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Background

Pyroptosis is a new programmed cell death discovered in recent years. Pyroptosis plays an important role in various diseases. Nevertheless, there are few bibliometric analysis systematically studies this field. We aimed to visualize the research hotspots and trends of pyroptosis using a bibliometric analysis to help understand the future development of basic and clinical research.



Methods

The articles and reviews regarding pyroptosis were culled from Web of Science Core Collection. Countries, institutions, authors, references and keywords in this field were visually analyzed by using CtieSpace and VOSviewer software.



Results

A total of 2845 articles and reviews were included. The number of articles regarding pyroptosis significantly increased yearly. These publications mainly come from 70 countries led by China and the USA and 418 institutions. We identified 605 authors, among which Thirumaladevi Kanneganti had the most significant number of articles, and Shi JJ was co-cited most often. Frontiers in immunology was the journal with the most studies, and Nature was the most commonly cited journal. After analysis, the most common keywords are nod like receptor family pyrin domain containing 3 inflammasome, apoptosis, cell death, gasdermin D, mechanism, caspase-1, and others are current and developing areas of study.



Conclusion

Research on the pyroptosis is flourishing. Cooperation and exchanges between countries and institutions must be strengthened in the future. The related pathway mechanism of pyroptosis, the relationship between pyroptosis and other types of programmed cell deaths as well as the role of pyroptosis in various diseases have been the focus of current research and developmental trends in the future research.
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Introduction

The term of “pyroptosis” was first proposed in 2001 by American scholars Cookson and Brennan (1), who discovered this pro-inflammatory programmed cell death (PCD) pattern dependent on caspase-1 in Salmonella-infected macrophages (2). Pyroptosis is characterized by the formation of plasma membrane pores and the release of inflammatory contents, accompanied by the occurrence of inflammatory responses (3). The assembly and activation of inflammasome plays a critical role in pyroptosis. It is currently believed that canonical inflammasome activation by caspase-1 as well as noncanonical inflammasome activation through caspase-4, 5, and 11 can both lead to pyroptosis. Importantly, a gasdermin family protein regarded as a executors of pyroptosis, gasdermin D (GSDMD) found in 2015, has been shown to be responsible for pore formation on the plasma membrane (4). Furthermore, when the integrity of the cell membrane is destroyed, a large amount of pro-inflammatory mediators, such as interleukin 1β (IL-1β), interleukin 18 (IL-18), are actively secreted out of the cell through the membrane pores. With the increase of intracellular osmotic pressure, water penetrates into the cell to cause cell swelling, lysis, and induce pyroptosis. After the release of pro-inflammatory mediators and the contents from the cells, the inflammatory cascade is initiated, which can amplify local and systemic inflammation (5).

Pyroptosis not only plays an important role in the body’s immune response and inflammatory response regulation, but also participates in the initiation and/or progression of various diseases including infectious diseases, nervous system diseases, and cardiovascular diseases (CVDs). As an important part of the innate immune system, pyroptosis controls inflammasome-dependent cytokine secretion and contributes to antimicrobial defense. Nevertheless, excessive or inappropriate pyroptosis can be harmful. Several clinical studies showed that inflammasome activation exacerbates immune dysregulation in coronavirus disease 2019 patients, eventually leading to severe diseases (6, 7). Inflammasome and pyroptosis are considered therapeutic targets for coronavirus disease 2019 (8). Pyroptosis is also thought to be involved in neurological diseases such as Parkinson’s disease (9), epilepsy (10) and ischemic stroke (11). A recent bibliometric analysis showed that the study of inflammasome/pyroptosis in the brain is a current and future research hotspot, and it was recommended to study the mechanism of mitochondrial molecules involved in the complex crosstalk of pyroptosis and regulated cell deaths in brain glial cells, which will promote the development of effective treatment strategies (12). In addition, CVD is a chronic condition associated with inflammation. The role of pyroptosis mediated by inflammasome activation in CVDs including atherosclerosis (13), ischemia-reperfusion injury (14), and myocardial infarction (15) has also been gradually confirmed. In general, in-depth study of pyroptosis will help to understand its role in the development and prognosis of related diseases, and provide new ideas for clinical prevention and treatment.

Bibliometrics was first proposed by American bibliographers in 1969. Bibliometrics refers to the discipline that applies mathematical and statistical methods to the study of books and other communication media (16). According to the characteristics of literature database and bibliometrics, bibliometrics can also conduct qualitative and quantitative evaluation of literature research trends. Bibliometrics can not only help scholars quickly grasp the research hotspots and development trends of a specific research field, but also evaluate the distribution of countries/regions, authors, and journals in the research field, laying a foundation for the direction and development of future research (17).

This study aims to explore the hotspots and development trends of pyroptosis in the past 20 years, and draw a map of scientific knowledge with CiteSpace and VOSviewer software, so as to provide new ideas for basic research and clinical prevention and treatment.



Materials And Methods


Data Collection

Data were extracted from Web of Science Core Collection and was downloaded within one day on June 14, 2021. The search formula was set to TS =(pyroptosis), and the date of the search were from June 14, 2001, to June 14, 2021. A total of 3,134 articles were retrieved, 289 irrelevant articles including meeting abstracts, editorial materials, corrections, letters, retractions and proceedings paper were excluded. A total of 2845 literatures were exported and the retrieved ones will be exported in the form of all records and references, saved as plain text files and stored in the format of download_txt (Figure 1).




Figure 1 | Flowchart of literature selection.





Data Analysis

All valid data were collected in Web of Science Core Collection and imported to Microsoft Excel 2019, VOSviewer and CiteSpace for performing visual analysis.

VOSviewer is a program for building and viewing bibliometric maps. It can be used to build author or journal maps based on collaborative data, or to build keyword maps based on co-occurrence data. The project provides a viewer that allows for a comprehensive and detailed review of bibliometric maps. Different from the commonly used bibliometrics program, VOSviewer pays special attention to the graphic representation of bibliometrics, and it is particularly useful to display large bibliometrics in an easy-to-explain way. The main purpose of developing VOSviewer is to analyze the bibliometric network and build a visual network map, and finally realize a deep and comprehensive understanding of the structure and dynamic development of scientific research (18).

CiteSpace is a citation visualization analysis software that focuses on the analysis of the potential knowledge contained in the scientific literature and is gradually developed in the context of scientometrics and data visualization. The main goal of knowledge domain visualization is to detect and monitor the development of knowledge, which can present the organization, rule and distribution of scientific knowledge through visualization means (19). Knowledge map is a new field driven by information technology, which can intuitively understand the research hotspots and evolution process of various fields in the knowledge system, and predict the development trend of various fields. It is an effective method and means to analyze large-scale data.

We used Microsoft Office Excel 2019 to analyze the trend of the number of articles published in the year, and used CiteSpace and VOSviewer software to analyze the country/region and institutional distribution, author contributions, core journals, keywords and timeline viewer.




Results


The Trend of Publication Outputs

The number of articles published in each period reflects the development trend of research in this field. As is shown in Figure 2, the number of articles concerning pyroptosis increased year by year. From 2001 to 2012, publication outputs during this period are extremely low, and the research is still at a standstill. From 2012 to 2017, the amount of literatures have steadily increased, which demonstrates that the field of pyroptosis began to receive attention. From 2017 to 2020, the number of published articles has exploded, and publication outputs have reached 822 in 2020.




Figure 2 | Trends of pyroptosis publications over the past 20 years.





Distribution of Countries/Regions and Institutions

A total of 2845 articles were published from 70 different countries and 418 institutions. As can been seen from Table 1, the most significant number of publications came from China (1302, 45.76%) and USA (905, 31.81%), which are far more than five times higher than those of other countries. Research institutions with most number of publications are Chinese Acad Sci (67, 2.36%). Among the top 10 institutions, 70% of institutions belong to China. In addition, several countries and institutions, such as England (0.29), Sweden (1.10), Israel (0.40), Denmark (0.40) and Slovenia (0.39) demonstrated a high degree of centrality, as indicated by the purple circles in Figures 3 and 4. Each circle in the figure represents a country, and the size of the circle indicates the publication outputs by the country. The lines between the circles denote cooperation between countries, and the wider the lines, the closer the cooperation. A small number of countries and institutions showed active cooperations, such as England, Italy, Australia, France, Belgium and Switzerland, Israel, Portugal and Scotland, Chinese Acad Sci, Univ Massachusetts and Yale Univ. However, most countries and research institutions are scattered and lack stable and intensive cooperation and communication relations.


Table 1 | Top 10 countries/regions and institutions related to pyroptosis.






Figure 3 | Distribution of publications from different countries/regions.






Figure 4 | Distribution of publications from different institutions.





Authors and Co-Cited Authors

A total of 605 authors were involved in the publication of literature on pyroptosis. As shown in Table 2, Thirumaladevi Kanneganti had the highest number of published papers (50, 1.76%). Among the top 10 authors, we can see that Feng Shao (0.18) and Petr Broz (0.13) have high centralities, which shows that these two authors have strong influence on each other’s work as well as works from other groups. Each circle represents an author, the lines between the circles mean the connections between authors, and the connection network of different colors shows the cooperation cluster between different authors. Figure 5 shows that there is a certain cooperation network between different authors, such as Thirumaladevi Kanneganti, Mohamed Lamkanfi, Rajendra Karki, Si Ming Man, Sannula Kesavardhana, R K Subbarao M Alireddi and David E Place, Timothy R Billiar, Jie Zhang, Ben Lu, Haichao Wang, Rui Kang and Yiting Tang. Co-cited authors are two or more authors who are cited by another or more papers at the same time, and these two or more authors constitute co-cited relationship. Among 1145 co-cited authors, 10 of them have been cited more than 500 times(Table 2). Shi JJ (1127) was the most frequently cited author, followed by Kayagaki N (895).


Table 2 | Top 10 authors and co-cited authors related to pyroptosis.






Figure 5 | CiteSpace visualization map of authors involved in pyroptosis.





Journals and Co-Cited Academic Journals

We performed a visual analysis of published journals using the VOSviewer software. We found that 2845 articles related to pyroptosis were published in 829 academic journals. The journal Frontiers in immunology (90, 3.16%) had the highest number of outputs, followed by Cell death & disease (73, 2.57%). Among the top 10 academic journals, the highest impact factor (IF) is Cell death and differentiation (15.828). Furthermore, it can be seen from Table 3 that 60% of journals belong to Q1. The influence of journals depends on the number of times they are co-cited, which reflects whether the journal has significant influence in a particular research field. Among the top 10 co-cited academic journals, five journals have been cited more than 5000 times. As shown in Table 3, the journals with the highest number of citations is Nature (11443), followed by Proceedings of the national academy of sciences of the United States of America (6283). According to the 2020 Journal citation reports (JCR), except for Journal of immunology, almost all the co-cited journals in the top 10 journals were located in Q1 region.


Table 3 | Top 10 journals and co-cited journals related to pyroptosis.



The dual-map overlay of journals demonstrated relationship distribution among journals, with citing journals on the left and cited journals on the right, and the colored paths between them suggesting the cited relationships. An orange path in Figure 6 indicates that the documents published in Molecular/Biology/Genetics journals are often cited by Molecular/Biology/Immunology journals.




Figure 6 | The dual-map overlay of journals on pyroptosis.





Co-Cited References and References Burst

As a research method to measure the degree of relationship between articles, co-citation refers to that two or more articles are cited by one or more papers at the same time, and the two articles are considered to be a co-citation relationship. Among the 1190 co-cited references retrieved, Table 4 shows the ten most frequently cited references, of which Cleavage of GSDMD by inflammatory caspases determines pyroptotic cell death (4) is the most frequently cited (856). According to references with the strongest citation bursts, Figure 7 shows that the first burst of co-cited reference began in 2005. The majority of the co-cited references have been frequently cited in recent 10 years, which implies that the research related to pyroptosis may continue to explode in the future.


Table 4 | Top 10 co-cited references related to pyroptosis.






Figure 7 | CiteSpace visualization map of top 50 references with the strongest citation bursts involved in pyroptosis.





The Analysis of Hotspots and Frontiers

Keywords are the core of a paper. By analyzing the keywords, we can summarize the study topics in a specific field and explore the hotspots and research directions. According to Table 5, excluding for pyroptosis (1459), the keywords appearing at high frequency in this study are nod like receptor family pyrin domain containing 3 (NLRP3) inflammasome (764), apoptosis (687), activation (662), cell death (608), and inflammasome (587). Among these keywords, NLRP3 inflammasome, apoptosis, activation, cell death and inflammasome appeared over 400 times, indicating that these fields were the hot topics in the study of pyroptosis.


Table 5 | Top 10 keywords related to pyroptosis.



Based on the analysis of keyword co-occurrence, the network map is clustered, which reflects the basic knowledge structure of related research fields. We use VOSviewer software to cluster keywords from literatures. Circles and labels form a unit, and units of different colors are made up for different clusters. As shown in Figure 8, we can see the clusters of red, green, blue and yellow, which respectively represent four different research directions. The main keywords of green cluster are pyroptosis, activation, mechanisms and pathway. The keywords of red cluster are cell death, inflammasome, caspase-1 and infection. While the keywords of blue cluster include GSDMD, cleavage and expression, and of yellow cluster mainly include apoptosis, autophagy, necrosis and ferroptosis.




Figure 8 | CiteSpace visualization map of keywords clustering analysis related to pyroptosis.



Timeline viewer is based on the interaction and mutation relationship between keywords in a certain field, which is helpful for exploring the evolution track and stage characteristics of the research field. Figure 9 is the timeline viewer of focal death drawn based on CiteSpace software in this study, which visually shows the phased hotspots and development directions of the research on pyroptosis from the time dimension. From 2005 to 2011, the research mainly focuses on the functional analysis of inflammasomes and related mechanisms, and the main keywords are activation, cell death, ASC, NLRP3 inflammasome, innate immune response, toll like receptor, AIM2, tumor necrosis factor, inhibition and oxidative stress. From 2011 to 2021, the research is mainly based on the downstream pathway mechanism of pyroptosis, and the main keywords are caspase-11, GSDMD, human caspase-4, and mixed lineagekinase. It is worth noting that in the past 20 years, the study of pyroptosis has been closely related to various diseases (Figures 8 and 9), such as autoinflammatory diseases, atherosclerosis, ischemia-reperfusion injury, stroke, acute lung injury and brain injury.




Figure 9 | CiteSpace visualization map of timeline viewer related to pyroptosis.






Discussion


General Information

The annual number and trend of literatures can reflect the development speed and research progress of this study, and can also indicate the concentration of research in this field. It can be seen from Figure 2 that the overall number of publications is on the rise. Specifically, from 2001 to 2012, the relatively small amount of literature in this period indicates that the study of pyroptosis is in its infancy. From 2012 to 2017, the amount of literature showed a steady growth. During this period, the protein GSDMD, which is considered as the executor of pyroptosis, was proposed (4). GSDMD is a common substrate of inflammatory caspases, which not only clearly illustrates the molecular basis of pyroptosis, but also redefines pyroptosis as gasdermin-mediated programmed cell necrosis, opening up a new path for subsequent studies on programmed cell necrosis and innate immunity. From 2017 to 2020, research related to pyroptosis has exploded and the number of publications has reached 822 in 2020. It can be seen that the research related to pyroptosis is in the hot study direction in recent years, and has an excellent development trend in the future.

According to the distribution of countries/regions and institutions in Table 1, we can see that the country with the highest number of publications is China (1302, 45.76%), followed by the USA (905, 31.81%), which together account for 77.57% of the total. This indicates that China and the USA are the leading countries on pyroptosis research. Centrality is an index to measure the importance of a node in a network. It is mainly used to measure the value of the bridge function of the node in the entire network structure. Generally, nodes greater than 0.1 are considered as relatively important nodes. Among the top 10 countries in Table 1, England has the highest centrality (0.29), which means it plays a key role as a bridge in the worldwide network of state cooperation. Among the top ten research institutions, seven are from China and two are from the USA, with the Chinese Academy of Sciences (0.20) having the highest impact. Nevertheless, from Figures 3 and 4, the distribution of individual countries and institutions are scattered, and the main research subjects, such as China and USA, the Chinese Academy of Sciences and St Jude Children’s Research Hospital do not form a network, indicating a lack of academic exchange between countries as well as research institutions. This situation hinders the development of this research field. Therefore, it is strongly suggested that the US and China and research institutions from other countries should remove academic barriers, cooperate, and communicate to promote the research and development of pyroptosis.

From the perspective of authors and co-cited authors, Thirumaladevi Kanneganti (50, 1.76%) is the author with the highest number of publications, followed by Mohamed Lamkanfi (23, 0.81%), Petr Broz (22, 0.77%), Feng Shao (22, 0.77%), and Hao Wu (22, 0.77%). It is noteworthy that Feng Shao (0.18) exerts the significant greatest publication impact and have made the most outstanding contributions in the field of pyroptosis. Feng Shao, a biochemist, was elected as an academician of Chinese Academy of Sciences in 2015, mainly engaged in the molecular mechanism of pathogenic bacteria infection and innate immune defense of hosts. In 2015, Feng Shao and his colleagues identified that GSDMD is a common substrate for caspase-1 and caspase-4/5/11, and is a key effector molecule for mediating inflammatory cell death (4). This discovery not only reveals the mechanism and function of GSDMD, which may provide a new way for the treatment of inflammation-caspase-related autoimmune state and septic shock, but also redefines the concept that pyroptosis is programmed necrosis mediated by gasdermin. Recently, Feng Shao and Zhibo Liu revealed the anti-tumor immune function of pyroptosis by constructing biorthogonal system, and found that gasdermin agonist could improve the efficacy of cancer immunotherapy. The effect on immune-dependent anticancer chemotherapy drugs may be due to the activation of gasdermin (27). This indicates that the research on the relationship between pyroptosis and diseases has gradually become a hot topic. As for co-cited authors, the articles of 8 authors were cited more than 500 times, with Shi JJ (1127) having the highest number of citations, followed by Kayagaki N (895), and Miao Ea (717).

According to the journals and co-cited journals in Table 3, the journals with the most articles about pyroptosis were Frontiers in immunology (90, 3.16%), followed by Cell death & disease (73, 2.57%), Journal of immunology (59, 2.07%). It can be seen that the research on the mechanism of pyroptosis in immunity and diseases is a hot topic at present and also a development trend in the future. As for co-cited journals, Nature (11443) is a journal with highest citations, followed by Proceedings of the national academy of sciences of the United States of America (6283), Journal of immunology (6274), Cell (5503), and Journal of biological chemistry (5062). As is shown in Table 3, five journals cited more than 5000 times. Among the top ten journals, nine belong to Q1. The analysis of the distribution of literature sources is helpful to find the core journals published in the research regarding pyroptosis. It can be seen that the cited literatures are all from high-impact journals, indicating that research on pyroptosis is highly valued in the global academic field.

Among top 10 co-cited references related to pyroptosis, the top five co-cited references are all about gasdermin proteins, especially GSDMD. According to top 50 references with the strongest citation bursts, it can be seen that the most cited reference in recent years is Pyroptosis: Gasdermin-Mediated Programmed Necrotic Cell Death, which indicates that the gasdermin family suggests a new area of research on pyroptosis function in immunity and disease. Nevertheless, the function of many gasdermins and their mechanism of activation remain to be proved.



The Hotspots and Frontiers

Keywords are the research themes and core contents of the literature. Based on keyword co-occurrence analysis, it is possible to understand the distribution and development of different research hotspots in a certain field. It can be seen from Table 5 that the keywords with high occurrence frequency are pyroptosis (1459), NLRP3 inflammasome (746), apoptosis (687), activation (662), cell death (608), inflammasome (587), and GSDMD (455). Cluster analysis was conducted on the basis of keywords, and finally four colors clusters were formed. Then, according to the timeline viewer analysis of clustering, we determine the research hotspots and development frontiers in the field of pyroptosis. The main contents are as follows:


The Pathway Mechanism of Pyroptosis

Pyroptosis is mainly mediated by inflammasomes to activate various caspases, including caspase-1. Inflammatory caspases can directly shear and activate GSDMD, mediate the formation of plasma membrane pores, and cause cell death. Meanwhile, with the release of a large number of pro-inflammatory factors such as IL-1β and IL-18, inflammatory cascade waterfalls are triggered (28, 29).

Inflammasomes, first proposed by the Tschopp team in 2002, play an important role in innate immunity (30). Inflammasomes are polyprotein complexes that consist of pattern recognition receptors(PRRs), the adapter protein apoptosis-associated speck-like protein containing caspase recruitment domain(ASC), and the effector molecule pro-caspase (31). PRRs can detect pathogen-associated molecular patterns(PAMPs) of unique microbial structures such as bacteria, or host-derived risk/damage associated molecular patterns(DAMPs) including high mobility group protein 1 (HMGB1), heat shock protein (HSP), S100 protein, ATP, and uric acid crystals to recruit and activate inflammatory caspases (32). To date, the inflammasomes associated with pyroptosis that have been studied extensively include NLRP1, NLRP3, NLRC4 (also known as IPAF) inflammasomes in the NLR family and AIM2 inflammasomes, of which NLRP3 is the inflammasome that has been studied most concretely and its mechanism is relatively well understood. NLRP3 protein has three basic domains, including the C-terminal leucine-rich repeat(LRR) domain, which has the function of ligand recognition; the nucleotide-binding and oligomerization domain(NACHT) in the central region, which is important for the oligomerization and activation of the receptor itself; and the N-terminal pyrin domain(PYD), which binds to ASC through PYD-PYD. ASC has the PYD and caspase recruitment domain (CARD), which connects with the upstream NLRP3 protein through PYD and the downstream pro-caspase-1 through CARD (33–35). Other subtypes in the NLR family have similar domains. A variety of pathogens and intracellular and extracellular stimuli are recognized by LRR. The NLRP3 protein structure changes, exposing the NATCH domain, and then polymerizes to form a highly ordered NLRP3 protein oligomer, and recruits ASC through the PYD-PYD structure. ASC recruits pro-caspase-1 through the Card-Card domain to complete the assembly of inflammasomes. The assembled NLRP3 inflammasomes had the function of self-activation, leading to the hydrolysis of pro-caspase-1 to generate active caspase-1, and further promoting the maturation of IL-1β and IL-18 (36–41). However, there are also inflammasomes such as (NLRP1 and NLRC4) which do not need the adaptor protein ASC and whose receptor themself have CARDs that can be directly connected to pro-caspase-1 (42, 43). Additionally, AIM2 inflammasome is composed of AIM2, connective protein ASC and effector protein caspase-1. The AIM2 protein has a C-terminal HIN200 domain and an N-terminal PYD. After assembly, the AIM2 inflammasome can promote caspase-1 activation and the maturation of IL-1β and IL-18 (44, 45). According to our analysis, the mechanism of the relationship between other types of inflammasomes such as NLRP1 and NLRC4 and pyroptosis has also gradually attracted attention.

Caspase is a family of proteases with many members, and pyroptosis is mainly mediated by inflammatory caspase-1 (46–48). Recent studies have also shown that pyroptosis can also be mediated by human caspase-4 (49), caspase-5 (50) or mouse caspase-11 (51). Pro-caspase-1 was hydrolyzed by activated inflammasome to form active P10/P20 tetramer. Caspase-1, also known as interleukin-1β converting enzyme, can promote the cleavage and maturation of pro-IL-1β and pro-IL-18 to produce active IL-1β and IL-18, which are important pro-inflammatory cytokines involved in multitude of human diseases (52). In addition, caspase-1 can also directly shear and activate GSDMD protein, mediate the formation of plasma membrane pores and induce pyroptosis. This is the classic way of pyroptosis. While non-classical pathways are mainly mediated by human homologous genes caspase-4, caspase-5 or mouse caspase-11, which can be activated by various Gram-negative bacterial infections. Lipopolysaccharide(LPS) is the PAMP that promotes Caspase-11 activation. LPS in the cytoplasm can directly bind to and activate caspase-11 independently of toll-like receptor 4(TLR4). Caspase-11 can also trigger the activation of classical pathways and mature activation of pro-IL-1β through pyroptosis, which leads to the death of infected cells (20, 24, 53–55). Although there is no caspase-11 in human body, its homologous caspase-4 and caspase-5 have the same function and activation method as caspase-11. To date, non-classical pathways of pyroptosis have attracted more attention and become hot research directions (56–58).

In 2015, Feng Shao et al. identified GSDMD by genome-wide clustered regularly interspaced palindromic repeat (CRISPR)-Cas9 nuclease screens of caspase-11- and caspase-1-mediated pyroptosis in mouse bone marrow macrophages, and proposed that GSDMD is a central mediator of caspase-1 and caspase-4/5/11 downstream causing pyroptosis and is essential for IL-1β secretion (4). GSDMD is a member of the gasdermin protein family that also includes gasdermin A, B, C, D, E (also known as DFNA5) and DFNB59 (59, 61). GSDMD is generally found in the cytoplasm and is in an auto-inhibited state at steady state. When activated inflammatory caspases cleave the GSDMD protein, an N-terminal P30 fragment (GSDMD-NT) and a hydrophilic C-terminal P20 fragment (GSDMD-C) are formed. GSDMD-NT can specifically bind to the lipid bilayer of the cell membrane, forming small pores of 10-15nm in diameter, also known as gasdermin pores, which disrupt the cell membrane integrity, a large number of pro-inflammatory mediators IL-1β and IL-18 are actively secreted outside the cell, water enters the cell, the cell swells, lyses, and induces pyroptosis (21, 62). GSDMD-C also has an important role in inhibiting the cytotoxicity of GSDMD-N, promoting the water solubility of GSDMD-NT, and exerting a structural self-inhibitory effect when it binds to GSDMD-NT (49). Elucidating the structure of GSDMD pores, pore-forming mechanism and the means of inflammatory factor secretion have always been difficult points in the study of pyroptosis. Recently, Hao Wu’s team demonstrated the high-resolution structure of GSDMD pores, proposed the pore-forming mechanism of GSDMD, and revealed the molecular mechanism of IL -1 release through structural analysis and functional experiments. GSDMD contains 31 to 34 subunits, with the highest pore resolution of 33 subunits. Its transmembrane domain is a large barreled structure surrounded by 132 β strands, called the β-barrel. Next to the β-barrel there was a layer of globular domain on the cytosolic side. In addition, they also showed GSDMD prepore, which is globular and lacked β-barrel, and its conformation was quite different from that of GSDMD pores. The biological significance of GSDMD prepore is not clear, but the authors suggest that it may be an intermediate state during the pore assembly of GSDMD. In addition to the charge interaction between the α1 helix of GSDMD and lipid molecules on the cell membrane, GSDMD also has two charge-rich regions that are important for GSDMD to bind to the cell membrane. Surprisingly, the closest region of GSDMD prepore to the cell membrane is a hydrophobic loop structure called β1-β2 loop, which affects the pore formation efficiency of GSDMD. There was a large accumulation of negative charges in the pores of GSDMD, especially in the area near the cytoplasm. Interestingly, the IL-1 precursor surface charge was negative, while the mature IL-1 surface charge was positive. Based on these analyses, the authors proposed and validated the importance of charge for IL-1 release, which is another major progress related to pyroptosis (63). Petr Broz et al. found that when the cells execute pyroptosis, the calcium ion influx through the GSDMD hole could be used as a signal to start the membrane repair, and recruited the endosomal sorting complexes required for transport (ESCRT) machinery to the damaged membrane area. After activation of typical or atypical inflammasomes, inhibition of ESCRT-III can significantly increase the rate of pyroptosis. This study found a remedy mechanism in the process of endogenous pyroptosis, which provides a new idea for the treatment of inflammatory diseases (64). Recently, Wandel and colleagues found that guanylate-binding proteins(GBPs) assembled on the surfaces of Salmonella typhimurium and Shigella flexneri to form the multivalent signaling platform required for caspase-4 activation in interferon-gamma-stimulated cells. The assembly of platform, the recruitment of caspase-4 and the activation of caspase-4 are controlled by specific GBPs. In response to invading cytoplasmic bacteria, activation of caspase-4 via the GBP platform is critical for inducing GSDMD-dependent pyroptosis and IL-18 processing, thereby destroying intracellular bacterial replication sites and alerting adjacent cells (65). This achievement has been an important finding in recent years, providing new ideas for the various activation mechanisms of the gasdermin family. Additionally, studies reported that other types of gasdermin proteins can also induce pyroptosis through other pathways. For example, Hu et al. have found that tumor necrosis factor α+ cycloheximide and navitoclax-induced cancer cell pyroptosis through a BAK/BAX-caspase-3-GSDME signaling pathway. GSDME knockdown inhibited the pyroptosis, indicating the essential role of GSDME in this process (66). Our study also suggests that other types of gasdermin proteins will receive increasing attention in the future.



Comparison and Crosstalk of Pyroptosis With Other Types of Cell Death

Cell death can be divided into two major categories: PCD and non-programmed cell death. PCD includes apoptosis (58–60), autophagy (67), pyroptosis, necroptosis (68), and ferroptosis (69), while non-programmed cell death includes necrosis.

PCD plays a crucial role in biological development, normal physiological activities and various diseases. Different types of PCD do not play a single role, and there are several evidences have shown that different PCD pathways are interconnected at multiple levels. A study has demonstrated that pyroptosis stimuli can activate apoptosis through a variety of mechanisms. On the contrary, apoptotic stimuli can avoid or even inactivate pyroptosis. Taabazuing and colleagues found that small-molecule inhibitors of serine peptidases DPP8 and DPP9 (DPP8/9) selectively induced caspase-1-dependent pyroptosis in monocytes and macrophages. However, in the absence of GSDMD, the active caspase-1 induced apoptosis by activating caspase-3/7, confirming that GSDMD was the only caspase-1 substrate that induced pyroptosis in cells. In addition, they also confirmed that caspase-3/7 and inflammatory caspase have different cleavage sites for GSDMD, and caspase3/7 can cleave to inactivate GSDMD, specifically blocking pyroptosis. Thus revealing the complex interactions between the pyroptosis and apoptosis pathways in innate immune cells (70). Another study also supports the existence of crosstalk between pyroptosis and apoptosis. Orning et al. identified that caspase-8-mediated cell death triggered by pathogens is involved in the inflammatory pathway of GSDMD. It was confirmed that caspase-8 activated GSDMD by hydrolysis after Yersinia infected macrophages, which triggered the process of pyroptosis (71). Sarhan et al. also supported that in the process of transforming growth factor beta-activated kinase 1 inhibition, the activation of caspase-8 led to the cleavage of GSDMD in mouse macrophages, leading to pyroptosis. When the absence of GSDMD delayed membrane rupture, the cell death morphology turned to apoptosis (72). Another recent study suggested that the activity of caspase-8 was the key switch between apoptosis, necroptosis and pyroptosis, and determined the fate of cells by inducing crosstalk between them (73). Enzyme-inactivated caspase-8 could not induce apoptosis, but it mainly induced lysis and death through necroptosis mechanism. Nevertheless, when necroptosis was blocked, inactive caspase-8 induced pyroptosis, leading to severe inflammatory reaction (74). These studies further demonstrated that there is no strict boundary between apoptotic caspase and inflammatory caspase in the regulation of downstream molecules. The pathogen and its secretion system components affect different signaling proteins simultaneously and may involve multiple pathways of cell death pathway.

Notably, crosstalk between different types of PCD has crucial implications for clinical applications as well. A recent study showed that GSDME can be cleaved by caspase-3, and the cleavage site and result are extremely similar to caspase-1 cleavage of GSDMD, and it forms and releases an N-terminal domain with pore-forming activity to induce cell pyroptosis. Additionally, caspase-3 also plays an important role in apoptosis. Due to epigenetic silencing mediated by DNA methylation, GSDME is not expressed in cancer cells but is highly expressed in many normal tissues. Therefore, after caspase-3 is activated by treatment with chemotherapy drugs, these normal cells will undergo GSDME activation and die through pyroptosis. Since cancer cells do not express GSDME, caspase-3 activation induces cancer cells to die in an apoptotic manner. However, GSDME-/- mice can be protected from a variety of side effects such as tissue damage and body weight loss caused by chemotherapy drugs, which indicates that traditional chemotherapy drugs have great toxic and side effects, which may be due to the pyroptosis of normal tissues caused by the drugs (26). In general, understanding the crosstalk between different types of PCDs will be helpful for clinical diagnosis and treatment.



Role of Pyroptosis in Diseases

When stimulated by exogenous pathogens or host-derived hazard signals, pyroptosis is responsible for cell lysis and the release of various pro-inflammatory cytokines, such as IL-1β and IL-18. Normally, moderate pyroptosis is conducive to the timely removal of infected cells. Nevertheless, excessive activation of pyroptosis leads to a large number of cell deaths and inflammatory cascade reactions, seriously damaging tissues and organs, and even leading to organ failure, which is closely related to the pathogenesis of certain diseases (75–79). A large number of studies have shown that pyroptosis is widely involved in the occurrence and progression of infectious diseases (80), metabolic diseases (81), tumors (82), nervous system diseases (83) and cardiovascular diseases (84). To date, pyroptosis is a highly regulated cell death process, and its regulation by drugs or other treatments may have a protective effect in various diseases (Table 6).


Table 6 | The role of pyroptosis in different diseases.



Pyroptosis is a double-edged sword. This contradiction is particularly significant in cancer and its treatment. Tumors can use a variety of strategies to avoid or limit the pathways of cell death. On the other hand, tumors can be killed in different ways (81, 82). This complex mechanism poses a challenge to clinical diagnosis and treatment. To date, a large number of studies have begun to focus on targeted therapy strategies centered on molecules in various links of the pyroptosis, such as NLRP3 inflammasome, caspase-1, and GSDMD. Although the role of the pyroptosis effector protein GSDMD has gradually emerged in recent years, many researchers have begun to look for inhibitors of GSDMD, hoping to block the process of pyroptosis  (94, 95). In 2018, Rathkey et al. found necrosulfonamide, a chemical blocker of GSDMD, in a model of sepsis, likely through alkylating a key cysteine residue (Cys191in human or Cys192 in mouse), which destroyed the function of GSDMD-NT domain and pore formation (96). A recent study also showed that dithiamine, an FDA-approved drug for the treatment of alcohol addiction, inhibited the formation of membrane pores by covalently modifying Cys191/Cys192 in GSDMD (97). According to relevant studies (98, 99), Cys191/Cys 192 has been found to be the most effective site for the inhibition of GSDMD, followed by the inhibition of unknown sites of GSDMD-NT, and regulation of the cleavage between caspase and GSDMD. Additionally, several NLRP3 inflammasome inhibitors such as colchicine, OLT1177 and MCC950 have also been identified to inhibit the activity of ATPase and prevent the assembly and activation of NLRP3 inflammasome. Caspase-1 inhibitors, including VX-765, are also used in the treatment of CVDs and infectious diseases (100). Although VX-765 has a high tolerance for effectively reducing inflammatory reaction, its clinical effect is not optimistic, and clinical data show that its efficacy is lower than expected. In general, although a great deal of evidence shows the effectiveness of pyroptosis inhibitors in animal experiments, there is still a lack of large-scale clinical data to prove the safe dose and clinical efficacy of pyroptosis inhibitors.





Limitation

CiteSpace and VOSviewer software can not completely replace system retrieval, and there are still some limitations to be solved. First of all, the literature we obtained was from 2001 to 2021. However, with the continuous updating of the literature in WoSCC, the retrieval results of this study are somewhat different from the actual number of included literatures. Secondly, this study includes both articles and reviews, and the uneven quality of the collected literatures may reduce the credibility of the map analysis. Finally, several core keywords in the paper were not included entirely in the analysis, and the results may be affected by incomplete keyword extraction. However, the visualized analysis based on literature undoubtedly lays a foundation for scholars to quickly understand the research subjects, research hotspots and development trends in the field of pyroptosis.



Conclusion

The research on the mechanism of pyroptosis, the crosstalk between different types of PCDs, and the role of pyroptosis in diseases has important research value and broad application prospect. Using CiteSpace and VOSviewer software for visual analysis, the research on pyroptosis is generally on the rise yearly. Globally, China and the USA are the leading countries in this research. Among the research institutions, Chinese Academy of Sciences is the institution with the highest influence on achievements. Different countries and institutions need to strengthen cooperation and exchanges. Feng Shao is an outstanding contributor to the field of pyroptosis. Most of the articles concerning pyroptosis are cited from internationally influential journals, indicating that pyroptosis has received much attention. At present, the research on pyroptosis mainly focuses on its mechanism molecules, the crosstalk of different types of PCD and its role in diseases, which will also be the focus of future research.
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The oral microbiome, one of the most complex and intensive microbial ecosystems in the human body, comprises bacteria, archaea, fungi, protozoa, and viruses. Dysbiosis of the oral microbiome is the initiating factor that leads to oral infectious diseases. Infection is a sophisticated biological process involving interplay between the pathogen and the host, which often leads to activation of programmed cell death. Studies suggest that pyroptosis, apoptosis, and necroptosis are involved in multiple oral infectious diseases. Further understanding of crosstalk between cell death pathways has led to pyroptosis, apoptosis, and necroptosis being integrated into a single term: PANoptosis. PANoptosis is a multifaceted agent of the immune response that has important pathophysiological relevance to infectious diseases, autoimmunity, and cancer. As such, it plays an important role in innate immune cells that detect and eliminate intracellular pathogens. In addition to the classical model of influenza virus-infected and Yersinia-infected macrophages, other studies have expanded the scope of PANoptosis to include other microorganisms, as well as potential roles in cell types other than macrophages. In this review, we will summarize the pathophysiological mechanisms underlying inflammation and tissue destruction caused by oral pathogens. We present an overview of different pathogens that may induce activation of PANoptosis, along with the functional consequences of PANoptosis in the context of oral infectious diseases. To advance our understanding of immunology, we also explore the strategies used by microbes that enable immune evasion and replication within host cells. Improved understanding of the interplay between the host and pathogen through PANoptosis will direct development of therapeutic strategies that target oral infectious diseases.




Keywords: PANoptosis, apoptosis, necroptosis, pyroptosis, oral infectious diseases, oral microbiomes



1 Introduction

The oral microbiome is the general term used to describe the bacteria, fungi, and viruses that colonize the oral cavity. It includes both pathogenic bacteria/microbes and probiotics. Homeostasis of the oral microbiome plays a crucial role in maintaining health. Once the balance of the oral microbiota is upset, predominant pathogens can cause a variety of oral infectious diseases, including periodontitis, caries, pulp and periapical infections, and oral mucositis (1). According to The Systematic Analysis of Global Burden of Oral Conditions, oral infectious diseases are one of the most prevalent infectious diseases globally, leading to a heavy burden on both health care and economy (2). With the enormous progress in understanding the pathogenesis of oral infectious diseases, cell death is considered to be the vital mechanism for host defense and inflammation-mediated immune response. Therefore, more comprehensive understanding of pathogen-induced cell death provides underlying therapeutic targets for blocking uncontrolled inflammation, and deliver new insights into the prevention and treatment for oral infectious diseases in clinical setting.

Programmed cell death (PCD) is triggered when the immune system senses cellular stressors and microbial pathogens. Its role is to eliminate intracellular pathogens and maintain homeostasis. Pyroptosis, apoptosis, and necroptosis are three key PCD pathways characterized by certain molecular and genetic features (3). During pyroptosis, caspase-1 proteolytically activates Gasdermin-D (GSDMD) to release its N-terminal pore-forming domain from the auto-inhibitory C-terminal domain, which in turn results in pore formation in the plasma membrane. The GSDMD pore then mediates pyroptotic cell lysis, followed by release of intracellular cytokines (e.g., IL-1β and IL-18) and damage-associated molecular patterns (DAMPs) (4). Similarly, necroptosis occurs following receptor-interacting protein kinase (RIPK) 3-dependent phosphorylation of mixed lineage kinase domain-like protein (MLKL), which triggers translocation of MLKL to the plasma membrane and disrupts membrane integrity (5). Different from the two lytic cell death pathways, apoptosis is characterized by cell shrinkage and formation of apoptotic bodies, making it a non-inflammatory type of cell death. The apoptotic bodies are scavenged by phagocytes, thereby limiting the release of intracellular cytokines and inflammatory DAMPs. Apoptosis is instigated by cleavage of initiator caspases (caspase-8/9), followed by cleavage of executioner caspases (caspases-3/6/7) that, through cleavage of a broad range of substrate proteins, drive apoptotic cell death (6).

PANoptosis is a newly emerging concept that highlights crosstalk and co-ordination between these three pathways. This concept was first proposed by Malireddi in 2019 (7). Early studies of cell death focused on the unique programs and biochemical functions underlying each of these individual mechanisms; however, recent studies highlight crosstalk and redundancies among them. In cells with certain infection condition, such as influenza virus (IAV)-infected macrophages, the three types of cell death are not activated independently of each other; instead, they act simultaneously (8). Mutual regulation exists, and compensatory reactions will take place when one pathway is blocked. PANoptosis embodies cell death and inflammation, which are associated with homeostasis and autoinflammation upon microbial infection. It is universally acknowledged that microbial infection and the host immune response are involved in induction of oral infectious diseases. Accumulating preclinical and clinical evidence shows that pyroptosis, apoptosis, and necroptosis play roles in multiple oral infectious diseases (9–11). Additionally, animal experiments suggest that interventions targeting PANoptosis-related molecules have a significant impact on initiation and progression of oral infectious diseases (12–14). Infection by oral pathogens activates caspases and other effector molecules, resulting in cell death and cytokines release. Emerging and ongoing efforts have revealed many links between PANoptosis and oral infectious diseases, and integrating and summarizing these evidence can advance our understanding of the role of PANoptosis in oral infectious diseases, therefore helping to uncover the complex network which existed among multiple molecular events of the host’s response to those pathogens.

In this review, we focus on the mechanisms underlying activation and maintenance of PANoptosis in response to infection by oral pathogens, and the functional consequences. We discuss the possibility of manipulating the immune response as a therapeutic strategy, as well as the search for potential molecular targets for treatment and prevention.



2 Composition and Function of the PANoptosome

Increasing understanding of pathways involved in PCD has revealed co-regulation and crosstalk between pathways (15–18). Master regulators, a class of upstream molecules, regulate their downstream cascades simultaneously in these complex regulatory networks. For instance, Z-DNA binding protein 1 (ZBP1) and transforming growth factor beta-activated kinase 1 (TAK1) have essential roles in orchestrating multiple cell death pathways (7, 19). Activation of ZBP1 by pathogens (e.g., IAV infection) or inhibition of TAK1 induces pyroptosis, apoptosis, and necroptosis contemporaneously. How do ZBP1 and TAK1 regulate three cell death pathways at the same time? Based on the knowledge of cell death complex, such as the inflammasome and the necroptosome, researchers hypothesize that a multi-protein complex is assembled to form a molecular scaffold for contemporaneous engagement of key molecules from pyroptosis, apoptosis, and necroptosis. In agreement with above hypothesis, accumulating evidence from immunoprecipitation revealed widespread interaction and binding among ZBP1, RIPK3, RIPK1, caspase-8, ACS and Fas-associated protein with death domains (FADD). However, no clear mechanism for the domain-domain interaction has been deciphered. Phylogenetic analysis of the assembled domains gives us a hint as to how a multimeric complex can be organized (20). It was found that RIPK1 and RIPK3 interact with ZBP1 through their RIP homotypic interaction motif (RHIM), and then recruit caspase-8 via FADD; this occurs due to their high sequence similarity between the assembled domains (21, 22). The complex was subsequently termed as the PANoptosome (8). The specific components of the PANoptosome differ according to the stimulus. For example, during IAV infection, ZBP1 senses IAV and promotes interaction between RIPK3, RIPK1, caspase-8, caspase-6 and the NLRP3 inflammasome to form the ZBP1 PANoptosome complex; this complex drives PANoptosis (23–25). Herpes Simplex virus 1 (HSV-1) or Francisella novicida is sensed by the AIM2 PANoptosome which then regulates the immune response. In this case, unlike above ZBP1 PANoptosome, AIM2, pyrin and ZBP1 are members of the PANoptosome, along with ASC, caspase-1, caspase-8, RIPK3, RIPK1 and FADD (26).

In general, compositions of the PANoptosome can be grouped into three different classes based on their biological and chemical functions: including sensors (e.g., ZBP1 and NLRP3), adaptors (e.g., ASC and FADD) and catalytic effectors (e.g., RIPK1, RIPK3, caspase-1 and caspase-8) (20). In this review, we will focus on sensors and catalytic effectors, which serves as major contributors in PANoptosome.


2.1 Sensors

Structurally, ZBP1 possesses two Z-nucleic acid binding domains (Zα1 and Zα2) at its N-terminus, two RIP homotypic interaction motifs (RHIM1 and RHIM2) in the middle of the protein sequence, and a conserved C-terminal domain. Not only do the Z-DNA binding domains bind Z-DNA, B-DNA, and RNA, they are also considered to sense endogenous nucleic acid ligands (27–29). The RHIM1 domain of ZBP1 mediates its interactions with other RHIM domain-containing proteins (RIPK1 and RIPK3). The conserved C-terminal domains of ZBP1 interact with TBK1 and IRF3 to induce type I IFN responses to immunostimulatory DNA (19, 30). Therefore, ZBP1 is characterized as a critical innate immune sensor and as a central regulator of cell death and inflammatory responses. For example, during influenza A virus (IAV) infection, ZBP1 senses the virus, initiates assembly of the PANoptosome, and triggers PANoptosis. ZBP1 recruits RIPK3 and caspase-8 to activate the ZBP1-NLRP3 inflammasome, thereby inducing pyroptosis and secretion of IL-1β and IL-18 (23). In parallel, the ZBP1-RIPK3 complex activates caspase-8-dependent apoptosis and MLKL-mediated necroptosis (31). The Zα2 domain of ZBP1 plays a role in sensing; indeed, mutation of the Zα2 domain blocks virus recognition, and also blocks activation of NLRP3 inflammasome (32). Collectively, ZBP1 is an innate immune sensor that recognizes IAV, initiates assembly of the PANoptosome, and triggers PANoptosis and inflammation.

In addition, NLRP3, another known sensor, has been increasingly and deeply investigated in the past two decades. As a member of NOD-like receptor (NLR) family, the NLRP3 inflammasome has been reported to be activated by several stimuli, including endogenous danger signals, ionophores like nigericin, particulate matters such as silica and uric acid crystals, viral infection, Gram-positive bacterial infection, as well as Gram-negative bacterial and fungal infection such as Citrobacter rodentium, Aspergillus fumigatus. However, there are no sufficient data supporting that NLRP3 directly binds to these diverse ligands (33). Additionally, whether NLRP3 plays the role as a sensor to trigger PANoptosis still remains unknown, although it has been classified as an underlying sensor during PANoptosis, as proposed by Kanneganti et al. (20).



2.2 Effectors

RIPK1 is classified as a catalytic effector because it has an amino-terminal kinase domain. Earlier studies show that RIPK1 kinase activity is needed for RIPK3/MLKL-mediated necroptosis, and subsequent inflammatory responses during an immune response (34, 35). In addition, RIPK1 has RHIM and death domain (DD) at its carboxy-terminus, indicating the potential scaffold function of RIPK1. The RHIM and DD mediate interactions with other RHIM- or DD containing proteins, such as RIPK3, TRIF, FADD, and ZBP1. Several studies have addressed the occurrence of RIPK1 kinase activity-independent necroptosis in TAK1-deficient macrophages (21, 36). TLR priming in TAK1 deficiency cells induces necroptosis bypassing the requirement for RIPK1 kinase activity (21). These data indicate that RIPK1 acts as an adaptor molecule (37). In addition to its role in speeding up cell death, the scaffold function of RIPK1 promotes cell survival signals. Its protective role in homeostasis was proved in conditional gene knockout mice. Intestinal epithelial cell (IEC)-specific knockout of RIPK1 causes IEC apoptosis and RIPK3-dependent IEC necroptosis. Similar functions of RIPK1 have also been shown to present in epidermis-specific RIPK1 knockout mice, which resulted in severe skin inflammation with apoptosis and necroptosis of keratinocytes. (38). These findings consistently demonstrated that regulation of PANoptosis by RIPK1 is essential for homeostasis, cell death, and inflammation through kinase-dependent and -independent functions.

