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摘要

肺損傷的機制有兩大主軸--Inflammation與cell death。大多數有關肺損傷的研究多著重於其中單一種機制，但很少有研究去探討此二者間的相互影響。本研究使用煙霧吸入引發肺損傷的模型，此模型同時有明顯的epithelial cell death 與Neutrophilic inflammation，我們發現此種細胞死亡是一種特別的型式-- “pyrotosis”，它會釋放大量IL-1，而IL-1是進一步引起Neutrophilic inflammation的重要關鍵，因此藉由L-1訊息傳遞連結了ARDS中epithelial cell death 與Neutrophilic inflammation此兩大主要機制。更進一步，我們也發現若在基因層次阻斷相關的訊息傳遞路徑，則有保護肺部的作用；而嘗試藥物拮抗的方式，也發現能保護肺部免於進一步損傷。這些治療上的突破，未來在臨床應用上相當有潛力。
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目的

    There are about 1.25 million burn injuries annually in the United States.(1) With the advances in patient care, the mortality from major burns has significantly decreased during the past decades. However, the mortality remains high when the burn injury complicates inhalation injury.(2-6)  Inhalation injury constitutes one of the most critical risk factors for death after thermal insult.(5, 7) Smoke inhalation increased lung inflammation and subsequent lung injury. It is proposed that acute lung injury (ALI) and acute respiratory distress syndrome (ARDS) account for 75% of deaths related to fire.(8) Based on the current pathophysiologic concepts of inhalation injury, the disease process that leads to immediate and delayed ALI or ARDS best managed by aggressive physiologic support.(9) Management approaches for the biochemical changes have not reached general clinical application due to the poorly understood immuno-biochemical pathways.(8)
    In patients with smoke inhalation injury, IL-1β is one of the important tracheobronchial markers.(10)  IL-1β, which is the major product of inflammasome, plays a regulatory role of the body's inflammatory response and is produced in response to infection, injury, and antigenic challenge. Doz and colleagues showed cigarette smoke-induced pulmonary inflammation is IL-1R1/MyD88 signaling dependent.(11) However, the impact of IL-1β and inflammasome on the cellular and molecular mechanisms in the inhalation injury form fire smoke has not been investigated. Since inflammatory response plays a major role in the development of smoke-induced ALI or ARDS, we consider that IL-1 pathway is involved in the pathogenesis of smoke inhalation. We also hypothesized that treatment with IL-1R1 antagonist would reduce smoke-induced pulmonary inflammation. 
過程

Methods and Materials

Animals: Gene knock-out mice (IL-1R1 -/- from Jackson laboratory, Bar Harbor, ME; MyD88 -/- from Shizuo Akira’s lab, Japan) and wild-type control mice (Jackson laboratory, Bar Harbor, ME) were used. For experiment, adult (6- to 10-week old) mice, weighing 20-25g, were kept in sterile, isolated ventilated cages, and had access to water and food before and after exposure. All the procedures were performed in accordance with protocols approved by the subcommittee on research animal care at Massachusetts General Hospital, Harvard University and complied with the ‘‘guide for the care and use of laboratory animal’’. 
Smoke Inhalation:  Smoke inhalation was administered as previously described (12).  Briefly, after induction of anesthesia with intraperitoneal 50 mg/kg ketamine and 5 mg/kg diazepam, animals were orally intubated with a custom-made endotracheal tube (modified from a 20-gauge angiocatheter) while spontaneously breathing room air and then placed in the smoke chamber, which was filled with smoke from 900 mg of smoldering cotton heated to 400(C, for 15 minutes. During smoke exposure, the temperature of the smoke did not exceed 40°C to prevent thermal injury to the airways. During this experimental period, the animals were allowed free access to food and water.  Two, 6 and 24 hours after smoke exposure, animals were sacrificed via deep anesthesia with exsanguination. 
Administration of IL-1β or IL-1Ra: Recombinant Mouse IL-1β (rmIL-1β) from R&D Systems in saline (1 μg in a volume of 40 μl), or saline (40 μl) alone were given through the endotracheal tube under the same anesthesia as for smoke inhalation. For the experiment of IL-1R antagonist, 100 μg IL-1Ra (Amgen) or saline was injected intraperitoneally 30 minutes after smoke exposure. 
Experimental Design:
(1) Wild type mice were randomly assigned into one of four groups:  Sham (in chamber without smoke), Smoke 2Hr (in chamber with smoke, sacrificed at two hours after exposure), Smoke 6Hr (in chamber with smoke, sacrificed at six hours after exposure), and Smoke 24Hr (in chamber with smoke, sacrificed 24 hours after exposure).

