local
immunosuppressive molecule to protect
transplanted cells, tissues and organs
from immune attack

Decrease the number of TNF-a-producing
immune cells in the liver

IDO defiiency attenuated liver injury in
HBV-Tg mice injected with HBV-specific
cTL

The IDO level of KCs was closely
associated with immune tolerance
induction

IDO deficiency exacerbated liver injury in
CCls-induced hepatitis by inducing TNF-e:
and IL-6

The deficiency of IDO may increase T cell
activation, either directly or indirectly, by
suppressing Tregs and thus contributed to
aworsening of hepatic inflammation

The level of Trp increased

The deficiency of IDO aggravated the
CCls-Inducediiver fibrosis in Mice by
suppressing the inflammatory response
induced by TNF-a.

1DO up-regulation may contribute to the
development and progression of liver
carcinogenesisbyinduction of both
inflammation and an immunosuppressive
microenvironment

Trp level is changed at all time points and
could be regarded as effective biomarkers
for the early deteation of lver fibrosis

IDO1 deficiency attenuated CCla-induced
fibrosisthrough Th17 cells down-regulation
andTDO compensation

Trplevel was increased

Trp was identified as potential biomarkers
of cholestasis

1DO2 deficiency attenuated CCla-induced
acute liver injury by AHR pathway

1-MT alleviated murine liver damage with
the reduction of inducible nitric oxide
synthase and 3-nitrotyrosine expression
alleviated murine liver damage

1-D-MT decreased amodiaquine-induced
liver injury in femalePD-1-/~mice.

IDO1 affects the process of immune cells
recruitment via inhibiting DCs maturation
and subsequent T cells proliferation,
resulting in the promotion of hepatic
fibrosis

Effect of IDO immune
modulation

HBV infection facilitates the
induction of IDO

Protective effect against rat

liver transplant rejection

Protective effect against liver
injury
Aggravated HBV

Protective effect against rat
liver transplant rejection

Protective effect against ver
injury

Protective effect against
hepatic fibrosis

Biomarker
Protective effect against liver
injury

Aggravated
hepatocarcinogenesis

Biomarkers

Aggravated liver injury

Biomarker
Biomarkers
Aggravated liver injury

Aggravated liver injury

The immuneresponse has
many redundant feedlback
mechanisms that canlead to
paradoxical effects

Aggravated liver injury
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KHK2456

Epacadostat

Indoximod

Epacadostat INCB
024360)

Linrodostat
(BMS-986205)

Celecoxib 200mg
capsule

Linrodostat
(BMS-986205)

Linrodostat
(BMS-986205)

Epacadostat (INCB
024360)

Epacadostat (INCB
024360)

Epacadostat (INCB
024360)

Indoximod

Notes

Nivolumab and
PD-L1/IDO peptide
vaccine

Combined with
avelumab

Combined with
pembrolizumab

Combined with
docetaxel

Combined with
CDX-1401 and poly
IcLC

Combined with
nivolumab

As single agent

Combined with
relatimab and
nivolumab

Combined with
nivolumab and
temozolomide

Combined with
pembrolizumab

Combined with
pembrolizumab

Combined with
pembrolizumab

Combined with
chemotherapy and
radiation

Indications

Metastatic melanoma

Urothelial carcinoma

Sarcoma

Non-small cell lung cancer
Progression of non-small
cell lung cancer
Non-small cell lung cancer
recurrent

Fallopian tube carcinoma
Ovarian carcinoma
Primary peritoneal
carcinoma

Endometrial
adenocarcinoma
Endometrial
carcinosarcoma
Endometrium cancer

Advanced cancer

Glioblastoma

Head and neck cancer

Renal cel carcinoma
(RCO)

Metastatic pancreatic
adenocarcinoma

Glioblastoma
Medulioblastoma
Ependymoma

Diffuse intrinsic pontine
glioma

Phase

Phase 1
Phase 2

Phase 1

Phase 2

Phase 1

Phase 1
Phase 2

Phase 2

Phase 2

Phase 1

Phase 2

Phase 1

Phase 3

Phase 3

Phase 2

Phase 2

Status

Recriting

Recniting

Active, not
recniting

Active, not
recniting

Active, not
recniting

Recriiting

Recniting

Recriting

Recruting

Active, not
recruiting

Active, not
recruiting

Recriting

Recriting

Mechanism

Combination therapy with nivolumab
and PD-L1/IDO peptide vaccine to
patients with metastatic melanoma
KHK2455 (IDO inhibitor) plus avelumab
in adult subjects with advanced bladder
cancer

Astudy of Epacadostat, an IDO1
inhibitor, in combination with
pembrolizumab in patients with
metastatic and/or locally advanced
sarcoma

Immunotherapy combination study in
advanced previously treated non-small
cell lung cancer

DEG-205/NY-ESO-1 fusion protein
CDX-1401, Poly ICLC, and IDO1
inhibitor INCB024360 in treating
patients with ovarian, fallopian tube, or
primary peritoneal cancer in remission
Study of BMS-986205 and nivolumab
in endormetrial cancer or endometrial
carcinosarcoma that has not
responded to treatment

Neoadjuvant Celecoxib in newly
diagnosed patients with endometrial
carcinoma

An investigational study of
immunotherapy Combinations in
participants with solid cancers that are
advanced or have spread

Nivolumab, BMS-986205, and radiation
therapy with or without temozolomide
in treating patients with newly
diagnosed glioblastoma
Pembrolizumab plus Epacadostat,
pembrolizumab monotherapy, and the
extremeregimen in recurrent or
metastatic head and neck squamous
cell carcinoma (KEYNOTE-669/
ECHO-304)

Pembrolizumab (MK-3475) plus
Epacadostat vs. standard of care in
MRCC (KEYNOTE-679/ ECHO-302)
Epacadostat, pembrolizumab, and
CRS-207, with or without CY/GVAX
pancreas in patients with metastatic
pancreas cancer

Pedatric trial of Indoximod with
chemotherapy and radation for
relapsed brain tumors or newly
diagnosed diffuse intrinsic pontine
glioma

Reference

NCT03047928

NCT03915406

NCT03414229

NCT02460367

NCT02166905

NCT04106414

NCT03896113

NCT03459222

NCT04047706

NCT03358472

NCT Number

NCT03260894

NCT03006302
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Redox biomarker

LPO
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SOD
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Clinical parameter

Cholesterol
HCOs
PTH
CRP
a
TSAT
VitD
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Data in bold are statistically significant p-values.

rho

0.53
0.56
0.58
-0.14
-0.01
0.65
-0.35
-0.38
-0.52
-0.58
0.43
-0.67
0.2
-0.65

Sevelamer hydrochloride
P

0.025
0.046
0.049
0.67
0.98
0.016
0.15
0.25
0.035
0.017
0.046
0.0.13
0.65
0.022

rho

-0.67
—-004
-0.21
-0.7
0.7
0.49
-0.72
-0.68
0.61
-01
02
-0.14

0.12

Calcium carbonate

P

0.035
091
0.056
0.024
0.038
0.09
0.043
0.05
0.15
0.87
0.58
0.76
<0.01
0.75