Caspase-8 mediates crosstalk between apoptosis, pyroptosis, and necroptosis (39). It plays multiple roles in cell death by 1) mediating receptor-mediated apoptosis (40, 41); 2) regulating canonical and non-canonical inflammasome activation during pyroptosis (42, 43); and 3) inhibiting activation of RIPK3-driven necroptosis (44). Early in 1998, Stennicke et al. showed that caspase-8 activates the death-inducing signaling complex and then cleaves pro-caspase-3, leading to extrinsic apoptosis in response to FAS-activation (45). Studies demonstrate that caspase-8 is crucial for canonical and non-canonical inflammasome activation. Caspase-8 and its adapter FADD are required for both priming and activation of the NLRP3 inflammasome in macrophages (42). In addition, caspase-8 plays a direct role activating the RIPK1/FADD/caspase-8 complex, and drives GSDMD cleavage and pyroptosis, independent of caspase-1 (46). In addition, loss of caspase activity of caspase-8 leads to activation of necroptosis, which results in large amounts of cell death, inflammation, and embryonic lethality through activation of RIPK1 and RIPK3/MLKL (44). Caspase-8-mediated cleavage of RIPK1 is a critical event that limits RIPK1-dependent cell death and inflammation (47). Collectively, the data suggest that caspase-8 is a central component of the PANoptosome, and that it plays a role in different forms of cell death during innate immune responses.

Caspase-6 acts as an effector caspases during apoptosis (48). In addition, caspase-6 promotes activation of PCD pathways and plays an essential role in host defense against IAV infection. Loss of caspase-6 from bone marrow-derived macrophages (BMDMs) leads to reduced ZBP1-mediated PCD pathways upon IAV infection. However, it is unclear whether caspase-6 influences PANoptosome assembly and it has remained a mystery for decades. A recent study identified caspase-6 as a critical component of the PANoptosome in that it promotes assembly of the PANoptosome by reinforcing the interaction between RIPK3 and ZBP1 within the complex, suggesting a novel scaffold function for this presumed apoptotic executioner caspase. Caspase-6 facilitates the RHIM-dependent binding of RIPK3 to ZBP1 via its interaction with RIPK3 (25).



2.3 Regulators

Although TAK1 is not a component of the PANoptosome, it acts as a master regulator of PANoptosis. Researchers discovered that TAK1 plays a critical role in the cell death process by promoting cell survival via its negative effect on activation of PANoptosis. Under physiological conditions, inhibitory phosphorylation of RIPK1 by TAK1 is critical for blocking spontaneous activation of PANoptosis (49). BMDMs lacking TAK1 undergo spontaneous cell death; TAK1-deficient cells form a complex consisting of RIPK1 and caspase-8 through DD interactions, thereby triggering RIPK1-dependent PANoptosis. This complex promotes FADD/caspase-8-dependent apoptosis through activation of effector caspase-3 and -7, and promotes necroptosis via RIPK3-mediated phosphorylation of MLKL (7). A study demonstrated that the absence of TAK1 induces spontaneous RIPK1-dependent NLRP3 inflammasome activation and pyroptosis (50). Under priming conditions, mice harboring specific deletion of TAK1 in myeloid cells are significantly more susceptible to LPS-induced septic shock, with higher amounts of IL-1β, IL-6, and TNF-α in plasma than wild-type mice (51). During infection, the intracellular bacterium Yersinia produces the toxin YopJ to inactivate TAK1 (52, 53). Pathogen-mediated inhibited of TAK1 activates the RIPK1–FADD–caspase-8 complex, which further leads to caspase-8-dependent cleavage of GSDMD and cell death (54). These data demonstrate that TAK1 plays an essential regulatory role in inhibiting cell death pathways, maintaining cellular homeostasis and defending against microbes during innate immune responses.




3 Potential Role for PANoptosis During Oral Infectious Diseases

Oral infectious diseases include dental caries, periapical periodontitis, periodontal disease, oral mucosal disease, and other soft tissue and space infections of the cranio-maxillofacial region. Herein, we summarized the details for the pathogen-induced PANoptosis in different oral infectious diseases, as well as related pathogens, involved modulators and pathways (Figure 1 and Table 1).




Figure 1 | Schematic summary of the activation of PANoptosis in several kinds of cells during oral pathogens infection. During Candida albicans infection, ZBP1 senses the pathogen and recruits RIPK3, RIPK1, and caspase-8 to assemble the ZBP1 PANoptosome, causing GSDMD-mediated pyroptosis, caspase-8-dependent apoptosis and MLKL-mediated necroptosis (PANoptosis). DNA virus, HSV-1, is sensed by ZBP1 and pyrin and actives the AIM2 PANoptosome which inducing PANoptosis in macrophages. Bacteria such as Porphyromonas gingivalis, Fusobacterium nucleatum, and Enterococcus faecalis active pyroptosis, apoptosis, necroptosis and release intracellular cytokines and DAMPs not only in immune cells, but also in fibroblasts, stem cells and osteoblasts. However, the exact sensor is unclear. The NLRP3 inflammasome, the NLRP6 inflammasome and the necroptosome are involved, but the interaction among these molecules remains unknown.




Table 1 | Summary of cell death pathways modulated by pathogens in oral infectious diseases.




3.1 Oral Mucosal Disease

The oral mucosa is a primary barrier site that is in direct contact with microbes. Mucosal health is based on a homeostatic balance between the tolerance of the host and colonization by microbiota. Oral mucosal disease is one of the most common oral diseases observed in the clinic. Candida albicans (C. albicans) is the most common opportunistic pathogen in the oral cavity, although it exists in many parts of the human body, including the upper respiratory tract, vagina, and intestinal tract, even in healthy people. However, when the balance of the normal flora is upset, or an individual is immunocompromised, overgrowth of mucosal C. albicans can occur, resulting in development of oropharyngeal candidiasis (also known as thrush). The infection rate is higher in infants, the elderly, antibiotic abusers, and cancer patients receiving chemoradiation therapy (80, 81). HSV-1 is a DNA virus and a common human pathogen that infects around 80% of adults. The virus not only causes acute infectious disease of the oral mucosa and peroral skin, but also establishes a latent infection in sensory neurons that lasts for the entire life of the host (82).


3.1.1 C. albicans Induces PANoptosis in Murine Macrophages

Researchers have shown that C. albicans infection induces PCD in the form of PANoptosis, with releasing high levels of cytokines. Previous evidence suggests that fungal DNA, spores, and cell wall-associated polysaccharides are recognized by inflammasome sensors such as NLRP3 and NLRC4. Activation of these inflammasome is important for control of mucosal Candida infection and impacts inflammatory cell recruitment to infected tissues, as well as protects against systemic dissemination of infection. (83). In addition to bacterial flagellin and T3SS proteins, mitochondrial DNA is thought to activate NLRC4 during Pseudomonas aeruginosa infection (84). Collectively, it is plausible that damage-induced release of mitochondrial DNA might activate the NLRC4 inflammasome to drive immune response under certain pathogen challenges (83, 84). Additionally, C. albicans can induce necroptosis in macrophages; studies show that Dectin-1 is a sensor for fungal PAMPs in myeloid cells, and that it subsequently induces necroptosis through the RIPK1/RIPK3/MLKL cascade (55). Further studies have focused on the components of PANoptosis. ZBP1 was identified as an initial sensor that activates PANoptosis. Markers of PANoptosis are reduced in Zbp1–/– and Zbp1ΔZα2/ΔZα2 BMDMs, which indicates that the Za2 domain of ZBP1 plays crucial roles in sensing and driving downstream signaling pathways. Deletion of ZBP1 abolishes NLRP3 inflammasome activation completely and reduces the release of cytokines. Interestingly, similar results were observed for Casp1/11–/–Ripk3–/–Casp8–/– BMDMs. It is worth mentioning that the intrinsic relationship between these three death pathways was revealed preliminarily. Loss of pyroptotic proteins (caspase-1 and GSDMD) has minimal effect on apoptosis, whereas activation of necroptosis is increased in response to C. albicans infection. Deficiency of MLKL or RIPK3 has a minor impact on pyroptosis and apoptosis. Caspase-8 not only regulates NLRP3 inflammasome activation, but also negatively regulates the necroptotic pathway (85). Taken together, these findings suggest that PANoptosis is crucial for mediating inflammatory cell death and cytokines release during fungal infection. Combined deletion of RIPK3, caspase-1, and caspase-8, which blocks all three arms of PANoptosis, rescues cells from death, whereas inhibition of a single arm does not.

PANoptosis functions in response to C. albicans infection, but the underlying molecular mechanism is controversial. There are four questions remain unsettled: 1) Which molecule is the inducer: fungal PAMPs (fungal DNA, spores, cell wall-associated polysaccharides), host-derived DAMPs (ROS and ATP), or host-synthesized endogenous RNA and DNA? 2) Which is the sensor: ZBP1, the co-regulator of three arms of PANoptosis, the inflammasome, or Dectin-1? 3) Although deletion of ZBP1 protects cells from PCD, can it also prevent mitochondrial damage caused by fungal infection? and 4) In addition to NLRP3, can ZBP1 regulate activation of NLRC4, AIM2, and other inflammasomes?



3.1.2 Herpes Simplex Virus 1 Induces PANoptosis in Macrophages

Macrophages are important cells in innate immune, having many functions such as presenting antigen, eliminating intracellular pathogens and secreting various cytokines. Recently, efforts have been made to uncover the role and molecular mechanism of PANoptosis in macrophages (BMDMs and THP-1) during HSV-1 infection (26). It was found that HSV-1 infection induces PANoptosis in a manner dependent on AIM2 and the coordinated activation of pyrin and ZBP1. Mechanistically, AIM2 regulates the expression of pyrin and ZBP1 and forms a complex along with ASC, caspase-1, caspase-8, RIPK3, RIPK1 and FADD, namely, the AIM2 PANoptosome. AIM2 PANoptosome is required for activation of downstream effectors, inducing PANoptosis and cytokines release. In summary, HSV-1 can induce AIM2-, ZBP1- and pyrin-mediated PANoptosis in murine and human macrophages. This study revealed the activation of PCD in macrophages in host defense against HSV-1. Such presence of multiple stimulation-dependent PANoptosomes indicates the complexity and heterogeneity for the responses and regulations of innate immunity under various pathogen challenges and pathological conditions.

With the accumulating efforts, it is becoming clear about the detailed cell death pathways and involved modulators during HSV infection. Hosts induce three types of pathways (pyroptosis, apoptosis, and necroptosis) to fulfill its defensive functions against HSV-1. Apoptosis and cell death cascades are triggered by HSV infection and the protein coded by HSV-1 α0 gene acts as an “apoptoxin” that is necessary to trigger apoptosis (56). Besides, HSV-1 triggers RIPK3/MLKL necroptosis in vitro and in vivo. Its viral protein ICP6 triggers necrosome assembly and drives activation of necroptosis in mouse cells (57). Mechanistically, an ICP6 dimer/oligomer recruits RIPK1 and RIPK3, or two RIPK3 molecules, to form RIPK1-RIPK3 hetero- or RIPK3-RIPK3 homo-dimers. Later, scholars found that HSV-1 infection triggers necroptosis through ZBP1. ZBP1 functions as a sensor that detects nascent RNA transcripts in murine macrophages (58).

Intriguingly, although PANoptosis is the hosts’ strategy to control over intracellular pathogens and eliminate infected cells, it is also the targets regulated by pathogens for its immune escape. It is reported that HSV-1 regulates cell death during infection by suppressing necroptosis (86) as well as apoptosis (87). The mechanism of cell death suppression is mediated by the viral protein ICP6, which blocks caspase-8-mediated apoptosis as well as RIPK3-mediated necroptosis (86, 88). As mentioned above, ICP6 mediates the bonding between RIPK1 and RIPK3. In HSV-1 infected human cells, this interaction prevents the formation of necrosome and downstream necroptosis. However, in mouse cells, such interactions of ICP6 are proved to have an ability to trigger necroptosis (59). Since HSV-1 is a natural human pathogen, it is possible that the RHIM of HSV-1 has already evolved to evade RIPK1 and RIPK3-mediated necroptosis in human cells, but not in mouse cells. Maruzuru et al. suggested that HSV-1 tegument protein VP22 inhibits AIM2-dependent inflammasome activation by interacting with AIM2 and interfering oligomerization of AIM2 (60). Collectively, HSV-1 has evolved various strategies to evade host antiviral innate immunity.



3.1.3 PANoptosis Plays a Role in Host Defense in Oral Mucosal Disease

PANoptosis protects the oral cavity of mice from infection by C. albicans; mice lacking NLRP3 are hypersusceptible to C. albicans infection and carry substantially higher fungal burdens in the kidney than wildtype (WT) mice (89). Compared with WT controls, mice lacking NLRC4 have an elevated oral fungal burden and substantially increased susceptibility to dissemination of the fungus (83) These data indicate that inflammasome-mediated pyroptosis is important for control of mucosal C. albicans infection and impacts inflammatory cell recruitment to infected tissues, as well as protects against systemic dissemination of infection. In addition, induction of necroptosis signaling is critical for host defense against C. albicans infection in vivo, even in the presence of caspase-8 (55). In this regard, PANoptosis is important for initiation of an immune response to aid clearance of infection. With respect to viruses, PANoptosis confers host protection against infection. Viruses are obligatory intracellular pathogens, and their propagation is fully dependent on the intracellular milieu of the host cell. Therefore, they have developed elaborate countermeasures to avoid or delay host cell death. This is particularly true for large DNA viruses, which generally replicate with slower kinetics than RNA viruses. For example, ZBP1-mediated necroptosis plays a vital role in restricting HSV-1 propagation in mice. ZBP1 in HepG2 hepatocellular carcinoma cells can suppress viral replication through its Zβ and D3 domains. HSV-1 replication is enhanced by ZBP1 knockdown (90).

So far, most studies support that PANoptosis plays a protective role against C. albicans and HSV-1 infections of the oral mucosa. However, limitations exist in these studies, for the impact of PANoptosis was mainly based on innate immune cells (e.g. macrophages and dendritic cells). Since mucosal immunization is a complicated process appearing as a spectrum of tissue reactions, including degeneration of epithelial cells, infiltration of lymphocytes, dendritic cells and macrophages, different types of cells in mucosal tissue (e.g., oral epithelial cells, oral submucosal fibrosis cells and lymphocytes) should be taken into consideration when exploring the mechanisms of pathogenesis during mucosal infections. Encouragingly, a more recent report showed that TNF-α and IFN-γ can trigger PANoptosis in human cancer cell lines (91). These data suggest that PANoptosis can be activated not only in immune cells but also in non-immune cells. Therefore, it is worth investigating specific mechanisms of PANoptosis under certain stimulation in different cell types or pathologic conditions.

An emerging finding revealed that in addition to the direct role of infections, infection-mediated cytokines release could induce PANoptosis as well (92). Karki et al. found that TNF-α and IFN-γ released by innate immune cells activate the JAK/STAT1/IRF1 axis and induce nitric oxide production, thus driving caspase-8/FADD-mediated PANoptosis during SARS-CoV-2 infection. Above uncontrolled cell death can exacerbate tissue injury and compromise lung function. This study advances our understanding of PANoptosis, which could not only be activated by pathogen infection, but also be induced by some specific pro-inflammatory cytokines. It spurs us to ponder whether cytokine-induced PANoptosis occurs in oral mucosal infections, and whether it has a similar damaging influence on oral mucosa tissue. However, there are no further reports and literatures on the cytokine-induced PANoptosis in oral diseases at present. More related researches are awaited to address this gap in the future.




3.2 Periodontal Disease

Periodontal disease, which manifests as chronic inflammation of the periodontal support structure, includes gingivitis and periodontitis. The disease process is characterized by reversible inflammatory lesions in the soft tissues, followed by irreversible bone resorption and tooth loss. The initiating factor is dental plaque (a biofilm formed by specific bacteria that accumulate on the tooth surface and interact with host cells that release inflammatory mediators, evade host immune defenses, and are resistant to drugs).The “Red complex” comprises the most common pathogenic bacteria associated with periodontitis (Porphyromonas gingivalis (P. gingivalis), Tannerella forsythia, and Treponema denticola) (93). Among them, P. gingivalis is the major pathogen involved in the pathogenesis of periodontal disease (94).

After P. gingivalis infection, the first step of periodontal disease is bacterial invasion of gingival epithelial cells and destruction of the epithelial barrier. Then, recruited inflammatory cells release inflammatory mediators that degrade the matrix and kill tissue structural cells. Meanwhile, stem cells differentiate into multiple cell types to repair tissue damage. That is why studying cell death in fibroblasts, macrophages, and stem cells is important in the context of periodontal disease.


3.2.1 P. gingivalis May Induce PANoptosis in Fibroblasts, Macrophages, and Stem Cells

Fibroblasts are the major cell type found in periodontal connective tissue; these cells comprise gingival fibroblasts (GFs) and periodontal ligament fibroblasts (PDLFs). Fibroblasts upregulate production of inflammatory mediators during development of periodontal disease. Desta and Graves found that P. gingivalis strain W83 infection induces apoptosis of GFs via non-caspase-dependent pathway (61). A study revealed simultaneous existence of pyroptosis. TEM analysis of P. gingivalis-infected GFs revealed lytic morphological features (cytoplasmic, nuclear, and mitochondrial swelling; membrane rupture; and chromatin condensation). Also, expression of mRNA encoding GSDMD, NLRP3, caspase-4, IL-1β, and IL-18 was upregulated after exposure to P. gingivalis-LPS (62). Interestingly, in addition to the classic NLRP3 inflammasome pathway, the NLRP6 inflammasome was also activated when GFs were infected by P. gingivalis strain W83. Pro-caspase-1 and pro-GSDMD were cleaved into their mature forms, which then formed pores in membranes and released pro-inflammatory mediators IL-1β and IL-18. Cell death was attenuated by NLRP6 knockdown or caspase-1 inhibition (64). Shi et al. claimed that necroptosis was observed only in PDLFs infected with live P. gingivalis at a high MOI. They showed that pMLKL, a marker of necroptosis, was observed at an MOI of 400 but not at lower MOIs. Surprisingly, silencing MLKL alone reduced cell death, whereas RIPK1 silencing increased cell mortality, and RIPK3 knockdown had no significant effect (10). This result indicates that RIPK1 and RIPK3 have other functions in regulating cell death. Although RIPK1 and RIPK3 are upstream signals of MLKL during necroptosis, they are critical components of the PANoptosome, which regulates multifaceted signaling platforms rather than a single defined pathway.

However, some scholars report different conclusions. For example, P. gingivalis-LPS did not induce necroptosis in GFs. There were no significant changes in expression of RIPK3 and MLKL mRNA after exposure to P. gingivalis-LPS (62). This study has some limitations, however. For example, RIPK3 and MLKL are mainly activated by phosphorylation, and the transcription level may not change significantly during necroptosis. Therefore, one cannot exclude necroptosis only at the mRNA level. The dose of P. gingivalis and the duration of challenge may be critical parameters that determine whether, and which type of, cell death is induced. As mentioned above, necroptosis was observed only after infection with a high MOI. Therefore, we suppose that P. gingivalis may induce fibroblast PANoptosis.

Macrophages are phagocytic innate immune cells that are important mediators of microbial infection. In response to tissue injury, macrophages become activated by specific signals from the damaged microenvironment. In addition, they are the primary cell type that is targeted by most species of intracellular bacteria. Apoptosis is the earliest and most thoroughly studied mode of PCD during P. gingivalis infection. A wealth of evidence supports the role of apoptosis during infection, and needs no further explanation here (95, 96). Some reports show that P. gingivalis strain 381 induces production of IL-1β by THP-1 cells through activation of caspase-1 and NLRP3 and AIM2, which is mediated by ATP release, P2X7 receptor ligation, and lysosomal destruction (66). A study discovered the link between the canonical and non-canonical pathways: activation of the NLRP3 inflammasome by caspase-4 or caspase-1 is dependent upon the type of periodontal microbe (11). Studies also report that activation of caspase-1 by P. gingivalis is triggered at an MOI of 10 and 100, but not 500 (72). In 2016, Ke et al. was the first to report that necroptosis of THP-1 cells was induced by P. gingivalis both in vivo and in vitro. Cells underwent necroptosis through activation of the RIPK1/RIPK3/MLKL signaling pathway. Pretreatment with inhibitors of RIPK1 and MLKL, or silencing of RIPK3 and MLKL, reduced the rate of cell death, accompanied by attenuated expression of TNF-α and IL-6 (67). Furthermore, Gram-negative bacteria can shed outer membrane vesicles (OMVs), which are thought to be a strategy to kill host cells and increase pathogenicity. P. gingivalis sorts bacterial DNA into OMVs, which are then delivered to bystander cells where they initiate mitochondrial disfunction via NLRP3-caspase-1-mediated pyroptosis and RIPK1/RIPK3-mediated necroptosis (63).

Stem cells play an essential role in tissue regeneration. Han et al. demonstrated that P. gingivalis inhibits mesenchymal stem cells (MSCs) by activating the NLRP3 inflammasome. P. gingivalis inhibits MSC migration, ALP activity, mineralization, and proliferation significantly, whereas NLRP3 inhibitors restore these functions (68). In addition to MSCs, PDLSCs are ideal candidate cells that drive periodontal tissue regeneration. Necroptosis in LPS-treated PDLSCs was detected by TEM investigation, immunofluorescence analysis, and flow cytometry analysis. It is worth noting that Nec-1 treatment not only inhibits the degree of necroptosis by inhibiting RIPK3 recruitment to RIPK1, but also ameliorates osteogenic differentiation with increased ectopic regeneration of cementum-like structures in nude mice (69).



3.2.2 PANoptosis Is Associated With Immune Escape of P. gingivalis

Some microorganisms have evolved elaborate virulence factors to ensure their survival within the oral environment without eliciting an immediate and destructive host immune response. As a successful facultative intracellular organism, P. gingivalis has evolved an array of virulence factors and associated mechanisms that allow it to survive and spread in gingival tissue, and to evade immune surveillance. Prominent virulence factors include a secreted homologue of nucleoside-diphosphate kinases (NDKs), gingipains, and fimbriae.

NDKs derived from intracellular P. gingivalis are important for maximal inhibition of ATP-triggered P2X7-mediated apoptosis of infected gingival epithelial cells, as well as for ATP-induced generation of cellular ROS (70). Since ROS generation contributes to inflammasome activation, stimulation by ATP alone could activate pyroptosis in GECs; however, infection by P. gingivalis ameliorates the effects of ATP. Indeed, ndk-deficient P. gingivalis produces higher levels of activated caspase-1 and IL-1β. This suggests that the NDK homologue in P. gingivalis inhibits both caspase-1 activation and secretion of pro-inflammatory cytokines (71).

P. gingivalis secretes various peptidases, including three kinds of gingipains: RgpA, RgpB, and Kgp. Secretion of these proteases is mediated by the type IX secretion system (T9SS), a sophisticated protein secretion machinery. The three gingipains are thought to evade host immune responses via disruptive and evasive proteolytic actions. Interestingly, gingipains may also affect inflammasome activation. Recently, Jung et al. showed that the simultaneous protease activity of Kgp and RgpA and RgpB attenuates the caspase-1-activating potential of P. gingivalis in macrophages (72). Gingipains secreted from P. gingivalis degrade the released caspase-1 and IL-1β. Inflammasome activation upon infection with P. gingivalis is independent on gingipains; indeed, this is one of the evasion systems that enable bacteria to evade host immune responses.

Bacterial components such as fimbriae are capable of triggering inflammatory responses. Fimbriae activate NF-ĸB via TLR2 and induce production of pro-inflammatory cytokines such as TNF-α, IL-1β, IL-8, and IL-6. Researchers identified a role for fimbriae during anti-inflammatory responses (73). WT P. gingivalis and a fimbria-mutant form of P. gingivalis barely triggered secretion of mature IL-1β by macrophages in the absence of eATP. In the presence of eATP, challenge with non-fimbriated P. gingivalis elicited greater secretion of IL-1β than WT P. gingivalis. So, the authors concluded that the fimbriae of P. gingivalis inhibit ATP-induced secretion of IL-1β by macrophages through the P2X7 receptor.

The apparent paradoxical effects of bacteria (i.e., both triggering and suppressing) on host immune responses are thought to help them achieve persistent colonization in host tissues. Pathogens participate in and shape development of the host immune system, thereby reflecting the co-evolution of both. Host cells employ several ways (pyroptosis, apoptosis, and necroptosis) to fight bacteria. Pathogens, meanwhile, employ strategies to block activation of PANoptosis.



3.2.3 PANoptosis Is A Potential Pathogenic Mechanism in Periodontal Disease

RNA sequencing of clinical samples revealed that one of the highest upregulated gene clusters in gingival tissues (97) and peripheral blood monocytes (98) from patients with chronic periodontitis (CP)is that related to apoptosis and cell death. Higher expression of NLRs (e.g., NLRP3, NLRP6, and NLRC4) and caspase-1 in gingival tissues from CP patients implies activation of pyroptosis (11). Notably, elevated levels of RIPK1, phosphorylated RIPK3, MLKL, phosphorylated MLKL, and FLIPL are common in gingival epithelia and connective tissues from CP patients, indicating the presence of necroptosis during progression of periodontitis (10). Importantly, increased expression of IL-1β in gingival crevicular fluid correlates significantly with the severity of periodontitis (13). Thus, PANoptosis is thought to be one of the pathogenic mechanisms underlying persistent inflammation observed in periodontal disease.

Experiments in a mouse model of experimental periodontitis confirmed that GSDMD deficiency alleviates periodontal inflammation and bone loss (13). Moreover, CDK9 inhibition decreases necroptosis and reduces inflammatory bone resorption in mice with bacteria-induced periodontitis (99). Interestingly, experiments in a subcutaneous chamber model showed that the hosts’ ability to clear pathogens improves after inhibition of necroptosis. These findings indicate that PANoptosis plays a pivotal role in the pathogenesis of periodontitis by increasing IL-1β release.

Taken together, these experimental results suggest that PANoptosis may play a pathogenic role in periodontitis. The three kinds of PCD in GFs are responsible for loss of tissue cells and tissue damage. The destruction of gingival tissue further promotes survival of P. gingivalis. The principal reason for this is that P. gingivalis lacks the ability to synthesize porphyrin and iron, both of which are necessary nutrients for bacterial metabolism. Therefore, the bacteria must obtain heme (a source of iron) from external sources. Gingival exudate flow returns heme, peptides, and amino acids back to the plaque bacteria via OMVs; thus damaged tissue aids pathogen proliferation (100). In addition, PANoptosis induced by P. gingivalis in THP-1 cells also influences the pathogenesis of periodontitis. As the main type of immune cell, lytic death of macrophages is an important inflammatory mechanism. Damaged host cells release cytoplasmic compounds (e.g., DAMPs, cytokines, and defensins) into the extracellular milieu, which recruit more neutrophils and leukocytes and initiate adaptive immune responses that perpetuate local inflammation and cause alveolar bone destruction. Since stem cells can self‐renew and differentiate into multiple cell types, they have healing capacity. However, PANoptosis caused by P. gingivalis is a key factor that reduces the number of stem cells. From another perspective, persistent inflammation is detrimental to regeneration. Release of IL-1β into tissues generates a pro-inflammatory microenvironment, inhibits osteoblastogenesis, and promotes osteoclastogenesis, all of which exacerbate the pathological damage caused by periodontitis. Preventing death of stem cells can restore expression of osteogenic-related proteins, which may have tremendous therapeutic potential.

PANoptosis reflects the constant competition between the host and microbes, which try to exploit various mechanisms and optimize their survival. The outcome is not always beneficial to the host.




3.3 Pulp and Periapical Diseases

Pulp and periapical tissues are aseptic. Under the influence of pathological or iatrogenic factors, pulp may be exposed to microbes through an open pulp chamber or openings in the dentinal tubules, leading to pulp infection. When a large bacterial infection exists for a long time, the bacteria pass through the apical foramen, invade the periapical tissue, and cause apical periodontitis (AP). AP is characterized by persistent inflammation and progressive bone destruction. Immune cells and osteoblasts are critical for development of inflammation and repair of bone destruction associated with AP. AP can be divided into primary infections and persistent infections. The dominant bacteria are also different. In primary infections, the most common bacteria are Fusobacterium nucleatum (F. nucleatum), Porphyromonas endodontalis, Peptostreptococcus micros, Campylobacter rectus, Prevotella intermedia, and Peptostreptococcus anaerobius (101). With respect to persistent AP, the scientific literature focuses on the role of the enterococci (i.e., Enterococcus faecalis (E. faecalis), is a Gram‐positive optional anaerobic bacterium) (102). Here, we focus on F. nucleatum and E. faecalis as representative examples.


3.3.1 F. nucleatum May Induce PANoptosis in Macrophages

F. nucleatum culture supernatants induce apoptosis of human monocyte/macrophage cell lines THP-1 and U937 (65, 74). Y Kawahara (2020) observed mature forms of IL-1β and caspase-1 in THP-1 macrophage-like cells stimulated with F. nucleatum. Release of IL-1β from THP-1 macrophage-like cells was inhibited by pretreatment with MCC950(an NLRP3 inhibitor) or z-YVAD-FMK (a caspase-1 inhibitor), suggesting involvement of the NLRP3 inflammasome (75). New evidence shows that F. nucleatum induces macrophage necroptosis. In 2021, Liu et al. showed that F. nucleatum-OMVs promote the differentiation of pro-inflammatory macrophages and accelerate necroptosis of IECs by activating FADD/RIPK1/caspase-3 signals. The results of co-immunoprecipitation studies revealed the interaction between RIPK1 and RIPK3 in F. nucleatum OMVs-treated cells. This was abrogated by anti-TNF-α or Nec-1, indicating that F. nucleatum-OMVs upregulate RIPK1 and RIPK3 and promote formation of the necrosome, ultimately causing necroptosis and impairing epithelial barrier function (76).

Taken together, the above studies did not detect simultaneous activation of pyroptosis, apoptosis, and necroptosis; rather, they focused on each mode independently. We can infer that THP-1 cells recognize F. nucleatum and engage in a rapid response by producing inflammatory mediators and activating PANoptosis. In the meantime, the host upregulates the anti-apoptotic molecules superoxide dismutase 2 (SOD2) and baculoviral IAP repeat-containing protein 3 (BIRC3) in response to F. nucleatum. SOD2 and BIRC3 are anti-apoptotic proteins that act by clearing ROS and inhibiting caspase-3 activity (103). This functions as a protective mechanism that prevents excessive apoptosis during infection.



3.3.2 E. faecalis May Induce PANoptosis in Osteoblasts

An in vitro study showed that E. faecalis induces apoptosis and pyroptosis in human osteoblastic MG63 cells in a MOI-dependent manner. Mechanically, E. faecalis increased the Bax/Bcl-2 protein ratio and caspase-3 activity, along with elevation of caspase-1 p20 and the NLRP3 inflammasome. When the NLRP3 inflammasome was downregulated using siRNAs, cells were protected from apoptotic and pyroptic death (77). These results indicate that NLRP3 is involved in apoptosis and pyroptosis of MG63 cells. An in vivo study showed that sealing E. faecalis-LTA within the pulp of Sprague-Dawley rats resulted in damage to the root apex and periapical bone resorption. Immunohistochemical data revealed upregulated expression of NLRP3, caspase-1, and IL-1β in periapical inflamed tissues (78). Later, other researchers found that E. faecalis induces necroptosis of MG63 cells via the RIPK3/MLKL signaling pathway. In addition, silencing of MLKL by shRNA or inhibitors reduced cell death rates significantly (79). In conclusion, E. faecalis may induce PANoptosis of osteoblasts, which is detrimental to regeneration of periapical bone tissue. However, these two studies used only siRNA or shRNA to downregulate expression of NLRP3 and MLKL, respectively, and the researchers concluded that although partial blocking of pyroptosis or necroptosis pathways reduces the amount of cell death, it cannot completely prevent cells from being killed. Further studies in gene knockout cells (such as caspase-1-/- caspase-8-/- RIPK3-/- cells) are needed to prove whether death of osteoblasts can be prevented completely after blocking PANoptosis.



3.3.3 Significance of PANoptosis in Periapical Periodontitis

PCD is considered to play a role in the pathogenesis of periapical tissue infection. Indeed, expression of mRNA encoding NLRP3, AIM2, caspase-1, and IL-1β is increased in periapical lesions (9). In vivo experiments showed that oral infection of mice with F. nucleatum results in macrophage recruitment to the dental pulp, as well as bone resorption (104). Microbial pathogens activate inflammasomes and promote production of pro-inflammatory cytokines. Cheng et al. established an experimental model of AP in rats and found that pyroptosis played a role in the formation of periapical lesions (12). Moreover, inhibition of caspase-1 partly decreased bone resorption by suppressing production of IL-1β, MCP-1, IL-6, and IL-8. A recent study revealed that necroptosis may be involved in AP progression (14). Fn-induced AP lesions in Balb/c mice displayed apical bone loss, an increased number of osteoclasts, an enhanced expression of pMLKL, and an increased expression of mRNA encoding inflammatory cytokines. RIPK3 inhibition ameliorated expression of inflammatory cytokines and bone resorption.

Excessive inflammatory response by immune cells is a main cause of bone resorption and delayed healing. Osteoblasts are the initiators of bone remodeling. Owing to the consistent pathological factors (including bacteria) in periodontal tissue, osteoblasts tend to become senescent and, subsequently, dysfunctional. Bacteria-induced PANoptosis helps to inhibit mineralization and alveolar bone formation. Maintaining the activity and function of osteoblasts is important for regeneration of periapical bone. Thus, regulating activation of PANoptosis may be a potential target for preventing disease progression. Unlike osteoblasts, the primary function of macrophages is removal of invading bacteria from cells; thus macrophages promote clearance of pathogens by combined engagement of pyroptosis, apoptosis, and necroptosis. Further studies should examine whether inhibition of PANoptosis affects the clearance of bacteria. Moreover, it is unclear whether upstream signals such as ZBP1 and TAK1 regulate F. nucleatum- and E. faecalis-induced PANoptosis of macrophages and osteoblasts.





4 Summary and Perspectives


4.1 PANoptosis Is an Elaborate Host Innate Immune Strategy

PANoptosis has evolved to be a robust fail-safe mechanism activated in response to fungal, viral, and bacterial infections (105). The host can induce any of the three mechanisms of PANoptosis (pyroptosis, apoptosis, and necroptosis) to fulfill its defensive functions, especially when a single arm is inhibited by a pathogen’s immune evasion strategy. Although not all microorganisms trigger PANoptosis, this review summarizes several oral pathogens that may induce PANoptosis (26, 85). Moreover, PANoptosis not only occurs in immune cells, but also in other tissue cells such as fibroblasts, stem cells, and osteoblasts. From the perspective of molecular mechanisms, there is likely a functional redundancy between molecules involved in the complex, which allows for key functions to be carried out even when a specific protein is lost (85). However, the complex interplay between PANoptosome components during specific infections and inflammatory diseases needs further clarification.



4.2 PANoptosis Plays a Pluripotent Role in Natural Defense

PANoptosis plays a protective role against infection by fungi and viruses but may have pathogenic effects during a bacterial infection (89, 99). The reason for this paradox may be the different pathogenic mechanisms triggered by fungi, viruses, and bacteria. Fungi are opportunistic pathogens with relatively weak virulence. PANoptosis, a key and conserved system of innate immunity, provides an efficient means of relieving the fungal burden. In terms of viruses, their survival and proliferation depend entirely on the intracellular environment of the host cell. Cell death caused by PANoptosis is detrimental to virus replication (90). Bacteria have strong inflammatory effects due to a wide range of PAMPs and virulence factors.



4.3 New Cognition of Pattern Recognition Receptors

NLRs are considered to be intracellular recognition receptors that serve as a first line of host defense. In particular, the NLRP3 inflammasome has been studied extensively over the past two decades. However, there is no consensus regarding whether NLRP3 binds to many stimuli (33). In some cases, ZBP1 is the sensor that identifies microorganisms; it is located upstream of the NLRP3 complex. Furthermore, it is unclear how the PANoptosome is formed. Further studies need to investigate whether other inflammasomes sharing similar domains (e.g., NLRC4 and NLRP6) can be recruited to the PANoptosome (106, 107).



4.4 Co-Regulators of the Three Cell Death Pathways May Be Potential Molecular Targets for Therapy

It is revealed that in addition to the direct role of infections, infection-mediated cytokines release could induce PANoptosis (92). When a cytokine storm occurs and causes detrimental inflammation and tissue damage, it is important to note that it may be necessary to target all these cell death pathways simultaneously to control cytokines release. When PANoptosis is activated, blocking just one arm (i.e., blocking just pyroptosis or apoptosis or necroptosis alone) will not prevent cells from dying or releasing inflammatory cytokines. Further investigation of master regulators of PANoptosis may shed some light on modulation of cell death and reduction of cytokine levels. It remains unclear whether it is feasible to control infection and minimize inflammatory pathology via PANoptosis. Also, we still do not know if PANoptosis can be induced by additional sensors that are activated in response to other pathogenic challenges. In addition, studies concerning signaling pathways downstream of PANoptosis should be considered. Loss- or gain-of-function of PANoptosis results in dysregulated immune responses. Therefore, the degree to which PANoptosis limits inflammation and controls the bacterial burden is unclear.

Overall, based on emerging efforts that revealing some links between pathogen induced-PANoptosis and oral infectious diseases, PANoptosis highlights the essential role of cell death during microbial infection, providing us with a more comprehensive and profound understanding of pathogenesis of infectious diseases. Meanwhile, improved knowledge of the interplay between the host and pathogens through PANoptosis advancing our understanding toward immunology. Furthermore, the study of PANoptosis is conducive to developing potential molecular therapeutic strategies that target oral infectious diseases.
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Acute respiratory distress syndrome (ARDS) is an uncontrollable, progressive pulmonary inflammatory disease, and as a common clinical critical disease, there is no effective treatment available. Electroacupuncture (EA) therapy is a type of traditional Chinese medicine physiotherapy that can alleviate the inflammatory response. However, the potential mechanism of EA in the treatment of ARDS is not yet clear. Ferroptosis is a new type of programmed cell death characterized by intracellular iron accumulation and lipid peroxidation. Recently, emerging evidence has shown that ferroptosis is closely related to the occurrence and development of ARDS caused by various pathological factors. Here, we further investigated whether EA-mediated inhibition of ferroptosis in lung tissue could attenuate lipopolysaccharide (LPS)-induced ARDS and explored its underlying mechanisms. In this study, mice were administered LPS intraperitoneally to establish a model of LPS-induced ARDS. We found that EA stimulation could not only reduce the exudation of inflammatory cells and proteins in the alveolar lumen but also significantly alleviate the pathological changes of lung tissue, inhibit the production of proinflammatory cytokines and improve the survival rate of mice. Concurrently, we also found that ferroptosis events occurred in the lung tissue of LPS-induced ARDS mice, manifested by elevated iron levels, ROS production and lipid peroxidation. Intriguingly, our results showed that EA stimulation at the Zusanli (ST36) acupoint activated α7 nicotinic acetylcholine receptor (α7nAchR) in lung tissue mainly through the sciatic nerve and cervical vagus nerve, thus exerting anti-ferroptosis and pulmonary protective effects. Additionally, these effects were eliminated by methyllycaconitine (MLA), a selective antagonist of α7nAchR. In vitro experiments, activation of α7nAchR protected alveolar epithelial cells from LPS-induced ferroptosis. Furthermore, our experiments showed that the pulmonary protective effects of EA stimulation were effectively reversed by erastin, a ferroptosis activator. Collectively, we demonstrated that EA stimulation could alleviate LPS-induced ARDS by activating α7nAchR to inhibit LPS-induced ferroptosis in alveolar epithelial cells. Targeting and regulating ferroptosis in alveolar epithelial cells may be a potential intervention approach for the treatment of LPS-induced ALI/ARDS in the future.
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Introduction

Sepsis is a life-threatening organ dysfunction caused by excessive inflammation in response to infection and is associated with high morbidity and mortality. It has been reported that approximately 50% of patients suffering from sepsis will develop acute lung injury (ALI)/acute respiratory distress syndrome (ARDS) (1, 2). Sepsis-induced ALI/ARDS is a clinical syndrome characterized by diffuse damage to alveolar epithelial cells and capillary endothelial cells, resulting in increased alveolar-capillary permeability and lung oedema, which will lead to acute dyspnoea and hypoxemia (3). Although great progress has been made in modern medical research, there is no effective treatment strategy for ALI/ARDS patients, and the mortality rate remains as high as 40% (4, 5).

Acupuncture stimulation is a type of traditional Chinese medicine (TCM) physiotherapy with a history of thousands of years that regulates the physiological conditions of the corresponding internal organs by stimulating specific body parts (acupoints) (6). Electroacupuncture (EA), as a treatment method combining acupuncture and electrophysiological techniques, is commonly used in clinical practice and basic research. Recently, several studies have demonstrated that EA treatment can decrease the production of proinflammatory cytokines, suppress excessive inflammatory responses, and alleviate organ dysfunction. For instance, Liu et al. (7) reported that EA stimulation reduces the release of inflammatory factors through neural regulation, thereby inhibiting the systemic inflammatory response induced by endotoxin; Yang et al. (8) confirmed that EA treatment inhibits the production of proinflammatory factors, attenuates the inflammatory response of the intestine and promotes gastrointestinal peristalsis. Recent studies have also shown that EA stimulation attenuates excessive immune responses in the lung tissue and relieves lung damage by inhibiting the activation of the nod-like receptor pyrin domain-containing 3 (NLRP3) inflammasome and the production of inflammatory exosomes (9, 10). Although these studies have shown that EA treatment exerts an anti-inflammatory impact on ALI/ARDS induced by a variety of inflammatory diseases, the underlying mechanism has not yet been clarified.

The vagus nerve regulates immune function and the production of proinflammatory factors through the cholinergic anti-inflammatory pathway. The α7 nicotinic acetylcholine receptor (α7nAchR), as a potential target of the cholinergic anti-inflammatory pathway, is mainly activated by acetylcholine (Ach) released from the axon terminals of cholinergic neurons to regulate the immune response (8). α7nAchR is mainly expressed on macrophages and other immune cells. Several studies have confirmed that electrical stimulation of the left cervical vagus nerve can reduce sepsis-induced ALI/ARDS by releasing Ach and activating α7nAchR on immune cells (11–14). Interestingly, α7nAchR is also expressed on alveolar epithelial cells, and alveolar epithelial cells are a major cellular target regulated by the cholinergic anti-inflammatory pathway (15, 16). Several studies have confirmed that EA stimulation exerts anti-inflammatory effects mainly by activating α7nAchR in a variety of inflammatory diseases (8, 17–20). In addition, the inflammatory response induced by lipopolysaccharide (LPS) can be reduced by activating α7nAchR on alveolar epithelial cells (21).

Ferroptosis has been recognized as an iron-dependent and different form of cell death from other classical types triggered by lipid peroxidation, characterized by intracellular iron accumulation, production of reactive oxygen species (ROS) and impairment of the antioxidant system, including inactivation of glutathione peroxidase 4 (GPX4) and reduced expression of the light chain subunit SLC7A11 (also known as xCT) of the cystine/glutamate reverse transporter xc-system, which is responsible for the transport of cysteine and provides the raw material for the synthesis of the reductant glutathione (GSH) (22, 23). Erastin induces ferroptosis by specifically inhibiting SLC7A11 and resulting in a decrease in GSH synthesis (24). Fe2+ is an essential regulator of normal physiological metabolism, which can be combined with ferritin to form ferritin light chain and ferritin heavy chain 1 (FTH1). In the process of ferroptosis, the expression of FTH1 decreases and excessive iron accumulates in the cell, which promotes the production of ROS through the Fenton reaction, thereby facilitating the occurrence of cellular ferroptosis events (25). More importantly, it plays an important role to maintain the dynamic balance of the oxidation system and antioxidant system in the body in reducing LPS-related ALI/ARDS and improving prognosis (26).

Alveolar epithelial cells are important constituent cells of the alveolar epithelial-endothelial barrier structure and can be involved in the repair of the alveolar barrier structure after damage (27). The alveolar barrier structure is the first line of innate immune defence in the lungs, and alveolar epithelial cells are often the most vulnerable site, causing elevated permeability and diffuse pulmonary oedema, which in turn exacerbates the extent of the damage in the course of acute lung injury. However, in the course of ALI/ARDS caused by various pathological factors, several studies have revealed the relationship between alveolar epithelial cell injury and ferroptosis, and that inhibition of ferroptosis in alveolar epithelial cells can alleviate lung injury. For example, Fan et al. (28) found that melatonin inhibits ferroptosis in epithelial cells and attenuates PM2.5-related lung injury by regulating nuclear factor-erythroid 2-related Factor 2(Nrf2). Xu et al. (26) reported that puerarin can suppress the ferroptosis of lung epithelial cells and alleviate the inflammatory response of sepsis-induced lung injury, and Xu et al. (29) confirmed that ischaemia–reperfusion (IR)-induced lung injury can be improved by inhibiting ferroptosis and acyl-CoA synthetase long-chain family member 4 (ACSL4). A recent study confirmed that EA stimulation can suppress ferroptosis by downregulating oxidative stress and ferroptosis-related proteins (30). It is obvious from the above studies that ferroptosis plays an important role in the progression of lung injury; however, the mechanism underlying the therapeutic effect of EA stimulation on ferroptosis of alveolar epithelial cells in LPS-induced ALI/ARDS is unclear. Thus, the purpose of this study was to investigate whether EA stimulation can exert a pulmonary protective effect by inhibiting ferroptosis through activation of α7nAchR on alveolar epithelial cells.



Materials and Methods


Ethics Statement

All experiments and surgical procedures were approved by the Animal Care and Use Committee of the Tongji University School of Medicine, adhered to the recommendations in the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health.



Animal

C57BL/6 male mice (6-8weeks, 22-25g) were obtained from Zhejiang Vital River Laboratory Animal Technology Co., Ltd. (Zhejiang,  China). All experimental mice were maintained in a standard animal care room with the conditions of 12-hour light and 12-hour dark cycle, given adequate chow and had free access to water. The mice were adapted to the breeding environment for one week before the start of the formal experimental study.



Electroacupuncture (EA) Intervention

Before the EA stimulation intervention, mice were anaesthetized by inhalation of isoflurane through a small animal gas anesthesia machine and placed on a warming pad to sustain their temperature. EA intervention was applied at the bilateral Zusanli (ST36) acupoints by inserting acupuncture needles at a depth of 3 mm. The acupoint is located approximately 4 mm below the knee joint, 1-2 mm lateral to the anterior tibial tuberosity. Electrical stimulation was performed with the current intensity of 0.5 mA, a frequency of 4/20 Hz and the stimulation time of 20 minutes for 3 consecutive days by using a HANS acupoint nerve stimulator (HANS-200A, Nanjing, China). To investigate the effect of EA stimulation at the ST36 acupoint on LPS-induced lung injury and mortality, EA stimulation was performed 1 hour after intraperitoneal injection of LPS. At the same time, acupuncture needles without electrical stimulation (0mA) were inserted into the same acupoints as a sham EA group (SEA).



Selective Neurotomies

Selective neurotomies were conducted prior to EA stimulation (Figure 1A). Sciatic nerve transection (SCT): The mice were anaesthetized with isoflurane by inhalation through a small animal gas anesthesia machine and the bilateral hindlimbs were shaved and disinfected. The skin incision was performed on the posterior lateral thigh of the mice. The sciatic nerve was obtusely detached, exposed, and a 1 cm long portion of the nerve was transected, as previously depicted by Torres-Rosas et al. (31). For the sham group, the same surgical procedure was made, but without disconnection after the mice were anaesthetized. Left cervical vagotomy (LCV): It was operated as previously depicted by Zhai et al. (32). The mice are anaesthetized and a vertical incision was made along the midline of the neck to isolate the thyroid gland. The carotid artery and the vagal nerve course were observed by obtusely separating the sternocleidomastoid muscle. The left cervical vagus nerve was fixed with a 4.0 surgical suture and excised about 1 cm. For the sham group, mice were anaesthetized and the same surgical procedure was performed, but without disconnection.