(2) Four groups of mice were put in the chamber and sacrificed 24 hours after exposure:  Sham (wild type mice in chamber without smoke), WT (wild type mice in chamber with smoke), IL-1R KO (IL-1R1 -/- in chamber with smoke), and MyD88 KO (MyD88-/- in chamber with smoke).

(3)  Recombinant Mouse IL-1β (rmIL-1β) from R&D Systems in saline (1 μg in a volume of 40 μl), or saline (40 μl) alone were given through the endotracheal tube under the same anesthesia as for smoke inhalation. Wild type mice were randomly assigned into one of three groups and sacrificed 24 hours after exposure:  Sham (in chamber without smoke, intra-tracheal saline injection), Smoke (in chamber with smoke), and rmIL-1β (in chamber without smoke, intra-tracheal rmIL-1β injection).

(4) IL-1Ra (100 μg, Amgen) or saline was injected intraperitoneally 30 minutes after exposure. Wild type mice were randomly assigned into one of three groups and sacrificed 24 hours after exposure:  Sham (in chamber without smoke, intra-peritoneal saline injection), Smoke (in chamber with smoke, intra-peritoneal saline injection), and Smoke+IL-1Ra (in chamber with smoke, intra-peritoneal IL-1Ra injection). 

Bronchoalveolar Lavage and Cell Counts

    The bronchoalveolar lavage fluid (BALF) was collected by canulating the trachea and washing the lung four times with 0.5 ml of saline as described before (11), and the recovery of the total lavage exceeded 90%. Total cell count in BALF was determined using a Malassez chamber. Then the sample was centrifuged (600 g for 10 minutes), and supernatant was fractionated and kept at –80°C until mediator determination. The cell pellet was resuspended and fixed on a glass slide by the cytospin preparation (Cytospin 3, Thermo-Shandon). The differential cell count was determined on >200 cells using standard morphological criteria after Giemsa staining (DiffQuick, Medion Diagnostics).  
Lung homogenization
    After BAL, blood in pulmonary circulation was washed out by normal saline, which was injected from right ventricle and vented from left atrium. Lung was removed and lysed using 1 ml of the following lysis buffer: 200mM NaCl, 5 mMEDTA, 10 mM tris, 10% glycerin, 1 mM PMSF, 1 μg /ml leupeptin and 28 μg /ml aprotinin (pH 7.4). After homogenization (Powergen 500, Fisher scientific), the extract was then centrifuged twice (1500g at 4 °C for 15 minutes) and the supernatant stored at –80°C. 
Mediator measurements 

    Myeloperoxidase (MPO) in lung homogenate was determined using an ELISA kit (Hycult biotechnology). IL-1β, macrophage inflammatory protein-2 (MIP-2), keratinocyte-derived chemokine (KC), and IL-6 levels in BALF, lung homogenate were determined using ELISA kits (Duoset R&D Systems) according to the manufacturer’s instructions. Pulmonary vascular permeability was evaluated by measurement of the protein concentration in BALF (BioRad, Hercules, CA), indicative of protein leak from the vascular to the alveolar space. 

Lung histopathology and Scoring
    In a separate group of animals, lung tissues were taken for histological analysis. The lungs were infused via the airway with 4% phosphate-buffered formalin at 20 cm H2O pressure. After at least 48 hours of fixation the left lung was cut into 0.5 cm thick sections. The sections were embedded in paraffin, cut into 5-µm pieces, mounted on glass slides, and stained with hematoxylin-eosin (H-E) for determination of lung injury. The lesions were assessed semiquantitatively using a severity score modified from a previously described scoring system for pathological changes after smoke inhalation (13).  Briefly, we examined 5 fields (2 peripheral and 3 central) for 5 injurious variables on each slide.  Injurious variables included a) airway epithelial shedding, b) airway epithelial edema, c) increased cellularity in the airway and parenchymal tissues, d) increased peribronchial and perivascular cuff area, and e) alveolar atelectasis.  The total lung injury score was calculated as the sum of each variable (0 for none or normal to 3 for severe).ranging from 0 to 5 (from no lesion to severe lesions). 
Immunohistochemistry (IHC) assessment of IL-1β  

    Following the manufacturer’s protocol, we used ABC Staining System (Santa Cruz Biotechnology) to detect IL-1β (Santa Cruz Biotechnology) in the lung tissue. Hematoxylin was used as counterstain. Negative controls were treated with identical procedures without primary antibody. The results of positive staining were verified by two blinded investigators independently. The lung histology assessment and evaluation for airway epithelium apoptosis were determined in a blinded manner.  TdT-mediated dUTP nick end labeling (TUNEL) assay of DNA fragmentation (Calbiochem) was used to detect apoptosis of lung tissue.  (Double stainig kit, Zymed )
Western blotting for IL-1β expression 

    Proteins contained in BAL were separated by SDS-PAGE and transferred to polyvinylidene difluoride membrane. The membrane was blocked for 1 h at room temperature with 10% nonfat dry milk in Tween 20 TTBS. The blot was then incubated for 2 h at room temperature with the primary Ab (anti IL-1β, Santa Cruz Biotechnology) in blocking buffer (TTBS with 5% nonfat dry milk). After three washes in TTBS, the bands were visualized with HRP-conjugated goat anti-rabbit IgG (Santa Cruz Biotechnology) via an ECL detection system (Amersham Biosciences). 

Statistical Methods

    All values are presented as mean ± standard error of mean, indicated by error bars. Variables were compared through analysis of variance (ANOVA) and Fishers’s PLSD post hoc test, or by Student’s t test for two group comparison using Statview 4.5 (Abacus Concepts, Inc., Berkeley, CA), p < 0.05 was considered a statistically significant.  

Results

IL-1β in the inflammatory response of smoke inhalation

    C57BL/6 mice exposed to cotton smoke developed a time dependent pulmonary inflammation, which is closely related to the production of IL-1β. Two hours after smoke inhalation, the inflammatory cell recruitment into the bronchoalveolar space increased slightly, but did not reach the statistically significant difference in comparison to the sham group. At this time point, mature IL-1β was able to be detected in bronchoalveolar lavage fluid (BALF). But the increase of concentration measured by ELISA did not show significant difference in comparison to the sham group. However, six hours after the smoke inhalation, the numbers of total cell and neutrophil in BALF increased significantly as well as the concentration of IL-1β in BLAF. In addition to the mature IL-1β, some immature IL-1β in BALF could also be detected by western blot. (ELISA kits detect both mature and immature IL-1β, and only mature form is bioactive. In western blotting, we demonstrated mature IL-1β increased gradually in BALF. And at 6 h and 24 h, the increase of immature IL-1β can also be detected in BALF probably due to cell lysis. Normally, only mature IL-1β can be secreted into extracellular space.) Twenty-four hours after the smoke inhalation, the inflammatory response and the production of IL-1β would be further augmented. 