LPS-Induced ALI/ARDS Model and Drugs Treatment

The mice were randomly divided into the various groups (n=4-6 mice per group). To construct LPS-induced ALI/ARDS model in mice, lipopolysaccharide (LPS, Escherichia coli,0111: B4; Sigma-Aldrich, St. Louis, MO, USA) was dissolved in sterile phosphate buffered saline (PBS) and injected intraperitoneally at a dose of 5 mg/kg. Mice in the control group were injected intraperitoneally with equal volume of sterile PBS. For the EA treatment group, EA stimulation was performed 1 h after LPS injection for three consecutive days. Methylaconitine (MLA, 5 mg/kg; Tocris Bioscience), a selective α7nAchR antagonist, was dissolved in sterile saline and injected intraperitoneally 1h before EA treatment (Figure 1B). The ferroptosis agonist Erastin (15mg/kg; AdooQ Bioscience, Irvine, CA) was dissolved in 5% dimethyl sulfoxide (DMSO)/corn oil and injected intraperitoneally 1h prior to EA treatment (Figure 1B). The selection of dose and time for MLA and Erastin administration were based on the results of previous studies (33, 34) and our pre-experiments. At the selected time point (day 3 after LPS injection), all mice were executed under anesthesia and samples were collected.




Figure 1 | Schematic diagram showing the detail of EA stimulation, surgical approach and drug treatment in LPS-induced ALI/ARDS mouse model. (A) Mice were  performed with selective neurotomy 3 days prior to LPS (5 mg/kg) administration, after which the mice were then treated with EA stimulation. (B) Mice were injected intraperitoneally with LPS (5mg/kg) 1 h prior to MLA (5mg/kg) or erastin (15mg/kg) administration, after which the mice were then treated with EA stimulation.





Cell Culture and Intervention

The Mouse lung epithelial cells line MLE-12 cells were obtained from the American Type Culture Collection (ATCC) and grown in DMEM/F12 medium (Gibco, CA, USA) containing 10% fetal bovine serum (Gibco, CA, USA) and 1% penicillin/streptomycin (Gibco, CA, USA). MLE-12 cells were cultured at 37°C incubators in a humidified atmosphere of 5% CO2. We used 10ug/ml LPS to stimulate MLE-12 cells for 24h. Additionally, the MLE-12 cells were treated with various drug interventions, such as vehicle, PNU-282987 (30uM) and Erastin (10uM) for different times, depending on the experimental needs. In this experiment, one sample constituted an independent replicate, and at least three replicates were performed for samples in each group.



Cell Viability Determination

The CCK-8 assay kit (Dojindo, Kumamoto, Japan) was used to measure the cell viability of MLE-12 cells when they were stimulated with different drugs according to the manufacturer’s instructions. Cells were inoculated into 96-well plates at a density of 5000 cells per well and treated with Erastin (10uM), LPS (10µg/ml), PNU-282987 (30uM) or the same volume of DMSO at various time points when cell growth reached about 60%. After 24 h, 10 ul of working solution was added to each well of the 96-well plate and incubated in a 37°C incubator for 2 h. Next, the absorbance at 450 nm was detected by a microplate reader (Bio-Rad, Hercules, CA).



Lung Histopathological and Injury Score Analysis

The lung tissues of mice were fixed in 4% paraformaldehyde for at least 24 hours and the samples were then paraffin embedded. Paraffin blocks were sectioned at a thickness of 5 µm and stained with hematoxylin and eosin (H&E). Finally, as described previously (35), the severity of lung injury was scored pathologically in four main aspects: alveolar congestion, pulmonary hemorrhage, infiltration of neutrophils in airspace or vessel wall, and the thickness of alveolar wall/hyaline membrane formation. Each scoring parameter was assessed in turn on a scale of 0 to 4: 0 (minimal injury), 1 (mild injury), 2 (moderate injury), 3 (severe injury), and 4 (maximum injury). The sum of the four parameters represents the final lung injury score.



Measurement of Protein Concentration and Inflammatory Cell Count in BALF

According to our previous study (35), the bronchoalveolar lavage fuid (BALF) samples were centrifuged at 800×g for 5 minutes. The supernatant was collected and the protein content was determined using the BCA protein assay kit (Thermo Scientific, Rockford, Ill). The cell pellet was resuspended in 100μL PBS and then cells were stained with Wright-Giemsa (Solarbio, Beijing, China) according to the manufacturer’s protocols. The number of inflammatory cells were quantified using a light microscope. Under the microscope, 200 cells/slice were counted at ×40 magnification.



Lung Tissue Wet/Dry (W/D) Weight Ratio Analysis

After the mice were sacrificed, the right lung tissue was removed, weighed and recorded as wet weight (W). Subsequently, the wet lung tissues were placed in an oven at 80°C for 24 hours and weighed three times at different time points chosen until the weight no longer changed, and then their dry weight (D) was measured. Next, the occurrence of pulmonary oedema was evaluated by calculating the W/D ratio.



RNA Extraction and Real-Time Quantitative PCR

Total RNA was isolated from MLE-12 cells or the lung tissues using Trizol reagent (Invitrogen, Calif). After quantifying the concentration and purity of RNA, the gDNA was removed and complementary DNA synthesis was conducted using Prime Script RT Master Mix (Takara, China). Subsequently, real-time qPCR was conducted on a Light Cycler 480 real-time PCR system (Roche, Rotkreuz, Switzerland) using iTaq universal SYBR Green Super mix (Bio-Rad, Hercules, Calif). The relative expression levels of the target genes were standardized to β-actin and calculated by using the 2-ΔΔCT method. The primer sequences are shown in Supplementary Table 1.



Western Blot Analysis

Total protein of MLE-12 cells or the lung tissues were lysed and extracted using RIPA lysis buffer containing a protease inhibitor, a phosphatase inhibitor, and Phenylmethanesulfonyl fluoride (Beyotime, Shanghai, China). Protein concentrations were quantified using the BCA protein assay kit (Thermo Scientific, Rockford, Ill). The target proteins were separated by 12% SDS-PAGE and transferred to PVDF membranes (Millipore, Billerica, Mass). Furthermore, the PVDF membranes were blocked with 5% Bovine Serum Albumin (BSA) for 1h at room temperature and incubated overnight at 4°C with primary antibodies against α7nAchR (1:1000, Abcam), GPX4(1:1000, Abcam), SLC7A11(1:1000, ABclonal, Wuhan, China), FTH1(1:1000, Cell Signaling Technology), β-actin (1:1000, Cell Signaling Technology). The membranes were washed 3 times with TBST and then incubated with secondary antibody (1:5000, anti-rabbit IgG, Cell Signaling Technology) for 1h. The target proteins were measured using the enhanced chemiluminescence (Thermo Scientific, USA) and western blotting assay system (Bio-Rad, USA). In addition, the relative protein expression was calculated by using Quantity One software (Bio-Rad, USA).



Detection of ROS

Generation of ROS was detected with ROS Assay Kit (Beyotime, China). In brief, DCFH-DA was diluted to a concentration of 10 uM. MLE-12 cells were washed with PBS firstly and incubated with DCFH-DA at 37°C for 20 min. After that, cells were washed with PBS for 3 times and detected by fluorescent microscopy. In vivo experiment, fresh lung tissues were stained with DHE for ROS detection, which was performed as described previously (36). The level of ROS in lung tissues (red fluorescence) was determined by a fluorescence microscope (Olympus, Tokyo, Japan).



Measurement of Ferroptosis-Related Markers

Levels of Iron, the lipid peroxidation metabolite malondialdehyde (MDA) and the reductant glutathione (GSH) were measured in the lung tissues and MLE-12 cells by using the Iron assay kit (Sigma-Aldrich), the MDA assay kit (Sigma-Aldrich), and the GSH assay kit (Sigma-Aldrich), respectively, in accordance with the manufacturer’s instructions.



Statistical Analysis

All results in this study were presented as the mean ± standard deviation (SD). Statistical analyses were performed using SPSS 17.0 software (SPSS, Chicago, Ill) and GraphPad Prism 8.0 software. To compare the differences between the two groups, Student’s t-test was employed. However, differences between multiple groups were compared by using a one-way ANOVA analysis and Tukey’s post hoc test. These statistical differences were regarded as significant at the level of p<0.05.




Results


Ferroptosis Is Activated in an LPS-Induced ALI/ARDS Model

In this study, we established an LPS-induced ALI/ARDS mouse model by intraperitoneal injection of LPS. First, we observed the survival rate of mice injected intraperitoneally with LPS and found that the mice had the highest mortality rate in the first 3 days (Supplementary Figure 1C). We then evaluated pathological changes and acute inflammatory responses in the lung tissues on Day 1, 2, 3 and 4 after LPS administration. The H&E staining and lung injury score results showed that intraperitoneal LPS injection induced significant pathological changes, including incomplete alveolar walls, thickened alveolar septa, diffuse interstitial oedema and inflammatory cell infiltration in the lung tissues in a time-dependent manner, and reached their peak in the first 3 days after injection (Supplementary Figures 1A, B, D, E). Similarly, the mRNA expression of proinflammatory cytokines, such as interleukin (IL)-1β and tumor necrosis factor (TNF)-α, in the lung tissues evidently increased in the first 3 days and significantly decreased on Day 4 after LPS injection (Supplementary Figures 1F, G). Therefore, a 3-day time point was selected as the interventional time point to be used in the following experiments (Figures 2A–G).




Figure 2 | LPS administration induces lung injury and ferroptosis in vivo. (A) The representative H&E staining of lung tissue sections (scale bar, 50 μm). (B) The lung injury score analysis (n = 4). (C) The wet/dry ratio of lung tissues (n = 4). (D) The protein concentration in BALF (n = 4). (E) The number of inflammatory cells in BALF (n = 4). The IL-1β (F) and TNF-α (G) mRNA levels in lung tissues were detected by real-time qPCR (n = 4). (H) The GPX4, SLC7A11 and FTH1 protein levels in lung tissues were detected by western blotting. The relative intensities of GPX4 (I), SLC7A11 (J) and FTH1(K) (n = 4). The mRNA expression levels of GPX4 (L), SLC7A11 (M) and FTH1 (N) in the lung tissues were detected by real-time qPCR (n = 4). The contents of Iron (O), GSH (P) and MDA (Q) in lung tissues (n = 4). Data are expressed as mean ± SD. **p < 0.01 and ***p < 0.001 indicate significant differences from each group.



Next, we detected makers of ferroptosis, such as iron accumulation, reductant GSH levels, MDA content and lipid peroxidation levels in lung tissues after LPS administration. As shown in this study, the GSH level in the lung tissues was reduced after LPS injection, while intraperitoneal injection of LPS dramatically increased the contents of malondialdehyde (MDA), a final product of lipid peroxidation, and iron in the lung tissues (Figures 2O–Q). Furthermore, we also found that LPS administration reduced the mRNA and protein levels of ferroptosis negative regulators, such as GPX4, SLC7A11, and FTH1 in the lung tissue compared with the control group (Figures 2H–N). These results suggested that ferroptosis events occured in an LPS-induced ALI/ARDS mouse model.



Electroacupuncture Inhibites Ferroptosis in Lung Tissues and Alleviates LPS-Induced ALI/ARDS

We next sought to assess the therapeutic effect of EA on LPS-induced ferroptosis and ALI/ARDS in the lung tissues (Figure 3A). The results showed that the downregulated GPX4, SLC7A11 and FTH1 mRNA and protein levels in the lung tissues of LPS-challenged mice were all increased after EA treatment; however, sham EA treatment had no significant effect on GPX4, SLC7A11 and FTH1 mRNA and protein levels in the lung tissues of LPS-challenged mice (Figures 3B–H). Moreover, as shown in the results, EA treatment remarkably mitigated the LPS-induced upregulation of iron and MDA contents and increased the level of GSH in the lung tissues of LPS-treated mice but not sham EA treatment (Figures 3I–K). We also found that after LPS injection, the production of ROS in the lung tissues was increased, while EA treatment markedly inhibited LPS-induced ROS accumulation in the lung tissues (Figure 3T). The H&E staining results clearly showed that after treatment with LPS, acute inflammatory responses, such as interstitial oedema, pulmonary architecture destruction and inflammatory cell infiltration, were observed in the lung tissues; however, the aforementioned pathological changes in the lung were evidently attenuated following EA intervention but not by sham EA (Figure 3L). In addition, the lung injury score and W/D ratio were also significantly decreased after EA treatment (Figures 3M, N). By analysing the BALF results, we found that EA intervention significantly reduced the total protein concentration in BALF and reduced inflammatory cell exudation in mice injected intraperitoneally with LPS but not sham EA treatment (Figures 3O, P). We next examined the gene expression of proinflammatory cytokines in lung tissues by real-time qPCR and found that both IL-1β and TNF-α mRNA expression was significantly upregulated in the lung tissues of LPS-treated mice and that EA treatment effectively reduced the gene expression of these two proinflammatory cytokines, whereas sham EA treatment did not produce a significant anti-inflammatory effect (Figures 3Q, R). We also verified the role of EA in improving the survival of LPS-induced ALI/ARDS mice. The results showed that EA could improve the survival rate of mice injected intraperitoneally with LPS (Figure 3S). These data confirmed that EA stimulation at the ST36 acupoint could effectively inhibit ferroptosis in lung tissues, alleviated the pulmonary inflammation response and improved the survival rate in LPS-induced ALI/ARDS mice.




Figure 3 | Inhibition of ferroptosis by EA stimulation alleviates LPS-induced ARDS. The mice were injected intraperitoneally with LPS (5mg/kg) for 1 hour followed by EA stimulation at the bilateral Zusanli (ST36) acupoints (A), 20min/day, three days and then the lung tissues were harvested. (B–H) The relative mRNA and protein levels of GPX4, SLC7A11, and FTH1 were determined by real-time qPCR and western blotting, respectively (n = 4). The contents of Iron (I), GSH (J) and MDA (K) in lung tissues (n = 4). (L) The representative H&E staining of lung tissue sections (scale bar, 50 μm). (M) The lung injury score analysis (n = 4). (N) The wet/dry ratio of lung tissues (n = 4). (O) The protein concentration in BALF (n = 4). (P) The number of inflammatory cells in BALF (n = 4). The IL-1β (Q) and TNF-α (R) mRNA levels in lung tissues were determined by real-time qPCR (n = 4). (S) The survival rate of mice (n =10). (T) The ROS level in lung tissues were evaluated by DHE staining (scale bar, 50 μm). Data are expressed as mean ± SD. *p < 0.05, **p < 0.01 and ***p < 0.001 indicate significant differences from each group. ns, no significance.





EA Suppresses Ferroptosis in Lung Tissues and Alleviates LPS-Induced ALI/ARDS by Activating α7nAchR

Previous studies have demonstrated that α7nAchR played an important role in vagal-mediated cholinergic anti-inflammatory pathways, α7nAchR activation was involved in the protective effect of EA stimulation in ALI/ARDS (19, 37). We next investigated whether EA could alleviate LPS-induced ferroptosis in lung tissues by activating α7nAchR (38). The western blot results showed that EA could upregulate the protein expression of α7nAchR in the lung tissues of LPS-treated mice, while the EA-induced upregulation of the expression of α7nAchR protein was significantly inhibited by methyllycaconitine (MLA), a selective α7nAchR antagonist (Figures 4A, B). Concurrently, MLA also dampened the upregulation of GPX4, SLC7A11 and FTH1 expression by EA in the lung tissues of LPS-treated mice (Figures 4A, C–H). As shown in the results, in the LPS-induced ALI/ARDS model, EA treatment significantly reduced the levels of iron, MDA and ROS in the lung tissues and increased the content of GSH, but these regulatory effects were effectively suppressed by MLA (Figures 4I–K, R). H&E staining further revealed that EA treatment markedly inhibited inflammatory cell infiltration, alleviated lung injury, and reduced lung injury scores in LPS-injected mice, while MLA eliminated this protective effect of EA (Figures 4L, M). MLA also inhibited the therapeutic effect of EA on the exudation of proteins and inflammatory cells in the BALF of LPS-injected mice (Figures 4N, O). Pretreatment with MLA weakened the suppressive effect of EA on the gene expression of IL-1β and TNF-α in lung tissues of LPS-injected mice (Figures 4P, Q). These results confirmed that EA treatment inhibited LPS-induced ferroptosis in lung tissues by activating α7nAchR.




Figure 4 | EA suppresses ferroptosis in lung tissue and alleviates LPS-induced ALI/ARDS by activating α7nAchR. The mice were injected intraperitoneally with MLA (5mg/kg) after LPS (5mg/kg) administration for 1 hour followed by EA stimulation, 20min/day, three days. (A–H) The relative mRNA and protein levels of α7nAchR, GPX4, SLC7A11, and FTH1 in lung tissues were examined by real-time qPCR and western blotting, respectively (n = 4). The contents of Iron (I), GSH (J) and MDA (K) in lung tissues (n = 4). (L) The representative H&E staining of lung tissue sections (scale bar, 50 μm). (M) The lung injury score analysis (n = 4). (N) The protein concentration in BALF (n = 4). (O) The number of inflammatory cells in BALF (n = 4). The mRNA expression of IL-1β (P) and TNF-α (Q) in lung tissues (n = 4). (R) The ROS level in lung tissues were evaluated by DHE staining (scale bar, 50 μm). Data are expressed as mean ± SD. *p < 0.05, **p < 0.01 and ***p < 0.001 indicate significant differences from each group. ns, no significance.





The Pulmonary Protective Effect of EA Is Eliminated by Sciatic Nerve Transection

The ST36 acupoint is located near the branches of the sciatic nerve, such as the common peroneal nerve and tibial nerve. To explore whether the sciatic nerve is essential for the antiferroptotic effect of EA in lung tissues, we performed sciatic nerve transection. Compared with the EA group, the EA-induced elevation of GPX4, SLC7A11 and FTH1 protein and mRNA expression in the lung tissues of LPS-injected mice was significantly inhibited by bilateral sciatic nerve transection (Figures 5A, C–H). We also found that EA stimulation failed to upregulate α7nAchR protein expression in the lung tissues of LPS-injected mice after bilateral sciatic nerve transection (Figures 5A, B). As shown in the results, both the reduction in iron and MDA levels and the upregulation of GSH content in the lung tissues of LPS-injected mice evoked by EA stimulation were significantly affected by bilateral sciatic nerve transection (Figures 5I–K). In addition, after bilateral sciatic nerve transection, the inhibitory effect of EA on the" production of ROS in lung tissues after LPS stimulation was almost eliminated (Figure 5R). We also found no improvement in the symptoms of lung injury and no reduction in lung injury scores in LPS-injected mice after bilateral sciatic nerve transection (Figures 5L, M). The results of the BALF analysis further suggested that EA-induced inhibition of protein exudation and inflammatory cell infiltration in the lung tissues of LPS-injected mice was evidently eliminated by bilateral sciatic nerve transection (Figures 5N, O). As shown in this study, real-time qPCR detection revealed that EA treatment failed to suppress the gene expression levels of the inflammatory factors IL-1β and TNF-α in LPS-stimulated lung tissues after bilateral sciatic nerve transection (Figures 5P, Q). The above evidence indicated that the sciatic nerve was essential for the antiferroptotic effect of ST36 acupoint EA stimulation in LPS-induced ALI/ARDS.




Figure 5 | The pulmonary protective effect of EA is eliminated by sciatic nerve transection. Mice were performed with sciatic nerve transection 3 days prior to LPS (5 mg/kg) administration, after which the mice were then treated with EA stimulation, 20min/day, three days. (A–H) The relative mRNA and protein levels of α7nAchR, GPX4, SLC7A11, and FTH1 in lung tissues were examined by real-time qPCR and western blotting (n = 4). The contents of Iron (I), GSH (J) and MDA (K) in lung tissues (n = 4). (L) H&E staining of lung tissue sections (scale bar, 50 μm). (M) The lung injury score analysis (n = 4). (N) The protein concentration in BALF (n = 4). (O) The number of inflammatory cells in BALF (n = 4). The mRNA expression of IL-1β (P) and TNF-α (Q) in lung tissues were examined by real-time qPCR (n = 4). (R) The ROS level in lung tissues were evaluated by DHE staining (scale bar, 50 µm). Data are expressed as mean ± SD.*p < 0.05, **p < 0.01 and ***p < 0.001 indicate significant differences from each group. ns, no significance.





The Vagus Nerve Is Involved in the Pulmonary Protective and Antiferroptotic Effects of EA in LPS-Induced ALI/ARDS

Numerous studies have shown that the vagal nerve-mediated cholinergic anti-inflammatory pathway is responsible for regulating immune functions and the inflammatory response, and EA stimulation at the sciatic nerve, such as the ST36 acupoint, controls systemic inflammation and attenuates organ dysfunction by inducing vagal activation (7, 19, 31, 39). To explore whether the vagal nerve is involved in the protective effect of EA on LPS-induced ferroptosis in mice, we performed a left cervical vagotomy before intraperitoneal injection of LPS (8). Compared with the EA group, we found that the expression of α7nAchR protein was not elevated in the lung tissues of LPS-injected mice with left cervical vagotomy after EA treatment (Figures 6A, B). In addition, the effect of EA on the protein and mRNA expression of GPX4, SLC7A11 and FTH1 in the lung tissues of LPS-injected mice was significantly inhibited after left cervical vagotomy (Figures 6A, C–H). As shown in the results, both the reduction in iron and MDA levels and upregulation of GSH content in the lung tissues of LPS-injected mice evoked by EA stimulation were suppressed by left cervical vagotomy (Figures 6I–K). Consistently, the inhibitory effect of EA on LPS-induced ROS production in lung tissues was almost eliminated by left cervical vagotomy (Figure 6R). Next, H&E staining, lung injury scores and BALF analysis showed that left cervical vagotomy abolished the effects of EA in alleviating the pulmonary inflammatory response, decreasing lung injury scores, and suppressing protein exudation and inflammatory cell aggregation (Figures 6L–O). As shown in this study, after left cervical vagotomy, EA treatment failed to inhibit the gene expression of the proinflammatory factors IL-1β and TNF-α in the lung tissues of LPS-injected mice (Figures 6P, Q). The above results suggested that EA stimulation at the ST36 acupoint effectively inhibited LPS-induced ferroptosis and reduced the inflammatory response in lung tissues via activation of the vagal nerve.




Figure 6 | The pulmonary protective and antiferroptotic effects of EA were eliminated by left cervical vagotomy in LPS-induced ALI/ARDS. Mice were performed with cervical vagotomy 3 days prior to LPS (5 mg/kg) administration, after which the mice were then treated with EA stimulation, 20min/day, three days. (A–E) The relative protein levels of α7nAchR, GPX4, SLC7A11, and FTH1 in lung tissues were examined by western blotting (n = 4). The mRNA expression of GPX4 (F), SLC7A11 (G) and FTH1 (H) in lung tissues were examined by real-time qPCR (n = 4). The contents of Iron (I), GSH (J) and MDA (K) in lung tissues (n = 4). (L) H&E staining of lung tissue sections (scale bar, 50 μm). (M) The lung injury score analysis (n = 4). (N) The protein concentration in BALF (n = 4). (O) The number of inflammatory cells in BALF (n = 4). The IL-1β (P) and TNF-α (Q) mRNA levels in lung tissues were examined by real-time qPCR (n = 4). (R) The ROS level in lung tissues were evaluated by DHE staining (scale bar, 50 μm). Data are expressed as mean ± SD. *p < 0.05, **p < 0.01 and ***p < 0.001 indicate significant differences from each group. ns, no significance.





EA Treatment Attenuates LPS-Induced ALI/ARDS by Inhibiting Ferroptosis

We further investigated whether EA treatment mitigated LPS-induced ALI/ARDS by attenuating ferroptosis. Erastin, an inducer of ferroptosis, was applied in this study. As shown in the figures, erastin significantly hampered EA treatment-induced upregulation of GPX4, SLC7A11 and FTH1 expression and GSH levels and reversed EA treatment-induced downregulation of the levels of MDA, iron and ROS in the lung tissues of LPS-injected mice (Figures 7A–J, Q). Erastin also effectively abolished the protective effect of EA on LPS-induced lung injury, with the main pathological features being widened alveolar septa, haemorrhage in lung tissues and massive inflammatory cell infiltration (Figures 7K, L). The results of BALF analysis indicated that after treatment with erastin, EA intervention failed to reduce the protein content and the total number of inflammatory cells in BALF (Figures 7M, N). We further detected the gene expression of IL-1β and TNF-α in lung tissues and found that erastin treatment reversed the inhibitory effect of EA on LPS-induced ALI/ARDS and the upregulation of inflammatory factor expression (Figures 7O, P). These results suggested that EA treatment mitigated LPS-induced ALI/ARDS by attenuating ferroptosis.




Figure 7 | EA stimulation alleviates LPS-induced ALI/ARDS by inhibiting ferroptosis. Mice were injected intraperitoneally with LPS (5mg/kg) 1 h prior to erastin (15mg/kg) administration, after which the mice were then treated with EA stimulation, 20min/day, three days. (A–G) The relative mRNA and protein levels of GPX4, SLC7A11 and FTH1 in lung tissues were examined by real-time qPCR and western blotting (n = 4). The contents of Iron (H), GSH (I) and MDA (J) in lung tissues (n = 4). (K) The lung injury score analysis (n = 4). (L) H&E staining of lung tissue sections (scale bar, 50 µm). (M) The protein concentration in BALF (n = 4). (N) The number of inflammatory cells in BALF (n = 4). The IL-1β (O) and TNF-α (P) mRNA levels in lung tissues were examined by real-time qPCR (n = 4). (Q) The ROS level in lung tissues were evaluated by DHE staining (scale bar, 50 μm). Data are expressed as mean ± SD. *p < 0.05, **p < 0.01 and ***p < 0.001 indicate significant differences from each group. ns, no significance.





Activating α7nAchR Protects Against LPS-Induced Damage and Ferroptosis in MLE-12 Cells

Alveolar epithelial cells are the essential component of the alveolar epithelial-endothelial barrier and may be firstly affected by ARDS. Excessive damage to alveolar epithelial cells could lead to an increase in alveolar-capillary permeability and cause pulmonary oedema (40–42). In addition, several studies have shown that ferroptosis occurs in alveolar epithelial cells following LPS stimulation (26, 43). To further investigate the role of the α7nAchR-mediated signalling pathway in LPS-induced ferroptosis in alveolar epithelial cells, the highly selective α7nAchR agonist PNU-282987 and the ferroptosis inducer erastin were used in vitro. As expected, PNU-282987 significantly elevated the protein expression of α7nAchR in LPS-treated mouse alveolar epithelial cells (MLE-12) (Figures 8A, B). The results in the figure revealed that PNU-282987 significantly inhibited LPS-induced MLE-12 cell injury, manifested by the increased expression of GPX4, SLC7A11 and FTH1 and the increased levels of cell viability and GSH (Figures 8A, C–J). The contents of MDA and ROS in LPS-treated MLE-12 cells were also decreased by PNU-282987 (Figures 8K, N). Similarly, after pretreatment with erastin, the antiferroptotic effect of PNU-282987 was eliminated in LPS-treated MLE-12 cells. In addition, the inhibitory effect of PNU-282987 on the LPS-induced inflammatory response in MLE-12 cells was also reversed by erastin, as evidenced by a significant increase in IL-1β and TNF-α levels (Figures 8L, M). These results suggested that activation of α7nAchR relieved the inflammatory response and protected alveolar epithelial cells from LPS-induced ferroptosis.




Figure 8 | Activating α7nAchR protects against LPS-induced damage and ferroptosis in MLE-12 cells. MLE-12 cells were treated with erastin (10 uM) 3 h prior to LPS (10 ug/ml) treatment, after which the MLE-12 cells were then treated with PNU-282987 (30 uM). (A) The protein expression levels of α7nAchR (B), GPX4 (C), SLC7A11 (D) and FTH1 (E) in MLE-12 cells were examined by westing blotting. The mRNA expression levels of GPX4 (F), SLC7A11 (G), FTH1 (H), IL-1β (L) and TNF-α (M) in MLE-12 cells were examined by real-time qPCR (n = 6). (I) Cell viability was detected by an CCK8 assay (n = 6). The cellular contents of GSH (J) and MDA (K) (n = 6). (N) The cellular ROS level in MLE-12 cells were evaluated by ROS Assay Kit (scale bar, 50 μm). Data are expressed as mean ± SD. *p < 0.05, **p < 0.01 and ***p < 0.001 indicate significant differences from each group. ns, no significance.






Discussion

In the present study, we explored the pulmonary protective effect of EA treatment and its potential mechanism in LPS-induced ferroptosis of alveolar epithelial cells. We revealed for the first time that EA stimulation of the ST36 acupoint could significantly attenuate LPS-induced lung injury by inhibiting ferroptosis in lung tissues through activation of α7nAchR. More importantly, the inhibitory effects of EA on both the inflammatory response and ferroptosis in LPS-induced ALI/ARDS were dependent on the sciatic nerve and cervical vagus nerve. Moreover, our in vitro experiments also showed that activation of α7nAchR attenuated the inflammatory response and protected LPS-treated lung epithelial cells from ferroptosis. Collectively, the present study suggested that EA stimulation at the ST36 acupoint inhibited ferroptosis in alveolar epithelial cells by activating α7nAchR via the sciatic nerve and cervical vagus nerve, and might be a potential mechanism by which EA treatment alleviates LPS-induced ALI/ARDS.

α7nAchR is a target of a cholinergic anti-inflammatory signalling pathway that is widely expressed on the surface of alveolar epithelial and immune cells and is activated primarily by the release of acetylcholine from vagal efferent nerves (44). Previous studies have demonstrated that EA treatment can exhibit potent organ protective effects in various disease conditions, such as postoperative ileus (8), doxorubicin-induced cardiotoxicity (45), cerebral IR injury (46), and hepatic IR injury (47), and this protective role of EA stimulation is mostly dependent on the activation of α7nAchR. It is worth noting that the therapeutic effects of EA therapy on a variety of organs are directly related to multiple signalling pathways mediated by α7nAchR, in which the α7nAchR-mediated Janus kinase 2 (JAK2)/signal transducer and activator of transcription 3(STAT3) signalling pathway (48), high-mobility group Box 1(HMGB1)/nuclear factor-κB (NF-κB) signalling pathway (49), and NLRP3 signalling pathway (18) have been regarded as significantly associated with the organ-protective effects of EA treatment. In the present study, we found that EA could upregulate the expression of α7nAchR to inhibit the production of proinflammatory factors, reduce protein and inflammatory cell exudation in the alveolar lumen, and improve histopathological changes in lung tissues, thereby alleviating LPS-induced ALI/ARDS. However, the pulmonary protective effect of EA stimulation was reversed with the application of the α7nAchR-specific antagonist MLA. In addition, in vitro experiments, we found that activation of α7nAchR on alveolar epithelial cells reduced the production of proinflammatory factors and enhanced cell viability.

Iron is an essential element for maintaining normal physiological conditions, including haematopoiesis, synthesis of many enzymes, immune regulation and energy metabolism. However, intracellular iron accumulation also has toxic effects in terms of biological function, generating large amounts of oxygen free radicals, which in turn cause damage to intracellular DNA, proteins, and cell organelles (50). Ferroptosis is a nonapoptotic form of regulated cell death that is characterized by intracellular iron overload and lipid peroxidation product accumulation. Notably, ferroptosis has been shown to occur in the lung tissues of LPS-stimulated mice and alveolar epithelial cells (26). In this study, we demonstrated that ferroptosis was significantly activated in LPS-induced ALI/ARDS mice with elevated Fe2+ and MDA levels, reduced levels of the reducing agent GSH, and downregulated gene and protein expression of GPX4, SLC7A11 and FTH1. Recent studies have further confirmed that inhibition of ferroptosis in alveolar epithelial cells attenuates lung injury and thus protects the lung barrier structure. Dong et al. (51) proved that Nrf2 can inhibit ferroptosis by upregulating the levels of telomerase reverse transcriptase (TERT) and SLC7A11, and then attenuate lung injury induced by intestinal ischemia-reperfusion. Peng et al. (43) revealed that Jumonji domain containing protein-3(JMJD3) deficiency alleviates LPS-induced ALI/ARDS by promoting Nrf2 expression to inhibit the ferroptosis of alveolar epithelial cells. Consistent with previous findings, our experimental results revealed that EA stimulation at the ST36 acupoint significantly inhibited ferroptosis and attenuated LPS-induced ALI/ARDS. Additionally, in LPS-treated MLE-12 cells, we found that LPS stimulation downregulated the expression of GPX4, SLC7A11 and FTH1, increased the levels of MDA and ROS, and reduced the content of GSH. However, the administration of the α7nAchR agonist PNU-282987 inhibited the occurrence of LPS-triggered ferroptosis events. We also found that application of the ferroptosis agonist erastin reversed the inhibitory effect of α7nAchR activation on ferroptosis in vivo and in vitro experiments, which further demonstrated that EA stimulation exerted a pulmonary protective effect through α7nAchR-mediated inhibition of LPS-induced ferroptosis.

Previous studies have shown that EA treatment can exert anti-inflammatory and antioxidative stress effects, which in turn protect vital organ function (52, 53). However, it is unclear how EA stimulation at the ST36 acupoint remotely modulates the functional state of the organs. Our results showed that EA stimulation at the ST36 acupoint remarkably inhibited LPS-induced ferroptosis events and attenuated the pulmonary inflammatory response. The ST36 acupoint at the hind limb region is mainly located near the sciatic nerve and its branches, and previous studies have demonstrated that the stimulatory signal from EA stimulation may be transmitted into the spinal cord and brain via sciatic afferent nerve fibres. Interestingly, our results found that surgical severance of the bilateral sciatic nerve effectively eliminated the inhibitory effect of EA on LPS-triggered ferroptosis events in lung tissues, which was mainly manifested in the downregulation of the expression of GPX4, SLC7A11 and FTH1, the elevation of iron, MDA and ROS levels, and the reduction of reductant GSH content. Additionally, sciatic nerve transection abolished the mitigating effect of EA on the LPS-induced pulmonary inflammatory response. Thus, it was further confirmed that the anti-ferroptosis and pulmonary protective effects of EA treatment in LPS-induced ALI/ARDS act through the sciatic nerve. The vagus nerve is the predominant parasympathetic nerve connecting the brain with most internal organs, and studies have shown that the vagus nerve is the major innervating nerve of the pulmonary airway, acting as a bridge between the central nervous system and the lung (54). To investigate whether the vagus nerve is involved in regulating the transmission of stimulatory signals at the ST36 acupoint into the lungs, our data further confirmed that surgical severance of the left cervical vagus nerve almost completely abolished the inhibitory effect of EA on LPS-induced ferroptosis events and the pulmonary inflammatory response. Therefore, these results suggest that sciatic nerve activity and vagal nerve stimulation induced by EA treatment may share a common set of neural codes to modulate the functional state of the lungs.

In conclusion, our results revealed for the first time that EA stimulation at the ST36 acupoint inhibits LPS-induced ferroptosis of alveolar epithelial cells through activation of α7nAchR, attenuating the pulmonary inflammatory response and thereby alleviating LPS-induced ALI/ARDS.
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NETosis is a multi-facetted cellular process that promotes the formation of neutrophil extracellular traps (NETs). NETs as web-like structures consist of DNA fibers armed with granular proteins, histones, and microbicidal peptides, thereby exhibiting pathogen-immobilizing and antimicrobial attributes that maximize innate immune defenses against invading microbes. However, clinically relevant pathogens often tolerate entrapment and even take advantage of the remnants of NETs to cause persistent infections in mammalian hosts. Here, we briefly summarize how Staphylococcus aureus, a high-priority pathogen and causative agent of fatal diseases in humans as well as animals, catalyzes and concurrently exploits NETs during pathogenesis and recurrent infections. Specifically, we focus on toxigenic and immunomodulatory effector molecules produced by staphylococci that prime NET formation, and further highlight the molecular and underlying principles of suicidal NETosis compared to vital NET-formation by viable neutrophils in response to these stimuli. We also discuss the inflammatory potential of NET-controlled microenvironments, as excessive expulsion of NETs from activated neutrophils provokes local tissue injury and may therefore amplify staphylococcal disease severity in hospitalized or chronically ill patients. Combined with an overview of adaptation and counteracting strategies evolved by S. aureus to impede NET-mediated killing, these insights may stimulate biomedical research activities to uncover novel aspects of NET biology at the host-microbe interface.
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Introduction

Polymorphonuclear leukocytes (PMNs or neutrophils) are highly abundant immune cells found in human or animal blood (1). As part of the innate immune response, neutrophils represent crucial effector cells that substantially contribute to immune surveillance and the clearance of microbial infections (1, 2). Of note, neutrophils are recruited in large numbers to infectious foci within minutes following pathogen entry as these cells rapidly sense microbial signatures as well as inflammatory signals released by injured or damaged host tissues (1–3). Specifically, neutrophils express an array of cellular receptors including pattern recognition receptors (PRRs), G protein-coupled receptors (GPCRs), and Fc receptors that mediate recognition of danger signals, thereby governing chemotactic routing and extravasation of PMNs from blood vessel into infected tissues (1, 4). Concurrently, subcellular signaling cascades downstream of these receptors initiate pathogen-eradicating processes that encompass phagocytosis, degranulation, and the biogenesis of reactive oxygen species (ROS) (4). Moreover, neutrophils may kill pathogens by the formation of neutrophil extracellular DNA traps (NETs), an extracellular matrix composed of nuclear and mitochondrial DNA loaded with cell-specific proteases, antimicrobial peptides, and granular proteins (5, 6). This mechanism is of particular importance for controlling infectious diseases as NETs not only display antimicrobial properties, but also exhibit pathogen-capturing features that help to limit the dissemination of microbes in the mammalian host (5, 7). Nevertheless, clinically relevant pathogens have evolved refined counteracting strategies that mediate tolerance or even evasion from extracellular trap-mediated killing (6, 8). A prominent example is Staphylococcus aureus, a deadly and multidrug-resistant Gram-positive bacterium that colonizes approximately 30% of the human population (9, 10). This microbe is a very frequent cause of superficial skin and soft tissue infections as well as life-threatening diseases including sepsis, septic arthritis, endocarditis, or pneumonia (10, 11). Notably, S. aureus infection triggers a conspicuously strong infiltration of neutrophils into infectious foci which is typically coupled with excessive NET-formation and the development of large abscesses (7, 12, 13). Surprisingly though, the antimicrobial repertoire of NETs often fails to promote clearance of persistent S. aureus infections in humans or animal hosts (14–17). On the contrary, S. aureus readily outsmarts neutrophil responses and even exploits NET-formation to kill bystander immune cells, highlighting the cunning lifestyle of this microbe (18, 19).

Herein, we briefly summarize the molecular prerequisites of suicidal NETosis, a distinct form of programmed cell death, and vital NET-formation by viable neutrophils in response to various staphylococcal effector molecules. Particularly, we describe how S. aureus simultaneously provokes and takes advantage of NET formation during acute and relapsing infections. Further, we review adaptation strategies of staphylococci that confer tolerance to NET-mediated entrapment and killing. Finally, we discuss the pathophysiological potential of NET-controlled infectious foci in the context of severe and chronic S. aureus diseases, with the overall aim to stimulate scientific investigations that may lead to the conception of new therapeutic approaches to fight antibiotic-resistant S. aureus and other NET-evading pathogens.



Molecular Mechanisms of Suicidal NETosis and Vital NET Formation

The formation of NETs can be initiated by a variety of stimuli including microorganisms, antibodies, immune complexes, microcrystals, and certain chemicals (6, 20, 21). Various pro-inflammatory cytokines have also been reported to interfere with the release of NETs from PMNs (20, 21). For example, interleukin 1-β (IL-1β), IL-6, IL-8, as well as tumor necrosis factor alpha (TNF-α) elicit NETs and thus may represent crucial immunoregulatory effector molecules of the host that presumably modulate NETosis during specific inflammatory or infectious diseases (5, 20, 22–27).

To date, two predominant pathways have been described in detail that lead to the expulsion of NETs from neutrophils: suicidal (lytic) NETosis, which causes neutrophil cell death, and vital NET formation that results in the release of NET-loaded vesicles from viable PMNs (Figure 1) (21, 28). Suicidal NETosis, a process that provokes NET formation within 3-4 hours post-stimulation (23), largely depends on calcium signaling along with the protein kinase C (PKC)- or Raf-MEK-ERK pathway-dependent activation of the membrane-bound NADPH oxidase, which represents a multisubunit protein complex that synthesizes ROS for the subsequent activation of PAD4 (protein-arginine deiminase type 4) (Figure 1) (6, 21, 23, 29, 30). PAD4 is a Ca2+-binding protein and key driver of NETosis as it causes citrullination of core histone (6, 31). Particularly, activated PAD4 migrates to the nucleus where it catalyzes the conversion of positively charged arginine residues of histones into citrullines, thereby inducing the process of chromatin decondensation (6, 31). Concurrently, ROS break down the azurosome, a serine protease- as well as myeloperoxidase (MPO)-encompassing protein complex found in neutrophil granules (32). In this manner, azurophilic proteases (e.g. azurocidin, cathepsin G, and neutrophil elastase (NE)) as well as MPO are released into the cytosol, where NE disrupts the actin cytoskeleton and simultaneously traffics together with MPO to the nucleus, further contributing to histone degradation and chromatin decondensation (6, 32, 33). Interestingly, recent work demonstrated that mitochondrial ROS (mtROS) can also contribute to the phenotype of suicidal NETosis, particularly in response to S. aureus (34, 35). Subsequent steps involve disruption of the nuclear cell envelope and electrostatic interaction of core-derived decondensed chromatin with cytosolic and granular proteins in the cytoplasm (Figure 1) (23). In this scenario, the human cathelicidin LL-37 and its mouse analogue mCRAMP (mouse cathelicidin related antimicrobial peptide) have been shown to contribute to the perforation of nuclear membranes in NET-forming neutrophils (36). Moreover, emerging literature suggests that NE-processed gasdermin D (GSDM-D), a crucial executor protein of the pyroptotic cell death pathway (37–39), may also alter the membrane integrity of PMNs at this stage (30, 40, 41). Specifically, cleaved GSDM-D displays potent pore-forming and membrane-damaging capacities and is therefore believed to puncture the core as well as the plasma membranes of netting neutrophils, ultimately culminating in the expulsion of antimicrobial NETs from dying PMNs into the extracellular space (Figure 1) (30, 37–41). Of note, processed GSDM-D may further contribute to a non-canonical form of suicidal NETosis, which occurs exquisitely in response to intracellular Gram-negative bacteria (42). In summary, suicidal NETosis of neutrophils differs from other cell death mechanisms based on the specific phenomenon that chromatin decondensation and disintegration of the nuclear membrane occurs concomitant with cytoplasmic granule dissolution, allowing the NET components to mix in the cytoplasm prior to their extracellular release (23).




Figure 1 | NET formation pathways in response to S. aureus. NET formation in response to live staphylococci and their exoproducts may occur via two predominant signaling pathways. While suicidal NETosis leads to neutrophil cell death (left panel), rapidly occurring vital NET formation retains the ability of PMNs to migrate and phagocytose bacterial invaders (right panel). Numbers 1-6 in each panel indicate the order of events during NET formation. S. aureus readily escapes from NET-mediated entrapment and killing by secreting multiple virulence determinants (e.g. thermonuclease (Nuc)), thereby boosting staphylococcal persistence and dissemination of disease. Characteristic features and key host signaling molecules including toll-like receptor 2 (TLR2), myeloperoxidase (MPO), neutrophil elastase (NE), protein-arginine deiminase type 4 (PAD4), cathelicidin LL-37, reactive or mitochondrial reactive oxygen species (ROS; mtROS), protein kinase C (PKC), Raf–MEK–ERK cascade (Raf; MEK; ERK), membrane-bound NADPH oxidase, processed gasdermin D (GSDM-D) and associated pores are highlighted.



NET formation can also be induced via a secondary mechanism which retains PMN integrity and viability by an active release of DNA-containing vesicles (Figure 1). This process (i.e. vital NET formation; sometimes referred to as vesicular NETosis) is mainly NADPH oxidase-independent and rapidly occurs within less than hour upon stimulation (43, 44). Activation of vital NET formation involves complement-mediated pathogen opsonization or sensing via toll-like receptors (TLRs) (44). Particularly, Clark and colleagues have initially shown that TLR-4-activated platelets trigger vital NET formation in order to capture bacteria in septic blood (45), while subsequent in vitro and in vivo work by the same laboratory demonstrated vital NET release and involvement of TLR-2 and complement receptor 3 upon neutrophil stimulation with Gram-positive bacteria (7, 43). Similar to suicidal NETosis, vital NET formation has also been shown to be partially dependent on calcium influx and activated PAD4 and NE, both of which migrate to the nucleus to initiate unpacking of histones and chromatin decondensation (Figure 1) (28, 46). Subsequently, nuclear envelope blebbing leads to the formation of DNA-containing vesicles that eventually fuse with the plasma membrane to expel their antimicrobial content into the extracellular space (Figure 1) (44). Notably, this process does not damage the plasma membrane so that neutrophils initially maintain their ability to migrate and phagocytose microbial invaders (7, 43). At later stages, however, the nuclear membrane may rupture thereby causing an accumulation of chromatin fibers in the cytosol (43). Thus, vital NET formation may indirectly be coupled with suicidal NETosis and lytic NET formation respectively. In this regard, we finally note that a specific form of vital NET formation involves a rapid release of mitochondrial DNA (mtDNA) from viable PMNs (47). Opposed to the canonical pathway of vital NET formation, this form of vital NET release requires the activity of the NADPH oxidase along with granulocyte-macrophage colony-stimulating factor (GM-CSF)-mediated priming of neutrophils, followed by subsequent stimulation by complement factor 5a (C5a) or lipopolysaccharide (LPS) (47). Yet, mechanistic details and the exact role of this form of vital NET release during infectious diseases or other pathophysiological conditions remain largely unknown.



Staphylococcal Catalysts of NET Formation

Neutrophils release NETs in response to multiple infectious agents such as Gram-negative and Gram-positive bacteria (20, 43). Intriguingly, S. aureus is considered one of the most potent inducers of NETosis, irrespective of whether PMNs sense live or metabolically inactive (dead) staphylococci (43). Nevertheless, the magnitude of NET induction is significantly increased when PMNs are exposed to viable S. aureus cells or staphylococcal culture supernatants, suggesting that secreted exoproteins together with intact structural components of the bacterial cell envelope substantially affect S. aureus-triggered NET formation (Figure 2) (43). In fact, various studies revealed that stimulation with live bacteria or S. aureus pore-forming toxins contribute to this phenomenon (Table 1) (23, 34, 43, 51, 56). For example, the staphylococcal bi-component toxin PVL (Panton-Valentine leukocidin) has been shown to prime vital NET formation in freshly isolated human neutrophils (43, 56). In this NADPH-independent process, endocytosed PVL particularly targets mitochondria thereby triggering the formation of mtROS from these organelles (Figure 1) (56). Further, PVL-mediated release of NETs involves MPO, Ca2+-signaling and PAD4 activation, as well as citrullination of histone H3 (56). However, PVL-induced NET formation seems to be highly dose-dependent as elevated levels of PVL may promote necroptotic or apoptotic cell death rather than classical NETosis (61, 62). Dose-dependency may also play a crucial role during NET formation induced by LukAB (also known as LukGH), another staphylococcal pore-forming toxin that lineage-dependently targets human CD11b or the hydrogen voltage-gated channel 1 (HVCN1) (51, 63, 64). Like PVL, LukAB consists of two subunits and promotes NET release from PMNs exclusively at sublytic concentrations in vitro (Table 1) (51). LukAB-induced NETs, however, did not display enhanced bactericidal activity towards staphylococci suggesting that S. aureus may systematically induce or even exploit NET formation during persistent infections (51). In agreement with this idea, recent studies by Bhattacharya et al. uncovered that extracellular traps augment chronic staphylococcal infections (15). Specifically, the combined activity of LukAB and PVL provokes NET formation within biofilms, a rather detrimental effect that affects the clinical outcome of chronic burn wounds in pigs (15). In this regard, we note that many staphylococcal toxins and virulence determinants are controlled by the global accessory regulatory system Agr (65). Agr is a quorum sensing system that consists of several structural components including AgrD, the precursor molecule of the autoinducing peptide AIP which facilitates staphylococcal communication and target gene regulation via activation of AgrC-AgrA two component system (65). Surprisingly, truncated and formylated peptide variants of AgrD solely exhibit immunomodulatory and NETosis-promoting capacities, a phenomenon which raises the question of whether staphylococci directly process components of the Agr system to enhance NET formation in infectious foci (Table 1) (50). Agr is also controlling an array of amphipathic, α-helical peptides designated phenol-soluble modulins (PSMs) (65, 66). These small peptides have strong lytic properties and usually trigger necroptotic or pyroptotic cell death in target cells (66, 67). At micromolar concentrations, purified PSM-α peptides were also found to initiate a very rapidly occurring and NADPH oxidase-independent form of NETosis in purified PMNs, a process that is reminiscent of vital NET formation (57). Moreover, PSM-α peptides govern budding of lipoprotein-containing extracellular membrane vesicles from staphylococcal cytoplasmic membranes (68, 69). Since S. aureus-derived lipoproteins constitute potent inducers of TLR-2 (70–72), and TLR-2 signaling along with complement-mediated opsonization correlates with vital NETosis in human neutrophils (7), lipoprotein-comprising plasma membrane preparations of the methicillin-resistant S. aureus (MRSA) strain USA300 have recently been identified as another potent driver of vital and PAD4-depenent NET formation (Table 1) (52).




Figure 2 | Fluorescence microscopy images of human blood-derived neutrophils forming NETs during incubation with S. aureus. Human blood-derived neutrophils were stimulated with FITC-labelled S. aureus Newman for 90 min (green). Next, the formation of NETs was visualized using confocal fluorescence microscopy with antibodies against DNA-histone-complexes (red) as previously described (48). Nuclei were stained with DAPI (blue). The main image shows staphylococci (green) entrapped by NETs (red).




Table 1 | Selected staphylococcal factors that induce or interfere with NET formation.



Apart from toxin- or lipoprotein-mediated induction of NET formation, certain peptidoglycan-associated molecules synthesized by staphylococci contribute to the release of extracellular traps from PMNs (Table 1). For example, staphylococcal protein A (SpA) and Sbi (second binding protein of immunoglobulin), both cell surface-displayed proteins that exhibit strong immunoglobulin-binding properties (73), affect the generation of NETs as a S. aureus Newman Δspa Δsbi double-mutant lost the ability to promote release of NETs from human neutrophils in tissue culture-based assays (58). In this context, Hoppenbrouwers et al. discovered that the amount of SpA in staphylococcal cell walls correlates with the capacity of S. aureus to provoke NETosis (58). Isolates that display elevated amounts of SpA in the cell wall (SpAhigh) activated NET formation more efficiently as compared to strains that exhibit a SpAlow phenotype (58). However, purified SpA alone failed to stimulate NETosis in purified PMNs indicating that other, presumably secreted factors of live staphylococci along with a unique mechanism are required to promote SpA-associated NET formation (58). This may also hold true for the major autolysin Atl, which has been identified as another possible effector molecule of vital NET formation (43). Albeit release of NETs from human PMNs occurred in response to high concentrations of recombinant autolysin, Atl may rather contribute indirectly to vital NETosis (43). Specifically, Wang et al. demonstrated that the peptidoglycan-hydrolyzing activity of Atl and Sle1, an N-acetylmuramyl-L-alanine amidase (74), impacts trafficking of S. aureus-derived membrane vesicles across murein layers (68), and thus may contribute to lipoprotein-induced stimulation of TLR-2 and vital NET formation. Finally, we note that a staphylococcal lipase has also been implicated in vital NETosis, although mechanistic details remain elusive (43). Together, these comprehensive studies demonstrate that S. aureus together with its exoproducts predominantly elicits vital NET formation, albeit viable staphylococci may also skew neutrophils toward suicidal NETosis in a manner requiring NADPH oxidase-derived ROS or even mtROS, especially when co-cultivated with PMNs for longer time periods or during infection of the heart (Figure 1) (23, 34, 35).



Staphylococcal Evasion From NET-Mediated Entrapment and Killing

Pioneering work by Brinkmann et al. uncovered that NETs have pathogen-capturing and antimicrobial properties (5). Multiple microbes including bacteria, viruses, and fungi can be entangled, disarmed, or neutralized by these extracellular structures, readily preventing pathogen spread and dissemination of disease (5, 27, 44). Of note, not only various NET-associated factors such as calprotectin, histones, cathepsin G, or the DNA itself have been discussed to mediate antimicrobial activity of NETs (5, 75–77), but also the boosting of NET-formation has been demonstrated to be protective in some disease conditions, e.g. during systemic S. aureus infections in mitochondrial calcium uptake 1 (MICU1)-deficient (MICU1-/-) mice or during lung infections upon treatment with statins that block cholesterol biosynthesis (35, 78). However, NETs often fail to eradicate replicating S. aureus during persistent infections as this pathogen releases a plethora of virulence factors into the extracellular milieu that antagonize NET-mediated entrapment and killing (Table 1) (79). For example, S. aureus secretes a robust thermonuclease (Nuc) which rapidly dismantles NETs thereby affecting local, systemic, as well as chronic infections (Figure 1) (14, 16, 17, 34, 59). In that regard, we note that Nuc-mediated degradation of NETs may further restrict the communication of PMNs and macrophages (34). This striking observation seems to be of particular importance during slowly-occurring suicidal NETosis since an accelerated and mtROS-controlled form of lytic NETosis, as observed in S100A9-deficient neutrophils, abrogated Nuc-derived effects and simultaneously enhanced macrophage-mediated killing of S. aureus and other extracellular bacterial pathogens (34). Nonetheless, macrophages often reside at the periphery of infectious foci in wild-type animals, a pathophysiological phenomenon that also involves the activity of Nuc (17). Particularly, Nuc-mediated degradation of NETs together with the activity of AdsA (adenosine synthase A), a cell wall anchored 5’-3’-nucleotidase, leads to the biosynthesis of deoxyadenosine (dAdo) (Figure 1) (17). dAdo is a cytotoxic deoxyribonucleoside which exquisitely kills macrophages during abscess formation by targeting the purine salvage pathway and apoptotic signaling cascade (17, 49, 80). In this manner, S. aureus and related staphylococci not only prevent NET-mediated killing within abscesses, but rather exploit excretion of NETs to suppress phagocyte entry into deeper cavities of infectious foci, ultimately enhancing pathogen survival and establishment of persistent infections (17, 49, 81). Overall, staphylococcal Nuc represents a key determinant utilized by staphylococci to prevent NET-associated enmeshment and killing.

S. aureus evolved additional virulence determinants to block NET-mediated entrapment (Table 1). Most of these Nuc-independent mechanisms target the structural backbone of NETs along with NET-associated proteins such as histones, NE, or cathepsin G (53–55). Staphylococcal extracellular adherence protein (Eap), for example, binds and aggregates NET fibers in vitro and therefore affects the formation and stability of neutrophil-derived DNA traps (53). Together with two orphan Eap homologes (EapH1 and EapH2), Eap has also neutrophil serine proteases-blocking capacities, as proteins of the Eap family efficiently bind to the catalytic domains of NE, cathepsin G, or proteinase 3 (54). Accordingly, S. aureus variants lacking the Eap protein-encoding genes are attenuated in a mouse model of blood stream infection (54). More recent in vitro work showed that staphylococcal fibronectin-binding protein B (FnBPB) contributes to the neutralization of NETs (55). In this model, FnBPB binds with very high affinity to histones thereby suppressing their bactericidal activity (55). Scavenging histones further enhances survival of live S. aureus exposed to NETs since FnBPB-deficient mutant cells were more prone to NET-mediated killing as compared to the enmeshed parental S. aureus strain (55). Finally, we note that S. aureus alters the net charge of the bacterial cell surface by lysinylating membrane phosphatidylglycerol and alanylating teichoic acids (TAs) (82, 83). Interestingly, D-alanylation of TAs by the DltABCD machinery together with the formation of a capsule mediates tolerance to the microbicidal attributes of NETs in Streptococcus pneumoniae (84), raising the possibility that alanylated TAs and encapsulation may similarly protect S. aureus from NET-mediated killing. In this context, it should also be considered that D-alanylation of TAs confers resistance to several cationic antimicrobial peptides including the NET-associated cathelicidin LL-37 (82, 85). However, Jann et al. uncovered that S. aureus wild type bacteria and their dltA variants were killed by NETs in a similar fashion, indicating that neutrophils use the cathelicidins mainly for the phagolysosomal but not NET-associated antimicrobial defense (86). In agreement with this data, previous in vitro work found that particularly LL-37 lost its antimicrobial properties when bound to NETs, and rather represents a stabilization factor that antagonizes Nuc-mediated degradation of extracellular traps (48). This may also explain why S. aureus secretes further nucleases including the membrane-bound Nuc2 enzyme as well as EssD (or EsaD), a substrate of the staphylococcal type VII secretion apparatus (87–89). Direct evidence that these enzymes significantly contribute to the escape from NET-mediated entrapment has, however, not been provided so far. Collectively, S. aureus secretes multiple virulence factors to incapacitate the microbicidal features of NETs, presumably to promote immune evasion and dissemination in the mammalian host.



Immunopathological Consequences of Aberrant NET Formation During Staphylococcal Infections

Recent advances suggest that excessive or dysregulated NETosis may cause severe pathologies during various human diseases (6, 90). During acute or chronic infections, for example, aberrant NET formation has been linked to inflammatory processes, tissue and organ injury, and negative disease outcomes along with increased mortality rates (6, 91). This is exemplified in the context of pulmonary diseases and cystic fibrosis (CF), a genetic disorder caused by a mutation in the CF transmembrane conductance regulator-encoding gene CFTR (91, 92). CF patients develop a highly viscous mucus which favors pathogen colonization and infection, especially by NETosis-triggering microbes such as Pseudomonas aeruginosa or S. aureus (92, 93). Not surprisingly though that sputum samples derived of P. aeruginosa- or S. aureus-infected CF patients contain elevated amounts of NETs together with NET-bound peptides (16, 94). Yet, NET-rich microenvironments of CF lungs that are often associated with hypoxia (95), a condition that retains the ability of PMNs to form NETs in response to staphylococci (96), typically fail to clear microbial invaders and rather initiate detrimental events that affect lung pathology and chronic airway inflammation (16, 91). Particularly, several NET-associated proteins exhibit cytotoxic and tissue destructive capacities (97–100). For example, sputum specimens from CF patients were found to contain large amounts of MPO along with MPO-derived oxidizing and nitrating species (94, 100). These factors may contribute to respiratory dysfunction and poor disease prognosis in S. aureus-infected CF patients, as MPO and MPO-derived oxidants confer tracheobronchial or alveolar epithelial cell damage (99, 100). Epithelial injury and NET-associated cytotoxicity toward CF lung tissue may further occur in response to NET-assembled histones or NE that have also been identified in sputum samples of affected individuals (94, 101). Especially extracellular histones display toxigenic properties toward epithelial and endothelial cells due to their membrane-binding and damaging attributes (97, 99). Similarly, uncontrolled release of NE and NE-DNA complexes during MRSA-induced pneumonia is considered as a substantial mediator of acute lung injury and may therefore exacerbate disease outcomes of staphylococcal pulmonary infections (Table 2) (98, 113). In light of this, increased concentrations of histones, NE, and calprotectin, a NET-bound alarmin (75), could potentiate the release of cytokines and chemokines into lung fluids (102, 116, 117), presumably explaining hyper-inflammatory responses and the non-ending recruitment of neutrophils along with excessive NETosis in S. aureus-infected CF lungs. Thus, dysregulated NETosis potentially mediates adverse and harmful effects during CF and S. aureus-caused infections of the respiratory tract (Table 2).


Table 2 | Detrimental effects of NETs during infection with S. aureus.



Dysfunctional NETosis can also complicate staphylococcal infections in the context of other chronic diseases (Table 2). In diabetic mice, staphylococcal α-toxin drives the transforming growth factor β (TGF-β)-signaling-dependent expansion of low-density neutrophils (LDN) (104). LDN in turn excrete large amounts of NETs, an adverse feature that has been linked to increased mortality rates in mice challenged with the community-acquired MRSA strain USA300 (104). These effects may clarify why diabetic patients are more vulnerable to S. aureus bacteremia as compared to non-diabetic individuals (118). In this regard, we further note that NETs alter the wound healing process in patients with diabetes (105), probably explaining why this population often suffers from complicated S. aureus-mediated skin or foot ulcer infections (119). Moreover, recent work by Bitschar et al. revealed that NETs interact with keratinocytes at injured or inflamed skin sites thereby promoting S. aureus vegetation formation on body sites that are typically not colonized by this microbe (107). This appears highly relevant as S. aureus is frequently isolated from the skin of patients with atopic dermatitis or psoriasis (108–110, 120), both chronic inflammatory skin diseases that affect large segments of the human population (121, 122). At least skin lesion sites of psoriatic patients are characterized by increased amounts of NETs (111, 112), which could correlate with increased S. aureus colonization rates. Nonetheless, aberrant NETosis can also affect staphylococcal disease pathogenesis in otherwise healthy individuals and immunocompetent laboratory animals as, for example, enhanced neutrophil influx and NET formation boost biofilm and implant-associated infections in wild-type mice (15, 123). Further, it is worth noting that a massive release of NETs in foci of infection causes tissue damage and organ injury during staphylococcal systemic infection (Table 2) (114). Innovative in vivo imaging technologies uncovered that NETs along with NET-bound peptides accumulated in the liver vasculature of septic mice (114). Here, NET-associated NE and histones were found to co-localize with necrotic tissue sites suggesting that NET components exhibit organ-damaging attributes during severe staphylococcal diseases (114). In line with these observations, McDonald and colleagues discovered that a sepsis-provoked release of NETs into the vasculature triggers networking of platelets and extracellular traps, ultimately leading to intravascular coagulation and injury of hepatic tissues (115). Finally, the platelet-NET axis impairs S. aureus-induced infective endocarditis (106). Specifically, NETs have been found to amplify S. aureus vegetation formation on injured heart valves in an experimental rat model of infective endocarditis (106), a fatal side-effect of NETs that is also exploited by other endocarditis-promoting pathogens such as Streptococcus mutans (124). Collectively, these compelling studies demonstrate that excessive formation of NETs along with elevated levels of NET-associated peptides in response to acute or chronic staphylococcal infections can be detrimental to the mammalian host, particularly in the context of systemic or pulmonary diseases.



Concluding Remarks

NETs as part of the innate immune response are generally believed to correlate with clinical outcomes of many infectious diseases. As long as the magnitude of NET formation is coordinated and tightly balanced, these extracellular structures exhibit beneficial properties and contribute to the entrapment, disarming, and killing of microorganisms (5, 6). This may also hold true for local infections caused by S. aureus as NETs are not only formed within abscesses but also diminish the risk of pathogen entry into circulating body fluids and the development of invasive diseases (7). Paradoxically, NETs may exacerbate staphylococcal infections and disease progression, specifically when excessively synthesized during acute or chronic infections (16, 104, 106, 114, 115). This raises the question of whether S. aureus selectively induces or even gains advantage of NET formation under certain pathophysiological conditions. In line with this model, earlier work demonstrated that induction of NETosis promotes intra-abscess survival of S. aureus, colonization of injured skin sites, and biofilm formation (15, 17, 107). As aberrant NETosis is also linked to severe staphylococcal infections and the establishment of pulmonary infections in chronically ill patients (16, 114), it is further tempting to speculate that S. aureus may take advantage of the organ-damaging capacities of NETs or NET-associated components to traverse endothelial or epithelial barriers for subsequent penetration of deep tissues. If so, concurrent stimulation and exploitation of excessive NETosis may represent a refined immune-evasive maneuver evolved by S. aureus to create new proliferative niches in the mammalian host, a fact that may clarify why staphylococci excrete a plethora of NET-inducing effector molecules into the extracellular space. In this context, it should also be taken into account that NETosis-catalyzing molecules released by S. aureus represent predominant immune evasion molecules, most of which the pathogen secretes in any way to manipulate or kill host cells (19, 125, 126). This is exemplified by staphylococcal LukAB which primarily lyses various immune cells but concurrently has the capacity to trigger NET formation in human neutrophils (51, 127). Expulsion of microbicidal NETs from viable or dying neutrophils may therefore simply reflect an inadvertent side-effect within foci of infection that S. aureus readily tolerates or even exploits due to the biogenesis of numerous virulence and entrapment-protective factors such as Nuc. Nevertheless, owing to the expression of these evasion molecules, it appears irrelevant at first glance whether the host induces vital or suicidal NETosis during S. aureus-mediated infections. When compared to suicidal NETosis, however, a rapid release of vital NETs might be more advantageous for mammalian hosts in terms of combating staphylococci as this route of NET generation not only mediates prompt trapping of the microbe at very early infection stages, but also retains the ability of PMNs to crawl and phagocytose the bacterial invader (7, 43). Further, vital NET formation is known to maintain the membrane integrity of netting PMNs (7, 43) and thus presumably evolved to limit a release of inflammation-promoting and otherwise-sequestered intracellular molecules, ultimately minimizing the risk of developing a hyper-inflammatory milieu that eventually potentiates tissue injury and staphylococcal disease severity. However, it remains elusive whether S. aureus-infected hosts are capable of selectively activating a specific type of NET formation during infection. Assuming a particular form of NETosis is indeed more effective against S. aureus but concomitantly less detrimental to the host, the discovery of appropriate host factors controlling specific NET-forming events along with the optimization of individual therapeutics or antibiotics, some of which are known to interfere with NETosis or NET-mediated killing of MRSA (128–131), may help to better manage staphylococcal infectious diseases in the future.

Overall, the formation of NETs shapes staphylococcal disease pathogenesis and clinical manifestations in many aspects. Whilst NETs display antimicrobial properties and to some extend reduce pathogen spread, these web-like matrices may also unfold adverse characteristics and constitute a bio-scaffold utilized by staphylococci to establish persistent infections in humans or animal hosts. Thus, deciphering all molecular facets and mechanistic details by which clinical S. aureus isolates stimulate or manipulate various forms of NET formation, along with the discovery of contributing host signaling cascades and NET-stabilizing factors, may help to conceive innovative and selective therapeutic approaches to improve staphylococcal infection outcomes, especially in hospitalized or critically ill patients.
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Iron metabolism is vital for the survival of both humans and microorganisms. Heme oxygenase-1 (HO-1) is an essential stress-response enzyme highly expressed in the lungs, and catabolizes heme into ferrous iron, carbon monoxide (CO), and biliverdin (BV)/bilirubin (BR), especially in pathological conditions which cause oxidative stress and inflammation. Ferrous iron (Fe2+) is an important raw material for the synthesis of hemoglobin in red blood cells, and patients with iron deficiency are often associated with decreased cellular immunity. CO and BR can inhibit oxidative stress and inflammation. Thus, HO-1 is regarded as a cytoprotective molecule during the infection process. However, recent study has unveiled new information regarding HO-1. Being a highly infectious pathogenic bacterium, Mycobacterium tuberculosis (MTB) infection causes acute oxidative stress, and increases the expression of HO-1, which may in turn facilitate MTB survival and growth due to increased iron availability. Moreover, in severe cases of MTB infection, excessive reactive oxygen species (ROS) and free iron (Fe2+) due to high levels of HO-1 can lead to lipid peroxidation and ferroptosis, which may promote further MTB dissemination from cells undergoing ferroptosis. Therefore, it is important to understand and illustrate the dual role of HO-1 in tuberculosis. Herein, we critically review the interplay among HO-1, tuberculosis, and the host, thus paving the way for development of potential strategies for modulating HO-1 and iron metabolism.
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Introduction

Tuberculosis (TB), a highly infectious disease caused by Mycobacterium tuberculosis (MTB), is spread from person to person predominantly through air by droplet contact (1). After inhalation, the bacteria are phagocytosed by alveolar macrophages (2). During their contact with the invading pathogens, macrophages are activated to produce cytokines and high levels of reactive oxygen species (ROS) (3). These inflammatory responses are a major defense mechanism against invading pathogens; however, an excessive inflammatory response can result in accumulation of ROS and extensive tissue and organ damage (4). An imbalance in oxidant/antioxidant levels may lead to oxidative stress, which is likely to be a major mechanism causing cell and tissue injury, and even massive blood loss in TB patients (3). As a result, iron deficiency anemia is commonly observed among TB patients, which, in turn, is associated with decreased cellular immunity. It has been reported that tissue damage is associated with high levels of oxidation in tuberculosis patients (3, 5). ROS are highly reactive major cellular oxidants generated as byproducts of oxygen metabolism, and the accumulation of the ROS within cells may initiate cell necrosis (6, 7). Ferroptosis is a recently identified form of programmed cell death, differs from other cell death mechanisms, and results in an iron-dependent intracellular accumulation of ROS and lipid peroxides (8, 9). Amaral et al., reported in a recent study that excessive iron accumulation in MTB-infected cells can induce necrotic cell death via ferroptosis, which promotes tissue damage and facilitates bacterial dissemination (10).

Heme oxygenase-1 (HO-1) is a major antioxidant which is highly expressed in the lungs, and is activated by a variety of stress signals such as ROS and inflammatory mediators (11, 12). As a critical cytoprotective enzyme, HO-1 degrades free heme into free iron, carbon monoxide (CO), and biliverdin (BV), which, in turn, may be further converted to bilirubin (BR) (13). CO is known to possess anti-inflammatory, anti-oxidative, and anti-apoptotic effects (14). Otterbein et al., have demonstrated that CO exerts anti-inflammatory effects, in part, by increasing macrophage IL-10 production (15). Moreover, overexpression of exogenous HO-1 in the macrophages ensures a high level of endogenous IL-10 production by these cells (16) (Figure 1).  BV, together with bilirubin, plays a protective role through their anti-inflammatory and antioxidant activities (17, 18). The precise role of HO-1 in the host response to MTB infection and disease progression is controversial. On the one hand, some studies suggest that HO-1 induction improves disease status in TB patients (3, 19, 20). The importance of HO-1 has been demonstrated in HO-1 knockout mice and human genetic HO-1 deficiency cases (21–25). Pro-inflammatory cytokines (IL-1β, IL-6, and TNF-α) secreted by macrophages in knockout mice are significantly increased, and these mice go on to develop a progressive inflammatory state (23). Previous studies have shown that proinflammatory cytokines such as IL-1β, IL-6, and TNF-α are key intermediaries of an over-responsive host-response reaction (26–28). IL-10 is a pleiotropic cytokine recognized for its inhibitory activity on a variety of immune functions (29). IL-10 exerts anti-inflammatory effects on macrophages and dendritic cells by suppressing production of inflammatory cytokines such as IL-1β, IL-6, and TNF-α (30) (Figure 1). Moreover, other studies have observed cytoprotective properties of HO-1, suggesting that modulation of HO-1 expression and activity could have potential therapeutic value (24, 25). On the other hand, several recent studies suggest that HO-1 might increase ferrous iron levels, which is associated with ferroptosis, and facilitate MTB survival and growth under specified disease conditions (31–33). In this review, we present information regarding recent advances with respect to HO-1, and critically discuss the role of HO-1 in human tuberculosis infection, paving the way for development of potential strategies to modulate HO-1 and iron metabolism.




Figure 1 | Potential mechanisms of the dual role of HO-1 in TB. It is generally assumed that this HO-1 and its products may act as a crucial regulator in inflammatory processes, and regulates the balance between proinflammatory and anti-inflammatory mediators. IL-10 is responsible for its anti-inflammatory properties; IL-1β, IL-6, and TNF-α are pro-inflammatory cytokines secreted by macrophages to initiate and regulate the progression of inflammation. MTB, Mycobacterium tuberculosis; HO-1, heme oxygenase-1; ROS, reactive oxygen species; BV, biliverdin; BR, bilirubin; FtH, ferritin heavy chain; CO, carbon monoxide; Fe, free iron.





Molecular Characterization and Expression of HO-1

The HO protein family is an endoplasmic reticulum-associated enzyme group that is involved in the selective catabolism of free circulating heme. Three isoforms of HO are found in mammalian cells: an inductive form, HO-1, and two constitutive forms, HO-2 and HO-3 (13, 34, 35). The two main isoforms, HO-1 and HO-2, are products of two different genes, HMOX1 and HMOX2, which are located on chromosome 22 and chromosome 16, respectively (36). HO-3 is considered to be a pseudogene derived from HO-2 transcripts, and its function remains unclear (34). HO-1 and HO-2 differ in structure and tissue distribution (36). The enzyme HO-2 is a 36 kilodalton (kDa) protein that is highly detected in the brain, testis, and endothelial and smooth muscle cells in cerebral blood vessels (37). HO-1, also known as heat shock protein 32 (HSP32), is a 32kDa protein expressed in all mammalian tissues at basal levels, and is highly expressed in the lung, spleen, liver, bone marrow, and in senescent red blood cells (38).

The promoter region of the HMOX1 gene contains an antioxidant response element (ARE), which is important for the expression of HO-1, and consists of the BTB and CNC Homology 1 (Bach1) transcription factor, together with one of 3 small musculoaponeurotic fibrosarcoma oncogene homolog (Maf) proteins (MafF, MafG or MafK). Under normal conditions, BACH1 forms heterodimers with Maf, which binds Maf recognition elements (MAREs) within the promoter region of target genes to repress transcription (39). Under conditions of excess intracellular heme, heme binds to the heme-binding region of BACH1, which induces the dissociation of Bach1 from a heterodimeric repressor complex. The BACH1 molecule is then translocated into the cytoplasm, where it undergoes ubiquitination, followed by proteasomal degradation (40). This event allows Maf to form a dimer with nuclear factor erythroid-related factor 2 (Nrf2) via the same ARE region, resulting in transcriptional activation (41) (Figure 2). This process can be initiated by oxidative stress, which occurs, for example, when excessive ROS is produced (42).




Figure 2 | Regulation of HO-1 gene expression via the redox-dependent Keap1-Nrf2 system. HO-1 gene expression is regulated via inactivation of Bach1 and activation of Nrf2, which have counter-regulatory functions. When cellular heme levels are high, and in response to stress stimuli, Bach1 is removed from the HO-1 promoter. In addition, stress stimuli cause dissociation of Nrf2 from Keap1, which activates HO-1 gene expression after nuclear translocation via binding to HO-1 ARE. ARE, antioxidant response element; Keap1, Kelch-like ECH-associated protein 1; HMOX1, HO-1 gene; Bach1, BTB and CNC homologue 1; Nrf2, nuclear factor erythroid-related factor 2; ROS; reactive oxygen species.



Activation of Nrf2 requires dissociation from its partner, Kelch-like ECH-associated protein 1 (Keap1) (Figure 2). The Nrf2-Keap1 complex acts as a cellular sensor of xenobiotics, drugs, and radiation-induced ROS/electrophilic stress (43). Under oxidative stress, Nrf2 is released from its cytosolic inhibitor, Keap1, and translocates to the nucleus (44). It is also worth noting that the Keap1/Nrf2 module may not only be regulated by pro-oxidant stimuli. It is not clear whether Nrf2-dependent induction of HO-1 is part of a general Nrf2-regulated antioxidant protective response that includes other Keap1/Nrf2-regulated genes such as NAD(P)H: oxidoreductase or thioredoxin reductase-1 (45). Thus, the redox-dependent Keap1/Nrf2 system plays a central role in HO-1 induction in response to oxidative stress.



Regulation of Intracellular Iron Distribution by HO-1

In general, heme iron is more bioavailable than free iron in mammals, and is the form in which iron is stored in the body (46). However, under various pathophysiological conditions, including sickle cell disease and malaria, excessive release of heme from liberated hemoglobin has pro-oxidant and cytotoxic effects (47). Malaria is a hemolytic disease characterized by high levels of free heme, and in responding to this stress, the expression of HO-1 is induced, which catabolizes excess heme into biliverdin, CO, and Fe2+ through degradation of the protoporphyrin IX ring of heme (48). Moreover, HO-1 also upregulates the iron-binding protein, ferritin, and the iron transporter, ferroportin (FPN), which exports labile iron to the extracellular milieu, resulting in reduced intracellular iron and oxidative stress (49, 50). Body iron is stored in the liver, in the form of ferritin and hemosiderin. When cellular iron exceeds requirements, the excessive iron is stored in a bioavailable form as ferritin, which protects cells from potentially toxic reactions catalyzed by iron (51). Ferritin thus has a dual function in facilitating both iron detoxification and acting as a reserve. Ferritin is a hetero-polymeric protein consisting of 24 subunits of two types, i.e., heavy (FtH, 21 kDa) chains and light (FtL, 19 kDa) chains (52). Ferritin-stored iron is believed to be utilized when cells become iron deficient; however, the precise mechanisms underlying the extraction of iron from ferritin have yet to be comprehensively elucidated (53). HO-1 has been reported to promote neutralization and detoxication of intracellular iron overload through inducing the FtH enzyme (54).

Given the essential functions of iron, and the toxicity associated with iron excess, humans have evolved specialized proteins and tightly regulated homeostatic mechanisms for the uptake, transport, storage, and export of iron, to provide adequate iron for essential biological processes, but also to limit the toxicity of iron excess (55). The major avenues for regulating systemic iron balance are in controlling dietary iron uptake, and iron release from hepatocytes and recycling macrophages. Dietary iron taken up by enterocytes can be stored largely in the form of ferritin (56). This allows iron to be stored in an inert form, and allows for a more controlled delivery of systemic iron. The majority of iron is delivered to the bone marrow for red blood cell (RBC) production, with smaller amounts being distributed to other tissues for fundamental cellular processes, and any excess iron is transported to the liver for storage (57). Iron recycling macrophages are a major storage site for iron in addition to liver hepatocytes, and provide a major source of daily iron. Systemic iron homeostasis is maintained predominantly by recycling iron from RBCs via reticuloendothelial macrophages. This specialized macrophage population phagocytoses old and damaged RBCs. RBCs are lysed, and iron is released from hemoglobin by HO-1. Iron can then be stored in ferritin and exported to the bloodstream by FPN, the only known mammalian iron exporter, which has been suggested to be a major gatekeeper by controlling iron entry into the bloodstream (58). The hormone, hepcidin, is a negative regulator of iron metabolism, and binds to FPN, inducing its internalization and degradation, and is involved in pathological regulation of iron in response to infection, inflammation, hypoxia, and anemia (59). Hepcidin controls the absorption of dietary iron as well as the distribution of iron between intracellular stores and extracellular fluids, including plasma (60). HO-1 contribution to iron homeostasis has been postulated. It has been reported that the patient with HO-1 deficiency exhibits both signs of inflammation and dysregulation of body iron homeostasis, including anemia and liver and kidney hemosiderosis, both induce hepcidin (61–63). Surprisingly, Kartikasari et al., observed low hepcidin levels in HO-1-deficient patients, suggesting increased need for iron in the bone marrow due to anemia (63). The decreased iron recycling, because of HO-1 deficiency, and subsequently, lower serum iron-transferrin levels may, in part, have contributed to the observed low hepcidin levels (63).. HO-activity was not observed to have a direct modulating effect on expression of HAMP, the gene that encodes for hepcidin (63). Charlebois et al., confirmed that hepatocellular HO-1 has no physiological effect on hepcidin regulation via the inflammatory pathway (64). The preceding findings indicate that dysregulation of iron homeostasis in HO-1 deficiency is the result of both defective iron recycling and erythroid activity-associated inhibition of hepcidin expression.



Pro-Oxidant and Pro-Inflammatory Effects of MTB

Inflammation is a primary immune system reaction, and as the first response of host defense, free radicals are produced by inflammatory cells to eliminate pathogens (65, 66). Tuberculosis, like other chronic inflammatory diseases, is characterized by production of free radicals such as ROS (67). ROS play an important role in host defenses against MTB, and are produced by macrophages (68). However, ROS accumulation is considered potentially harmful due to their contribution to oxidative stress and tissue damage, resulting in damage to host immunity, especially in people with impaired antioxidant capacity, such as patients with HIV infection (69). Free radical generation in excess of the antioxidant capacity of the host may lead to oxidative stress, which can be amplified by tissue damage and cell death (67, 70). Cell damage and death leads to increased free radical production and decreased antioxidant capacity, and eventually a vicious cycle is established (71).

The clinical manifestations of tuberculosis in humans and animals are proportional to the severity of pulmonary and extra-pulmonary inflammation (67, 72). The tuberculous lesion is primarily composed of macrophages and granulocytes during the early stages of MTB infection (67). Jack et al., showed that free oxygen radicals are released from polymorphonuclear leukocytes and macrophages during inflammation (73). A recent study by Scharn et al., demonstrated that the development of tuberculous pulmonary lesion necrosis correlates with an increase in macrophages and granulocyte influx into the lung (33). In addition to co-localization of inflammatory cells to sites of necrosis, these cells eventually release their cytoplasmic contents, thus resulting in extracellular accumulation of iron and copper, both of which catalyze the production of free radicals (74, 75).

It is also known that inflammatory mediators and immunity-related factors can directly or indirectly produce red cell hemolysis, leading to increased extracellular hemoglobin (68, 76). Excess free heme, which is released from heme proteins under oxidative stress, is highly cytotoxic via the production of free radicals (77–79). Furthermore, free heme sensitizes non-hematopoietic cells to undergo programmed cell death, particularly in the course of infection by intracellular pathogens such as Mycobacterium tuberculosis (54, 68, 80). This deleterious effect of free heme is most probably driven by Fe (81, 82); however, it is not clear whether Fe must first be released from heme or must still be contained within the protoporphyrin ring of heme for cytotoxicity to occur, or whether both of the preceding scenarios are able to induce cytotoxicity (81, 82).

It is well known that hemoptysis and pulmonary hemorrhage, which frees heme, are typical clinical features of acute human TB (80). Hence, acute elevation in plasma free heme levels may overwhelm the antioxidant function of HO-1, and contribute to the immunopathology of TB by dysregulation of oxidative, inflammatory, and iron homeostasis (3, 80). In a cross-sectional study by Madebo et al., the markers of free radical damage in the peripheral circulation of patients with active tuberculosis were found to be elevated (83). These results were further confirmed by Taha et al., as active pulmonary tuberculosis was associated with oxidative stress (84). Moreover, oxidative stress is associated with the pathogenesis of lung fibrosis and dysfunction in tuberculosis patients even following effective antimicrobial therapy (73, 83).



Iron Acquisition of Mycobacterium tuberculosis

MTB is transmitted to human hosts via the respiratory route and persists primarily within lung alveolar macrophages as a facultative intracellular pathogen (85, 86). Within the macrophage, MTB creates the environment required to establish infection by disrupting phagolysosome maturation, which is an iron-dependent process (82, 86). Iron is an essential nutrient for humans and almost all pathogenic microorganisms (82). MTB may utilize multiple pathways to obtain host iron (87–91). It is an important survival strategy for MTB to produce a diffusion-and-capture system to capture iron, where MTB expresses siderophores known as mycobactins, which diffuse out of phagosomes, chelates iron, and then re-enters the phagosome (88). Luo et al., revealed that MTB also can acquire iron via endocytosis of transferrin (Tf), the main iron carrier in plasma, which means that the intracellular pool of host iron can be accessed by MTB (87). Moreover, MTB can manipulate host cell iron homeostasis to support its growth by attenuating expression of the iron export protein FPN to increase intracellular iron content (87).Recent evidence has revealed that MTB employs the heme/hemoglobin uptake system of the host macrophage to obtain host iron in early endosomal phagosomes (89–91).

Considering the absolute requirement for iron by almost all human pathogens, nutritional immunity aims to limit iron availability to invading microorganisms, and plays an important role in the innate immune system (81, 92). To limit MTB iron acquisition, pro-inflammatory cytokines, such as IFN-gamma, downregulate transferrin receptors of macrophages, which decrease iron availability in late endosomes (93). Additionally, macrophages synthesize hepcidin in response to infectious agents, allowing for modulation of iron availability at the infectious focus (59, 94, 95). For intracellular agents, such as MTB, the hepcidin-ferroportin axis may play an important role to promote outflow of iron from the infected cell and deprive MTB of the iron required for it to divide and multiply (96).

Major hepcidin regulators include iron, erythropoietic drive, and inflammation (55). In particular, iron loading stimulates hepcidin expression, which can sequester iron from pathogenic microorganisms. Conversely, iron deficiency states such as anemias, inhibit hepcidin as a feedback mechanism to maintain normal body iron levels; however, this also leads to hypoferremia and iron restricted erythropoiesis in chronic inflammatory diseases (42). These results were observed by Chinta et al., where pulmonary hemorrhage and excessive iron deposition were observed in pulmonary TB patients (3).



The Dual Role of HO-1 in TB

HO-1, as a major antioxidant which is highly expressed in lung tissue, plays a controversial role in human tuberculosis (3, 97). Previous studies have shown that the induction of HO-1 exerts protective effects in cells (48, 97, 98). Conversely, Costa et al., reported that pharmacological inhibition of HO-1 contributes to a substantial reduction of MTB burden, implying that HO-1 plays a pathogenic role rather than a protective in TB (32).

HO-1 is commonly regarded as a cytoprotective molecule during the infection process. HO-1 levels have been shown to distinguish active TB from latent TB and successfully-treated TB patients, and the increased HO-1 levels observed in plasma derives from injured tissues, and is strongly associated with bacterial burden (99, 100). HO-1 levels of latent MTB carriers were found to be comparable to healthy people, while high levels of serum HO-1 were found in patients with active tuberculosis, and HO-1 levels returned to baseline following successful treatment (97, 99). Andrade et al., showed that HO-1 level is a biomarker of active disease, and can be used to monitor the clinical condition of TB patients after receiving chemotherapy (99). Additionally, HO-1 levels positively correlate with plasma IL-10 levels and negatively correlate with TNF-alpha levels, suggesting that increased plasma levels of HO-1 may be involved in the regulation of inflammatory responses in active pulmonary tuberculosis (97, 101).

HO-1 plays a critical protective role in oxidant-induced acute lung injury (ALI), which is known to be a potent pro-oxidant and pro-inflammatory state (102). Studies have shown that oxidative stress biomarkers such as total oxidative status, malondialdehyde, and lipid peroxidation increase in pulmonary tuberculosis patients (3, 67). HO-1 catalyzes the oxidation of heme to generate iron, CO, and biliverdin, which have important anti-oxidant, anti-inflammatory, and anti-apoptotic properties (13). In addition, an increase in the intracellular free heme concentration due to massive hemorrhage is observed during active TB, and the cytoprotective role of HO-1 induction can be explained by the removal of pro-oxidant free heme in human TB patients (3, 97). Recent studies have revealed that decreased HO-1 levels positively correlate with significantly elevated ROS/RNS in neutrophils and macrophages isolated from severely damaged regions compared to healthy regions, strongly suggesting a cytoprotective role for HO-1 (3). Furthermore, HO-1 deficient mice are more susceptible to MTB infection, have increased bacterial loads, and higher mortality rates, whereas up-regulation of HO-1 has been shown to offer protection against infection, indicating the critical importance of HO-1 in controlling infection by MTB (20–23).

However, several groups have reported that treatment with SnPPIX (an HO-1 enzyme inhibitor) enhanced control of bacterial replication in vitro and decreased production of the anti-inflammatory cytokine, IL-10 (31–33). Additionally, they believe that HO-1 expression increases iron availability in activated macrophages, which is beneficial for growth of MTB (32, 103). Heme can be utilized as an abundant source of iron for replication by intracellular pathogens, directly enhancing their survival and growth inside host cells, including phagocytes (90). Although HO-1 inhibition has resulted in decreased bacterial burdens, no increase in survival has been observed (32). With respect to the preceding study, the period allocated for follow-up post-infection bacterial counts was relatively short, and it may require a longer period of follow-up to accurately determine the full effect of treatment, since TB is a chronic disease. Another limitation of the Costa et al., study is a lack of corresponding pathological data that could be utilized to relate the MTB bacterial load results to specific alterations in patient pathological states.

The effects of HO-1 are dependent on cellular iron homoeostasis (Figure 1). Ferrous iron, a product of HO-1-mediated heme degradation, is generally considered to be a pro-inflammatory agent, and an essential nutrient for MTB (104). The increased ferrous iron is diverted from the pro-oxidant Fenton reaction because it is sequestered by cellular ferritin, which is co-induced with HO-1 during the early stages of the disease (54). Recently, Reddy et al., observed that hemosiderin deposits are seen in granulomatous lesions via iron van Gieson staining in human tuberculous lungs, suggesting that there may be little free iron available for MTB growth in tuberculous lungs (80). Thus, when the human host is able to establish an iron-deprived environment for MTB at the early stage of infection, HO-1 induction occurs as a protective factor against oxidant-mediated cellular injury (Figures 1, 3).




Figure 3 | The role of HO-1 in MTB infection. Free heme is highly cytotoxic via the production of free radicals. Accordingly, when HO-1 is activated moderately, HO-1 exerts a cytoprotective effect by neutralizing ROS. Conversely, the large amounts of excessive free heme released during the late stages of tuberculosis overwhelms the cytoprotective effects of HO-1, thereby contributing to oxidative stress and excessive ROS production. The over-activation of HO-1 becomes detrimental due to the excessive labile Fe2+, along with ROS overload, leading to oxidative-cell death (ferroptosis), which contributes to the spread of infection. MTB, Mycobacterium tuberculosis; HO-1, heme oxygenase-1; ROS, reactive oxygen species; Fe, free iron.



Although there is no direct evidence to support clear causality, the distribution of iron within human lung tissue shows that iron homeostasis of distinct microanatomic locations is severely disrupted by MTB infection, and this may contribute to lung immunopathology, suggesting that the ability of the host cell to maintain intracellular iron homeostasis is disrupted (3, 75). The large amounts of hemoglobin and heme released during the late stages of tuberculosis, and the presence of excessive free heme, overwhelms the cytoprotective effects of HO-1, thereby contributing to oxidative stress and excessive ROS production (3, 80). Moreover, over-activation of HO-1 increases labile Fe2+, and the binding capacity of ferritin is disturbed by iron-catalyzed oxidative stress, causing an uncontrolled release of iron, finally resulting in enhancement of lipid peroxidation and cell death, which accelerates the spread of infection. Iron produced by the decomposition of heme by HO-1 further promotes pro-oxidizer-mediated inflammation, which leads to a vicious circle of HO-1 over activation resulting in labile Fe2+, which, in turn, results in excessive ROS, leading to oxidative cell death and a proinflammatory response. All components of this vicious circle thus exacerbates the progression of immunopathology and disease in chronic tuberculosis (75, 105) (Figure 1).



The Modulators and Inducers of HO-1

It is a well-established fact that oxidative stress is a major inducer of HO-1 expression and is closely linked to inflammation (61). However, other stressful conditions also been reported to trigger HMOX1 transcription, such as pathogen-associated molecular patterns (PAMPs), danger-associated molecular patterns (DAMPs), and several different upstream signaling molecules and transcription factors (106, 107).

Previous reports have indicated that mitogen-activated protein kinases (MAPKs) are commonly activated in response to the stimuli referred to above (61, 106, 107), and play a critical role in HO-1 up-regulation (106–108). Three major subfamilies of MAPK, including p38 MAP kinase, the extracellular regulated kinases (ERK), and c-Jun N-terminal protein kinase (JNK), have been regarded as important pathways for the induction of HO-1 gene expression (108). PI3K signaling is known to regulate cellular proliferation and growth, and play a critical role in triggering inflammatory reactions through the activation of the downstream protein kinase, Akt (109). Zhuang et al., have reported that HO-1 expression may be up-regulated by rhein to protect IEC-6 cells against oxidative damage, via the PI3K/Akt pathway (110). In addition, Chen et al., found that PI3K/Akt activation not only up-regulates HO-1 gene expression, but also that the protective effects of this pathway might be linked to the beneficial effects of HO-1 (111). Previous reports have shown that other signaling pathways, such as the protein kinase A (PKA) pathway and the protein kinase C (PKC) pathway, have been associated with HO-1 up-regulation (112). It is important to point out that, in the regulation of HO-1, these signaling cascades are probably dependent on the specific cell types and specific inducers.

Several redox-sensitive transcription factors can be indirectly modulated by the various proteins mentioned above, such as MAPKs (61), PI3K (109), and other protein kinases (108), under a wide range of stressful conditions, leading to HO-1 regulation. As mentioned previously (41) the Nrf2 signaling pathway can regulate HO-1 gene transcription by targeting AREs. Nrf2/HO-1 activation induced by 4-Ketopinoresinol may be suppressed by inhibition of the PI3K-Akt pathway using chemical inhibitors or RNA interference, suggesting that the cytoprotective effect against oxidative damage may be eliminated (111). Other transcription factors, such as heat-shock factors (HSFs), activator protein-1 (AP-1), nuclear factor-kappa B (NF-kB), and hypoxia-induced factor 1 alpha (HIF1α) have also been reported to regulate HO-1 expression (108, 113).

Anti-tuberculosis drug-induced hepatotoxicity is one of the leading adverse drug reactions during the course of tuberculosis treatment, and poses a considerable challenge to clinicians and researchers (114). Previous studies suggest that anti-TB drugs may cause hepatotoxicity by generating toxic intermediaries via drug metabolism reactions (115). These reactive metabolites could induce the production of excessive reactive oxygen species (ROS), leading to lipid peroxidation and cell death (115). Otterbein et al., have demonstrated that co-administration of Isoniazid (INH) and rifampin (RIF) to HepG2 cells could induce expression of the cytoplasmic HO-1 protein during the early hours of drug treatment, with minimum loss of cell viability and cell death, and induction of HO-1 by hemin chloride could reverse the drug induced liver injury (116). This could be a potential target for a future therapeutic option to counteract INH-RIF drug-induced liver injury. Moreover, Lee et al., reported that rifampicin effectively protects the liver against cellular oxidative stress by activating AMPKα-induced activation of the Nrf2 transcription factor, with subsequent upregulation of HO-1 (117).

Several plant-based extracts and drugs have been reported to induce HO-1 expression in a variety of cells (118). The Sagittaria sagittifolia L-polysaccharide (SSP) is a purified form of a homogeneous polysaccharide isolated from the root tubers of S. sagittifolia. Wang et al., showed that, in mice, SSP significantly alleviates the hepatotoxicity induced by co-administration of INH and RIF, which is mainly attributable to an increase in expression of Nrf2 and its downstream enzyme HO-1, induced by SSP (119). Curcumin, a polyphenolic compound isolated from turmeric, has also been found to exert significant anti-inflammatory activity as a non-cytotoxic HO-1 inducer in vascular smooth muscle cells (VSMCs), endothelial cells, astrocytes, and macrophages (120, 121). Kundu et al., studied the effect of the coumarin derivative, fraxetin, on HO-1 expression in HaCaT cells, and found that fraxetin induced HO-1 expression through activation of the Akt/Nrf2 or the AMPK/Nrf2 pathways (122). Martin et al., has demonstrated the antioxidant effect of the herb-derived phenol, carnosol, which induced HO-1 expression at both mRNA and protein levels. Moreover, carnosol increased the nuclear levels of Nrf2, a transcription factor regulating AREs (123). Several HO-1-inducing compounds derived from natural sources have been also been reported to treat inflammatory conditions, including quercetin (124), resveratrol (125), anthocyanins (126), celastrol (127), and sulforaphane (128). Moreover, older repurposed drugs with novel uses have been reported. Dunigan-Russell et al., found that auranofin, an FDA-approved drug for rheumatoid arthritis, which was used to inhibit thioredoxin reductase-1 (TrxR1), was observed to activate Nrf2 responses to augment gene expression of HO-1, and thus prevent lung injury in acute respiratory distress syndrome (ARDS) (129). Phorbol myristate acetate (PMA), a strong inducer of NF-kB activity, has been reported by Naidu et al., to induce expression of HO-1 in murine primary astrocytes (130). Thus, using active components from medicinal plants and the use of repurposed old drugs have been shown to induce the expression of HO-1, and could possibly lead to new therapeutic strategies for oxidative stress-related diseases (61, 106). Over the past decade, the beneficial effects of HO-1 induction have been extensively studied and reported, as shown in Table 1.