    Investigations of the pulmonary histology confirmed the presence of increased numbers of neutrophils in lung tissue sections of mice exposed smoke. Six and 24 hours after the smoke inhalation, H&E stain showed obvious neutrophil infiltration in the lung parenchyma. Neutrophil recruitment in the lung was quantified by MPO assay, which also revealed significant increased activities at 6 and 24 hours time points. Moreover, the lung injury score (LIS) showed a significant increase 6 and 24 hours after smoke inhalation. On the other hand, the Immunohistochemical stain of IL-1β showed that airway epithelial cells are the major source of this cytokine. And some macrophages might also produce IL-1β although the number is quite few. To further prove the existence and find out the source of IL-1β, we did a series if immunohistochemical stain which revealed airway epithelial being the major source of IL-1β. Some of the macrophage also showed positive staining of IL-1β. 

    In conclusion, the increase of IL-1β parallel to the severity of pulmonary inflammation and injury. 

Smoke induced pulmonary inflammation is IL- 1R1 and MyD88 -dependent 

    To asses the causal relationship of the smoke induced inflammation and the production of IL-1β, we compared the effects of smoke in wild-type mice with mice of IL-1R1-/- and MyD88-/-, which is the downstream modulator of IL-1R1 pathway. In keeping with previous studies, wild-type mice experienced pulmonary inflammation and injury after exposure to smoke. This response was associated with a significant increase of inflammatory cell in BALF and LIS, as well as a significant rise in alveolar capillary protein leak. However, in the absence of IL-1R1 or its downstream adaptor MyD88, smoke-induced inflammation was dramatically decreased. (Fig. 1E). IL-1β pathway was important in each of these responses because in its absence smoke-induced inflammation (2a) and alveolar capillary protein leak (2b) were diminished, and cytokines and chemokines were ameliorated (2c-2f). These studies show that IL-1 has a critical role in pathogenesis of the inflammation and permeability alterations in smoke inhalation injury. Therefore, Smoke induced pulmonary inflammation is dependent upon IL-1R1/MyD88 signaling. D). Neutrophil recruitment in the lung was quantified by assessing MPO activity, which was less pronounced in IL-1R1 and MyD88-deficient mice (Fig. 1A-C)  We show that in the absence of IL-1R1, quantified neutrophil recruitment in BALF after smoke exposure was dramatically decreased (Fig. 1
Smoke induces IL- 1R1 and MyD88 -dependent IL-6, KC, MIP-2 
    We then asked whether soluble factors implicated in neutrophil recruitment are induced in the lung upon smoke exposure. The production of another inflammatory cytokine, IL-6 (Fig. 2, C- F) were elevated in the BAL fluids and in the lung tissue homogenates after smoke exposure, but were reduced in mice deficient for MyD88, or IL-1R1. Thus, smoke-induced expression of proinflammatory cytokine and chemokine depend both on IL-1R1/MyD88 signaling pathways.
, A and B) and the neutrophil chemotactic factor KC and MIP-2 (Fig. 2
The production of the neutrophil chemotactic factor KC (Figure 2E) and another inflammatory cytokine, IL-6 (Figure 2F), were induced in response to BLM in the lung of C57BL/6 mice but were dramatically reduced in MyD88–/– and IL-1R1–/– mice. Comparable results were obtained in the BALF (data not shown). Therefore, BLM-induced IL-1β secretion and IL-1R1 and MyD88 signaling are required for the production of KC and IL-6 and for neutrophil recruitment into the lung tissue and bronchoalveolar space. 

Effects of Exogenous IL-1β and IL-1 antagonist 

In order to confirm that IL-1β is central in smoke-induced acute inflammatory response, we first examined the responses induced by exogenous recombinant murine IL-1β (rmIL-1β). The mice treated with rmIL-1β had increased neutrophil recruitment into BALF at 24 hours as compared with vehicle-treated controls (Fig. 4a–c). Administration of rmIL-1β also enhanced the expression of neutrophil chemotactic factor CXCL1 (KC), IL-6, and TARC at 24 hours (Figure 6, C–E) in the lung of C57BL/6 mice. To further confirm that IL-1R1 pathway is critical to smoke-induced lung pathology, IL-1Ra were given i.p. at 30 minutes after smoke inhalation. Treatment with IL-1Ra, in agreement with the results in IL-1–/– mice, significantly inhibited smoke-induced inflammation. The IL-1Ra reduced neutrophil recruitment in the BALF as well as KC and IL-6 production in the lung at 24 hours. IL-1Ra dramatically reduced neutrophil influx into BALF at day 1 (Figure 8A). IL-1β, KC, and IL-6 levels in lung were also inhibited by IL-1Ra at day 1 (Figure 8, C–E). Therefore, IL-1β is a key effector cytokine of the smoke-induced inflammatory lung pathology and may represent a critical therapeutic target. Taken together, these studies show that IL-1 is important in the pathogenesis of smoke-induced tissue injury and inflammation.

心得

    The present study clearly demonstrates the acute lung injury induced by smoke inhalation lead to the production of IL-1β, inflammation, increased permeability, and cytokines release. Interaction of IL-1β with its receptor, IL-1R1, is then leading to pulmonary inflammation. MyD88, which is necessary for TLR4 and IL-1R1 signaling, is a crucial adaptor protein in this response. During the process of inflammation, IL-1β plays a key role and this process was dependent upon IL-1R1/MyD88 signaling. Absence of IL-1R1, or MyD88, signaling abrogated lung inflammation, ie decreased neutrophil recruitment to the lung parenchyma and BAL with low MIP-2, KC, and IL-6. Indeed, lung injury score and pulmonary vascular permeability were significantly reduced in IL-1R1– and MyD88-deficient mice, pointing to the essential role of endogenous IL-1 in pulmonary inflammation in response to smoke inhalation. Confirming that IL-1 acts as a critical mediator, we show that exogenous rmIL-1recapitulates acute inflammation. Importantly, IL-1R1 blockade by the IL-1Ra (Anakira) attenuates the inflammatory pathology. 
   The complex compositions of inhaled smoke inhalation cause a variety of damages to the respiratory system. Since airway is the first target of smoke inhalation, direct cytotoxicity and cell death could be one of the major manifestations. We previously showed positive TUNEL stain along airway epithelium in the rat model (12). In the present study of mouse model, we also found the same result with a pattern of more injured cells in the proximal sites than in the distal sites (data not shown). Airway obstruction is one of the most common presentations in patients with inhalation injury, which require frequent airway toilet with bronchoscope (14). Airway obstruction mainly comes from the formation of cast, which consists of shed epithelial cells, mucus, fibrin and recruited inflammatory cells. Another concern from inhalation injury, which account for 75% of deaths related to fire, is the severe pulmonary inflammatory – ARDS (8). The detailed mechanism for the development of smoke-induced ARDS has not been cleared addressed. The production of cytokines and chemokines, as well as oxidants, may play some roles in this process. The present study showed a proinflammatory cytokine -- IL-1β is mostly produced from airway epithelium, which is also the major site presenting cell death caused by smoke inhalation. This finding create a possible connection between these two distinct injuries, the cell injury in airway epithelium and pulmonary inflammatory. It also indicates the pattern of cell death is “pyrotosis”, which present cell death and release IL-1β at the same time, rather than apoptosis. Plus, the western blot of IL-1β in BALF revealed both mature and immature forms after 6 hours post smoke inhalation, indicating the occurrence of defects on cell membrane, which is also a characteristic of pyrotosis. Taken together, the possible mechanism is that smoke damage epithelial cells, which then undergo “pyrotosis” and produce IL-1β. 
    The next question would be that whether the production of IL-1β correlate to smoke-induced inflammatory response and the development of smoke-induced ALI or ARDS. Since having been cloned in 1984, IL-1β has been proved to have numerous effects. IL-1β is a regulator of the body's inflammatory response and is produced after infection, injury, and antigenic challenge. It plays a role in various diseases, including autoimmune diseases such as rheumatoid arthritis, inflammatory bowel diseases and type 1 diabetes, as well as in diseases associated with metabolic syndrome such as atherosclerosis, chronic heart failure and type 2 diabetes. Patients who developed ALI or ARDS after smoke inhalation have been found to increase the level of IL-1β in BALF within 6 hours (10). Doz and colleagues showed cigarette smoke-induced pulmonary inflammation is IL-1R1/MyD88 signaling dependent.