Table 1 | Natural source, evaluated model of diseases, reported effect, and pathway of natural compounds and drugs.





Conclusion

Current anti-TB antibiotic therapy mainly targets actively replicating bacteria, and accelerates bacterial clearance; however, they have little effect on improving disease pathology. In addition, poor patient compliance caused by the prolonged treatment duration can lead to treatment failure, and induce the emergence of multi-drug and drug resistant Mycobacterium tuberculosis strains (132). Therefore, the identification and study of effective pharmacological targets to improve the pathology related to tuberculosis can be an important and beneficial adjunct to the limited pharmacological treatment strategies for TB that are currently available. As a component of the nutrition of the human body and the nutritional immunity of host, iron homeostasis of host cells can withhold iron from Mycobacterium tuberculosis (49, 54). HO-1 plays an important role in iron homeostasis and the antioxidant system as a cytoprotective enzyme to control oxidative stress-induced cellular damage. However, the dual role of HO-1 in tuberculosis may depend on different pathological conditions (Figure 3): On the one hand, HO-1 plays a mainly cytoprotective role in the early stages of the disease, and on the other hand, HO-1 can potentially be cytotoxic due to accumulation of large amounts of heme, and the human host may have an impaired ability to maintain iron homeostasis during the later stages of Mycobacterium tuberculosis infection. HO-1 is highly inducible in response to a variety of stimuli, such as oxidative stress, hypoxia, bacterial lipopolysaccharide (LPS), cytokines, and its substrate heme. Targeted induction of this powerful enzyme may be a useful therapeutic strategy to supplement conventional pharmaceutical anti-TB therapy, and to help serve a protective function by improving oxidative stress disorders, to decrease lesional inflammatory cell infiltration, to further support anti-inflammatory activity, and to induce tissue repair at later stages of MTB infection.
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Infection with SARS-CoV-2, the causative agent of the Coronavirus disease 2019 (COVID-19) pandemic, causes respiratory problems and multifaceted organ dysfunction. A crucial mechanism of COVID-19 immunopathy is the recruitment and activation of neutrophils at the infection site, which also predicts disease severity and poor outcomes. The release of neutrophil extracellular traps (NETs), occurring during a regulated form of neutrophil cell death known as NETosis, is a key effector function that mediates harmful effects caused by neutrophils. Abundant NETosis and NET generation have been observed in the neutrophils of many COVID-19 patients, leading to unfavorable coagulopathy and immunothrombosis. Moreover, excessive NETosis and NET generation are now more widely recognized as mediators of additional pathophysiological abnormalities following SARS-CoV-2 infection. In this minireview, we introduce subtypes of NET-producing neutrophils (e.g., low-density granulocytes) and explain the biological importance of NETs and the protein cargos of NETs in COVID-19. In addition, we discuss the mechanisms by which SARS-CoV-2 causes NETosis by upregulating viral processes (e.g., viral entry and replication) as well as host pro-NET mechanisms (e.g., proinflammatory mediator release, platelet activation, and autoantibody production). Furthermore, we provide an update of the main findings of NETosis and NETs in immunothrombosis and other COVID-19-related disorders, such as aberrant immunity, neurological disorders, and post COVID-19 syndromes including lung fibrosis, neurological disorder, tumor progression, and deteriorated chronic illness. Finally, we address potential prospective COVID-19 treatment strategies that target dysregulated NETosis and NET formation via inhibition of NETosis and promotion of NET degradation, respectively.
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Introduction

Coronavirus disease 2019 (COVID-19) is a global pandemic caused by severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) infection (1). Pneumonia is a typical symptom of COVID-19 infection, while acute respiratory distress syndrome (ARDS) and multiple organ failure are common in severe COVID-19 patients (2). Immunopathological manifestations, including cytokine storms and impaired adaptive immunity, are the primary drivers behind COVID-19, with neutrophil infiltration being suggested as a significant cause. It has been observed that neutrophil extravasation occurs widely in pulmonary capillaries, myocardia, and the liver in post-mortem examinations of COVID-19 patients (3). Furthermore, SARS-CoV-2 infection has also been linked to increased neutrophil-to-lymphocyte ratios, which is associated with disease severity and clinical prognosis (4, 5). As a result, neutrophils and their effector mechanisms (e.g., degranulation, oxidative burst, and NETosis) are increasingly recognized as important mediators in the immunopathogenesis of COVID-19 (6).

NETosis is a special form of programmed cell death in neutrophils, which is characterized by the extrusion of DNA, histones, and antimicrobial proteins in a web-like structure known as neutrophil extracellular traps (NETs) (7). NETosis is induced by a range of microbial stimuli and proinflammatory mediators [e.g., interleukin (IL)-8 and IL-1β] (7). The increased generation of reactive oxygen species (ROS) is a crucial intracellular process that causes NETosis (8). ROS trigger proteases including protein arginine deiminase 4 (PAD 4), neutrophil elastase (NE), and Gasdermin D that catalyze the process of chromatin decondensation, nucleus disintegration, and cell rupture (7). Although NETs are important for preventing pathogen invasion, their excessive formation can result in a slew of negative consequences, such as autoimmune inflammation and tissue damage (9). When NETs are activated in the circulation, they can also induce hypercoagulability and thrombosis (10).

Previous studies have shown that NETosis and NET release are both elevated by circulatory or infiltrating neutrophils in COVID-19 patients (11, 12). Meanwhile, it has also been demonstrated that SARS-CoV-2 infection can directly induce NETosis and NET release in healthy neutrophils (13). Furthermore, NET production is regarded as a predictor of disease severity (11, 14) and clinical outcomes (15) in COVID-19. A key mechanism of NETosis and NET-related disease is the induction of immunothrombosis (16). However, NETosis and NETs are also increasingly recognized as mediators of other pathophysiological changes, such as immune dysfunction, neurological abnormities, and post COVID-19 disorders. Herein, we attempt to describe the biological significance of neutrophils and NETs in COVID-19 and the mechanisms involved in SARS-CoV-2-induced NETosis and NET release. We also discuss the roles of NETosis and NETs in immunothrombosis and other COVID-19-related disorders. In addition, we address future potential COVID-19 therapeutic options that target dysregulated NETosis and NET formation.



The Biology of Neutrophils and NETs in COVID-19

Maturation is an important aspect of neutrophil biology that significantly impacts NETosis and NET formation (17, 18). Mature neutrophils generally have a greater capacity to produce NETs in response to external stimuli (19, 20). However, a group of heterogeneous population of both mature and immature neutrophils, known as low-density granulocytes (LDGs), has recently been shown to be more prone to spontaneous NETosis and NET production in autoimmune disorders (21, 22). Importantly, LDG ratios are increased in individuals with COVID-19. The amounts of LDGs are further upregulated in individuals with severe COVID-19 where it is indicative for poor clinical prognoses (23–25). Furthermore, LDGs are prone to NETosis and NET formation, thereby contributing to COVID-19-related immunothrombosis and organ injury (26). Additional research has shown that a subset of immature (low CD10 expression, CD10low) LDGs display reduced capacity to produce NET and robust immunosuppressive capabilities that resemble myeloid-derived suppressor cells (27). In contrast, mature LDGs with higher CD10 and CD16 expression seem to be preferentially enhanced in COVID-19 and are more prone to NETosis and NET production (24, 27). For example, a unique LDG subset with intermediate expression of CD16 (CD16int) was clearly observed in COVID-19 patients. These LDGs spontaneously produce NETs and are favorably associated to lung inflammation and overall disease severity (23). Another study demonstrated the relationship between a cluster of CD33lowCD16+CD11b+ LDGs and increased detection of myeloperoxidase (MPO)-DNA, suggesting that this population plays a direct role in NETosis in COVID-19 (24). In addition, the presence of CD33lowCD16+CD11b+ LDGs is also associated with disease severity and prognosis.

NETs carry a wide range of protein cargos, which are either directly derived from the nucleus and granules or captured during the process of NET formation (28). These protein cargos are necessary for enabling NETs to exert their microbicidal effector function and cause pathological injury. In COVID-19, major NET protein cargos of NETs (i.e., NE, MPO, and histones) are significantly elevated. These protein cargos are associated with increased expression of proinflammatory mediators [e.g., IL-6, IL-8, and C-X-C motif receptor 2 (CXCR2)], multiple organ damage, increased risk of ventilation, and short-term mortality (29, 30). Other prothrombotic factors or proinflammatory damage-associated molecular pattern (DAMP) cargos are also enriched in NETs (27, 31). Intriguingly, Skendros et al. showed that COVID-19 neutrophils produce NETs carrying tissue factor (TF) (32). Moreover, platelet-rich plasma isolated from COVID-19 patients also stimulates the production of TF-containing NETs from healthy neutrophils, leading to thrombotic activity in human aortic endothelial cells in vitro (32). A separate study showed that the expression of high mobility group box 1 (HMGB1)–DNA complexes is upregulated in NETs released by COVID-19 patients, suggesting that circulating NETs contain higher levels of DAMPs (27). Taken together, these findings clearly illustrate the involvement of prothrombotic and proinflammatory cargos in NET-induced COVID-19 pathology.



Mechanisms of SARS-CoV-2-Induced NETosis and NET Formation

The establishment of intracellular infection is necessary for SARS-CoV-2 to directly induce NETosis and NET release in neutrophils. The first prerequisite is the successful neutrophil infiltration by the virus. Neutrophils with higher viral antigen loads promote more efficient NET production, while this process is hindered by inhibition of the classical entry mechanism involving angiotensin converting enzyme 2 (ACE2) and serine proteases (13). However, SARS-CoV-2 can also infect host cells through noncanonical receptors such as C-type lectin receptors (33, 34), which have recently been shown to mediate pattern recognition of dengue virus and NET formation (35). This suggests that C-type lectin receptors may also be involved in mediating NET release in COVID-19. In addition, NETosis and NET formation are also influenced by the viability and intracellular replication of SARS-CoV-2. When infected with viable rather than inactivated viruses, neutrophils are considerably more likely to undergo NETosis and produce NETs (13, 36). Furthermore, targeted pharmacological inhibition of viral replication reduces NET formation (13). Another mechanism behind SARS-COV-2-induced NETosis and NETs lies in the fact that SARS-CoV-2 infection causes neutrophils to increase the production of pro-NETosis mediators. Indeed, SARS-CoV-2 can increase oxidative burst in neutrophils and inhibit the antioxidant response, thereby aggravating immunopathologies in COVID-19, including NETosis and NETs (8, 37). For example, Arcanjo et al. confirmed that SARS-CoV-2 triggers NETosis in human neutrophils through increased ROS production (36). In another recent study, a self-sustained autocrine production loop of IL-8, another intrinsic and essential driver of NETosis, was discovered in pulmonary and peripheral blood neutrophils, which promotes NET formation and indicate the severity of COVID-19 (38).

SARS-CoV-2 is significantly more effective at inducing NETosis in vivo than in cultured neutrophils (35). Furthermore, soluble substances in the plasma of COVID-19 patients also mediate NET formation in neutrophils from healthy people (39). These findings implicate indirect mechanism(s) underlying NETosis and NET formation induced by SARS-CoV-2. In fact, SARS-CoV-2 may stimulate the production of proinflammatory mediators or induce the release of DAMPs when contacting epithelial cells and other neighboring cells (e.g., macrophages) in the airway, resulting in a massive amplification of inflammatory and chemotactic responses. Proinflammatory mediators such as IL-8 and IL-1β are important NET-inducing mediators, and they are produced abundantly by SARS-CoV-2-infected epithelial cells and macrophages, increasing NETosis in tissues and intravascular neutrophils (40, 41). Another indirect route of SARS-CoV-2-induced NET production is platelet activation, which can enhance this process by interacting with neutrophils through toll-like receptor 4 (TLR4), platelet factor 4 (PF4), and extracellular vesicle-dependent processes (35, 42, 43). SARS-CoV-2 and its components (e.g., spike proteins and viral RNA) attach to platelets and increase their activation and aggregation in COVID-19, resulting in vascular injury and thrombosis, both of which are linked to NET formation (44, 45). For example, Wu et al. discovered NETs and overwhelming thromboses in the pulmonary tissues of individuals who had died from COVID-19 (43). The authors also discovered low viral load in the biopsied lungs from these individuals, as well as elevated PF4 expression, leading them to hypothesize that NET formation may be caused by activated platelets rather than SARS-CoV-2 itself. Anti-SARS-CoV-2 antibody or autoantibody overexpression is another typical indirect mechanism driving NETosis and NET formation. IgA2 antibodies were shown to be particularly high in severe SARS-CoV-2 infection, which correlates with circulating extracellular DNA. This, according to Staats et al., is indicative of NET development and predictive of catastrophic outcomes in COVID-19 patients (46). Other studies showed that autoantibodies against phospholipids and phospholipid-binding proteins (aPL antibodies) or PF4 are raised by SARS-CoV-2 infection (47) or vaccination (48). These autoantibodies then trigger NET release in neutrophils isolated from healthy individuals. COVID-19 also leads to the production of anti-NET autoantibodies, which are linked to increased circulating NETs and thromboinflammation in patients. Notably, autoantibodies have been shown to prevent NETs from being degraded by healthy control serum, allowing them to persist in individuals with COVID-19 (49).



NETosis and NETs in Coagulopathy and Immunothrombosis in COVID-19

Immune cells like neutrophils interact directly with platelets and plasma coagulation factors, causing coagulopathy and thrombosis in COVID-19 patients, a condition known as immunothrombosis (39, 50). In COVID-19 patients, abnormal coagulation is common, and in most cases, disseminated intravascular coagulation (DIC) was observed in individuals with COVID-19 during hospitalization before they eventually died (51). Pathological findings also indicated that neutrophil-produced NETs are major elements of micro- and macro-vascular thrombi (52, 53). In addition, the collaboration of numerous components in NETs, including platelets, endothelial cells, coagulation factors, and inorganic polyphosphate, is required for NET-induced intravascular coagulation (32, 54). In COVID-19 and ex-COVID-19 cases, the major components of NETs, such as genomic DNA and citrullinated histone H3, have been suggested as coagulation inducers. For example, when cell free-DNA from human neutrophils spikes into plasma, it triggers thrombin generation by binding to factor XII (FXII), which is enhanced by diminished anticoagulant factors and poor fibrinolysis (55, 56). Complements also stimulate tissue factor production and interact with the platelet/NETs/thrombin axis, making them important players in COVID-19 immunothrombosis (32, 57). Furthermore, histones boost thrombin synthesis in a dose-dependent manner, in a process that relies on activatable platelets as well as platelet activation indirectly, but not by platelet tissue factor (58). Other components, such as neutrophil elastase and cathepsin G via protease-activated receptors, and neutrophil elastase can also degrade tissue factor pathway inhibitors to promote coagulation (59). NETs and histones may also stimulate platelets to be procoagulant by upregulating the expression of P-selectin (54).

Within COVID-19 patients, NETs can cause microvascular thrombosis, tissue damage, and organ failure (60, 61). NETs are released into the intravascular circulation, bind to vessel walls, capture platelets and microvesicles, and subsequently obstruct blood flow. Endothelial in situ microvascular thrombosis, which may be induced by NETs, is one cause of thrombosis in COVID-19 (62). Type I interferons (63) and the NOD-like receptor protein 3 (NLRP3) inflammasome (64) are two examples of proinflammatory pathways that can be triggered by NET formation. In addition, the cytotoxic action of the enzymes and histones that are released from NETs can promote endothelial cell death and endothelial dysfunction (65, 66), which is considered a critical pathogenic mechanism of organ injury in COVID-19 patients (67, 68). Moreover, NET production promotes lung epithelial cell death and intravascular thrombus formation, thereby crucial for inducing acute lung injury in COVID-19 (69, 70). Indeed, due to the presence of abundant pulmonary vascular neutrophils and dynamically released platelets, NET-induced immunothrombosis is more likely to occur, resulting in occlusion of the microvasculature and ischemic injury (16, 71). Autopsies of people who have died from COVID-19 have also revealed occlusive thrombi inside the pulmonary vasculature (72). These autopsies have also shown that incidences of alveolar capillary microthrombi in COVID-19 patients are significantly higher than in influenza patients (72). NETs may also contribute to renal failure and liver injury in COVID-19 patients due to their pro-thrombotic activity. Numerous microthrombi in the hepatic sinusoids, as well as ischemic-type hepatic necrosis, are found in the postmortem livers of COVID-19 patients (73, 74). Furthermore, inflammatory microvascular thrombi, which contain NET components and platelets, have been observed in the lungs, kidneys, and hearts of COVID-19 patients (75).



NETosis and NETs in the Pathology of COVID-19 Beyond Immunothrombosis

NETosis and NETs are increasingly recognized as causes of vascular injury that induce immunothrombosis, as summarized in the preceding section. In addition, autoantigens, proinflammatory mediators, proteases, and cytotoxic enzymes are exposed during NETosis, leading to aberrant immunity such as cytokine storms, autoimmune disorders, and immunosuppression. NETosis and NETs may also have a role in the development of post COVID-19 syndromes, including lung fibrosis, neurological disorders, tumor growth, and worsening of concomitant diseases.


Cytokine Storm

In sepsis (76) and sterile inflammatory conditions (28, 77), NETs and other by-products of NETosis have been shown to act as direct inflammation amplifiers. Hyperinflammation (also known as a “cytokine storm”) is typical in COVID-19 and works in tandem with immunothrombosis to promote ARDS and extensive organ failure (78, 79). According to Ouwendijk et al., NET-specific MPO–DNA complexes in patient plasma corelate with SARS-CoV-2 viral load and plasma inflammatory markers [e.g., C-reactive protein (CRP) and IL-6], implying a NET-associated cytokine storm in COVID-19 (80). In a more recent study, Torres-Ruiz and colleagues directly simulated monocyte-derived macrophages with NETs and NET protein cargos extracted from COVID-19 patients, revealing a significant increase in major proinflammatory mediators such as IL-6, IL-8, IL-17A, tumor necrosis factor α (TNF-α), and granulocyte macrophage colony-stimulating factor (GM-CSF) (27). NETs are also thought to trigger IL-1β secretion in monocytes/macrophages, resulting in a signaling loop that augments the resolution of inflammation after SARS-CoV-2 infection (41). Furthermore, SARS-CoV-2 drives NETosis and NET formation to allow for the release of free DNA and by-products (e.g., elastases and histones). This may trigger surrounding macrophages and endothelial cells to secrete excessive proinflammatory cytokines and chemokines, which, in turn, enhance NET formation and form a positive feedback of cytokine storms in COVID-19 (81, 82).



Autoimmune Diseases

NET release enables self-antigen exposure and autoantibody production, thereby increasing the autoinflammatory response (83). In COVID-19, SARS-CoV-2 infection may also induce autoimmune symptoms through mechanisms involving NET production (83, 84). First, SARS-CoV-2-induced NET production may be a key source of autoantigens. Virus-affected protein autoantigens have also been used to study autoimmune sequelae in COVID-19 in a series of multi-omic investigations (85–87). The authors in these studies proposed a pathway for virus-induced protein modifications that generate autoantigens, thereby suggesting NET-associated protein alterations (e.g., citrullinated histones) as autoantigens in COVID-19 (88). Furthermore, Wang et al. reported the discovery of unknown autoantigens related to nucleic acid and nucleocytoplasmic transport in COVID-19. As NETs carry substantial amounts of nuclear components, their role in this process is plausible (87). Second, anti-NET antibodies and other autoantibodies are elevated in COVID-19. For example, Zuo et al. tested anti-NET antibodies in 328 hospitalized patients with COVID-19 and found anti-NET IgG and IgM levels to be higher in patients than in healthy controls, which is also linked to poor clinical outcomes (49). In addition, Torres-Ruiz et al. found that patients with COVID-19 who have higher anti-NET antibodies are more likely to be detected with positive autoantibodies [e.g., antinuclear antibodies (ANA) and anti-neutrophil cytoplasmic antibodies (ANCA)], suggesting that COVID-19 NETs may act as potential inducers for autoimmune responses (27).



Immunosuppression

COVID-19 patients have weakened adaptive immunity as well as a high level of inflammation (89). Although there is no clear evidence for NET-associated immunosuppression in COVID-19, it is worth noting that tumor-associated NETosis and NETs promote an immunosuppressive environment in which anti-tumor immunity is compromised (90, 91). NETs have also been shown to enhance macrophage pyroptosis in sepsis (92) and to be associated with endothelial apoptosis in COVID-19 patients (93), thereby further facilitating an immunosuppressive microenvironment. Furthermore, persistent immunosuppression may result in bacterial co-infection or secondary infection, which has emerged as a new threat for COVID-19 patients (94). For example, Kreitmann et al. found that early bacterial coinfections were more prevalent in COVID-19 patients than those infected with other viruses (95). In another study, de Buhr et al. presume that NETs and NET-degraded fragments may cause bacterial coinfections in COVID-19 patients (96). The authors’ hypothesis is based on their previous ex-COVID-19 studies, which showed that host intrinsic nucleases that degrade NETs and cell-free DNA may facilitate infection with certain bacteria (e.g., Actinobacillus pleuropneumoniae) that do not synthesize intrinsic nicotinamide adenine dinucleotides (NAD) de novo but instead rely on degraded NET products to obtain extrinsic NAD (97). In another ex-COVID-19 study, NETs in the cerebrospinal fluid of patients with pneumococcal meningitis were demonstrated to interfere with bacterial clearance (98). As a result, these findings may provide novel implications for the possibility of NET-induced immunosuppression in COVID-19 in the context of co-existing bacterial infection.



Post-COVID-19 Syndrome

Patients infected by SARS-CoV-2 have also shown chronic sequelae for weeks or even months, a condition termed as “post COVID-19 syndrome” or “long COVID” (99, 100). Following initial onset of COVID-19, an estimated 50% or more of COVID-19 survivors may develop multi-organ problems (e.g., pulmonary dysfunction and neurologic impairment) or have worsening concomitant chronic illness (100–102). Notably, a recent study found that circulating markers of NETs returned to comparable levels with healthy controls after 4 months of infection, implying that NETs are persistent and may be involved in post COVID-19 syndrome pathology (30, 103, 104).

Pulmonary fibrosis is a common post COVID-19 respiratory conditions due to epithelial–mesenchymal transition (EMT) after SARS-CoV-2 infection and inflammation (105). Pandolfi et al. showed that NETs in the bronchoalveolar lavage fluid of severe COVID-19 patients cause EMT in lung epithelial cells (106). The authors also found that SARS-CoV-2 infection increases NETosis in co-cultured lung epithelial cells, macrophages, and neutrophils, as evidenced by increased SMA (a mesenchymal marker) expression and decreased E-cadherin (an epithelial marker) expression. Other studies reported that NETs and NET-associated proteins favor the expression of inflammatory and fibrotic genes (107), or increase the number and activity of fibroblasts (108) in ex-COVID-19 fibrosis induced by chemical or infectious stimuli. These data may indirectly implicate NETs as important players in the pathogenesis of pulmonary fibrosis post COVID-19.

Another common post-COVID-19 condition is persistent neurologic impairment (109, 110), which is characterized by cerebrovascular abnormalities and symptoms such as fatigue, myalgia, and cognitive impairment (111). Direct SARS-CoV-2 infection, persistent neuro-inflammation by central or peripheral mediators, and cerebrovascular abnormalities, all of which are linked to the excessive production of NETs, are among the mechanisms responsible for neurologic impairment following COVID-19 (102, 110). For example, Lou et al. highlighted the impact of SARS-CoV-2 infection on cerebrovascular disorders, citing increased NET formation and related immunothrombosis, inflammation, and antiphospholipid antibody production as major impacts (112). In addition, Pramitasuri et al. found NET-induced vasculopathy (e.g., procoagulant activity and endothelial dysfunction) and neuroinflammation (e.g., extruded NET components mediated neuronal damage, NETs-IL-1 loop, and IL-17 cascades) in ischemic stroke following COVID-19 (113). These findings could point to a potential link between NETs and COVID-19-related long-term neurological diseases.

COVID-19 also has a long-term influence on tumor progression (114). Patients with tumors have been shown to be more vulnerable to SARS-CoV-2 infection and subsequent development of severe COVID-19 (115). In addition, Saini et al. suggested that patients who have recovered from COVID-19 may have an increased risk of developing cancer or of cancer progression and metastasis (116). Moreover, NETs have been shown to change the tumor microenvironment (117), awaken cancer cells (118), and enhance tumor progression and metastasis (119). As a result, the persistent presence of NETs may mediate the long-term effects of tumor induction or worsening in COVID-19. This hypothesis, however, will need to be proven in future studies using more direct approaches.

COVID-19 may aggravate pre-existing chronic illnesses such as hypertension (120), obesity (121), and diabetes (122), in addition to having a direct effect on the host. Given the circulatory and infiltrating nature of neutrophils, the broad occurrence of NETosis and NETs in COVID-19 may facilitate the worsening of various chronic disorders. For example, Thierry et al. found that NETs and their by-products (e.g., elastase) may induce hypertension, thrombosis, and vasculitis in COVID-19 (82). Furthermore, hypertensive patients infected by SARS-CoV-2 have greater neutrophil counts than COVID-19 patients without hypertension, implying a potential relationship between NETs and COVID-19-related hypertension (120). Moreover, plasmatic NET by-products (e.g., MPO–DNA complexes) were found to be higher in extremely obese or diabetic patients (82, 123). The authors of these studies also speculated about the tangled association between NETs, chronic obesity, and diabetes, and how these could lead to long-term pathologies, such as delayed wound healing, increased cardiovascular disease, and thromboembolic events following COVID-19.




NETosis and NET-based Therapeutic Approaches to COVID-19

With the growing recognition of the roles of NETosis and NETs in COVID-19, a few treatment approaches have recently been reported that inhibit NETosis and NET release, or promote NET degradation (Table 1). The first approach involves interfering with SARS-CoV-2 to stimulate neutrophils or antagonize the function of other extracellular pro-NETosis factors. For example, antigen–antibody complexes can stimulate FcγRIIA receptors on neutrophils to induce NETs in COVID-19 via spleen tyrosine kinase (SYK) phosphorylation and downstream signaling (124). R406 is the active ingredient of the SYK inhibitor, fostamatinib, which suppresses NETosis in neutrophils from healthy donors when activated by COVID-19 patient plasma (124). Furthermore, a synthetic glycopolymer agonist of sialic acid-binding immunoglobulin-type lectins (Siglec)-9, a checkpoint receptor in neutrophils, might reduce NETosis triggered by viral PAMPs (e.g., R848) or COVID-19 patient plasma (126). In COVID-19, the complement system is also overactive, and complement enriched NETs or the by-product of complement activation, known as anaphylatoxins, are linked to clinical symptoms of COVID-19 (32). Carboxypeptidase B2 (CPB2) is a natural plasma enzyme that degrades C3a and C5a anaphylatoxins (142). Zhang et al. found that recombinant CPB2 inhibits NET production in neutrophils isolated from COVID-19 patients and reduces the damage to cultured vascular endothelial cells (125). Other research has also revealed that antibodies against cytokines like IL-8, IL-6, and IL-1β not only reduce the resolution of inflammation but also block their pro-NETosis function (70, 133, 143). The second strategy targets the intracellular mechanisms that drive NETosis in response to SARS-CoV-2 infection. For example, vitamin C has been tested in phase 2 clinical trials aimed at reducing COVID-19-associated mortality by reducing excessive activation of the inflammatory response (135). Of note, vitamin C is an antioxidant that significantly attenuates PMA-induced NETosis in healthy neutrophils by scavenging ROS (144). Therefore, vitamin C may also inhibit NETosis and NET production in COVID-19. Proteases are important mediators in the NETosis process. Antiproteases that inhibit histone deacetylase (e.g., Belinostat), block NE activity (Alvelestat), or inhibit Gasdermin D (Disulfiram) have been shown to inhibit NETosis. These antiproteases have undergone preclinical (136) or clinical testing (11, 60) to demonstrate their efficacy in COVID-19. PAD4 is another crucial pro-NET enzyme that is upregulated in COVID-19 and is responsible for NET release (138, 145). Therefore, the use of PAD4 inhibitors, such as Cl-amidine, YW-56, and GSK484, may prevent both the prothrombotic and proinflammatory effects of SARS-CoV-2 by reducing NET production (138). For example, Cl-amidine has been shown to suppress NET release in both SARS-CoV-2-infected healthy neutrophils and blood neutrophils from COVID-19 patients (13). Cl-amidine also prevents apoptosis of lung epithelial cells due to NET release, suggesting that PAD4 inhibitors could be used to prevent immunothrombosis and lung injury in COVID-19 (13, 138). The third strategy involves mediating NET degradation. In fact, COVID-19 has been found to have a deficiency in NET clearance, resulting in pulmonary thrombo-inflammation (55). DNase-1 and DNase-1L3 are important catalyzers involved in the dissolution of NETs and the prevention of thromboembolic events caused by NETs (141). In this regard, DNases are currently being tested in clinical trials for the treatment of COVID-19 (55, 139). In another study using proteomic profiling, Fisher et al. showed that recombinant DNase treatment lowers NET production to promote recovery in COVID-19 patients (146). More research into the mechanisms underlying NET formation in COVID-19 may pave the way for other novel therapeutic approaches (e.g., extracellular histone neutralizers or NET inhibitors) (140).


Table 1 | Anti-COVID-19 drugs in preclinical or clinical development via NETosis and NETs targeting mechanisms.





Conclusions

SARS-CoV-2 infection triggers NETosis and NET formation in both circulatory and infiltrating neutrophils, resulting in pulmonary injury, extensive inflammation, and the formation of a typical COVID-19 thrombus. The characteristic COVID-19 NET-induced thrombus contributes to microvascular obstruction and organ damage. However, new evidence reveals the role of NETs in pathological processes other than thrombosis, such as chronic aberrant immunity and long-term COVID-19. Given the ongoing COVID-19 pandemic, more people may develop both acute and chronic symptoms following SARS-CoV-2 infection. In this regard, urgent interventions are required to suppress the triggering factors involved in these processes or otherwise speeding up the degradation machinery, both of which may help to reduce NETosis and avoid the negative consequences of NET formation. In addition, precise management will be necessary to avoid disruption of protective neutrophil activities and NET formation. Furthermore, because DNase treatment may enhance the release of breakdown products from NETs (e.g., histones and proteases), it is important to avoid unwanted negative effects when developing novel anti-COVID-19 therapies that target NETs (96).
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Leptospirosis is an emerging infectious disease. Recently, canine and human leptospirosis outbreaks were reported in California and New York, respectively. In this study we evaluated the role that cell death processes play in the inflammatory response to Leptospira. Groups of male C3H/HeJ mice were infected with pathogenic L. interrogans and non-pathogenic L. biflexa for 24 and 72 hours; inflammatory processes were characterized for apoptosis and necroptosis by flowcytometry of spleen cells and were further assessed for expression of biomarkers of necroptosis by western blot. We found that pathogenic L. interrogans promotes apoptosis in myeloid neutrophils and monocytes at 24h and 72h post-infection, whereas L. biflexa promotes apoptosis of myeloid monocytes only at 24h post-infection. It is interesting that the immune cells undergoing the common programmed cell death pathway (apoptosis) are the cell types which were not increased in frequency in spleen of mice infected with L. interrogans (neutrophils) and L. biflexa (monocytes) in our previous study. The same trend was observed with pathogenic L. interrogans inducing necroptosis of myeloid neutrophils in addition to monocytes and macrophages at 24h and/or 72h post-infection, whereas L. biflexa promoted this pro-inflammatory cell death process in monocytes and macrophages only at 24h post-infection. Thus, early apoptosis and necroptosis of these cell types may explain its absence in frequency in spleen. Furthermore, at 24h and 72h, expression of the necroptosis molecular biomarkers p-MLKL, p-RIP1 and p-RIP3 was increased post infection with pathogenic L. interrogans. These data suggest that the underlying cell death processes involved in immune responses to pathogenic Leptospira contribute directly to persistent inflammation during the early stages of leptospirosis.
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Introduction

Leptospirosis, a neglected emerging disease with worldwide distribution that affects virtually all vertebrates is caused by pathogenic Leptospira spp and is associated with robust inflammation orchestrated by chemo-cytokine release, recruitment of different immune cells as well as cellular processes like phagocytosis and NET/MET formation (1, 2). Human leptospirosis ranges in severity from a mild, self-limited febrile illness to a fulminant life-threatening disease (3). The host response to infection is comprised of immune activation, inflammation and death of immune cells engaged in the process. Cell death often determines the outcome of pathogenesis (4–6). Although cell death is induced primarily as a defense mechanism and is often associated with pathogen removal (5), the type of cellular death (apoptosis, necroptosis, pyroptosis) can either be beneficial or detrimental to the host and it determines the extent of inflammation and disease progression.

The best studied programmed cell death is apoptosis which is regulated by different pro and anti-apoptotic factors like BAX, Bcl-2 and certain caspases like Caspase 3, 7 and 8 (7–9). In contrast, necroptosis involves a caspase independent pathway comprising major molecules such as Mixed Lineage Kinase Domain-Like (MLKL) protein and Receptor Interacting Serine/Threonine Kinase (e.g., RIP1 and RIP3) (9, 10). RIP1 kinase is also found to be engaged in apoptosis whereas RIP3 and MLKL solely contributes to necroptosis (11). One of the major foundations of necroptosis is the formation of the necroptotic complex between the RIP1-RIP3-MLKL; phosphorylation of the MLKL protein finally prompts membrane pore formation, cells undergo osmotic pressure changes with its environment and Danger Associated Molecular Pattern (DAMP) are released which further increases inflammation (12–14). Moreover, initial interaction between Pathogen Associated Molecular Pattern (PAMP like LPS) with Pattern recognition receptor (PRR such as TLRs, NLRs) determine the switch between shared or mutually regulated cell death processes (15, 16). In this context, cell death processes like apoptosis tend to lead to resolution of inflammation, whereas necroptosis lead to persistent inflammation thereby prolonging disease (5, 6, 10, 17). Thus, a new interesting concept emerged suggesting that even after their death, immune cells contribute to inflammation processes and benefit the host.

Our recent work supports that pathogenic Leptospira induce splenomegaly by recruiting large numbers of immune cells in this secondary lymphoid organ and activating the chemo-cytokine response (2). Understanding the fate of those immune cells in spleen can further lead to understanding persistent inflammation in the host during leptospirosis. Induction of apoptosis in macrophages and fibroblasts by pathogenic Leptospira was evident from earlier studies in mice and suggested that persistent infection can lead to cellular necrosis depending on virulence of the Leptospira strains (1, 18, 19). The goal of the current study was to analyze the cell death processes involved in splenic inflammation of C3H-HeJ mice infected with pathogenic and non-pathogenic Leptospira in the first three days of infection.



Materials and Methods


Animals

C3H-HeJ male mice were purchased from The Jackson Laboratory (Bar Harbor, ME). Experimental animals were maintained and used in a pathogen-free environment in compliance with the University of Tennessee Health Science Center Institutional Animal Care and Use Committee Protocol no. 19-0062.



Bacterial Culture and Infections

Saprophytic Leptospira biflexa serovar Patoc (ATCC 23582) and pathogenic Leptospira interrogans serovar Copenhageni strain Fiocruz L1-130 (originally isolated from a patient in Brazil, passage 2 after hamster infection) was cultured according to a protocol described previously (20). Leptospira was enumerated by dark-field microscopy (Zeiss USA, Hawthorne, NY) using a Petroff- Hausser counting chamber. 10-week-old male mice were inoculated intraperitoneally (IP) with a ~ 108 dose of bacteria resuspended in PBS); controls received sterile PBS, pH7.5.



Flow Cytometry

Spleens were collected from different groups of mice after euthanasia and processed immediately for flow cytometry staining. Briefly, spleens were chopped and teared with frosted slides to prepare single cell suspensions and RBC lysis was performed as described previously (2). Live/dead cell stain was performed, and cells were counted using a Luna counter (Logos Biosystems, South Korea). Approximately 106 cells/well were seeded in a 96 well microtiter plate for flow cytometry staining. Blocking was performed with anti-mouse CD16/32 antibody (1:50) and incubated for 15-20 min on ice in staining buffer. Surface staining was performed against different cell surface markers using specific primary conjugated antibody, the compensation beads were used to stain specific fluorochrome conjugated antibodies and incubated in the dark for 30 minutes at 4°C. Equal numbers of live and dead (1:1) cells were stained with Annexin V/PI for compensation. Cells were washed twice with FACS staining buffer after incubation. Cells were resuspended in annexin binding buffer and stained with Annexin V (1:50) and Propidium Iodide (PI, 1:200) for 15 minutes at room temperature in a dark environment. Stained cells were acquired in a BioRad ZE5 Cell analyzer and data were analyzed using Flow Jo software. The fluorochrome conjugated antibody panel (Table S1) and the gating strategy (Figure S1) used are presented in the supplementary section. One representative plot for cell death is provided in the Figure S1 where quadrant 3 (Annexin V+PI-) represents the zone of apoptosis and quadrant 2 (Annexin V+PI+) represents the zone of secondary apoptosis or necroptosis (14).



Western Blot

Whole spleen cells were pelleted by centrifugation and the supernatant was discarded. The pellet was washed twice with PBS and was dissolved in Cell lysis buffer (Cell Signaling Technology, USA) supplemented with protease inhibitor cocktail (1X) and 1mM PMSF (Thermo Fisher Scientific, USA). The lysed cell suspension was kept on ice for 30 minutes and cellular debris were removed by centrifugation at 10,000 rpm for 10-15 minutes. The protein concentration of the cell lysate was measured with DC protein assay kit (BioRad Laboratories, USA). Cell lysate of equal concentration and volume were mixed with 1X SDS loading buffer and boiled for 5 minutes at 95°C; samples were separated by 10% SDS-PAGE and transferred to PVDF. The membrane was probed with appropriate primary and HRP-conjugated secondary antibodies (Table S2), and developed with a chemiluminescent substrate solution (MilliporeSigma, USA). The signal was captured in a Chemidoc Image Analyzer (BioRad Laboratories, USA). The same membrane was re-probed 3-5 times after stripping the membrane (Thermo Fisher Scientific, USA). Densitometric analysis was performed for different proteins of interest using ImageJ software (NIH, USA) and representative histograms were generated using β-Actin as control.



STRING Protein-Protein Interaction Network Analysis

A total of 17 query proteins out of which 14 were increased chemo-cytokines in serum from our previous study (2) and 3 are elevated key necroptotic proteins from the present study at 72 h post infection with L. interrogans were used to generate a STRING proteome map using the online database (string-db.org). In these networks, the nodes are the proteins and the edges indicate the interactions between proteins as they were present in STRING (level of confidence >0.400). It contains information about known and predicted, direct physical, and indirect functional protein-protein interactions which are represented in different colored lines.



Statistical Analysis

Statistical analysis was performed by GraphPad Prism software using unpaired student t-test with Welch’s correction between experimental groups. Significance was analyzed between infected versus uninfected groups and between the L. biflexa and L. interrogans infected groups where p value <0.05 is considered significant.




Results


Pathogenic L. interrogans Promotes Apoptosis in Myeloid Neutrophils and Monocytes at 24h and 72h Post-Infection, Whereas L. biflexa Promotes Apoptosis of Myeloid Monocytes Only at 24h Post-Infection

Mice (10 week old, n=7 per group) were infected with a sublethal dose of bacteria intraperitoneally, spleen was excised and the cell death process was assessed by flowcytometry. Annexin V positive cells (Annexin V+/PI-) were marked as zone of apoptosis and was measured at 24h (Figure 1) and 72h (Figure 2) post-infection. At 24h and 72h post-infection, apoptosis was significantly increased in splenic myeloid cells (Figures 1B, 2B), neutrophils (Figures 1D, 2D) and monocytes (Figures 1E, 2E) from mice infected with L. interrogans compared to uninfected controls. Increased apoptosis was also observed in splenic myeloid cells (Figure 1B) and monocytes (Figure 1E) of mice inoculated with L. biflexa at 24h post infection, whereas at 72h post infection, monocyte apoptosis was significantly decreased (Figure 2E). No differences in apoptosis were observed in dendritic cells, monocyte macrophages and resident macrophages at 24h or 72h post infection with either Leptospira species.




Figure 1 | Apoptotic cell death among different immune cells in spleen at 24h post infection. Annexin V+/Propidium Iodide (PI)- cells were considered as zone of apoptosis in (A) All Immune Cells, (B) Myeloid cell, (C) Dendritic cell, (D) Neutrophil, (E) Monocyte, (F) Monocyte-Macrophage and (G) Resident Macrophage. Plots are represented as % of CD45+ population. Statistical analysis was performed using unpaired student t-test with Welch’s correction, *p  < 0.05, **p < 0.01; n = 3 mice per group. ns, not-significant. Data represents one of two independent experiments; N= 7 mice per group.






Figure 2 | Apoptotic cell death among different immune cells in spleen at 72h post infection. Annexin V+/PI- cells were considered as zone of apoptosis in (A) All Immune Cells, (B) Myeloid cell, (C) Dendritic cell, (D) Neutrophil, (E) Monocyte, (F) Monocyte-Macrophage and (G) Resident Macrophage. Plots are represented as % of CD45+ population. Statistical analysis was performed using unpaired student t-test with Welch’s correction, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, not-significant; n = 3 mice per group. Data represents one of two independent experiments; N = 7 mice per group.





Pathogenic L. interrogans Promotes Necroptosis in Myeloid Neutrophils, Monocytes, and Macrophages at 24h and/or 72h Post-Infection, Whereas L. biflexa Promotes Necroptosis in Monocytes and Macrophages Only at 24h Post-Infection

Mice (10 week old, n=7 per group) were infected with a sublethal dose of bacteria intraperitoneally, spleen was excised and the cell death process was assessed by flowcytometry. Splenocytes from infected mice were analyzed for necroptosis (Annexin V+/PI+) at 24h (Figure 3) and 72h (Figure 4) post-infection by measuring the Annexin V and Propidium iodide (PI) double positive quadrant by flowcytometry. For L. interrogans infected mice, necroptosis was significantly increased in splenic neutrophils (Figure 3D), monocytes (Figure 3E) and monocyte-macrophages (Figure 3F) at 24h post-infection compared to uninfected controls, whereas at 72h it was significantly increased in overall immune cells (Figure 4A), myeloid cells (Figure 4B), neutrophils (Figure 4D) and resident macrophages (Figure 4G). For mice inoculated with L. biflexa, a significant increase in necroptosis was observed only at 24h in overall splenic immune cells (Figure 3A), monocytes (Figure 3E), monocyte-macrophages (Figure 3F) and resident macrophages (Figure 3G). No differences in necroptosis were observed in dendritic cells at 24h or 72h post infection with either Leptospira species. The flowcytometric analysis of overall apoptosis (Annexin V+/PI-) and necroptosis (Annexin V+/PI+) in different immune cell types at 24h and 72h post infection is summarized in Table 1.




Figure 3 | Necroptotic cell death among different immune cells in spleen at 24h post infection. Annexin V+/PI+ cells were considered as zone of necroptosis in (A) All Immune Cells, (B) Myeloid cell, (C) Dendritic cell, (D) Neutrophil, (E) Monocyte, (F) Monocyte-Macrophage and (G) Resident Macrophage. Plots are represented as % of CD45+ population. Statistical analysis was performed using unpaired student t-test with Welch’s correction, *p < 0.05, **p < 0.01, ***p < 0.001; n = 3 mice per group. ns, not-significant. Data represents one of two independent experiments; N = 7 mice per group.






Figure 4 | Necroptotic cell death among different immune cells in spleen at 72h post infection. Annexin V+/PI+ cells were considered as zone of necroptosis in (A) All Immune Cells, (B) Myeloid cell, (C) Dendritic cell, (D) Neutrophil, (E) Monocyte, (F) Monocyte-Macrophage and (G) Resident Macrophage. Plots are represented as % of CD45+ population. Statistical analysis was performed using unpaired student t-test with Welch’s correction, *p < 0.05, **p < 0.01; n = 3 mice per group. Data represents one of two independent experiments; N= 7 mice per group. ns, not-significant.




Table 1 | Summary of cell death processes in different immune cells after Leptospira infection.





Expression of Major Necroptosis Biomarkers in Splenocytes Is Much Higher at 24h and 72h Post Infection With L. interrogans Than L. biflexa

Major necroptosis marker proteins (MLKL, RIP1 and RIP3) and their phosphorylated forms were analyzed in whole spleen cell lysate from mice infected with L. interrogans and L. biflexa by western blot at 24h and 72h post infection, in comparison with uninfected control (Figures 5, 6). The phosphorylated biomarkers assemble the necroptotic complex that form the membrane pore that releases DAMPs. At 24h post-infection, we found that the total protein against all three necroptosis biomarkers (MLKL, RIP3 and RIP1) and their phosphorylated forms (p-MLKL, p-RIP1 and p-RIP3) were increased in L. interrogans infected splenocyte lysates (Figures 5A–G), whereas only MLKL and p-MLKL was increased in L. biflexa infected lysates (Figures 5B, E). At 72h post-infection, we found that the total protein of two major necroptosis biomarkers (MLKL and RIP3) and all three phosphorylated forms of necroptosis biomarkers (p-MLKL, p-RIP1 and p-RIP3) were elevated in L. interrogans infected splenocyte lysates (Figures 6A–G), though p-RIP3 and p-RIP1 were slightly increased in L. biflexa infected lysates, but p-MLKL was not increased (Figures 6E–G). Table 2 represents the overall summary of protein expression of key necroptotic molecules in C3H/HeJ mice spleen at 24h and 72h post infection with L. interrogans and L. biflexa compared to control.




Figure 5 | Protein expression of key biomarkers of necroptosis at 24h post infection. (A) represents immunoblots of protein lysate (whole spleen cells) from uninfected Control (CON), nonpathogenic L. biflexa (LB) and pathogenic L. interrogans (LIC) infected groups. (B–G) represents the densitometric histograms normalized to β-actin expression control using ImageJ software. Legend: MLKL (Mixed Lineage Kinase Domain-Like protein), Receptor Interacting Serine/Threonine Kinase (RIP1 and RIP3); p, phosphorylated.






Figure 6 | Protein expression of key biomarkers of necroptosis at 72h post infection. (A) represents the immunoblots of protein lysate (whole spleen cells) from uninfected Control (CON), nonpathogenic L. biflexa (LB) and pathogenic L. interrogans (LIC) infected groups. (B–G) represents the densitometric histograms normalized to β-actin expression control using ImageJ software. Legend: MLKL, Mixed Lineage Kinase Domain-Like protein; Receptor Interacting Serine/Threonine Kinase (RIP1 and RIP3), p, phosphorylated; MW, molecular weight; kD, kilodalton.




Table 2 | Summary of protein expression of key necroptotic molecules during Leptospira infection.





Modeling of Protein-Protein Networking Between Major Chemo-Cytokines and Necroptotic Molecules 72h Post Infection With Pathogenic L. interrogans

We evaluated the interactions of increased chemo-cytokines present in serum 72h post infection with L. interrogans from our previous study (2) with the major necroptotic markers MLKL, RIP3 and RIP1 elevated in the spleen at 72h post infection in the present study through STRING proteome analysis (Figure 7). This analysis informs on known and predicted protein-protein interactions as well as direct physical and indirect functional interactions. Cytokines TNF-α and IL-6 from the previous study (2) showed strong interactions (experimentally determined interactions represented by the purple line in Figure 7 with all 3 key necroptotic molecule MLKL, RIP3 and RIP1 (present study). Furthermore, CXCL1/KC directly established a strong association with necroptotic molecule MLKL. The network map also represents an indirect association between other chemo-cytokines with the necroptotic proteins associated with L. interrogans infection.




Figure 7 | STRING proteome analysis of chemo-cytokines with major necroptosis molecules at 72h post infection. A total of 17 proteins (14 elevated chemokines and cytokines in serum of infected mice (2) and 3 elevated necroptotic proteins in spleen) were analyzed by protein network analysis using STRING online database (string-db.org) tools. Representative protein-protein network model is representative of total number of Nodes = 17 and Edges = 84 with medium level of confidence (0.400). Black arrow indicates the direct interaction between IL-6, TNF-α and CXCL1/KC with necroptotic molecules MLKL, RIP1 and RIP3.






Discussion

The intricate interactions between host and pathogen depends on several immune factors and signaling intermediates which can either be beneficial to the host if the response succeeds in eliminating the pathogen or detrimental, if the pathogen evades immune eradication, proliferates and boosts the host patho-inflammatory response (4, 5, 15). The goal of this study was to understand whether cell death processes engaged during the onset of Leptospirosis are apoptotic inflammation-neutral or necroptotic pro-inflammatory. In our previous study we observed gross anatomic increases in spleen (splenomegaly) at 24h and/or 72h post-infection with pathogenic Leptospira, in contrast to infection with a saprophytic species (2). In this study we evaluated the immune cell phenotypes undergoing different cell death processes in spleen of mice at 24h and 72h post-infection with L. interrogans in comparison with L. biflexa and non-infected controls. We used male mice in our studies as they are more susceptible to Leptospirosis as observed previously in male hamsters (21).

Previously we observed recruitment to spleen of all myeloid cells except neutrophils at 24h and 72h post-infection with L. interrogans, in contrast to infection with L. biflexa which led to increased populations of myeloid cells at 24h or 72h except monocytes and monocyte-macrophages (2). In this study we found that pathogenic L. interrogans promotes apoptosis in myeloid neutrophils and monocytes at 24h and 72h post-infection, whereas L. biflexa promotes apoptosis of myeloid monocytes only at 24h post-infection. It is interesting that the immune cells undergoing the common programmed cell death pathway (apoptosis) are the cell types which were not increased in frequency in spleen of mice infected with L. interrogans (neutrophils) and L. biflexa (monocytes). When we looked at the pro-inflammatory cell death process, we observed the same trend with pathogenic L. interrogans inducing necroptosis of myeloid neutrophils in addition to monocytes and macrophages at 24h and/or 72h post-infection, whereas L. biflexa promoted necroptosis in monocytes and macrophages only at 24h post-infection. Thus, early apoptosis and necroptosis of these cell types may explain its absence in frequency in this secondary lymphoid organ. Previous reports suggest that pathogenic L. interrogans infection induced apoptosis in the macrophage and mouse tissues (18, 22–25) and both L. interrogans and saprophytic L. biflexa triggers delayed apoptosis in neutrophils by releasing proinflammatory cytokines (26). Moreover, data suggests that in addition to apoptosis, L. interrogans but not L. biflexa infection, led to necrosis in fibroblasts, macrophages and peripheral blood mononuclear cells of murine and human origin (19, 24, 27). It is known that neutrophils play an important role in trapping extracellular L. interrogans early in infection (28). Furthermore, L. interrogans was observed on the surface of neutrophils and not phagocytized whereas L. biflexa was phagocytized (26) which further shows the importance of these cells in clearance of Leptospira. Here we show that apoptosis and necroptosis of neutrophils only in L. interrogans infected mice suggests that early removal of these cells from the innate immune cell repertoire and the enhanced inflammation promoted by necroptosis (29) may contribute to L. interrogans evasion, dissemination, pathogenesis and activation of the adaptive immune system characteristic of acute leptospirosis. We speculate that necroptosis may play a role in phagocytosis impairment by neutrophils in the presence of L. interrogans. The chemo-cytokines elevated at 72h post infection with pathogenic L. interrogans (2) are associated with the elevated major molecules of necroptosis described in the current study (Figure 7) which indicates an intricate exchange of inflammatory signatures in the regulation of inflammatory cell death process involved during persistent inflammation. Therefore, persistent inflammation (splenomegaly) during leptospirosis is a result of a large chemo-cytokine release in the system and necroptosis activation (induction of MLKL/RIP3) which can further lead to membrane pore formation leading to cell death (30, 31).

While flowcytometry of the cellular repertoire distinguished between different cell death processes among diverse immune cell types, proper activation of the necroptosis process was further dissected by western blot analysis of whole spleen cell lysates after Leptospira infection. In both 24h and 72h, expression of all the molecular biomarkers of necroptosis like MLKL, RIP1 and RIP3 was increased post infection with pathogenic L. interrogans. The increased expression of the active phosphorylated forms p-MLKL, p-RIP1 and p-RIP3 after pathogenic infection activates the necroptotic complex necessary to initiate the membrane pore formation in those immune cells to release inflammatory arsenals (DAMPs) necessary to maintain an inflammatory milieu and thereby invite the adaptive response which results in aggravated pathogenicity (12). These biomarkers were also increased in spleen cell lysates stimulated with other pathogens (5, 17, 29, 32). The spotty increased expression of those key biomarkers at 24h and 72h post infection with the nonpathogenic L. biflexa suggests a discontinuous inflammatory process as the innate response is enough to provide protection. The key molecules involved in the process of necroptosis during acute Leptospiral infection could be a potential target for the development of future therapeutics.
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Inflammatory caspases detect cytosol-invasive Gram-negative bacteria by monitoring for the presence of LPS in the cytosol. This should provide defense against the cytosol-invasive Burkholderia and Shigella species by lysing the infected cell via pyroptosis. However, recent evidence has shown caspase-11 and gasdermin D activation can result in two different outcomes: pyroptosis and autophagy. Burkholderia cepacia complex has the ability invade the cytosol but is unable to inhibit caspase-11 and gasdermin D. Yet instead of activating pyroptosis during infection with these bacteria, the autophagy pathway is stimulated through caspases and gasdermin D. In contrast, Burkholderia thailandensis can invade the cytosol where caspasae-11 and gasdermin D is activated but the result is pyroptosis of the infected cell. In this review we propose a hypothetical model to explain why autophagy would be the solution to kill one type of Burkholderia species, but another Burkholderia species is killed by pyroptosis. For pathogens with high virulence, pyroptosis is the only solution to kill bacteria. This explains why some pathogens, such as Shigella have evolved methods to inhibit caspase-11 and gasdermin D as well as autophagy. We also discuss similar regulatory steps that affect caspase-1 that may permit the cell to forbear undergoing pyroptosis after caspase-1 activates in response to bacteria with partially effective virulence factors.
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Introduction

During infection, intracellular pathogens can be recognized through inflammasome sensor pathways that activate caspase-1 or caspase-11, the details of which are extensively reviewed (1). In this review we will discuss the detection of the bacterial type III secretion system (T3SS) as well as cytosolic LPS. Bacterial T3SSs allow bacteria to inject virulence effector proteins into the host cytosol, enabling diverse manipulation of the host cell, including cytosolic invasion (2). T3SS activity is detected by the NAIP/NLRC4 inflammasome, which together oligomerize and activate caspase-1. Caspase-1 then activates IL-1β, IL-18, and gasdermin D. Activated gasdermin D oligomerizes and inserts pores in the plasma membrane, allowing extracellular fluid to rush into the cell, causing cell swelling and lysis that is called pyroptosis (3).

Caspase-11 (or its human equivalents capsase-4 and -5) detects cytosol-invasive bacteria by detecting LPS in the cytosol (4, 5). Caspase-11 obligately requires IFN-γ priming, because IFN-γ drives expression of guanylate binding proteins (GBPs). GBPs are IFN-induced GTPases that deposit on the surface of cytosolic bacteria or upon pathogen-containing vacuoles. The functions of GBPs are complex and reviewed elsewhere (6). Briefly, GPBs exert surfactant like properties, which can expose LPS for detection by caspase-11 (7). Once LPS is exposed, caspase-11 deposits upon the surface of bacterial cells (7–10). Like caspase-1, caspase-11 can activate gasdermin D, which leads to pyroptosis, but unlike caspase-1, caspase-11 does not activate IL-1β and IL-18 (11).

The primary purpose of pyroptosis is likely to deprive an intracellular pathogen of a replicative niche. After an infected cell dies, a series of events leads to the destruction of the bacteria (12, 13). Decisive and rapid pyroptotic signaling therefore appears to be a perfect solution to counteract the virulence strategy of intracellular pathogens. However, upon deeper consideration several aspects of pyroptosis would seem to necessitate prudent, rather than decisive, signaling. First, pyroptosis is irreversible and sacrifices the viability of the cell, which could be a significant cost to the host. Second, pyroptosis may be the best immunologic response in some cell types, but not in others. Finally, the sensors that detect bacterial virulence might have an appreciable rate of false positive activation. These caveats could be especially important since pathogens exist on a spectrum of virulence capacity. Some pathogens are highly virulent, whereas others may have only partially effective virulence factors. In this review, we propose a hypothesis that evolution has selected for regulating checkpoints of pyroptosis, enabling the use of high sensitivity detectors while avoiding inappropriate pyroptosis.



Burkholderia thailandensis and Pyroptosis

Burkholderia thailandensis is an environmental pathogen that has immense virulence potential; however, this potential is fully counteracted by caspase-11 (14, 15). B. thailandensis encodes a T3SS (which is closely related to the Shigella T3SS) that enables cytosolic invasion (16). However, B. thailandensis infections in humans are exceedingly rare, and mice are highly resistant to infection (17). Wild type mice clear infections by B. thailandensis with incredible efficiency, sterilizing a systemic challenge with 20,000,000 bacterial cells within 1 day (15, 18). However, both Casp11–/– and Gsdmd–/– mice are susceptible to as few as 100 bacteria (15, 18). This susceptibility is primarily driven by replication of the bacteria within neutrophils (18), resulting in an estimated >1,000,000 fold change in the lethal dose (1), leading us to classify B. thailandensis as a high virulence pathogen, but only in the absence of inflammasomes. In summary, B. thailandensis cannot evade caspase-11-dependent pyroptosis, explaining why humans and mice are not natural hosts for B. thailandensis. The natural host infected by B. thailandensis is unknown; we speculate that this host lacks the caspase-11-dependent pyroptosis pathway.

The extremely efficient defense against B. thailandensis conferred by caspase-11 and gasdermin D illustrate the importance of accomplishing pyroptosis to counteract cytosolic invasion. If we consider only this class of highly virulent pathogens, what might be the optimal design of the caspase-11 signaling pathway? In such a case, caspase-11 should be highly sensitive, and should cause pyroptosis as quickly as possible. There would be no need to slow down the signaling process because the host cell must be driven to pyroptosis as fast as possible. Thus, B. thailandensis provides a very simplistic and effective example of how caspase-11 drives pyroptosis to clear an infection.

However, B. thailandensis also simultaneously illustrates the complexities of pyroptotic signaling between caspase-1 and caspase-11. This complexity arises because different cell types have distinct outcomes after inflammatory caspases are activated. Casp11–/– mice still have an intact NLRC4 pathway to caspase-1 that should lead to pyroptosis. However, the predicted redundancy that should exist between caspase-1 and caspase-11 is not observed in vivo (15). By unknown mechanisms, NLRC4 activation in neutrophils successfully detects the B. thailandensis T3SS but fails to cause pyroptosis (18). Why has evolution created a system where NLRC4 does not cause pyroptosis in neutrophils but does so in a macrophage? This likely reflects a flaw in the NLRC4 detection mechanism that is only important for neutrophils – and how evolution has corrected for that flaw, meanwhile maintaining neutrophil defenses against cytosolic-invasion by using caspase-11. The flaw of NLRC4, we speculate, is that it cannot discriminate between a T3SS that is optimized to commandeer a neutrophil from a T3SS that is optimized to commandeer an epithelial cell. If a neutrophil encounters a bacterium with a neutrophil-optimized T3SS, the neutrophil could become infected and harbor replicating bacteria. However, if a neutrophil encounters a bacterium with an epithelial cell-optimized T3SS, the neutrophil will likely phagocytose and kill the bacterium. Thus, if NLRC4 were obligately tied to pyroptosis in neutrophils, the immune system would often inappropriately sacrifice its most lethal attackers. In contrast, we speculate that macrophages are much more dispensable in defense. If a macrophage is intoxicated with an epithelial optimized T3SS, loss of this macrophage is acceptable because neutrophils will arrive soon to continue the fight. This is an example of how pyroptotic signaling might need to use distinct signaling mechanisms in different cell types.



Burkholderia cepacia Complex and Autophagy

The Burkholderia cepacia complex (BCC) is a group of opportunistic environmental pathogens, including Burkholderia cepacia and Burkholderia cenocepacia, that only infect patients with immunocompromising conditions such as cystic fibrosis and chronic granulomatous disease (19, 20). Whereas B. thailandensis uses its T3SS to efficiently invade the cytosol, most other Burkholderia species lack this Shigella-like T3SS. However, many BCC encode a different T3SS (21) that is more closely related to T3SS genes found in Ralstonia, a plant pathogen (BLAST results using BscN; GenBank: CAR55907.1). This T3SS may contribute to murine infection (21), but further study is warranted.

BCC encodes other virulence factors such as a T6SS, which can mediate escape from the phagosome in macrophages (22). The T6SS effector TecA is detected by the pyrin inflammasome. This results in a >2 fold change in the lethal dose during high dose infection (108 CFU) in pyrin knockout mice (23), although no phenotype was seen in Gsdmd–/– mice using slightly different infection conditions (24). BCC has a much stronger phenotype in NADPH oxidase deficient mice that model chronic granulomatous disease. In these mice, even low dose 103 CFU challenges are lethal (25), demonstrating the significant virulence potential of the BCC. This leads us to define the BCC as intermediate virulence pathogens in the absence of inflammasome defenses.

BCC are also detected by caspase-11 (24, 26), indicating the BCC LPS has entered the cytosolic compartment and supporting the escape of BCC from the vacuole. Although pyroptosis occurs in BCC infected cells, the autophagy pathway is also activated. Remarkably, this autophagy activation requires both caspase-11 and gasdermin D. Furthermore, autophagy restricts BCC replication in macrophages (27, 28). Autophagy is the process that forms a double membrane around unwanted cellular components or invasive bacteria; these autophagosomes are then fused with the lysosome for degradation of their contents (29). The proposed mechanism whereby gasdermin D stimulates autophagy is through pore insertion into mitochondrial membranes, promoting the production of mitochondrial reactive oxygen species (ROS) (24). Autophagy can then kill bacteria. Defective mitochondria are well established to stimulate autophagy (29), but whether there are mechanisms that can specifically target autophagosomes to BCC as opposed to a cell-wide autophagy response remains to be explored. In summary, caspase-11 and gasdermin D can stimulate autophagy.

Upon superficial consideration, autophagy and pyroptosis seem counter-functional to each other because a pyroptotic cell loses all metabolism and thus could not perform autophagy. However, upon deeper consideration we propose a hypothetical model wherein autophagy and pyroptosis are not counter-functional. From an overarching perspective, both work to solve the problem of cytosolic replication, albeit through different strategies. Autophagy solves the problem of intracellular infection immediately within the infected cell by killing the bacteria. Pyroptosis solves the problem of intracellular infection by recruiting secondary phagocytes to efferocytose the PIT trapped bacteria. For autophagy and pyroptosis to work together, we speculate that they must occur in an algorithmic manner (Figure 1), where an infected cell that activates caspase-11 first attempts autophagy, and only if this fails to eliminate the bacteria does the cell undergo pyroptosis. In this hypothetical model, the first step of the algorithm is for caspase-11 cleavage of gasdermin-D to stimulate autophagy. The BCC is now sequestered from the cytosol and can be killed by the autophagosome. Additionally, because caspase-11 is known to deposit directly to the bacterial outer membrane upon its activation and remain localized there (7–10), we intuit that autophagy of the bacterium will sequester caspase-11 within the autophagosome. This should halt its cleavage of additional gasdermin D molecules, and thereby prevent pyroptosis. If a few gasdermin D pores do reach the plasma membrane, they should be low enough in numbers that basal membrane repair can remove the pores before the cell lyses (30–32).




Figure 1 | An algorithmic response to cytosol-invasive bacteria. Upon bacterial invasion into the cytosol, caspase-11 is activated by bacterial LPS. Caspase-11 then activates gasdermin D and both simulate the autophagy response. Gasdermin D inserts pores into nearby organelles, such as the mitochondria. The resulting ROS release into the cytosol stimulates autophagy, which captures cytosolic bacteria. There are two significant consequences of this. First, the bacteria can now be killed by the autophagosome. Second, caspase-11 should be simultaneously sequestered from the cytosol and if so, caspase-11 will no longer cleave gasdermin D, thereby preventing pyroptosis. Sequestering of caspase-11 should terminate the gasdermin D cleavage process, and the already generated low amount of gasdermin D pores can be removed from the plasma membrane by membrane repair. If bacterial use virulence factors evade or escape autophagic defenses (burgundy), caspase-11 activity should persist in the cytosol and copious quantities of gasdermin D are expected to be activated. These gasdermin D pores will now insert into the plasma membrane in sufficient quantities and cause pyroptosis. After pyroptosis, the dead cell becomes a pore-induced intracellular trap (PIT) that restrains the bacterium. Secondary phagocytes will be recruited to efferocytose the PITs and the bacteria trapped within it, therefore killing the bacteria. The bacterial virulence factors that inhibit caspase-11, gasdermin D, and the autophagy pathway are shown (burgundy color).



Under this logic, pyroptosis is only halted if autophagy successfully keeps the bacterium out of the cytosol. If autophagy fails to enclose the bacterium, or if the bacterium escapes from the autophagosome, then the bacterium is again in the cytosol. We propose that this is what happens during B. thailandensis infection, perhaps mediated by actin-based motility, which is known to enable evasion of autophagosomes in related pathogens (33). B. thailandensis also encodes the effector BopA, which has been shown to inhibit autophagy in other Burkholderia species (34). In this case, caspase-11 will again be present in the cytosol and will cleave more and more gasdermin D. The increasing number of pores should overwhelm the membrane repair capacity of the cell and thus cause pyroptosis. This speculative model (Figure 1) allows the host cell to perform an algorithm after caspase-11 activation, using autophagy against an intermediate virulence bacterium that invades the cytosol (e.g. BCC), and when this fails, to use pyroptosis against a high virulence bacterium (e.g. B. thailandensis).



Autophagy and Self-Regulation of Caspase-1

The autophagic mechanisms discussed above to inactivate caspase-11 may also apply to caspase-1, albeit in a modified form. First, when the NLRC4 inflammasome activates caspase-1, this has also been shown to stimulate autophagy (35), presumably through the same mechanism where gasdermin D pores insert into mitochondria. However, the mechanism of autophagy sequestering caspase-1 must be different from caspase-11 because caspase-1 does not deposit upon bacteria. In this regard, caspase-1 activation often involves an adaptor protein, ASC, that maintains a specific localization of the active caspase (36). After inflammasomes activate, they recruit ASC, which then polymerizes to form the ASC speck. The speck directly binds caspase-1, which remains attached to the ASC speck. This ASC speck can be autophagocytosed (Figure 2), resulting in inhibition of caspase-1 activity (37). Autophagy can also regulate other inflammasomes at earlier steps, notably in the activation step of NLRP3 (38).




Figure 2 | Regulation of caspase-1 activity. When cytosolic invasive bacteria accidently secrete flagellin, T3SS rod, or T3SS needle proteins they are detected by NAIPs. NAIPs activate NLRC4 which in turn recruits and activates caspase-1. Once caspase-1 is activated it can activate gasdermin D to form pores in the plasma membrane causing cell swelling and lysis called pyroptosis. However, caspase-1 has two mechanisms for inactivation. One way to inhibit caspase-1 is through sequestration of caspase-1 from the cytosol by capturing it in autophagosomes. NLRC4 has been shown to activate the autophagy pathway. NLRC4 also can recruit the adaptor protein ASC speck which can bind multiple capase-1 proteins. This ASC speck is large enough that the autophagy pathway can recognize and engulf the protein complex, therefore capturing the bound caspase-1 as well. Another way to inhibit caspase-1 is through self-cleavage by caspase-1 itself. NLRC4 or ASC directly bind caspase-1, bringing the proteins close enough to dimerize. Caspase-1 can then directly cleave between its CARD and protease domains. This cleavage releases the protease from the activating platform, allowing the caspase protease domains to disassociate, rendering caspase-1 inactive.



Caspase-1 also has an additional method to halt its activity, which is by self-inactivating cleavage (39). Caspase-1 can cleave itself between its CARD and protease domains. As the CARD domain is essential to maintain a dimerized state, the loss of the CARD results in disassociation of the protease domain (Figure 2), thereby inactivating caspase-1 (39). Notably, this cleavage event should also release the caspase-1 protease domain from the ASC speck, thus, caspase-1 should only escapes autophagy in an inactive form. In summary, capsase-1 simultaneously has a robust amplification step in polymerization of the ASC speck, but this is paired with greater complexity in opportunities for inactivation. Notably, both the ASC amplification and the CARD-protease cleavage mechanisms are absent in caspase-11.



Shigella and Inhibition of Pyroptosis

Notably, B. thailandensis and BCC only cause human infection in immunocompromised people (17, 19). This illustrates the potent defense conferred by pyroptosis and autophagy against pathogens that have intermediate or even high virulence potential, but which lack the ability to inhibit these defenses. Shigella is a pathogen with high virulence that additionally can inhibit these defenses (40, 41). Shigella dysenteriae and Shigella flexneri cause the disease Shigellosis, which is characterized by hemorrhagic diarrhea and is particularly dangerous to young children (42, 43). These pathogens are highly infectious requiring ingestion of only 10-100 bacteria to cause disease (9, 44–46). Both S. dysenteriae and S. flexneri encode a T3SS that orchestrates cytosolic invasion, which is closely related to the T3SS used by B. thailandensis (16).

Caspase-11 should detect the Shigella LPS when the bacterium invades the cytosol, and the resulting pyroptosis would eliminate the infected cell niche. However, Shigella uses the T3SS effector OspC3 to inhibit caspase-11 (46). OspC3 uses a unique biochemical reaction to catalyze the ADP-riboxanation of a critical arginine residue of caspase-11, which prevents activation of the caspase protease domain (46). Nevertheless, the innate immune system should still detect the Shigella T3SS via NAIP/NLRC4, activating caspase-1 and gasdermin D. However, Shigella can also inhibit gasdermin D with the T3SS effector IpaH7.8, which ubiquitinates both gasdermin D and gasdermin B to drive its proteasomal degradation (41, 47). In the evolutionary battle between hosts and pathogens, OspC3 and IpaH7.8 put Shigella two steps ahead of cytosolic sensors that would cause pyroptosis and autophagy. Therefore, every aspect of the caspase-1/11 and gasdermin D defense pathway that works against B. thailandensis and BCC fails against Shigella. Finally, Shigella is known to inhibit autophagic responses by the T3SS effectors IcsB and VirA (48, 49), as well as escaping autophagosome formation using actin-based motility (33). This undoubtedly underlies the high virulence of Shigella species in healthy immunocompetent people.

Shigella is not the only pathogen that successfully replicates in the cytosol despite caspase-11. Burkholderia mallei and Burkholderia pseudomallei encode a Shigella-like T3SS that enables cytosolic invasion, and are close relatives of B. thailandensis (17, 50). B. mallei is a mammalian adapted pathogen that causes glanders, a highly contagious and deadly disease in horses (and a zoonotic disease of humans). B. pseudomallei is an environmental bacterium that causes melioidosis, a significant cause of community acquired sepsis in endemic regions (50). Both B. mallei and B. pseudomallei have sufficient virulence to be classified as potential biological weapons. B. pseudomallei, like Shigella, can evade killing by the autophagy pathway (51, 52). These bacteria are highly virulent, and B. pseudomallei, like Shigella (and presumably B. mallei), can evade the autophagy responses, including via its IcsB homolog, BopA (51–53). Therefore, we think that B. mallei and B. pseudomallei must evade caspase-11, unlike B. thailandensis. Indeed, B. pseudomallei can suppress interferon gamma signaling (54), which could prevent detection by caspase-11. However, the virulence factors accomplishing this remain unidentified.



Concluding Remarks

In this review we have considered how inflammatory caspases defend against cytosol-invasive bacteria that have various degrees of virulence. We propose a hypothetical model to explain how caspase-1/11 and gasdermin D could cause pyroptosis, while also being associated with the stimulation of autophagy. We propose that intermediate virulence pathogens such as BCC species can invade the cytosol and are there detected by caspase-11. The resulting gasdermin D pores stimulate a cellular autophagy response that can capture and kill the bacteria, while simultaneously silencing caspase-11 signaling. In contrast, B. thailandensis presumably escapes this autophagic response, remaining in the cytosol. The persistent caspase-11 signaling produces numerous gasdermin D pores that become sufficient to overcome membrane repair and cause pyroptosis. The ultimate manifestation of cytosolic invasion is exemplified by Shigella species, which invade the cytosol while simultaneously inhibiting caspase-11 and gasdermin D as well as autophagy. Evasion of these innate immune defenses is undoubtedly a key to the intense virulence manifested by Shigella.
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Better understanding the mechanism of cisplatin-induced ototoxicity is of great significance for clinical prevention and treatment of cisplatin-related hearing loss. However, the mechanism of cisplatin-induced inflammatory response in cochlear stria vascularis and the mechanism of marginal cell (MC) damage have not been fully clarified. In this study, a stable model of cisplatin-induced MC damage was established in vitro, and the results of PCR and Western blotting showed increased expressions of NLRP3, Caspase-1, IL-1β, and GSDMD in MCs. Incomplete cell membranes including many small pores appearing on the membrane were also observed under transmission electron microscopy and scanning electron microscopy. In addition, downregulation of NLRP3 by small interfering RNA can alleviate cisplatin-induced MC pyroptosis, and reducing the expression level of TXNIP possesses the inhibition effect on NLRP3 inflammasome activation and its mediated pyroptosis. Taken together, our results suggest that NLRP3 inflammasome activation may mediate cisplatin-induced MC pyroptosis in cochlear stria vascularis, and TXNIP is a possible upstream regulator, which may be a promising therapeutic target for alleviating cisplatin-induced hearing loss.
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Introduction

Hearing loss is the most common sensory disorder affecting approximately 6.1% of the world population, which can be caused by ototoxic drugs (1–5), excessive noise exposure (6), aging6 (6–10), genetic factors (11–15), and infections (16–18). The ototoxic drug cisplatin is the pioneer of anticancer drugs and mainstay of cancer treatment and has been widely used in the treatment of solid tumors, including ovarian, testicular, and lung cancer (19). However, an actuality that cannot be ignored is that cisplatin can cause severe ototoxic side effects which usually manifested as bilateral progressive irreversible sensorineural hearing loss (20–23). Clinical use of cisplatin often causes hearing loss in 40%–80% of patients (24) and more damage to children (25). However, the exact mechanism of ototoxicity induced by cisplatin remains unclear (26), and there are still no federally approved drugs to prevent or treat cisplatin-induced hearing loss (27, 28).

The stria vascularis (SV), organ of corti (OC), and spiral ganglia are the main areas in cochlea affected by cisplatin (29), of which the most attention has always been paid to the OC in the past (30, 31). Recently, Thomas et al. speculated that marginal cells (MCs) of the SV could be the earliest targets of cisplatin in cochlea (32). Prayuenyong et al. proposed the hypothesis of preferential cochleotoxicity of cisplatin and emphasized the role of SV in the pathogenesis of cisplatin-induced hearing loss (33). Breglio et al. observed the highest cisplatin accumulation in the SV relative to other cochlear regions, whether in mice or humans, and pointed out that SV may be an important intervening target for cisplatin-induced ototoxicity (34). All these results suggested that SV may play a very significant role in the development of cisplatin-induced ototoxicity and should arouse more attention (35). However, few studies reported the pathogenesis of SV in cisplatin-induced hearing loss. Thus, more exploration on SV is necessary, and a better understanding on SV may identify new opportunities for the clinical prevention and treatment of cisplatin-induced hearing loss.

Oxidative stress has been identified as the crucial mechanism of cisplatin-induced ototoxicity in the past 20 years (36–38). However, until now, no antioxidant has been observed to have the effect of mitigating cisplatin-induced hearing loss in clinical trials. Recently, researchers pay increasing attention to the role of inflammation in the pathogenesis of cisplatin-induced ototoxicity (39, 40). Zhang et al. verified that inflammation is involved in cisplatin-induced SV damage (41), but the precise mechanisms involved remained unclear and need further investigation. The NOD-like receptor protein 3 (NLRP3) inflammasome is the most extensively studied inflammasome currently (42). It plays an important role in innate immunity and can promote the repair of injured tissues (43). Previous studies have shown that cisplatin can trigger the assembly of the NLRP3 inflammasome and activate downstream pathways (44, 45); thus, we speculated that the NLRP3 inflammasome may also have a vital effect on the pathogenesis of cisplatin-induced hearing loss.

SV is mainly composed of marginal, intermediate, and basal cells (46), and due to the expression of many ion channels and transporters, MCs are thought to be the most important component for the overall function of SV (47). In this study, we established an in vitro model of cisplatin-induced MC damage and demonstrated that cochlear marginal cell pyroptosis is induced by cisplatin via NLRP3 inflammasome activation, which may provide a novel intervention target for the prevention and treatment of cisplatin-induced hearing loss.



Materials and Methods


Primary MC Culture and Identification

All experimental procedures in this study were performed according to the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals (NIH Publication No. 8023, revised 1978) with the approval of the Animal Care Committee of Tongji Medical College of Huazhong University of Science and Technology.

SV of the cochlea was isolated from Sprague-Dawley (SD) rats at postnatal day 3 and digested with 0.1% type II collagenase (Sigma-Aldrich, St. Louis, MO, USA) for 30 min at 37°C (48, 49). After centrifugation for 5 min at 1,000 rpm, the cells were resuspended in Epithelial Cell Medium-animal (EpiCM-animal, ScienCell, Carlsbad, CA, USA) and cultured at 37°C with 5% CO2. Primary MCs were identified by immunofluorescence staining of cytokeratin-18, which was a characteristic molecule of MCs.



Cell Viability Assay

The MCs cultured in 96-well plates were treated with different concentrations of cisplatin (0~1,000 μM) for 24, 48, and 72 h, respectively. Cell viability was detected using the Cell Counting Kit-8 (CK04, Dojindo, Rockville, MD, USA) at a different time point after incubation according to the manufacturer’s instructions.



Small Interfering RNA Transfection

To knock down the expression of NLRP3 or thioredoxin-interacting protein (TXNIP), MCs were transfected with NLRP3-small interfering RNA (siRNA) or TXNIP-siRNA (RiboBio, Co., Ltd., Guangzhou, China) with Lipo3000 (Invitrogen, Carlsbad, CA, USA, L3000-015) according to the manufacturer’s instructions. MCs transfected with NC-siRNA (RiboBio. Co., Ltd., China) were taken to be the transfection control (siNC). The untreated MCs were set as normal control. The subsequent experiments were performed 24 h after transfection completion. The sequences of each siRNA are listed in Supplementary Table 1. We designed three small interfering RNA sequences targeting NLRP3 and TXNIP and selected the siRNA sequence with the highest interference efficiency for subsequent transfection (Supplementary Figure 1 and Figure 1).




Figure 1 | Cisplatin induced MC damage in vitro in a time- and concentration-dependent pattern. (A) MCs grow in clumps and express CK-18 characteristically. Scale bar: 200 µm. (B) Cell viability of MCs under cisplatin treatment at gradient concentrations of 0, 0.1, 0.5, 1, 5, 10, 50, 100, 500, and 1,000 (μmol/L) for 24, 48, and 72 h, respectively. (C) Representative images that cisplatin induced the variation of the proportion of MCs with membrane rupture (PI+, the percentage of cells in Q1 and Q2 quadrant) with the time prolongation detected by flow cytometry. The control group was not treated with cisplatin, and the other groups were treated with 5 μmol/l cisplatin for 24, 48, and 72 h, respectively. The above experiment was repeated at least 3 times. *p < 0.05, **p < 0.01, ***p < 0.001.





Cell Death Detection by Flow Cytometry

The cell death ratios were determined by flow cytometry with a FITC/Annexin V kit (556547, BD Biosciences) according to the manufacturer’s instructions. Briefly, MCs were harvested via trypsinization after treatment as predesigned, then rinsed twice with cold PBS and resuspended in 200 μl of 1× binding buffer. Isolated single-cell suspensions were stained with 5 μl of Annexin V-FITC and 5 μl of PI for 10 min at 37°C in the dark. Finally, the stained MCs were determined via flow cytometry (FACSCalibur, BD Biosciences, Carlsbad, CA, USA).



Real-Time PCR

The total RNA of MCs was extracted with TRIzol reagent (Takara, Kusatsu, Japan) and reverse transcribed to cDNA using the PrimeScript RT Master Mix Kit (Takara, Kusatsu, Japan) according to the manufacturer’s instructions. RT-PCR reaction was performed using a real-time PCR system (Applied Biosystems, Foster City, CA, USA). The mRNA expression was normalized to GAPDH, and the results were calculated using the comparative cycle threshold (ΔΔCt) method. The sequences of primers are listed in the Supplementary Table 2.



Western Blotting Analysis

The total protein of MCs was extracted with RIPA lysis buffer. The protein samples were subjected to SDS-PAGE (8%–10%) separation and bound to the polyvinylidene difluoride membrane. Then the protein bands were blocked with 5% skim milk and incubated with a primary antibody against NLRP3 (A5652, 1;1,000, ABclonal Technology, Woburn, MA, USA), ASC (bs-6741R, 1:1,000, Bioss, Woburn, MA, USA), caspase-1 (GB11383, 1:1,000, Servicebio, Wuhan, China), TXNIP (14715, 1:1,000, Cell Signaling Technology, Danvers, MA, USA), GSDMD (AF4012, 1:1,000, Affinity Biosciences, Cincinnati, OH, USA), GAPDH (20770-1-AP, 1:1000, Proteintech, Wuhan, China), N-GSDMD (ab215203,1:1000, Abcam, Cambridge, MA, USA), and cleaved-caspase1 (sc-398715, 1:200, Santa Cruz, Dallas, TX, USA) overnight at 4°C. The horseradish peroxidase-labeled secondary antibody and ECL detection kit were used to detect the target proteins. The ratio of the gray value of the target protein to the corresponding GAPDH was the relative expression of the target protein.



Immunofluorescence

MCs were cultured in confocal dishes and treated as predesigned. The cells were washed with PBS and fixed with 4% paraformaldehyde for 30 min at 37°C. Then, the cells were washed with PBS and permeabilized with 0.3% Triton X-100 for 20 min at room temperature.

For TUNEL staining, the cells were washed after permeabilization, then commercial TUNEL Kits (40308ES60, Yeasen, Shanghai, China) were used to detect cells with fractured DNA according to the manufacturer’s instructions.

For the detection of target proteins, the cells were washed after permeabilization, blocked with donkey serum (AntGene, Wuhan, China) for 30 min at room temperature, then incubated with a primary antibody against CK-18 (abs123946, 1:400, Absin Bioscience, Shanghai, China), NLRP3 (NBP2-12446, 1:100, Novus Biologicals, Littleton, CO, USA), ASC (ab175449, 1:100, Abcam, Cambridge, MA, USA), caspase-1 (sc-398715, 1:100, Santa Cruz, Dallas, TX, USA), thioredoxin-interacting protein (TXNIP, ab210826, 1:300, Abcam), and GSDMD (20770-1-AP, 1:500, Proteintech) overnight at 4°C. Then the cells were washed with PBST and incubated with fluorochrome-conjugated secondary antibody (1:500, AntGene, Wuhan, China) for 1 h at 37°C. Subsequently, the cells were washed with PBST and counterstained with DAPI (AntGene, Wuhan, China) for nuclei for 5 min. Finally, the cells were observed with a laser-scanning confocal microscope (Nikon, Tokyo, Japan).



Enzyme-Linked Immunosorbent Assay

IL-1β levels in the culture supernatant of primary MCs were determined by the commercial ELISA kit (RLB00, R&D Systems, Minneapolis, MN, USA); the testing process was carried out according to the manufacturer’s instructions. Optical density was read at 450 nm using a microplate reader.



Cell Ultrastructure Observation Under Electron Microscope

After treatment as predesigned, the MCs were immediately soaked in a commercial electron microscope fixing solution at room temperature for 2 h, and then soaked in 1% osmium acid for 2 h at dark-room temperature. After alcohol shaving and dehydration, the cells were permeated and embedded, and then ultrathin slices were made and stained with alcoholic uranyl acetate and alkaline lead citrate. After cleaning and drying, the slices were observed using the transmission electron microscope (TEM, HT7800/HT7700, Hitachi, Tokyo, Japan).

For scanning electron microscope (SEM) observation, the cells were postfixed with 1% of OsO4 at room temperature in the dark for 2 h. Then they were dehydrated through ethanol series and critical-point dried, mounted on stubs, and sputter-coated with a thin layer of conductive metal, gold, and palladium; finally, the images were observed under SEM (TEM, HT7800/HT7700, Hitachi, Tokyo, Japan).



Statistical analysis

All experiments were performed independently at least in triplicate, and data were presented in the form of mean ± standard error. Statistical analysis was conducted by GraphPad Prism 7.0 software. Two-tailed Student’s t-tests were used to compare the data means between two groups. The means of more than two groups were compared using a one-way ANOVA. A value of p < 0.05 was considered statistically significant.




Results


Cisplatin Induced MC Damage In Vitro in a Time- and Concentration-Dependent Manner and Increased the Expression of NLRP3 in MCs

Under a fluorescence microscope, the primary cultured MCs grew in clusters and specifically expressed CK-18, which was significantly different from non-MCs (Figure 1A).

The results of CCK-8 showed that the cell viability of MCs decreased with the increase in cisplatin concentration regardless of whether the time of cisplatin treatment was 24, 48, or 72 h (Figure 1B). The results of flow cytometry implied that under the treatment of 5 μM cisplatin, the proportion of MCs with membrane rupture (PI+, the percentage of cells in the Q1 and Q2 quadrants) increased with the prolongation of cisplatin treatment (Figure 1C).

The results of PCR, Western blot, and immunofluorescence indicated that, compared with the control group, the expression of NLRP3 in cisplatin MCs increased significantly at both the mRNA level and the protein level (Figure 2).




Figure 2 | Cisplatin induced an increased expression of NLRP3 in MCs at both the mRNA level and the protein level. (A) The expression difference of NLRP3 mRNA in MCs between the control and the cisplatin group (5 μmol/l cisplatin for 24 h). (B, C) The increased expression of NLRP3 protein in the cisplatin group compared with the control detected by immunofluorescence (B) and Western blotting (C). Green fluorescence indicates FITC-labeled NLRP3 protein, and blue fluorescence indicates DAPI-labeled nuclei. Scale bars: 50 µm. Representative results of at least three repeated experiments are shown. *p < 0.05, ***p < 0.001.





Downregulation of NLRP3 Decreased the Number of MCs With Cell Membrane Rupture or DNA Rupture

As shown in Figure 3A, the percentage of MCs with cell membrane rupture (the cells in the Q1 and Q2 quadrants) in the cisplatin group (8.19 ± 1.33%) was higher than that in the control group (2.3 ± 0.25%). However, NLRP3-siRNA significantly reduced the percentage compared with the cisplatin+siNC group (cisplatin+siNLRP3 group: 3.07 ± 0.12%, cisplatin+siNC group: 9.76 ± 1.39%). The results of TUNEL staining are shown in Figure 3B, which show that the amount of TUNEL-positive cells in the cisplatin+siNLRP3 group is relatively small than that in the cisplatin+siNC group. This difference is similar to the difference in the number of cells with ruptured cell membranes.




Figure 3 | Downregulation of NLRP3 decreased the number of MCs with cell membrane rupture (A) or DNA rupture (B). (A) The differences in the percentage of MCs with cell membrane rupture (the cells in the Q1 and Q2 quadrants) between the groups. (B) The differences in the percentage of MCs with DNA fracture (TUNEL positive) between the groups. Blue fluorescence indicates DAPI-labeled cell nuclei, and red fluorescence indicates DNA fragmentation labeled with Alexa Fluor 640. The red fluorescence overlapping with the nucleus was judged to be TUNEL-positive cells (white arrows). Scale bar: 100 µm. Representative results of at least three repeated experiments are shown. **p < 0.01, ***p < 0.001.





NLRP3-siRNA Attenuates the Cisplatin-Induced Pyroptosis-Like Morphological Changes on the Cell Membrane of MCs

As shown in Figure 4A, under the TEM, the cell membrane of MCs in the control group was continuous and smooth, while the cell membrane of MCs in the cisplatin group showed local rupture. The cytoplasm near the rupture showed low-density staining, which seemed to be local swelling-related rupture. The cells in the cisplatin+siNC group showed morphological changes similar to those in the cisplatin group. In the cisplatin+siNLRP3 group, although there were a few of small discontinuities in the MCs’ membrane, there was no obvious low-density staining at the nearby cytoplasm, and no obvious signs of local swelling-related rupture were found.




Figure 4 | Downregulation of NLRP3 reversed the cisplatin-induced ultramicroscopic changes in MCs. (A) The morphologic changes of MCs after different treatments under TEM. The red arrows indicate the ruptured cell membrane and local lighter-stained cytoplasm. Scale bars: 2 µm. (B) The morphological changes of MCs observed by SEM. The red arrows indicate the withered tree-like cell membrane at the edge of the cell. Scale bars: 50 µm. Representative results of at least three repeated experiments are shown.



As shown in Figure 4B, different from the control group under the SEM, the MCs’ membrane in the cisplatin group showed larger hole-like changes. The cell membrane resembled withered tree branches. The above changes were more obvious at the cell edges. In the MCs of the siNLRP3 group, the above changes disappeared.



Downregulation of NLRP3 Inhibits the Expression of Key Molecules in the Process of Cisplatin-Induced NLRP3 Inflammasome-Mediated Inflammatory Programmed MC Death (Pyrolysis)

The results of RT-PCR, Western blotting, and immunofluorescence show that cisplatin caused an increased expression of NLRP3, ASC, caspase-1, and GSDMD at both mRNA and protein levels. The expression level of the above molecules in the siNLRP3 group was significantly lower than that in the cisplatin group (Figures 5A, B, 6).




Figure 5 | The expression differences of key molecules in NLRP3 inflammasome-mediated pyrolysis (NLRP3, ASC, caspase-1, IL-1β, and GSDMD) in mRNA level (A) and in protein level (B) in the control, cisplatin, cisplatin+siNC, and cisplatin+siNLRP3 groups. (C) The difference in the IL-1β concentrations in the supernatant of each group. Representative results of at least three repeated experiments are shown. *p < 0.05, **p < 0.01, ***p < 0.001. ns, no significance.






Figure 6 | The expression differences of NLRP3, ASC, caspase-1, and GSDMD in the control, cisplatin, cisplatin+siNC, and cisplatin+siNLRP3 groups. Blue fluorescence indicates DAPI-labeled cell nuclei, and green fluorescence indicates FITC-labeled target proteins. Representative results of at least three repeated experiments are shown. Scale bar: 100 µm.



As shown in Figure 5C, the concentration of IL-1β in the supernatant of the cisplatin group (43.25 ± 6.391 pg/ml) was higher than that of the control group (3.774 ± 1.727 pg/ml), and the concentration in the cisplatin+siNLRP3 group (4.025 ± 2.233 pg/ml) was significantly lower than that in the cisplatin+siNC group. All differences are statistically significant (p < 0.05). These findings indicate that cisplatin may activate NLRP3 inflammasome-mediated pyroptosis in MCs, whereas downregulation of NLRP3 could inhibit cisplatin-induced MC pyroptosis.



Downregulating TXNIP Can Inhibit Cisplatin-Induced NLRP3 Inflammasome-Mediated Pyroptosis in MCs

The expression difference of NLRP3 inflammasome-mediated pyroptosis-related proteins in the control, cisplatin, cisplatin+siNC, and cisplatin+siTXNIP groups at mRNA and protein levels is shown in Figures 7A, B. The expressions of TXNIP, NLRP3, ASC, caspase-1, IL-1β, and GSDMD in the siTXNIP group were all lower than those in the siNC group at both mRNA and protein levels. As shown in Figure 7C, the concentrations of IL-1β in the control, cisplatin, cisplatin+siNC group, and cisplatin+siTXNIP transfection groups were 3.774 ± 1.727, 43.25 ± 6.391, 35.22 ± 12.29, and 6.784 ± 3.373 pg/ml, respectively. As shown in Figure 7D, the expression of NLRP3 in the cisplatin+siTXNIP group is significantly lower than that in the cisplatin+siNC group.




Figure 7 | The effect of downregulation of TXNIP on cisplatin-induced NLRP3 inflammasome-mediated pyrolysis-related protein expression in MCs at mRNA level (A) and protein level (B). (C) The difference in the concentrations of IL-1β in the supernatant in each group. (D) The variation of NLRP3 expression before and after TXNIP-siRNA transfection. Scale bars: 100 µm. Representative results of at least three repeated experiments are shown. *p < 0.05, **p < 0.01, ***p < 0.001.





Downregulation TXNIP Can Suppress Cisplatin-Induced MCs’ Membrane Rupture and DNA Fracture Formation

The percentage of MCs with membrane rupture in the cisplatin+siTXNIP group (4.61 ± 0.47%) is significantly lower than that in the cisplatin+siNC group (7.8 ± 1.08%) (Figure 8A). Similarly, the difference in the amount of TUNEL-positive cells in the cisplatin+siTXNIP group is obviously fewer than that in the cisplatin+siNC group (Figure 8B).




Figure 8 | Downregulation of TXNIP decreased the number of MCs with cell membrane rupture (A) or DNA rupture (B). (A) The differences in the percentage of MCs with cell membrane rupture (the cells in the Q1 and Q2 quadrants) between the groups. (B) The differences in the percentage of MCs with DNA fracture (TUNEL positive) between the groups. Blue fluorescence indicates DAPI-labeled cell nuclei, and red fluorescence indicates DNA fragmentation labeled with Alexa Fluor 640. The red fluorescence overlapping with the nucleus was judged to be TUNEL-positive cells (white arrows). Scale bars: 100 µm. Representative results of at least three repeated experiments are shown. *p < 0.05, **p < 0.01.



The morphology changes of MCs under TEM and SEM are shown in Figure 9. The ultrastructure of MCs in the cisplatin+siNC group is similar to that in the cisplatin group which was characterized by the local ruptured cell membrane and withered branch-like cytoplasm. However, TXNIP-siRNA, like the NLRP3-siRNA, alleviates the above pyroptosis-related ultra-morphological changes of MCs caused by cisplatin.




Figure 9 | Downregulation of TXNIP reversed the cisplatin-induced ultramicroscopic changes in MCs, similar to that after downregulating NLRP3. (A) The morphologic changes of MCs after different treatments were evaluated under TEM. The red arrows indicate the ruptured cell membrane and local lighter-stained cytoplasm. Scale bars: 2 µm. (B) The morphological changes of MCs were observed by SEM. The red arrows indicate the withered tree-like cell membrane at the edge of the cell. Scale bars: 15 µm. Representative results of at least three repeated experiments are shown.






Discussion

In recent years, inflammatory responses have gradually become research hotspots in the field of sensorineural hearing loss and have received extensive attention from researchers. Previous studies have implied that cisplatin showed a significant pro-inflammatory effect with significantly elevated levels of inflammatory cytokines such as IL-1β, TNF-α, IL-10, and IL-6 (50–53). Therefore, it is reasonable to speculate that inflammatory signals may also be involved in cisplatin-induced SV damage and hearing loss (54, 55). The results of this study demonstrate that NLRP3 inflammasome-mediated inflammatory programmed cell death (pyroptosis) is one of the possible reasons for cisplatin-induced MCs damage, and TXNIP may be the upstream signal that activates the NLRP3 inflammasome.