(11) However, the impact of IL-1β and inflammasome on the cellular and molecular mechanisms in the inhalation injury form fire smoke has not been investigated. In the present study, we showed that IL-1β play a key in the inhalation injury of cotton smoke for the first time. We used gene knock-out mice to prove IL-1 pathway is essential to induce inflammation after smoke inhalation. And exogenous rmIL-1β recapitulates acute inflammation similar to smoke-induced one. Importantly, IL-1R1 blockade by the IL-1Ra (Anakira) attenuates the inflammatory pathology. By these experiments, we made a clear causal relationship the production of IL-1β and the development of smoke-induced inflammatory response.
    Macrophage is the primary source of IL-1, but epidermal, epithelial, lymphoid and vascular tissues also synthesize IL-1. In a cigarette smoke model, they also demonstrate the importance of IL-1β which was produced by macrophage (11). However, our data showed the majority of IL-1 comes from airway epithelial cell rather than macrophage, although some macrophage did produce IL-1β. In addition, the production of IL-1β is further augmented by the “autocrine” pattern of IL-1β (15), which  make this inflammatory process become self-perpetuating. 
     Smoke inhalation and respiratory complications are still the leading contributors to mortality in burn victims and cause severe acute lung injury.  Respiratory failure in burn patients occurs through a number of associated mechanisms. Airway obstruction and smoke-induced lung apoptosis have been shown to occur in animal models with burn and smoke inhalation injuries (19).  Inflammatory responses have been implicated in the pathogenesis of lung injury after smoke inhalation.  Clinical and experimental studies have shown that damage to the mucosal barrier and the release of inflammatory mediators are the most important pathophysiological events following smoke inhalation. Manipulation of the inflammatory response following inhalation may offer new treatment options. The complex compositions of inhaled smoke inhalation cause a variety of damages to the respiratory system. It also destroys endothelial and epithelial barrier function, and induces surfactant denaturation, inflammatory exudates, aggregates of mucous with sloughed airway epithelium and cellular debris, leading to airway obstruction(16-20). Due to the complexity of smoke inhalation, many biochemical interventions have been proposed in addition to aggressive physiologic supports. Proinflammatory cytokines and free oxygen radicals have been demonstrated to play a significant role in both the lung and systemic response to smoke. However, it is fair to state that the recently identified cell biologic and cell genetic changes have not yet altered the clinical management. However, none of these pharmaco-managements proved significant benefits with strong evidences. The major cause of death today from burn injury is respiratory failure. IL-1R1 antagonist might be a treatment option to respiratory failure by attenuating pulmonary inflammation. Our data clearly elaborate the prominent role of IL-1 and provide a possible therapy by targeting this key cytokine. IL-1R1 blockade with IL-1Ra (Anakinra) dramatically attenuated lung inflammation induced by BLM. IL-1 neutralization is very efficient in treating several destructive diseases such as systemic onset juvenile idiopathic arthritis, hereditary periodic fever syndromes, and gout arthritis. In the aspect of pharmaco-management of inhalation injury, studies focused on the anti-inflammation only showed partial benefit or no benefit (steroid). We introduced interfering IL-1 pathway as a potential treatment, which, to our best knowledge, is the first study address this option.  
建議事項
    非常感謝補助本人參與此次出國研習，此行成果非常豐碩視野也增進不少。我們利用此種動物ARDS模型成功地連結了細胞凋亡與發炎反應相互影響，日後可在這個基礎上，將此細胞治療的技術應用在肺損傷的病患身上，期望能挽救更多重症病患。此次出國研習，深深體會到拓展人脈和創造國際合作機會的重要，建議能多鼓勵研究人員出國參加會議，瞭解國際科學發展的走向，同時國內也應該多多舉辦國際性研討會，藉由各國菁英的交流討論，促進國內研究蓬勃發展，提升國際競爭力。
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