The NLRP3 inflammasome is composed of innate immune receptor protein NLRP3, adaptor protein ASC, and inflammatory protease caspase-1 (56). It is one of the important initiation signals of inflammation. In this study, the increased expression of NLRP3, ASC, and caspase-1 implied that cisplatin may stimulate the elevated expression of the components of the NLRP3 inflammasome in MCs. It is worth noting that caspase-1 is primarily responsible for the maturation of pro-IL-1β into its biologically active form, and IL-1β is a key cytokine that mediates inflammation and coordinates innate and adaptive immune responses (57, 58). Thus, the increased expression of IL-1β in both intracellular and cultured supernatant in our results suggests that cisplatin may indeed promote the assembly of the NLRP3 inflammasome in MC and induces the expression and secretion of IL-1β through NLRP3 inflammasome activation. In addition, in the rats’ cochlea tissue of cisplatin-induced ototoxicity, we also observed an increase in the expression of NLRP3 in the MC layer, which indicates that the same or similar changes may exist in vivo (Supplementary Figure 3).

Pyroptosis is a form of inflammatory programmed cell death and is characterized by cell swelling, pore formation in the local plasma membrane, DNA fracture, and GSDM expression (59, 60). GSDMD is activated by inflammatory caspases and cleaved into the n-terminal and C-terminal, where the n-terminal forms a transmembrane pore that releases cytokines, ultimately leading to intense inflammation and cell death (61, 62). Therefore, GSDMD was identified as the executor of pyroptosis (63, 64). After cisplatin treatment, we detected an increased expression of GSDMD in MCs. Meanwhile, we observed that cells were deformed, the cell membrane was incomplete, and many small pores appeared on the membrane under TEM and SEM. This is consistent with the previous results described by other researchers that inflammatory signals activated GSDMD, which caused pyroptosis-forming pores that impair cell membrane integrity (65–67). Although there was a slight difference in the GSDMD pore diameter from the uniform 15–32 nm reported by Zeng et al. (68), it may be due to the different cell types. In addition, downregulating NLRP3 can reduce the percentage of damaged marginal cells under cisplatin treatment as well as the expression levels of GSDMD and IL-1β. Therefore, it is reasonable to speculate that the cisplatin-induced MC pyroptosis may be mediated by the NLRP3 inflammasome and its downstream inflammatory signals.

TXNIP is the main binding medium of the thioredoxin (TXN) antioxidant system (69, 70). Previous studies have shown that TXNIP is involved in cell death mediated by the inflammatory signaling pathway (71, 72). However, the exact mechanisms have not been clarified. In this study, downregulating TXNIP can inhibit the NLRP3 inflammasome-mediated MC pyroptosis under cisplatin treatment, which implied that TXNIP may be the upstream factor of NLRP3 inflammasome activation. It is worth noting that TXNIP could bind to NLRP3 in a redox-dependent manner, thereby promoting the release of IL-1β and subsequent inflammation (73, 74). In addition, TXNIP can inhibit the antioxidant effect of thioredoxin (TRX) by binding to TRX and promote the production and accumulation of ROS (75, 76). Being an upstream factor of both oxidative stress and inflammation, TXNIP is thought to act as a molecular link between these different mechanisms in disease progression. On the other hand, in the MCs under the cisplatin treatment, is there a regulatory factor more upstream on TXNIP? How does cisplatin affect the expression level of TXNIP? These are issues worthy of further study. According to existing reports, psychopathological events such as oxidative stress and endoplasmic reticulum stress may be the cause of the increase in TXNIP expression induced by cisplatin (77–79). Furthermore, a recent analysis of cisplatin resistance has confirmed that TXNIP is a downstream target molecule of UCA1 (80). UCA1 is an lncRNA that has been confirmed to play a role in cisplatin pharmacology by regulating Wnt/β-catenin, Mir-143/FOSL2, Mir-495/NRF2, and other pathways (81–83). TXNIP has also been reported to play different roles by binding to different microRNAs (84–86). However, these studies are piecemeal and have not yet formed a concrete network. In summary, we consider that the cisplatin/LncRNA/microRNA/TXNIP axis is promising upstream pathways.

There are some limitations to our experiment. Firstly, the growth rate of primary MCs was slow and it could not grow limitlessly, and the optimal culture time was observed to be 5–6 days. Considering the time needed for transfection and recovery (usually 12–24 h), the time of cisplatin treatment has to be no longer than 24–36 h, so the time was finally set to 24 h. Therefore, the results of this study can only represent the injury mechanism of MCs under cisplatin treatment in a relatively short time with high concentration, and it cannot be ruled out that different mechanisms may exist in cisplatin-induced MC damage with a small dose for a long time. Secondly, due to the lack of effective vectors for specific transfection to SV in animals, our experiments were conducted on primary MC models in vitro. In the future, the realization of targeted interventions on specific targets of MCs in animal experiments will further enhance the level of evidence and persuasiveness of the research. Thirdly, due to the lack of a reliable quantitative detection method for the proportion of pyrolytic cells, we cannot deny the existence of apoptosis or other cell death modes in the model of this study. However, which cell death mode is the most important death mode of MCs under cisplatin treatment? Is there a mutual transition in the process of different death modes, and what are the transition conditions? These issues need to be further studied in the future. Finally, whether inhibition of the NLRP3 inflammasome can relieve the anticancer effect of cisplatin remains to be verified and weighed, local cochlear drug delivery may be a promising solution to this problem in the future.

In summary, the results of this studies suggest that NLRP3 inflammasome-mediated pyroptosis may be one of the mechanisms involved in cisplatin-induced MC damage, and TXNIP may be the upstream signal that activates the NLRP3 inflammasome (Figure 10). It can be inferred that NLRP3 may be a key target of cisplatin-induced damage to the MCs in the cochlea. We expect that these findings would contribute to the prevention and treatment of cisplatin-induced ototoxicity.




Figure 10 | The schematic diagram of cisplatin-induced NLRP3 inflammasome-mediated MC pyroptosis.
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NOD-like receptor (NLR) family pyrin domain-containing 1 (NLRP1) is a member of the NLR family. The NLRP1 inflammasome consists of the NLRP1 protein, the adaptor protein apoptosis-associated speck-like protein containing a CARD domain, and the effector molecule pro-caspase-1. When stimulated, the inflammasome initiates the cleavage of pro-caspase-1 and converts it into its active form, caspase-1; then, caspase-1 facilitates the cleavage of the proinflammatory cytokines interleukin-1β and interleukin-18 into their active and secreted forms. In addition, caspase-1 also mediates the cleavage of gasdermin D, which leads to pyroptosis, an inflammatory form of cell death. Pathological events that damage the brain and result in neuropathological conditions can generally be described as brain injury. Neuroinflammation, especially that driven by NLRP1, plays a considerable role in the pathophysiology of brain injury, such as early brain injury (EBI) of subarachnoid hemorrhage, ischemic brain injury during stroke, and traumatic brain injury (TBI). In this article, a thorough overview of NLRP1 is presented, including its structure, mechanism of activation, and role in neuroinflammation. We also present recent studies on NLRP1 as a target for the treatment of EBI, ischemic brain injury, TBI, and other types of brain injury, thus highlighting the perspective of NLRP1 as an effective mediator of catastrophic brain injury.
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Introduction

Subarachnoid hemorrhage (SAH) is commonly initiated by aneurysm rupture and leads to poor neurological outcomes, along with high morbidity and mortality (1, 2). As a subtype of stroke, SAH is characterized by two core factors that are blamed for its unfavorable consequences: early brain injury (EBI) and cerebral vasospasm (CVS). Emerging evidence has shown that EBI plays a more significant role than CVS in the outcomes of SAH (3–5). The toxicity of subarachnoid blood and the temporary global ischemia induce an extreme immune reaction during the EBI stage, which is responsible for secondary brain injury (6).

The potential mechanisms of brain injury after SAH include endoplasmic reticulum stress (ERS), oxidative stress, neuroinflammation, apoptosis, and autophagy (7–9). Many studies have explored the relationship between NOD-like receptor (NLR) family pyrin domain-containing 3 (NLRP3) and SAH, thus indicating that NLRP3 is a potential mediator of SAH therapy. Extreme ERS can cause oxidative stress and induce downstream responses, resulting in inflammation (10). The stimulation of thioredoxin-interacting protein/NLRP3 may be related to the inflammatory response in brain injury via ERS (6). In addition, NLRP3 regulates neuronal pyroptosis in EBI following SAH (11). Currently, the role of NLRP1 in EBI is becoming increasingly attractive. The level of NLRP1 increases during the EBI period (12), and NLRP1 is to decreased in the atorvastatin-treated SAH mouse model (13). Thus, it is reasonable to consider NLRP1 a promising target for the treatment of SAH.

Stroke occurs when the blood flow to the brain declines abruptly, which often leads to neurological functional impairment or deficiency (14). As the most common type of stroke, ischemic stroke accounts for approximately 80% of all stroke incidents (15) and can be subdivided into two types: global ischemia and focal ischemia (16, 17). The pathology of ischemic brain injury consists of a central ischemic core and the surrounding peri-infarct zone caused by focal hypoperfusion (18).

Neuroinflammation plays a pivotal role in poststroke physiopathology and results in an imbalance in tissue homeostasis (19, 20), such as reactive oxygen species (ROS), imbalanced cytoplasmic Ca2+, impairment of the blood–brain barrier (BBB), and mitochondrial stress (21–23). NLRP1 can promote the production of proinflammatory cytokines, thus causing the death of neuronal cells and behavioral dysfunction (24). However, the maturation of interleukin-1β (IL-1β) and interleukin-18 (IL-18) in mice with focal cerebral stroke can be limited by restraining the NLRP1 inflammasome (25). These results demonstrate that the NLRP1 inflammasome may play an important role in ischemic brain injury and may be a promising target for the treatment of ischemic stroke.

Traumatic brain injury (TBI) is a subtype of brain injury caused by contact sports, traffic accidents, or warfare and often leads to morbidity and mortality among children and young adults (26). Generally, after a mechanical insult to the brain, TBI results in a primary injury that initiates a secondary cascade of events. The primary injury directly leads to the loss of neurons and necrotic death (27), while the secondary brain insult is characterized by a series of neuroinflammatory responses, including oxidative stress, mitochondrial dysfunction, BBB leakage, activation of microglia and astrocytes, and an increase in cytokines (28, 29).

Several inflammasomes are closely associated with TBI, such as the NLRP3 and AIM2 inflammasomes (30–32). In recent decades, emerging clinical evidence has demonstrated that NLRP1 is an ideal target inflammasome for TBI therapy—for example, TBI patients with clinically diagnosed unfavorable outcomes possessed higher levels of NLRP1 expression in their cerebrospinal fluid (CSF) than those with favorable outcomes (33). In addition, CSF collected from a spinal cord injury and TBI patients was found to contain exosomes carrying NLRP1 (34).



The Innate Immune System and Inflammation in the Central Nervous System

The innate immune system protects the host from infections and noninfectious harmful stimuli, and its key role is to detect and react to pathogens. In some cases, immune cells directly identify microbial ligands (such as bacterial flagellin and double-stranded RNA) or detect distinct pathogen motifs known as pathogen-associated molecular patterns (35). In other cases, innate immune receptors recognize molecules related to a sterile tissue damage called danger-associated molecular patterns (36). Germline-encoded pattern recognition receptors (PRRs), such as Toll-like receptors, C-type lectin receptors (CLRs), and nucleotide oligomerization domain-like receptors (NOD-like receptors or NLRs), can identify these signals (37). After being engaged, these receptors facilitate the maturation and secretion of proinflammatory cytokines and molecules, leading to inflammation and the removal of pathogens.

Because of its primary resident immune cells, which are microglia and astrocytes, the CNS is protected from external damage, pathogens, and toxins (38, 39). Equally important is the integrity of the CNS which is also sustained by the extremely selective semipermeable membrane barrier, known as the BBB, which separates the CNS from the periphery (40). In response to infections, resident immune cells are able to produce innate immune responses and stimulate inflammation in the CNS, which is often referred to as neuroinflammation. Interestingly, it has been demonstrated that neurons are also involved in this kind of response by expressing PRRs and producing proinflammatory cytokines (41, 42). While inflammation protects the host from infections, excessive inflammation can cause severe tissue injury and even death by amplifying harmful pathways (43).



The NLRP1-ASC-Caspase-1 Inflammasome Complex and Its Role in Neuroinflammation

NLRP1 was the first inflammasome to have been studied in length and is also known as NALP1, NAC, DEFCAP, CLR17.1, and CARD7 (44). NLRP1 is expressed mainly in motor neurons in the cerebral cortex and spinal cord and is also present in microglia (45). As a multiprotein complex, the NLRP1 inflammasome is composed of NLRP1, the adaptor protein apoptosis-associated speck-like protein containing a CARD domain (ASC) and the effector protein pro-caspase-1 (46). ASC possesses both a pyrin domain (PYD) and a CARD domain and links NLRP1 and pro-caspase-1 (Figure 1). After being stimulated, NLRP1 assembles ACS through homotypic interactions between the PYDs; subsequently, prion-like polymerization of ASC is catalyzed by NLRP1 to facilitate a downstream reaction (47–49). As a member of the cysteine-aspartic acid protease family, pro-caspase-1 then attaches to the complex through CARD–CARD interactions, favoring ASC oligomerization. Many pro-caspase-1 molecules are recruited and undergo autocatalytic cleavage to produce p10 and p20 subunits. These subunits transform into two heterodimers that are the activated forms of caspase-1 (46, 50). Once stimulated, caspase-1 initiates the cleavage of IL-1β and IL-18 into their mature forms and mediates their secretion (25). IL-1β and IL-18 are proinflammatory cytokines that can activate innate and adaptive immune responses, such as inflammation (51) (Figure 2).




Figure 1 | Structures of NLRP1 inflammasome proteins. Unlike other NLRs, NLRP1 proteins have a FIIND and CARD at the C-terminus. The FIIND consists of ZU5 and UPA subdomains, and autoproteolysis takes place between them. In addition, NLRP1 proteins contain NACHT and LRR domains preceding the FIIND. Human NLRP1 also possesses a PYD domain at the N-terminus, which is absent in its rodent orthologs. ASC consists of a PYD and CARD, while pro-caspase-1 possesses a CARD before its catalytic p20 and p10 subunits.






Figure 2 | Activation of the NLRP1 inflammasome. FIIND is autocleaved to activate NLRP1. Then, PYD undergoes cleavage, and the inflammasome complex subsequently forms, suggesting that PYD may play an autoinhibitory role. The binding of ASC can recruit pro-caspase-1. Then, pro-caspase-1 undergoes autocatalytic cleavage and forms the p10 and p20 subunits, which initiate the maturation and secretion of IL-1β and IL-18.



The NLRP1 inflammasome is the first member of the NLR family and is highly expressed in the brain (52). The stimulation of NLRP1 can result in an inflammatory response (53); in several animal models, it has been discovered that inflammatory reactions and brain injury can be moderated by restraining the NLRP1 inflammasome (54–56). Active caspase-1 could cleave the pore-forming protein gasdermin D and cause pyroptosis, a type of programmed proinflammatory neuronal death that differs from apoptosis (46). Pyroptosis consists of osmotic swelling, the formation of pores in the membrane, and the disruption of membrane integrity (57); this process promotes the release of the inflammasome into the extracellular space and induces brain inflammation (58).



The Structure of the NLRP1 Protein

As a member of the NLR family, human NLRP1 (hNLRP1) is characterized by 1,473 amino acids and 165.9 kDa and contains a primary NACHT (NAIP, CIITA, HET-E, and TP-1) domain (also known as nucleotide oligomerization domain) and a leucine-rich repeat (LRR) domain, along with a PYD located at its N-terminus (59, 60). Unlike other NLRs, hNLRP1 has a C-terminal extension containing a function-to-find domain (FIIND) flanked by an LRR and a CARD attached to the C-terminus. Structurally, the FIIND contains a combination of ZU5 and UPA subdomains and undergoes posttranslational proteolytic cleavage (Figure 1). The cleavage, which is essential for the activation of NLRP1, leads to the separation of the ZU5 and UPA domains, which remain associated with each other through a noncovalent linkage (61–63). It has also been shown that only a portion of NLRP1 proteins undergo autoproteolysis (~50%) (62).

PYD and CARD domains are members of the death domain superfamily, which is known for the transduction of apoptosis and inflammatory signals (64, 65). CARD has been proven to be the necessary effector domain, while PYD seems to be less important, as it is the C-terminal CARD and not the N-terminal PYD that assembles ASC to form the inflammasome (62). Although several CARD domains can recruit pro-caspase-1 in the absence of ASC (66, 67), ASC is essential for bridging hNLRP1 CARD and pro-caspase-1.

In addition to the cleavage of the FIIND, hNLRP1 also undergoes N-terminal cleavage at the linker sequence between PYD and NACHT. The proteolytic cleavage of the N-terminus has been shown to be a common molecular mechanism for NLRP1 activation (68, 69). In 2016, Chavarría-Smith et al. performed artificial cleavage at the linker region, and the reformed hNLRP1 was activated (69). Interestingly, even when the PYD was substituted with a green fluorescent protein, this activation occurred. N-terminal cleavage is also necessary in mouse Nlrp1b, which lacks a PYD (68). Thus, there are reasons to believe that the N-terminus acts as an autoinhibitor instead of an inflammasome signal transductor. However, further investigation is required to elucidate the role of PYD in the activation of NLRP1.

Unlike NLRP1, which is the only gene in humans, the mouse genome contains three paralogues (Nlrp1a, Nlrp1b, and Nlrp1c), although it is predicted that Nlrp1c is a pseudogene (70, 71). In the absence of a PYD, both mouse NLRP1A (mNLRP1A) and mouse NLRP1B (mNLRP1b) can assemble pro-caspase-1 regardless of the presence of ASC (53, 66, 72). mNLRP1B possesses at least five comparatively polymorphic alleles (70). In a study on lethal toxin-induced macrophages, the researchers observed that allele 1 was carried by the most susceptible macrophage strains and that limited numbers of susceptible macrophage strains carry allele 5, whereas all resistant macrophages carried alleles 2, 3, or 4 (70). Because of deficient autoproteolysis and truncation prior to the CARD domain, both mNLRP1B alleles 3 and 4 lack functional abilities (63, 70, 73). Similar to mNLRP1, rat NLRP1 (rNLRP1) does not have a PYD at the N-terminus but consists of only one Nlrp1 gene (Figure 1). There are at least five rNLRP1 alleles, all of which encode functional proteins (73, 74). However, the role of ASC in the recruitment of the rNLRP1 inflammasome remains unknown.

It has been demonstrated that NLRP1 exhibits structural and functional differences between humans and rodent, which result in difficulties in investigating NLRP1 (75). In view of the limited knowledge regarding the first inflammasome described, more efforts are needed to study the mechanisms of NLRP1.



Activators That Stimulate NLRP1

In recent years, several stimuli have been shown to be associated with NLRP1 activation, and these stimuli can be divided into two groups. The first group consists of direct activators, such as the anthrax lethal toxin (LT) and Shigella flexneri, which can activate only one NLRP1 allele subset via the direct modification and degradation of the NLRP1 N-terminal fragment (69, 76, 77). The other group of indirect activators consists of Toxoplasma gondii (T pathogen), inhibitor of dipeptidyl peptidases 8 and 9 (DPP8/DPP9), and metabolic inhibitors (73, 78–81) and seems to cause a type of cellular disorder that can be detected by NLRP1 proteins.


Direct Activators

Macrophages with mNlrp1B alleles 1 and 5 or with rNlrp1 alleles 1 and 2 can be activated by LT (82, 83). After the FIIND undergoes posttranslational autoproteolysis, the subdomains ZU5 and UPA produce C-terminal and N-terminal fragments, respectively, which associate with each other via noncovalent bonding. In 2019, Chui AJ and Sandstrom A et al. showed that an N-terminus was produced after NLRP1 cleavage by LF, which can be identified by the N-end rule pathway (77, 84). The N-end rule E3 ligase UBR2 (85, 86) plays an important role in recognizing and ubiquitinating the neo-N-terminus (84, 87), while the cleavage in the FIIND domain blocks the degradation of the C-terminal fragment during the cleavage of the N-terminal fragment, thus liberating the C-terminal fragment and resulting in the subsequent assembly and activation of pro-caspase-1 and pyroptosis (Figure 3). This model explains the demand for proteolytic cleavage and FIIND autoproteolysis during inflammasome activation and demonstrates that LT is a danger-associated activator of rodent NLRP1.




Figure 3 | Direct activation of the NLRP1B inflammasome. NLRP1B undergoes autoproteolysis at the FIIND and generates the ZU5 and UPA subdomains. Then, LF cleavage between the K44 and L45 residues in the N-terminus produces an unstable N-terminal residue. The neo-N-terminus is subsequently recognized and ubiquitinated by the N-end rule E3 ligase UBR2, initiating proteasome-mediated degradation. The C-terminal fragment is free to recruit and stimulate pro-caspase-1.



Correspondingly, S. flexneri, an intracellular bacterium, was discovered to secrete IpaH7.8 E3 ubiquitin ligase, which is capable of ubiquitinating mNlrp1B allele 1 and subsequently activating it (77). Surprisingly, the stimulation of E3 ligase and the host proteasome is required for this process. However, the N-end rule pathway is dispensable for this process, as IpaH7.8 can ubiquitinate the inflammasome itself.

In addition, in 2020, Robinson KS et al. discovered that enteroviral 3C protease could directly cleave hNLRP1 at the site between Glu130 and Gly131, which is mapped to the linker region, followed by the PYD domain, and this process activated the NLRP1 inflammasome and induced the secretion of IL-18, providing a novel mechanism for direct NLRP1 inflammasome activation (88).

In summary, this decoy model hypothesizes that, within innate immune cells, pathogens such as LT and S. flexneri survive and destroy host NLR proteins that can inhibit pathogen replication. The effectors also degrade the N-terminus of NLRP1 because of its resemblance to the intended targets and thus induce an immune response (77, 89). In addition to acting as a decoy to detect an overwhelming variety of pathogens that undergo constant evolution, this model also provides an explanation for the high polymorphism of NLRP1. More efforts are needed to validate that NLRP1 serves as a decoy. In particular, the hypothesis that pathogen effectors also destroy the intended targets, such as other NLR proteins, as the model assumes, has not yet been proven.



Indirect Activators

In 2014, it was demonstrated that, in Lewis rat bone marrow-derived macrophages, when NLRP1 was downregulated by siRNA, cell death caused by T. gondii was decreased, and the opposite effect was observed when the Nlrp1 allele 5 was overexpressed in CDF macrophages, indicating that the pyroptosis induced by T. gondii was closely related to NLRP1 (78). Thus, T. gondii became the second stimulus associated with pathogens after LT. Interestingly, in human MonoMac6 cells, when shRNA was used to knockdown NLRP1, enhanced cell death caused by T. gondii was reported (90), which seems contradictory to the role of NLRP1 in rats.

In the last few years, VbP, a nonselective inhibitor with specific activity against the dipeptidyl peptidases DPP8 and DPP9 (91), has been shown to stimulate both mouse and rat NLRP1 inflammasomes (92, 93). In addition, NLRP1-induced pyroptosis was observed in human keratinocytes treated with VbP (94), indicating that VbP can not only activate rodent Nlrp1 but also modify hNLRP1. To stimulate NLRP1, VbP degrades the N-termini of sensitive PRRs by proteolysis, liberating the C-terminal fragments to establish inflammasomes (84, 95). Intriguingly, it seems that VbP does not directly cleave N-terminal fragments (93, 95), which suggests that pyroptosis caused by NLRP1 is independent of the N-end rule pathway. In addition, DPP9 inhibits hNLRP1 activation by associating with the FIIND (94).

Mogridge J et al. found that 2-deoxyglucose, an inhibitor of glycolysis, plus sodium azide, an oxidative phosphorylation inhibitor, was able to stimulate the NLRP1B allele 1, particularly in HT1080 cells, and this process was independent of the direct cleavage of the N-terminus (80, 81), similar to the effects of T. gondii and DPP8/9 inhibitors. Similarly, NLRP1B activation was observed in RAW 264.7 cells after Listeria monocytogenes or S. flexneri exposure (96); the authors suggests that all three stimuli activated the cells by reducing adenosine triphosphate (ATP), as decreased cytosolic ATP levels were discovered during these processes.

In contrast to direct stimuli, indirect activators may cause disruptions within cells, stimulating E3 ligase to ubiquitinate the N-terminus of NLRP1 and resulting in its degradation (73). To some degree, in this model, indirect activators sense activities associated with pathogens (80, 81), detecting disturbances in cellular homeostasis and the relationship with metabolism (96–98) (Figure 4). However, the detailed mechanism of cell perturbations induced by T. gondii, VbP, or metabolic inhibitors remains to be identified, and the specific relationship between these factors has not been reported.




Figure 4 | The pathogen-associated effects induced by T. gondii infection, DPP8/9 inhibitors, or metabolic inhibitors can be detected by the indirect activation of the NLRP1 inflammasome. These activities can initiate perturbations in cells, which may stimulate the E3 ligase, resulting in the ubiquitination and degradation of the N-terminus of NLRP1.






Activation Mechanism of NLRP1

In hNLRP1, the FIIND contains Ser1213, which can be deprotonated by the highly conserved His1186 residue. The FIIND is structurally divided into the ZU5 and UPA domains. Following posttranslational autoproteolytic cleavage, the two domains remain attached to each other via noncovalent bonding (61–63); the autocleavage of FIIND is fundamental for the subsequent activation of NLRP1. Moreover, the NOD domain of hNLRP1 possesses Walker-A and Walker-B, two motifs that bind ATP, which is essential for self-oligomerization and inflammasome recruitment, and NOD plays an important role in forming the core of the inflammasome complex (99). This activation prompts a structural conformational shift that turns NLRP1 into an asteroidal filament-shaped conformation that clusters within NODs. The formation of the inflammasome complex is then achieved through the interaction with ASC and the assembly of pro-caspase-1 (46) (Figure 2).

The PYD domain located at the N-terminus interacts with ASC through homotypic PYD–PYD attraction, and pro-caspase-1 is assembled through the interaction of the ASC CARDs and pro-caspase-1. Having its own CARD domain to transduce signals, NLRP1 can recruit caspase-1 independently of ASC. In 2008, a study conducted by Hsu LC revealed that NLRP1 was required to associate with NOD2, another NLR protein that can respond to bacterial muramyl dipeptide, to activate caspase-1 and induce IL-1β secretion, and this process was independent of ASC (100). In 2014, Van Opdenbosch N et al. discovered that, after treatment with LF, ASC-deficient murine macrophages produced IL-1β via NLRP1B (72). However, inflammasome signaling could be enhanced by speck formation induced by ASC, which then stimulated abundant amounts of caspase-1 to mediate optimum downstream responses, such as mature cytokine production (49). The detailed structure of NLRP1 oligomerization remains unclear because of the different locations of the transduction domain of NLRP1 compared with other inflammasomes (Figure 2).

Unlike hNLRP1, the N-terminus plays an essential role in the activation of mNLRP1B (62, 69). First, mNLRP1B undergoes N-terminal cleavage and generates a neo-N-terminus; then, it undergoes ubiquitination and full-length degradation induced by proteasomes via the N-end rule pathway. Subsequently, an effective inflammatory C-terminal fragment is released, with a UPA-like domain associated with CARD (77, 84). In favor of the CARD–CARD interaction, a simple inflammasome complex made up of the UPA–CARD fragment contains ASC and caspase-1. It is noteworthy that the activation of mNLRP1 takes place in the absence of the NOD domain, as it is removed via the N-end rule pathway, unlike hNLRP1, in which NOD constitutes the core of the inflammasome.

A high level of potassium is released into the extracellular environment after TBI, which stimulates pannexin-1 channels and leads to the recruitment of the NLRP1 inflammasome (54, 55, 101). Pannexin-1 mediates neurotoxic effects that can enhance plasma membrane permeability and stimulate inflammasomes (102). In addition, pannexin can be coactivated by P2X7, a type of ATP-gated cation channel that stimulates nonselective ionic passage, such as calcium efflux and potassium efflux, when activated by high levels of extracellular ATP. It has been reported that pannexin-1 is also involved in neuronal death induced by Aβ in Alzheimer’s disease and other neurodegenerative diseases (103–105). In addition, NLRP1 activation results in the cleavage of an antiapoptotic protein that is related to the caspase-invalidation-X-linked inhibitor of apoptosis protein (XIAP) (54, 106). The cleavage of XIAP leads to N-terminal BIR1–2 fragment production, which, in turn, further decreases the ability of XIAP to restrain caspases (107). Thus, the cleavage of XIAP during NLRP1 inflammasome activation may stimulate caspase-1 (107).



NLRP1 as a Target for the Treatment of Brain Injury


Subarachnoid Hemorrhage

SAH is one of the most common cerebrovascular diseases, and emerging evidence demonstrates that EBI following SAH plays a significant role in the poor outcomes of SAH (4, 5, 108). Among the potential mechanisms of EBI, such as apoptosis, autophagy, necroptosis, and neural death (3, 109–111), pyroptosis, which is a mechanism of programmed cell death, has emerged in recent decades (112). The formation of NLRP inflammasomes can transform pro-caspase-1 into its cleaved form, which induces the cleavage of pro-IL-1β and pro-IL-18, resulting in the inflammatory form of cell death known as pyroptosis (113).

In 2016, Wu Q et al. collected CSF from 24 SAH patients within 72 h of an attack and compared the samples with those from control patients who underwent artificial hip arthroplasty (12). The researchers found that the NLRP1, ASC, and caspase-1 levels were higher in the CSF of SAH patients than those of control patients and that elevated inflammasome protein levels showed a significant relationship with the severity and passive outcomes of SAH, along with acute hydrocephalus and CT cerebral oedema manifestations. The researchers also discovered that NLRP1 could act as an independent risk factor for SAH outcomes and ultimately concluded that the inflammasome proteins in the CSF of SAH patients could be biomarkers to evaluate EBI and poor clinical outcomes (12).

Pyroptosis is associated with various CNS diseases and is related to repair, aging, tumors, cerebral hemorrhage, and ischemia in the CNS (113–115). In 2021, Chen JH et al. found that atorvastatin, a cholesterol-lowering medicine, could dramatically improve the poor outcomes after SAH, such as the survival rates and neurological scores of mice and the survival rates of neurons. The outcomes were accompanied by the downregulation of NLRP1, cleaved caspase-1, IL-1β, and IL-18 expression (13). This discovery indicates a potential treatment for SAH by blocking pyroptosis and NLRP1 and NLRP3. Although atorvastatin has a promising effect on SAH, its practical application in patients requires further study. Whether other agents are beneficial for curing SAH via the NLRP1/caspase-1/IL-1β and IL-18 pathway or other inflammatory pathways remains unclear.



Ischemic Brain Injury

Stroke is initiated by the rupture or obstruction of the cerebral vasculature, leading to brain injury, permanent disability, and even death (17). Ischemic stroke accounts for 80–85% of all stroke cases (ischemic and hemorrhagic stroke) worldwide, making it the most common type of stroke (116). A growing body of evidence suggests that inflammation in the immune system plays a significant role in this condition (117). Stimulation of the immune system upregulates proinflammatory cytokines, chemokines, and ROS, all of which cause neuroinflammation (118). Inflammasomes are strongly involved in the innate immune system inflammatory response (119).

The NLRP family of inflammasomes has been known to be closely associated with stroke pathogenesis. In regard to stroke, NLRP1 is increased and activates the inflammatory response, ultimately leading to neuronal death due to the decrease in Mi-R-9a-5p as a result of stroke (120). In an experiment with an ischemic stroke mouse model conducted by Dr. X. Sun, the NLRP2 expression in the treatment group was significantly higher than that in the control group (121). In addition, in 2015, Shabanzadeh AP et al. discovered that ischemic stroke could upregulate NLRP3 in neurons through the nuclear factor-kappa B (NF-κB) and mitogen-activated protein kinase (MAPK) pathways (122). Consistent with this finding, Fan DY et al. showed that NLRP1 and NLRP3 inflammasome proteins could be activated by stimulating the NF-κB or MAPK signaling pathways in cortical neurons and cerebral tissues in vitro and in vivo, and the inhibitors of these two pathways decrease the level of inflammation under ischemic conditions (24). In addition, the researchers showed that treatment with intravenous immunoglobulin could attenuate NF-κB and MAPK signaling pathway activation, leading to the suppression of NLRP1 and NLRP3 activation and enhancing the expression of BCL-2 and BCL-xL, both of which are antiapoptotic proteins (24).

Currently, propofol, an intravenous medicine that is widely used in surgical anesthesia and sedation (123), is becoming known for its neuroprotective effects. The mechanisms underlying its effects include the repression of proinflammatory factors, inhibition of apoptotic pathways, and stimulation of neuroprotective signaling (124, 125). In 2020, Ma Z et al. showed that oxygen-glucose deprivation could upregulated the NLRP1 and NLRP3 inflammasomes in ischemic cortical neurons; however, this process could be inhibited by propofol. The researchers concluded that propofol exerts its neuroprotective effects via the NLRP1–caspase-1–caspase-6 inflammatory pathway (126). As confirmed previously, caspase-6 is also closely associated with neurodegenerative diseases such as Huntington’s disease and Alzheimer’s disease (127). Whether propofol exerts beneficial effects on neurodegenerative diseases remains to be explored.



Traumatic Brain Injury

The pathogenesis of TBI mainly consists of irreversible primary mechanical insult and multifactorial secondary brain injury, the effects of which may progress in the subsequent days or even years (26). Thus, secondary brain injury provides opportunities for therapeutic interventions in TBI (128). Many mechanisms are related to secondary injury, including neuroinflammation, calcium imbalance, oxidative stress, and apoptosis (129). Among these processes, neuroinflammation has often drawn more attention in studies exploring the progression of TBI (130). Generally, clearing cellular damage after injury and promoting neural repair call for a moderate inflammatory response, while extreme inflammation complicates neuronal insult and results in pathological deterioration (131). Thus, it is pivotal to control excessive inflammation during TBI treatment.

As an important factor in the induction and proliferation of inflammation, NLRP1 has attracted great interest in the neurotrauma field (132). de Rivero V et al. observed IL-1β cleavage, caspase-1 stimulation, XIAP cleavage, and increased NLRP1 inflammasome complex assembly in rats undergoing fluid percussion injury. The administration of anti-ASC-neutralizing antibodies could alleviate the inflammatory response and reduce the contusion volume (54). These studies demonstrated that the NLRP1 inflammasome plays a crucial role in the innate inflammatory response following TBI.

In 2012, de Rivero V et al. showed that, after trauma, the expression of the NLRP1 inflammasome, ASC, caspase-1, and IL-1β increased in the brain and spinal cord motor neurons (133). Furthermore, Satchell et al. reported an increase in caspase-1 and IL-1β protein expression in the CSF of infants and children who suffered severe TBI, which was associated with negative outcomes (134), and several years later, Adamczak S et al. observed the same effects in patients after severe or moderate TBI in a wider age range (17–65 years old), in which higher CSF levels of NLRP1, ASC, and caspase-1 were present than in the control group (33). In 2016, de Rivero V et al. discovered that exosomes derived from the CSF of patients suffering TBI and/or spinal cord injury contained NLRP1 inflammasome proteins (34). These exosomes play a critical role in the spread of inflammasomes in the CNS by exposing adjacent cells to their cargo proteins, such as IL-1β and inflammasome complexes (135).

In addition to the research conducted by V. de Rivero (54), in 2012, Tomura S et al. concluded that posttraumatic hypothermia treatment could effectively reduce P2X7 receptor levels, thus reducing the secretion of caspase-1 by neurons, suggesting a correlation between NLRP1 and P2X7 and a decrease in the innate immune response, ultimately demonstrating promising outcomes for rats after TBI (133). Despite the therapeutics mentioned previously, effective treatments for TBI patients targeting NLRP1 are lacking. With the increasing incidence of TBI, it is urgent to find a valid therapeutic strategy for treating TBI, and targeting NLRP1 and NLRP3 represents a promising strategy.



Other Roles of NLRP1 in Brain Injury

In 2015, Wang YC et al. concluded that acid-sensing ion channels, which are channels that are significantly involved in pathophysiological CNS processes and can be stimulated by extracellular acidosis, are closely related to acidosis-induced cortical neuronal injury due to the activity of the NLRP1 inflammasome in the context of extracellular acidosis via the SIC-BK channel K+ signaling pathway (136).

It is well known that preterm infants can develop bronchopulmonary dysplasia, a type of chronic neonatal lung disease (137), which is often accompanied by an immature brain. Thus, these infants are prone to short- and/or long-term complications, such as intraventricular hemorrhage, brain paralysis, primary amentia, and cognitive deficits (138, 139). Studies have demonstrated that, in neonatal rats exposed to postnatal hyperoxia (85% O2), the NLRP1 inflammasome is stimulated in the lung and immature brain, resulting in inflammation, neurodegeneration (140–142), and even cell death (143). In 2019, Fredrick DS et al. conducted an experiment to explore hyperoxia-induced lung and brain injury in a neonatal rat model and found that hyperoxia induced NLRP1 inflammasome activation, resulting in alveolarization and vascular development in the lung along with cell death and a reduction in cell propagation in the subventricular zone (SVZ) and subgranular zone (SGZ) of the rat brain (144). As expected, the damage to the lung and brain caused by hyperoxia could be ameliorated by Ac-YVAD-CMK, an irreversible caspase-1 inhibitor, thus verifying that inhibiting caspase-1 reduced pyroptosis and facilitated cell proliferation in the SVZ and SGZ, providing a novel target for the treatment of lung and brain injury (144).

In addition, understanding the characteristics of NLRP1 could also be important for radiation-induced brain injury, but an obvious correlation between NLRP1 inflammasome activation and this kind of brain injury in the hippocampi of juvenile rats has not been found (145). It is worth noting that NLRP1 is a potential therapeutic target for brain injury, although experiments have provided conflicting results regarding the nonessential roles of NLRP1 in TBI in a murine model (55) and in the CSF of children and infants suffering from severe TBI (146). Interestingly, emerging evidence has emphasized the combined roles of NLRP1 and NLRP3 in the CNS (147, 148), especially in brain injury (24, 146, 149). Moreover, a report showed that high levels of NLRP1 and NLRP3 were present in the hippocampus of patients abusing methamphetamine (150), indicating the relationship between these two classic inflammasomes and a promising strategy for the treatment of brain injury.




Conclusions and Future Perspectives

The NLRP3 inflammasome has been well studied in the progression of CNS diseases and is considered a predominant element in the inflammatory process. Here we view NLRP1-mediated inflammasome activation in neurons as equally important in neuroinflammation following brain injury. NLRP1 may be a therapeutic target for brain injury intervention because of its ability to induce inflammatory reactions. NLRP1 inhibitors have been reported to hinder the formation of the inflammasome complex and ATP binding (151). Hence, it is possible to use NLRP1 inhibitors as novel anti-inflammatory drugs to relieve neuronal damage and moderate the progression of disease in brain injury patients. Hopefully, this treatment strategy may benefit patients affected by CNS diseases. However, the correlation between NLRP1 and NLRP3 in the CNS warrants further investigation. Neuroinflammation is collectively regarded as the basic cause of neuronal insult in brain injury.

To advance the creation of a promising cure for brain injury, it is necessary to fully understand how the NLRP1 inflammasome operates in the brain under both physiological and pathological conditions. However, due to the sophistication of the NLRP1 inflammasome and the differences between human and mouse orthologs, there are many challenges in applying our experimental results to clinical research, demonstrating that the treatment of brain injury patients by targeting NLRP1 remains insufficient. The coordination of basic researchers and clinicians will shed light on the underlying key mechanisms of inflammation and transfer this knowledge from bench to bedside.
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Autophagy is a homeostatic process responsible for the self-digestion of intracellular components and antimicrobial defense by inducing the degradation of pathogens into autophagolysosomes. Recent findings suggest an involvement of this process in severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection. However, the role of autophagy in the immunological mechanisms of coronavirus disease 2019 (COVID-19) pathogenesis remains largely unexplored. This study reveals the presence of autophagy defects in peripheral immune cells from COVID-19 patients. The impairment of the autophagy process resulted in a higher percentage of lymphocytes undergoing apoptosis in COVID-19 patients. Moreover, the inverse correlation between autophagy markers levels and peripheral lymphocyte counts in COVID-19 patients confirms how a defect in autophagy might contribute to lymphopenia, causing a reduction in the activation of viral defense. These results provided intriguing data that could help in understanding the cellular underlying mechanisms in COVID-19 infection, especially in severe forms.
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Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a highly transmissible coronavirus that emerged in late 2019 and caused a pandemic of acute respiratory disease, named “coronavirus disease 2019” (COVID-19), which still now threatens human health and public safety (1).

In severe COVID-19 patients, both adaptive and innate immune responses that are critical for antiviral reactions were described as impaired (2).

In particular, lymphopenia (lymphocyte count <1.0 × 109/L)3 and inflammatory cytokine storm are typical abnormalities found in COVID-19 patients, probably associated with disease severity, highlighting the strong SARS-CoV-2 ability in suppressing the adaptive immune responses (3). Recent studies have shown that COVID-19 patients, compared to healthy controls, had significantly lower absolute numbers of total lymphocytes and subsets of CD3+, CD4+, and CD8+ T cells, CD19+ B cells, and CD56+ NK cells (4).

Concerning this, lymphocytes’ survival is known to be closely regulated by autophagy (5). Autophagy is a metabolic process involved in the degradation of intracellular components via lysosomal machinery, by engulfment of damaged proteins and organelles in double-membrane vesicles called autophagosomes (6). Furthermore, the crosstalk between autophagy and apoptosis, crucial for cell survival, has been previously shown (7), and several studies correlated the disruption of autophagy with the contemporary increase of apoptotic cell death in several diseases (8).

In COVID-19 patients, the accumulation of autophagosomes promoted by SARS-CoV-2 infection may exacerbate the processes of apoptotic cell death (9), and higher levels of apoptosis in lymphocytes could be related to lymphopenia detected in severe COVID-19 conditions (10).

To date, the mechanism underlying the kinetics of peripheral lymphocyte changes due to COVID-19 is unclear.

This study sought to investigate the relationship between COVID-19 and the autophagy of circulating peripheral blood mononuclear cells (PBMCs) to better characterize lymphopenia during SARS-CoV-2 infection.



Material and Methods


Patients

Eighteen COVID-19 patients attending the University Hospital Policlinico Umberto I, Sapienza University of Rome, were enrolled. The study was approved by the local ethics committee (protocol number 0586/20), and informed consent was obtained from each patient. As a control group, twelve age- and sex-matched healthy donors (HDs) were studied. From every participant in the study, a blood sample was collected to purify PBMCs by Ficoll-Hypaque. Sera were obtained by centrifugation at 3,500 rpm for 15 min and then stored at −20°C until use for in vitro treatments.



Cell Cultures and Treatments

After counting, isolated PBMCs were cultured on 6-well dishes at a concentration of 2 × 106 PBMCs/ml/well in RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS), 2 mM of glutamine, and 50 μg/ml of gentamycin and treated with the following: i) lysosomal inhibitors E64d and pepstatin A (both at 10 μg/ml) for 2 h before the end of culture; ii) 10% COVID-19 or HD sera (as a replacement of FBS) for 24 h, selected by preliminary time-course experiments (11).



Autophagy Marker Detection by Western Blotting

On the same day of the blood sample collection and after in vitro treatment with sera, PBMCs were lysed in radioimmunoprecipitation assay (RIPA) buffer (100 mM of Tris-HCl pH 8, 150 mM of NaCl, 1% Triton X-100, 1 mM of MgCl, 25 mM of NaVO4, and protease-inhibitor mixture). Lysates were loaded onto a 15% sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) in denaturing conditions. Subsequently, Western blotting was performed, and the membranes were incubated with a rabbit anti-human LC3IIB and a rabbit anti-p62 Abs (1:1,000 diluted in Tris-buffered saline containing milk at 5%) (Cell Signaling, Danvers, MA, USA) (12). Peroxidase-conjugated goat anti-rabbit IgG was used as a secondary Abs, and the reaction was developed using the SuperSignal West Pico Chemiluminescent Substrate (Millipore, Billerica, MA, USA). A rabbit anti-human β-actin Ab was used to ensure the presence of equal amounts of protein. Quantification of protein expression was performed by densitometry analysis.



Flow Cytometry for Apoptosis and Autophagy Analysis

As before, PBMC apoptosis was analyzed using a fluorescein isothiocyanate (FITC)-conjugated annexin V (AV) and phycoerythrin (PE)-conjugated propidium iodide (PI) apoptosis detection kit, according to the manufacturer’s protocol (MBL, Woburn, MA, USA). In particular, 1 × 106 PBMCs were stained in AV buffer with AV-FITC and PI-PE (1:100 diluted) for 10 min in the dark. After washing, cells were transferred into fluorescence-activated cell sorting (FACS) tubes and analyzed. The acquisition was performed on a FACSCalibur cytometer (BD, San Jose, CA, USA), and 10,000 events/sample were run. Data were analyzed using the Cell Quest Pro software (11).

Autophagy levels in CD4+, CD8+, CD19+ lymphocytes, and CD14+ cells from COVID-19 were also detected using the Cyto-ID autophagy detection kit (Enzo Life Sciences, Farmingdale, NY, USA). The probe used in this kit consists of cationic amphiphilic tracer dye that stains autophagolysosomes (13). For the immunophenotyping analysis, see the Supplementary Material.



Immunofluorescence of Autophagy Markers

An indirect immunofluorescence assay was developed on freshly isolated PBMCs from both COVID-19 patients and HDs, prepared by the cytospin technique. In detail, after slide preparation, a cell suspension of 0.5 × 106 cells/ml was gently pipetted into the cytofunnel and centrifuged at 1,000 × g for 5 min. The removed slides, after drying at least 2 h at room temperature (RT), were fixed with paraformaldehyde (PFA) at 4% in phosphate-buffered saline (PBS) for 15 min at RT, then treated with PBS-Triton X-100 0.1% for 10 min, and blocked with 3% bovine serum albumin (BSA) in PBS for 30 min at RT. Successively, slides were incubated overnight at 4°C with the following primary antibodies: rabbit anti-human LC3IIB (Cell Signaling; 1:100 diluted) and a mouse anti-human lysosomal-associated membrane protein 1 (LAMP1) (Invitrogen, Carlsbad, CA, USA; 1:100 diluted). The day after, slides were washed three times in PBS, and Tetramethylrhodamine-isothiocyanate (TRITC)–anti-rabbit and FITC–anti-mouse IgG (Sigma Aldrich) were added and incubated for 45 min at RT. After incubation, slides were washed three times in PBS, and the second wash was performed with the addition of Hoechst (Molecular Probes, Eugene, OR, USA) for nuclear staining. Fluorescence was analyzed by a fluorescence microscope (Olympus, Tokyo, Japan; BX52). Image acquisition and processing were conducted by IAS 2000 software. Morphometric analysis of cellular expression was carried out by counting at least 200 cells in different microscopic fields at magnifications of 50× and 100×.



Statistical Analysis

Data are expressed as means ± SD. Results were analyzed with GraphPad Prism 6. The Mann–Whitney test or Student’s t-test was used to compare quantitative variables in different groups, and the chi-square test was used to test a correlation between categorical variables. Spearman’s rank correlation coefficient was applied for the calculation of the correlation between parallel variables in single samples. Values of p < 0.05 were considered statistically significant.




Results


Serological Characteristics of COVID-19 Patients

The serological characteristics of COVID-19 patients are summarized in Table 1.


Table 1 | Summarizes serological features of the enrolled patients.



Patients were divided into two groups, high inflammatory profile (HIP) and low inflammatory profile (LIP), according to serological and laboratory features.

Specifically, HIP patients displayed lymphocyte < 1,000 × 109/L with the addition of one of the following serological features: platelets < 100,000 × 109/L, IL-6 > 5.9 pg/ml, C-reactive protein (CRP) > 5,000 mg/ml, D-dimers > 1,000 ng/ml, ferritin > 250 ng/ml, and erythrocyte sedimentation rate (ESR) > 30 mm/h.

LIP patients did not meet the abovementioned criteria.



Spontaneous Autophagy and Apoptosis in COVID-19 Patients and Healthy Donors

Basal autophagy and apoptosis in PBMCs from COVID-19 patients and HDs were evaluated, and our results showed significantly higher LC3IIB levels in COVID-19 patients compared to HDs (p < 0.0001) (Figures 1A, B), presuming an upregulation of autophagy. In addition, p62 levels were significantly higher in COVID-19 patients than in HDs (p < 0.0001) (Figures 1A, C), underlining an accumulation of p62 due to an autophagy impairment in these patients. Furthermore, freshly isolated PBMC apoptosis was higher in COVID-19 patients in comparison to HDs (p = 0.0186) (Figure 1D).




Figure 1 | Spontaneous autophagy and apoptosis in COVID-19 patients and HDs. (A) LC3IIB and p62 Western blotting analysis of PBMC lysates (30 μg/lane) from 4 COVID-19 patients and 4 HDs. Blots shown are representative of independent experiments performed on COVID-19 patients (n = 18) and HDs (n = 12). Quantification of LC3IIB (B) and p62 (C) levels relative to β-actin is also shown (mean with range is presented) (Mann–Whitney test). (D) Flow cytometry analysis of PBMC apoptosis. Data are referred to as AV-positive cells and are presented as independent experiments performed in PBMC from COVID-19 patients (n = 18) and HDs (n = 12) (Mann–Whitney test). (E) Contingency: prospective data (chi-square test) between LC3IIB level and HIP/LIP patients. Values are expressed as means ± SD. *p < 0.05. COVID-19, coronavirus disease 2019; HDs, healthy donors; PBMC, peripheral blood mononuclear cell; AV, annexin V; HIP, high inflammatory profile; LIP, low inflammatory profile.



Interestingly, we observed that patients showing high levels of LC3IIB (>2.5) were classified as HIP (Figure 1E).

Moreover, COVID-19 immunophenotyping studies revealed higher levels of autophagolysosome formation in CD4+ and CD8+ cells compared to CD14+ cells (p = 0.04 and p = 0.0007, respectively); however, the autophagy level in CD19+ cells was not higher as compared to CD14+ cells (Figure 1A—Supplementary Material).



Autophagy Block in Peripheral Blood Mononuclear Cells From COVID-19 Patients and Its Correlation With Apoptosis

According to these results, we hypothesized an autophagy dysfunction and/or blockade in PBMCs from COVID-19 patients. Thus, we assessed in vitro experiments with lysosomal inhibitors E64d and pepstatin A. In PBMCs from patients affected by COVID-19, LC3IIB levels did not change in the presence of lysosomal inhibitors, compared to untreated cells (p > 0.05) (Figures 2A, B). As previously demonstrated (11), we observed an increase in LC3IIB levels in HD PBMCs treated with lysosomal inhibitors versus untreated (p = 0.0286) (Figures 2A, B). Concurrently, p62 levels did not change in COVID-19 PBMCs treated with lysosomal inhibitors but increased in treated PBMCs from HDs, compared to untreated in both conditions (p > 0.05 and p = 0.0286, respectively) (Figures 2A, C). This result explains how a blocked mechanism does not undergo modifications under further inhibitory conditions. So PBMCs from COVID-19 patients, in which the mechanism is blocked, contrary to HD PBMCs, do not respond to inhibitors, and neither LC3IIB nor p62 nor apoptosis changed under E64d/pepstatin A treatment.




Figure 2 | Effects of lysosomal inhibitors E64d and pepstatin A on PBMC autophagy. (A) LC3IIB and p62 Western blotting analysis of PBMC lysate (30 μg/lane) from 2 representative COVID-19 patients and 2 HDs (10 independent experiments). Where indicated, cells were treated with the lysosomal inhibitors E64d and pepstatin A indicated as “ini.” Densitometry analysis of LC3IIB (B) and p62 (C) levels relative to β-actin is also shown (Mann–Whitney test). Values are expressed as means ± SD. *p < 0.05. PBMC, peripheral blood mononuclear cell; COVID-19, coronavirus disease 2019.



However, we observed variability in p62 expression levels among patients in the COVID-19 cohort (Figure 3). In detail, LIP patients were susceptible to E64d/pepstatin A treatment (p < 0.0001 for autophagy, p = 0.002 for apoptosis, versus untreated) (i.e., pz 2 in Western blotting of Figures 3A–C), while HIP patients did not respond to autophagy inhibitors (p > 0.05) [i.e., pz 1 in (Figure 3A–C)].




Figure 3 | Expression level of autophagy and apoptosis markers in HIP and LIP COVID-19 patients treated with lysosomal inhibitors. (A) LC3IIB and p62 Western blotting analysis of PBMC lysate (30 μg/lane) from 2 representative COVID-19 patients (1 HIP indicated as pz1 and 1 LIP indicated as pz2 of the 18 analyzed). Densitometry analysis of LC3IIB (B) and p62 (D) levels relative to β-actin is also shown (Mann–Whitney test). (C) Flow cytometry analysis of PBMC apoptosis. Data are referred to as AV-positive cells and are presented as independent experiments performed in PBMCs from COVID-19 patients (n = 18) (Student’s t-test). Where indicated, cells were treated with the lysosomal inhibitors E64d and pepstatin A indicated as “ini.” Values are expressed as means ± SD. *p < 0.05. (E, F) Correlation and linear regression analysis of apoptosis and LC3IIB and p62 levels in PBMCs from COVID-19 patients. HIP, high inflammatory profile; LIP, low inflammatory profile; PBMC, peripheral blood mononuclear cell; COVID-19, coronavirus disease 2019; AV, annexin V.



As expected, in HIP patients displaying a basal block of autophagy and higher levels of apoptosis, the amount of p62 in the presence of lysosomal inhibitors versus untreated did not change (p > 0.05) (Figure 3D); on the contrary, LIP patients presenting basal levels of autophagy and apoptosis, similar to HDs, showed an accumulation of p62 under lysosomal inhibitors treatment (p = 0.0008) (Figure 3D).

In addition, a positive correlation between autophagy markers and apoptosis was observed in PBMCs from COVID-19 patients (Figures 3E, F), leading us to speculate that autophagy hijacking in PBMCs from COVID-19 patients is directly involved in cell death.

To confirm the alteration in the autophagy process, immunofluorescence analysis was also used to verify the expression levels of the autophagosome marker LC3IIB and the lysosome marker LAMP1. Specifically, the presence of intracellular autophagolysosomes indicating the ongoing PBMC autophagy was assessed by the detection of colocalization between LC3IIB and LAMP1, revealed by the yellow color in immunofluorescence analysis (Figure 4).




Figure 4 | Immunofluorescence analysis of autophagy in PBMCs from COVID-19 patients and HDs. LC3IIB (red fluorescence) and LAMP1 (green fluorescence) expression in PBMCs from COVID-19 patients (A, B, G, H) and HDs (D, E, L, M). Intracellular autophagolysosome formation detection by colocalization between LC3IIB and LAMP1 (yellow fluorescence) in PBMCs from COVID-19 patients (C, I) and HDs (F, N). (A–F) Magnification, 50×. (G-I, L-N) Magnification, 100×. (J, K) Magnification, x200. (O) Table of total cells and autophagic cells percentage and analysis of the percentage of autophagic cells in COVID-19 and HD PBMCs (Student’s t-test). Values are expressed as means ± SD. *p < 0.05. PBMC, peripheral blood mononuclear cell; COVID-19, coronavirus disease 2019; HDs, healthy donors.



In PBMCs from COVID-19 and HDs, the expression of LC3IIB and LAMP1 was diffusely detectable (Figure 4). However, the expression of both LC3IIB puncta and LAMP1 was more regularly distributed in PBMCs from HDs (Figures 4D, E, L, M) as compared to PBMCs from COVID-19 (Figures 4A, B, G, H).

Additionally, the aberrant autophagolysosome formation was commonly observed in PBMCs from COVID-19 patients (Figures 4C, I), showing a diffuse pattern, while autophagolysosomes of PBMCs from HDs had the typical dotted pattern (Figures 4F, N). This result confirmed an alteration of the degradation cellular mechanism.

The autophagic cells and the total stained cells were then counted in 10 different selected fields per specimen, and autophagic cells resulted from 28.1% in COVID-19 PBMCs and 15.2% in HD PBMCs (p = 0.0001) (Figure 4O).



Sera From COVID-19 Patients Differentially Modulate Autophagy and Apoptosis In Vitro

Our findings suggest the presence of soluble factors able to hijack PBMCs autophagy and apoptosis in COVID-19 patients’ sera. To confirm this, we conducted in vitro studies treating PBMCs from HDs with COVID-19 patients’ sera for 24 h. For this set of experiments, we chose sera from a pool of COVID-19 patients classified as HIP or LIP.

Interestingly, sera from COVID-19 patients were able to modulate autophagy and apoptosis based on their inflammatory profile (Figure 5). PBMCs from HDs in vitro cultured with sera from COVID-19 patients classified as HIP, displayed high levels of apoptosis and a block of autophagy, as confirmed by LC3IIB and p62 accumulation (p = 0.02, p = 0.002, and p = 0.0007 versus untreated, for apoptosis, LC3IIB, and p62 levels, respectively). In contrast, sera from patients classified as LIP were not able to modulate apoptosis and autophagy in PBMCs from HDs in vitro (p > 0.05 for all parameters) (Figures 5A–D).




Figure 5 | Effects of sera from patients with COVID-19 on HD PBMC autophagy and apoptosis. (A) LC3IIB and p62 Western blotting analysis of PBMC lysate (30 μg/lane) from 1 representative HDs in vitro treated with autologous sera (S.A), with sera from 1 HIP COVID-19 patients (S.C.HIP) and from 1 COVID-19 classified as LIP (S.C.LIP) (B) Flow cytometry analysis of PBMC apoptosis. Data are referred to as AV-positive cells and are presented as 10 independent experiments performed on HDs in vitro treated with sera from HIP COVID-19 patients and COVID-19 classified as LIP (Student’s t-test). Densitometry analysis of LC3IIB (C) and p62 (D) levels relative to β-actin is also shown (10 independent experiments) (Mann–Whitney test). Values are expressed as means ± SD. *p < 0.05. PBMC, peripheral blood mononuclear cell; HD, healthy donor; COVID-19, coronavirus disease 2019; HIP, high inflammatory profile; LIP, low inflammatory profile.





Correlation Between Autophagy Block and Lymphopenia

Finally, we observed a significant correlation between lymphopenia and autophagic/apoptotic markers in COVID-19 PBMCs. In particular, peripheral lymphocyte count negatively correlated with LC3IIB and p62 levels and with cell apoptosis rate (Figures 6A–C).




Figure 6 | Correlation between lymphopenia and autophagy/apoptotic markers. (A–C) Correlation and linear regression analysis of lymphocyte count and LC3IIB and p62 levels, and apoptosis in PBMCs from COVID-19 patients (n = 18) (Spearman’s rank correlation). PBMC, peripheral blood mononuclear cell; COVID-19, coronavirus disease 2019.



These results suggest that in these patients the inflammatory condition could interfere with the major mechanism of cellular survival, which is autophagy, leading to lymphocyte death by apoptosis.




Discussion

In our study, we firstly showed a block of autophagy in PBMCs from COVID-19 patients who displayed high expression of LC3IIB and p62 levels. These results were strengthened by experiments under lysosomal inhibition conditions, in which lysosomal proteases did not affect autophagy levels in HIP COVID-19 PBMCs but affected autophagy only in those patients showing a LIP.

It is well known that autophagy is a mechanism involved in the most important steps of the immune response, such as intracellular pathogen sensing, lymphocyte development, homeostasis, and survival (14). Although autophagy is a cell survival mechanism, it is also linked to cell death, through the interaction with apoptosis-related proteins (15).

In the present study, patients with a HIP showed a block of autophagy and a concomitant high percentage of PBMCs undergoing apoptosis. This could mean that cellular death is the direct consequence of the aberration of the survival mechanism. This hypothesis is supported by the increased apoptosis and the block of autophagy in PBMCs from HDs in vitro treated with COVID-19 sera showing HIP.

In PBMCs from COVID-19 patients, at a molecular level, the interplay between lymphocyte autophagy and apoptosis has never been investigated, but our results indicate cytokines or circulating proinflammatory molecules as a possible main culprit. In literature, it is known that many circulating cytokines, such as IL-6, TNF-alpha, and BlyS, as in autoimmune/inflammatory diseases, could be involved in the regulation of this process (16, 17), causing a cytokine storm that could contribute to a more severe COVID-19 disease also by exhaustion of lymphocytes (18). Data from the present study suppose a possible effect of the virus on lymphocyte autophagy dysregulation, likely as a result of a cytokine storm (19).

To strengthen our hypothesis on the autophagy blockade in circulating lymphocytes from COVID-19 patients, the analysis of the autophagolysosome formation level in the PBMC subpopulations, which is significantly higher in lymphocytes than in monocytes, contributes to lymphocyte death. In this regard, we observed also a strong positive correlation between autophagy markers and apoptosis.

In addition, the indirect correlation between autophagy/apoptotic markers and lymphocyte count demonstrates the interaction between autophagy block and the concomitant apoptosis increase with the decrease in circulating lymphocytes. Moreover, lymphocytes are crucial in the maintenance of immune homeostasis and inflammatory response; thus, the understanding of the mechanism of reduced blood lymphocyte levels could provide an additional strategy for the treatment of COVID-19 (20).

In our previous study, we speculated the direct infection of the virus on lymphocytes, resulting in death due to lymphocyte expression of the coronavirus receptor ACE2 (19). In accordance with our hypothesis, Tan et al. added the direct destruction of lymphatic organs by the virus as a possible cause of lymphocyte decline, with the inflammatory cytokine storm that leads to lymphocyte apoptosis (20). The authors concluded that lymphopenia is an indicator of the severity of COVID-19 hospitalized patients and suggested including the evaluation of blood lymphocyte percentage in the guidelines for the diagnosis of COVID-19 (21). Our results reinforce this suggestion and add new knowledge on the mechanisms underlying lymphopenia in COVID-19 patients.

Considering these results, drugs targeting autophagy could represent an important issue, worthy to be considered as a new therapeutic strategy in the context of COVID-19. Although additional studies are needed to confirm our hypotheses, since autophagy and apoptosis are usually involved in many disease conditions, this study provides intriguing data to better understand the mechanisms underlying COVID-19 and causing the disease progression.

The strength of this study is the use of different experimental approaches to confirm a block of autophagy in PBMCs from COVID-19 patients. Despite the promising information obtained from the analysis of COVID-19 PBMC homeostasis, limitations are present. The number of patients is small due to the difficult enrollment during the pandemic period. In addition, we do not know the patients’ therapy that could interfere with the investigated mechanisms.



Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics Statement

The study was approved by the ethics committee of Sapienza University of Rome (protocol number 0586/20). The patients/participants provided their written informed consent to participate in this study.



Author Contributions

All authors have made a substantial, direct, and intellectual contribution to the work and approved the final manuscript.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.903498/full#supplementary-material



Abbreviations

COVID-19, coronavirus disease 2019; FBS, fetal bovine serum; HDs, healthy donors; HIP, high inflammatory profile; LIP, low inflammatory profile; PBMCs, peripheral blood mononuclear cells; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2



References

1. Chakraborty, I, and Maity, P. COVID-19 Outbreak: Migration, Effects on Society, Global Environment and Prevention. Sci Total Environ (2020) 728:138882. doi: 10.1016/j.scitotenv.2020.138882

2. Lucas, C, Wong, P, Klein, J, Castro, TBR, Silva, J, Sundaram, M, et al. Longitudinal Analyses Reveal Immunological Misfiring in Severe COVID-19. Nature (2020) 584(7821):463–9. doi: 10.1038/s41586-020-2588-y

3. Fathi, N, and Rezaei, N. Lymphopenia in COVID-19: Therapeutic Opportunities. Cell Biol Int (2020) 44:1792–7. doi: 10.1002/cbin.11403

4. Hasichaolu,, Zhang, X, Li, X, Li, X, and Li, D. Circulating Cytokines and Lymphocyte Subsets in Patients Who Have Recovered From COVID-19. BioMed Res Int (2020) 2020:7570981. doi: 10.1155/2020/7570981

5. Cui, B, Lin, H, Yu, J, Yu, J, and Hu, Z. Autophagy and the Immune Response. Adv Exp Med Biol (2019) 1206:595–634. doi: 10.1007/978-981-15-0602-4_27

6. Mizushima, N, Ohsumi, Y, and Yoshimori, T. Autophagosome Formation in Mammalian Cells. Cell Struct Funct (2002) 27:421–9. doi: 10.1247/csf.27.421

7. Su, M, Mei, Y, and Sinha, S. Role of the Crosstalk Between Autophagy and Apoptosis in Cancer. J Oncol (2013) 2013:102735. doi: 10.1155/2013/102735

8. Liu, Y, and Levine, B. Autosis and Autophagic Cell Death: The Dark Side of Autophagy. Cell Death Differ (2015) 22:367–76. doi: 10.1038/cdd.2014.143

9. Shojaei, S, Suresh, M, Klionsky, DJ, Labouta, HI, and Ghavami, S. Autophagy and SARS-CoV-2 Infection: Apossible Smart Targeting of the Autophagy Pathway. Virulence (2020) 11:32567972. doi: 10.1080/21505594.2020.1780088

10. Zaboli, E, Majidi, H, Alizadeh-Navaei, R, Hedayatizadeh-Omran, A, Asgarian-Omran, H, Vahedi Larijani, L, et al. Lymphopenia and Lung Complications in Patients With Coronavirus Disease-2019 (COVID-19): A Retrospective Study Based on Clinical Data. J Med Virol (2021) 93(9):5425–31. doi: 10.1002/jmv.27060

11. Alessandri, C, Barbati, C, Vacirca, D, Piscopo, P, Confaloni, A, Sanchez, M, et al. T Lymphocytes From Patients With Systemic Lupus Erythematosus are Resistant to Induction of Autophagy. FASEB J (2012) 26:4722–32. doi: 10.1096/fj.12-206060

12. Klionsky, DJ, Abdel-Aziz, AK, Abdelfatah, S, Abdellatif, M, Abdoli, A, Abel, S, et al. Guidelines for the Use and Interpretation of Assays for Monitoring Autophagy (4th Edition)1. Autophagy (2021) 17:1–382. doi: 10.1080/15548627.2020.1797280

13. Wang, F, Li, B, Schall, N, Wilhelm, M, and Muller, S. Assessing Autophagy in Mouse Models and Patients With Systemic Autoimmune Diseases. Cells (2017) 6(3):16. doi: 10.3390/cells6030016

14. Puleston, DJ, and Simon, AK. Autophagy in the Immune System. Immunology (2014) 141:1–8. doi: 10.1111/imm.12165

15. Yonekawa, T, and Thorburn, A. Autophagy and Cell Death. Essays Biochem (2013) 55:105–17. doi: 10.1042/bse0550105

16. Barbati, C, Colasanti, T, Vomero, M, Ceccarelli, F, Celia, AI, Perricone, C, et al. Up-Regulation of Autophagy by Etanercept Treatment Results in TNF-Induced Apoptosis Reduction in EA.hy926 Endothelial Cell Line. Clin Exp Rheumatol (2021) 39:606–11.

17. Liao, YC, Liang, WG, Chen, FW, Hsu, JH, Yang, JJ, and Chang, M.S. IL-19 Induces Production of IL-6 and TNF-Alpha and Results in Cell Apoptosis Through TNF-Alpha. J Immunol (2002) 169:4288–97. doi: 10.4049/jimmunol.169.8.4288

18. Yang, L, Xie, X, Tu, Z, Fu, J, Xu, D, and Zhou, Y. The Signal Pathways and Treatment of Cytokine Storm in COVID-19. Signal Transduct Target Ther (2021) 6:255. doi: 10.1038/s41392-021-00679-0. Erratum in: Signal Transduct Target Ther. 2021 Aug 31;6(1):326.

19. Vomero, M, Barbati, C, Colasanti, T, Celia, AI, Speziali, M, Ucci, FM, et al. Autophagy Modulation in Lymphocytes From COVID-19 Patients: New Therapeutic Target in SARS-COV-2 Infection. Front Pharmacol (2020) 11:569849. doi: 10.3389/fphar.2020.569849

20. Tan, L, Wang, Q, Zhang, D, Ding, J, Huang, Q, Tang, YQ, et al. Lymphopenia Predicts Disease Severity of COVID-19: A Descriptive and Predictive Study. Signal Transduct Target Ther (2020) 5(1):33. doi: 10.1038/s41392-020-0148-4. Erratum in: Signal Transduct Target Ther. 2020.




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 © 2022 Barbati, Celia, Colasanti, Vomero, Speziali, Putro, Buoncuore, Savino, Colafrancesco, Ucci, Ciancarella, Balbinot, Scarpa, Natalucci, Pellegrino, Ceccarelli, Spinelli, Mastroianni, Conti and Alessandri. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 29 June 2022

doi: 10.3389/fimmu.2022.862049

[image: image2]


Identification of Key Pyroptosis-Related Genes and Distinct Pyroptosis-Related Clusters in Periodontitis


Wanchen Ning 1, Aneesha Acharya 2, Simin Li 1, Gerhard Schmalz 3,† and Shaohong Huang 1*


1 Stomatological Hospital, Southern Medical University, Guangzhou, China, 2 Dr. D. Y. Patil Dental College and Hospital, Dr. D. Y. Patil Vidyapeeth, Pune, India, 3 Department of Cariology, Endodontology and Periodontology, University Leipzig, Leipzig, Germany




Edited by: 

Bart Tummers, St. Jude Children’s Research Hospital, United States

Reviewed by: 

Deepika Sharma, The University of Chicago, United States

Riccardo Di Gianfilippo, University of Michigan, United States

*Correspondence: 

Shaohong Huang
 hsh.china@tom.com


†Senior author


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


Received: 25 January 2022

Accepted: 23 May 2022

Published: 29 June 2022

Citation:
Ning W, Acharya A, Li S, Schmalz G and Huang S (2022) Identification of Key Pyroptosis-Related Genes and Distinct Pyroptosis-Related Clusters in Periodontitis. Front. Immunol. 13:862049. doi: 10.3389/fimmu.2022.862049




Aim

This study aims to identify pyroptosis-related genes (PRGs), their functional immune characteristics, and distinct pyroptosis-related clusters in periodontitis.



Methods

Differentially expressed (DE)-PRGs were determined by merging the expression profiles of GSE10334, GSE16134, and PRGs obtained from previous literatures and Molecular Signatures Database (MSigDB). Least absolute shrinkage and selection operator (LASSO) regression was applied to screen the prognostic PRGs and develop a prognostic model. Consensus clustering was applied to determine the pyroptosis-related clusters. Functional analysis and single-sample gene set enrichment analysis (ssGSEA) were performed to explore the biological characteristics and immune activities of the clusters. The hub pyroptosis-related modules were defined using weighted correlation network analysis (WGCNA).



Results

Of the 26 periodontitis-related DE-PRGs, the highest positive relevance was for High-Mobility Group Box 1 (HMGB1) and SR-Related CTD Associated Factor 11 (SCAF11). A 14-PRG-based signature was developed through the LASSO model. In addition, three pyroptosis-related clusters were obtained based on the 14 prognostic PRGs. Caspase 3 (CASP3), Granzyme B (GZMB), Interleukin 1 Alpha (IL1A), IL1Beta (B), IL6, Phospholipase C Gamma 1 (PLCG1) and PYD And CARD Domain Containing (PYCARD) were dysregulated in the three clusters. Distinct biological functions and immune activities, including human leukocyte antigen (HLA) gene expression, immune cell infiltration, and immune pathway activities, were identified in the three pyroptosis-related clusters of periodontitis. Furthermore, the pink module associated with endoplasmic stress-related functions was found to be correlated with cluster 2 and was suggested as the hub pyroptosis-related module.



Conclusion

The study identified 14 key pyroptosis-related genes, three distinct pyroptosis-related clusters, and one pyroptosis-related gene module describing several molecular aspects of pyroptosis in the pathogenesis and immune micro-environment regulation of periodontitis and also highlighted functional heterogeneity in pyroptosis-related mechanisms.
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Introduction

Periodontitis is a highly prevalent plaque biofilm-associated chronic inflammatory disease affecting the supporting structures of teeth that causes loss of attachment, including alveolar bone and connective tissues, as well as imposing significant systemic inflammatory burden (1, 2). At its core, the pathogenesis of periodontitis involves microbial dysbiosis in the subgingival dental plaque niche, which is followed by immune dysregulation, perturbed host response, and loss of homeostasis and ongoing inflammation, ultimately leading to tissue destruction (3). An increasing number of systemic conditions have been linked with periodontitis (4, 5), and multiple underlying mechanisms understood to mediate this association include circulating pro-inflammatory cytokines, bacterial cell components such as the keystone pathogen Porphyromonas gingivalis (P. gingivalis), among others (6). A large volume of research has focused on describing the molecular pathways mediating periodontal disease susceptibility, inflammation, and destruction (7), yet these molecular mechanisms are not completely delineated.

Programmed cell death (PCD), including apoptosis, necroptosis, NETosis, and pyroptosis, is recognized as a key feature of innate immune defense in infectious diseases (8, 9), whereby moderate degrees of pyroptosis may serve protective functions, but excessive degrees enable host-tissue destruction. The roles of different PCD pathways in periodontitis are not yet well established, and in particular, little is known about the role of pyroptosis (10, 11). Pyroptosis is a caspase (CASP)-activated form of PCD characterized by pore formation in plasma membranes, followed by swelling, cell lysis, and local release of pro-inflammatory mediators (12, 13). More recently, pyroptosis has been found to be driven by Gasdermin family proteins, chiefly including Gasdermin D (GSDMD), activated by pro-inflammatory CASPs located on inflammasomes (14). The Nod-Like Receptor (NLR) Family Pyrin Domain Containing 3 (NLRP3) inflammasome is a key canonical activator of CASP1 (15). Several studies have indicated that NLRP3 inflammasome production is a feature of periodontitis and reflected by increased levels of NLRP3-associated proteins in serum and saliva (16, 17). In the context of periodontitis, a number of recent in vitro and animal experimental studies have also documented the activation of GSDMD and NLRP3 inflammasome pathways, including that by P. gingivalis lipopolysaccharide (LPS) stimulation (18–23). P. gingivalis induced the activation of pyroptosis-related NLRP3 inflammasome, which is also implicated in atherosclerosis associated with periodontitis (24, 25). The inhibition of NLRP3 inflammasome in periodontitis is also documented as a mechanism of immune evasion (26, 27). Accruing evidence has shown that pyroptosis plays a role in periodontitis pathology, whereby several virulence factors associated with periodontal pathogens like P. gingivalis can trigger inflammasome activation via CASPs and downstream pyroptosis (28). CASP4/GSDMD initiated by bacterial LPS is shown to cause pyroptosis of periodontal ligament stem cells in periodontitis (29). P. gingivalis LPS is also found to mediate macrophage pyroptosis in periodontitis (30). However, very little is known about the detailed regulatory genetic and molecular machinery that underlies the involvement of pyroptosis in the pathogenesis and systemic sequelae of periodontitis.

Therefore, the current study was aimed to leverage publicly available transcriptomics datasets for integrative bioinformatics to identify a pyroptosis-related gene signature and its associated functional pathways in periodontitis, thereby deepening the understanding of putative pyroptosis-related mechanisms in periodontal diseases. The findings of this investigation could offer directions for future experimental research and uncover important pathogenic pathways and therapeutic targets for periodontitis.



Materials and Methods


Data Processing

Periodontitis-related datasets from affected gingival tissues and healthy controls were obtained from the Gene Expression Omnibus (GEO) database of NCBI and included GSE10334 (28) and GSE16134 (31) (Supplementary Table S1). A total of 37 pyroptosis-related genes (PRGs) were obtained, including 16 PRGs from previous literature (32) and 24 PRGs from the Molecular Signatures Database (MSigDB) (https://www.gsea-msigdb.org/gsea/msigdb/), excluding three overlapped PRGs. Next, to obtain the periodontitis-related PRGs, the above 37 PRGs were merged with the expression profiles of GSE10334 and GSE16134.



Identification of the Differentially Expressed Periodontitis-Related PRGs

Differential expression analysis was performed to screen periodontitis-related PRGs with GSE10334 and GSE16134 each, using the “Linear Models for Microarray data” (“limma”) package in R (33) with Benjamini–Hochberg false discovery rate (34) adjustment and with a P-value <0.05 and |log FC| > 0 as the threshold to screen differentially expressed (DE)-PRGs. These were then visualized in a heat map. The expression pattern of the PRGs in disease and healthy controls was identified in the GSE10334 dataset, further validated in the GSE16134 dataset, and displayed in box plots using the “limma” package in R (33). A protein–protein interaction (PPI) network was constructed to assess the gene interactions among the 26 DE-PRGs using the Search Tool for the Retrieval of Interacting Genes database (https://string-db.org/), visualized with "igraph" package in R (http://igraph.org). To evaluate the correlation between PRG pairs, Pearson’s correlation coefficient (35) was computed for the DE-PRGs in periodontitis samples from GSE10334 and visualized using “corrplot” in R (36).



Construction and Validation of a Prognostic Model Based on Periodontitis-Related PRGs

The significant DE-PRGs in GSE10334 were selected by univariate logistic regression analysis (P-value <0.05) and visualized in forest plots. A prognostic model was constructed to select the most relevant DE-PRGs using the least absolute shrinkage and selection operator (LASSO) regression, selecting the penalty parameter (λ) with tenfold cross-validation. Subsequently, multivariate logistic regression analysis was applied to develop a diagnostic model based on the selected prognostic signatures. The risk scores of each sample in the training set (GSE10334) and the test set (GSE16134) were calculated based on the following risk score formula:   (X: coefficients, Y: gene expression level) (37). The risk scores were visualized using box plots, and analysis of variance (ANOVA) was applied. The predictive accuracy of the training set and the test set was evaluated by plotting a receiver operating characteristic (ROC) curve (38) with the “pRPC” package (39) in R.



Consensus Clustering Based on the Prognostic DE-PRGs

The pyroptosis-related clusters in 183 periodontitis samples (GSE10334) were determined using “ConsensusClusterPlus” package in R (40) based on the prognostic DE-PRGs. The cluster number was determined according to the consensus matrix, the consensus index-cumulative distribution function (CDF) curve, and the delta area score of CDF. The gene distribution of different clusters was evaluated by principal component analysis (PCA). In addition, the gene expression profiles of the prognostic DE-PRGs within different clusters were compared using Student’s T-test, where DE-PRGs with a P-value <0.001 were considered as the specific prognostic PRGs in periodontitis.



Functional Analysis of Different Clusters

The DEGs in different clusters were filtered with the criteria of adjusted P-value <0.05 and |log FC| ≥0.2. The enriched functions for these DEGs were explored and compared by investigating their enriched Gene Ontology (GO) terms, including biological processes (BP), cellular components (CC), and molecular functions (MF), as well as Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis, using “clusterProfiler” package in R and visualized using bubble plots.



Single-Sample Gene Set Enrichment Analysis for Different Clusters

The immune scores of human leukocyte antigen (HLA)-related gene expression, infiltrating immune cells, and immune pathways in periodontitis as well as in different clusters were calculated and compared by the single-sample Gene Set Enrichment Analysis (ssGSEA) (41) and depicted using box plots.



Weighted Correlation Network Analysis to Identify the Hub Pyroptosis-Related Modules

The weighted correlation network analysis (WGCNA) package (42) was applied to the DEGs in the clusters to construct a co-expression network and identify pyroptosis-related gene modules. Briefly, Pearson’s correlation coefficients were firstly calculated, an adjacency matrix was built, and the optimum power (β) was selected to construct a scale-free topology. Then, average linkage hierarchical clustering was conducted to identify modules through topological overlap matrix approach (cutHeight = 20, 000, minModuleSize = 60). Next, module eigengenes, representing the correlation between different clusters and modules, were applied to select significant modules. A high correlation between gene significance (GS) and module membership (MM) implied an intra-modular hub gene module. Subsequently, functional enrichment analysis was performed to identify the significant GOs, BPs, MFs, and KEGG pathways enriched by the hub pyroptosis-related gene module using the “clusterProfiler” package in R (43).




Results


Identification of DE-PRGs in Periodontitis

The workflow of the study is displayed in Figure 1. Of the 37 PRGs, a total of 26 DE-PRGs were identified from the GSE10334 dataset (train set), and the same upregulated and downregulated DE-PRGs were determined in the GSE16134 dataset (test set) (Figures 2A–D). Of these, 18 PRGs were upregulated in periodontitis, including interleukin (IL) 1 beta (B), IL6, NLRP3, NLRP7, nucleotide binding oligomerization domain containing 1 (NOD1), phospholipase C gamma 1 (PLCG1), protein kinase CAMP-activated catalytic subunit alpha (PRKACA), BCL2 antagonist/killer 1 (BAK1), BCL2-associated X (BAX), CASP3, CASP5, charged multivesicular body protein (CHMP) 4B, CHMP7, GSDMD, granzyme B (GZMB), IL1A, interferon regulatory factor 1 (IRF1), and IRF2, while eight PRGs were downregulated in periodontitis, including IL18, CHMP2B, NOD2, CHMP4C, cytochrome C, somatic (CYCS), PYD and CARD domain containing (PYCARD), SR-related CTD associated factor 11 (SCAF11), and high mobility group box 1 (HMGB1) (Figures 2A–D). The PPI network shows the interactions between the 26 periodontitis-related PRGs (Figure 2E). The correlation analysis presented the relevance of PRG pairs in periodontitis (Figure 2F). The highest positive correlation was noted between HMGB1 and SCAF11 (R = 0.46, p = 4.3e-11), while the strongest negatively correlated pair were CASP3 and PYCARD (R = -0.37, p = 2.2e-07) (Figure 2F).




Figure 1 | Study workflow. Step1: 26 differentially expressed (DE)-pyroptosis-related genes (PRGs) were determined by merging the expression profiles of GSE10334 and 37 obtained PRGs. The 26 DE-PRGs were further validated in another periodontitis dataset (GSE16134). Protein-protein interaction (PPI) network and correlation analysis were conducted to investigate the interaction and correlation between the 26 DE-PRGs; Step2: The prognostic value of the 26 DE-PRGs in periodontitis (Training set) was assessed by univariate logistic regression analysis, and least absolute shrinkage and selection operator (LASSO) regression was applied to screen 14 prognostic PRGs from the 26 DE-PRGs. Then, a 14-PRGs signature model was developed based on multivariate logistic regression analysis. The risk scores and receiver operating characteristic (ROC) curves were applied for the model validation; Step3: Consensus clustering was applied based on the 14 signatures, and three pyroptosis-related clusters were determined. Differential expression levels of the 14 PRGs were compared among the three clusters. Functional analysis was applied to compare the Gene Ontology (GO) terms, including Biological Processes (BP), Cellular Components (CC), and Molecular Functions (MF), as well as Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways among the three clusters. Single-sample gene set enrichment analysis (ssGSEA) were applied to compare the immune activities among the three clusters. Step4: Weighted correlation network analysis (WGCNA) identified the pink module as the hub pyroptosis-related module based on the module-trait relationship. Functional analysis was conducted for the pink module, in order to explore the role of pyroptosis in periodontitis






Figure 2 | Identification of differentially expressed pyroptosis-related genes (DE-PRGs) in periodontitis. (A) Heat map of 26 DE-PRGs in the periodontitis dataset (GSE10334 and GSE16134). (B, C) The box plots show the different expression levels of the 26 PRGs between disease (periodontitis) and healthy samples in the GSE10334 dataset (B) and GSE16134 dataset (C). *P < 0.05, **P < 0.01, ***P < 0.001. (D) Volcano plot of the 26 DE-PRGs in the GSE10334 dataset. (E) Protein–protein interaction (PPI) network of the 26 DE-PRGs. (F) Correlations of the 26 DE-PRGs in the periodontitis samples Red, positive correlation; Green, negative correlation. The color depth and the size reflect the strength of the relevance. The strongest positive and the strongest negative correlation were displayed in scatter plots.





Development and Validation of the LASSO Model

The prognostic value of the 26 DE-PRGs in periodontitis (train set) was assessed by univariate logistic regression analysis (Figure 3A). All the 26 DE-PRGs were included in the LASSO model, with a P-value <0.001 (Figure 3A). Then, the optimum parameter (λ) was selected as 14 (Figures 3B, C), and a 14-PRG signature model was developed based on a multivariate logistic regression analysis (Figure 3D). The risk scores of the disease samples were significantly higher than those of the healthy samples in both the training set (Figure 3E) and the test set (P < 2.2E-16). The accuracy and area under the curve of the training set and the test set was 0.940 and 0.933, respectively (Figure 3F), suggesting that the model has “outstanding” robustness (38).




Figure 3 | Construction and validation of a prognostic model. (A) Univariate logistic regression analysis for the 26 differentially expressed pyroptosis-related genes (PRGs) in periodontitis samples (GSE10334) with P < 0.05. (B, C) A total of 14 prognostic genes were selected among 26 periodontitis-related PRGs with least absolute shrinkage and selection operator (LASSO) model, selecting the optimum parameter (λ) as 14 with 10-fold cross-validation. (D) Multivariate logistic regression for the 14 prognostic PRGs. (E) Risk scores of the disease (periodontitis) and healthy samples in the GSE10334 dataset (P < 2.2E-16). (F) Receiver operating characteristic (ROC) curve of the GSE10334 dataset (training set) and the GSE16134 dataset (test set). The area under the curve (AUC) value of the train set and the test set is 0.940 and 0.933.





Three Clusters Were Determined Based on the 14 Prognostic DE-PRGs

By determining the clustering variable (k) as 3 (Figures 4A–C), the 183 periodontitis samples in the GSE10334 dataset were classified into three pyroptosis-related clusters based on the 14 prognostic PRGs, including 91 cases in cluster 1 (C1), 52 cases in cluster 2 (C2), and 40 cases in cluster 3 (C3). The PCA indicated a difference among the three clusters (Figure 4D). The heat map displayed the gene expression profiles of the 14 prognostic PRGs in the three clusters (Figure 4E). Of these, the expression levels of CASP3, GZMB, IL1A, IL1B, and IL6 were highest in C2, whereas these genes presented lowest in C3 (P-value <0.001, excluding GZMB with P-value <0.05) (Figure 4F). On the contrary, PLCG1 and PYCARD presented the lowest level in C2 but the highest level in C3 (P-value < 0.001) (Figure 4F).




Figure 4 | Identification of the pyroptosis-related clusters in periodontitis. (A–C) Consensus clustering for the 183 periodontitis samples in GSE10334 based on the prognostic pyroptosis-related genes (PRGs). Three clusters were classified according to the consensus matrix (A), consensus index of cumulative distribution function (CDF), and CDF delta area curve (C) for k = 3 by increasing the index from 2 to 9. (D) The principal component analysis (PCA) shows a different distribution of the three clusters. (E, F) The expressions of the 14 prognostic PRGs in the three clusters are shown in the heat map (E) and box plots (F). *P < 0.05, **P < 0.01, ***P < 0.001.





Distinct Biological Functions Enriched in the Three Clusters

Distinct enriched functional GO terms, including BP, CC, MF, and KEGG pathways, were identified in the three clusters, particularly in C1 (Figure 5). Among the GO-BP terms, C1 and C2 were distinguished from C3 by significant enrichment in endothelial cell migration (Figure 5A). Among GO-CC terms, C1 and C3 were significantly enriched in NADPH oxidase complex, while C1 alone was enriched in keratin filament but not enriched in ficolin-1-rich granule, ficolin-1-rich granule lumen, cornified envelope, secretory granule membrane, membrane raft, and membrane microdomain (Figure 5B). Considering GO-MF, C1 distinctly lacked enrichment in cytokine binding, immune receptor activity, and misfolded protein binding (Figure 5C), whereas transforming growth factor (TGF) beta signaling pathway and primary bile acid biosynthesis were only enriched in C1. KEGG pathways including malaria, lipid and atherosclerosis, fluid shear stress and atherosclerosis, and protein processing in endoplasmic reticulum lacked enrichment only in C1 (Figure 5D).




Figure 5 | Distinct biological functions identified among the three pyroptosis-related clusters. (A–C) Comparison of the GO-BPs (A), GO-CCs (B), and GO-MFs (C) enriched in the three clusters. GO, Gene Ontology; BP, biological processes; CC, cellular components; MF, molecular functions. (D) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways enriched in the three clusters. The terms with p-value <0.05 were shown as triangle points (TRUE), and others were displayed as round points (FALSE).





Distinct Immune Characteristics Characterized Both Periodontitis and the Three Pyroptosis-Related Clusters

Significant differences were noted in the relative enrichment scores of HLA gene expression, immune cell infiltration, and immune pathway activities between periodontitis (diseased) and healthy tissues, indicating that the immune micro-environment acts as a vital regulator in periodontitis pathology (Supplementary Figure S1). Higher levels of HLA-related genes, such as HLA-DP alpha 1 (DPA1), HLA-B, and HLA-C (Supplementary Figure S1A), more infiltrating immune cells, such as B cells, CD8+ T cells, and neutrophils (Supplementary Figure S1B), and higher activation of immune pathways, such as type II interferon (IFN) response, inflammation promoting, and chemokine receptors (CCR) (Supplementary Figure S1C), were detected in periodontitis compared to healthy controls. No significant difference in the levels of HLA-DQ alpha 1 (DQA1), HLA-DP beta 2 (DPB2), T helper 2 (Th2) cells, major histocompatibility complex class I, and type I IFN response were detected between periodontitis and controls (Supplementary Figure S1).

Importantly, marked differences were observed in the immune microenvironment among the three pyroptosis-related clusters, indicating a close relationship between pyroptosis and immune regulation. Compared to C1 and C2, C3 presented higher levels of HLA-DQ beta 2 (DQB2) but lower levels of other HLA-related genes, such as HLA-C, HLA-DM alpha (DMA), HLA-DO beta (DOB), HLA-B, HLA-DR alpha (DRA), HLA-DR beta 6 (DRB6), HLA-M beta (DMB), and HLA-DPA1 (Figure 6A). Unlike C1 and C2, more infiltrating iDCs—whereas fewer infiltrating aDCs, B cells, neutrophils, natural killer cells, pDCs, Th1/TH2 cells, tumor-infiltrating lymphocytes cells, and Treg cells were likewise observed in C3 (Figure 6C). Specifically, compared with C1 and C2, C3 showed a lower activation of immune pathways, including antigen-presenting cell (APC) co-inhibition, APC co-stimulation, CCR, check-point, T cell co-inhibition, T cell co-stimulation, and type II IFN response (Figure 6B).




Figure 6 | Distinct immune characteristics underlined in the three pyroptosis-related clusters. (A–C) Human leukocyte antigen (HLA) gene expression (A), immune pathway activities (B), and immune cell infiltration (C) of the three pyroptosis-related clusters. *P < 0.05, **P < 0.01, ***P < 0.001.





Identification of the Hub Pyroptosis-Related Gene Module

By WGCNA, 13 gene modules were determined based on a dynamic tree (Figures 7A, B). Based on the module–trait relationships between 13 modules and three clusters, the most significant correlation was seen between the pink module and cluster C2 (Cor = 0.36, P = 7e-07) (Figure 7C). The association of the module membership in the pink module with gene significance in C2 was visualized in the scatter plots (Cor=0.41, P=7.7e-25) (Figure 7D).




Figure 7 | Identification of hub pyroptosis-related gene modules by performing weighted gene correlation network analysis (WGCNA). (A) Scale independence and mean connectivity analysis for various soft threshold powers, where the optimum power = 9. (B) Network heat map plot of topological overlap for all genes. Each row and column correspond to a gene. The color row underneath the dendrogram indicated the module assignment, of which 13 modules were identified according to the dynamic tree cut. (C) The module–trait relationships between the 13 modules and three clusters are shown in the heat map. The most significant relationship was between the pink module eigengene and cluster 2 (Cor = 0.36, P = 7e-07). (D) The scatter plots of module membership in pink module vs. gene significance in cluster 2 (Cor=0.41, P=7.7e-25). Cor, correlation..





Biological Functions Enriched in the Pink Module

To explore the functional mechanisms indicated by the pyroptosis-mediated pink gene network module, the GO characters (BP, CC, and MF) as well as KEGG pathways were investigated. Most genes in the pink module were found to be enriched in BPs such as response to endoplasmic reticulum stress and endoplasmic reticulum unfolded protein response (Figure 8A), in CCs such as integral component of organelle membrane and transport vesicle (Figure 8B), and in MFs including immune receptor activity, misfold protein binding, and mannosidase activity (Figure 8C). The KEGG pathway analysis showed that the pink module genes were mainly enriched in pathways including protein export pathway, protein process in endoplasmic reticulum pathway, various types of N-glycan biosynthesis pathway, and N-glycan biosynthesis pathway (Figure 8D).




Figure 8 | Biological functions behind the pink module. (A–C) GO-BPs (A), GO-CCs (B), and GO-MFs (C) enriched in the pink module. GO, Gene Ontology; BP, biological processes; CC, cellular components; MF, molecular functions. (D) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways enriched in the pink module. The terms with p-value <0.05 are visualized.






Discussion

The present study used a suite of comprehensive bioinformatics analyses to describe multiple molecular aspects of pyroptosis in the pathogenesis of periodontitis by leveraging publicly available transcriptome data. By applying clustering approaches, hub pyroptosis-related genes and their key functional roles in periodontitis were identified. At the first step, PRGs significantly dysregulated in periodontitis were determined. Among the upregulated PRGs, high log fold changes were evident for the pro-inflammatory mediators IL1B, IL6, and GZMB. The inflammasome-mediated activation of CASPs, such as CASP1, CASP11, or CASP8, is known to cleave GSDMD to induce the maturation of the pro-inflammatory cytokine IL1B (44–47). GZMB, a serine protease, is shown to cleave gasdermin E to induce pyroptosis (48). GZMB is associated with chronic inflammation in multiple conditions, in particular, destructive skin and connective tissue conditions, and induces extracellular matrix destruction and pro-inflammatory cytokine activation (49), but experimental evidence concerning its role in periodontitis-associated pyroptosis is scarce. Among the DE-PRGs, CASP3 was notable in terms of high log fold change. Increased CASP3 levels have been observed in gingival crevicular fluid from periodontitis (50) and also seen to decline in the short term following therapy (51). Mechanistically, the short-chain fatty acid butyrate has been found to induce CASP3-mediated pyroptosis in gingival epithelial cells (52). Downregulated DE-PRGs with high fold change included NOD2, CHMP2B, and CHMP4C. NOD2 is crucial for bacterial pathogen recognition and its subsequent macrophage response in periodontal tissue, and in agreement with our findings, its knockout was shown to reduce bone resorption in a mouse model of Aggregatibacter actinomycetemcomitans (Aa)-induced periodontitis (53). The CHMP proteins are part of the endosomal sorting complex required for transport (ESCRT) III machinery involved in regulating endosomal transport and cargo recognition (54, 55) and are crucial to the repair of plasma membrane damage and resistance to pyroptosis (56), but experimental evidence specifically investigating the role of CHMP family of proteins in periodontitis-related pyroptosis is lacking. Of note is that the expression pattern of NLRP3-associated genes, such as ASC (PYCARD), and inflammasome-associated cytokines has shown different expression patterns in literature regarding periodontitis pathology (16, 57). Aral et al. (57) showed that P. gingivalis exposure of human gingival fibroblasts along with ATP led to the downregulation of ASC and NLRP3 while upregulating IL-1, whereas, in contrast, Fusobacterium nucleatum (F.nucleatum) infection was marked by increased levels of NLRP3, ASC, and IL-1B. Similar findings of P. gingivalis-containing biofilm infection leading to the downregulation of NLRP3 inflammasome were earlier reported by Belibasakis et al. (58), indicating that the pathogen-induced dampening of innate immune response to favor pathogen persistence might underlie this finding. Furthermore, the downregulation of inflammasome regulators in periodontal disease has also been noted by Aral et al. (59) who found that ASC/PYCARD was negatively correlated to probing depth, although no differences were noted between ASC/PYCARD between disease groups. In the present study, lower levels of IL-18 were noted in the disease group as compared to the healthy controls, which is suggestive of the dichotomous roles of IL-18. Lower levels of IL-18 have been noted in early periodontal disease as compared to healthy controls (60). Clinically, periodontal therapy has been found to reduce NLRP3 but not IL-18 (61). Distinct and independent processes in NLRP3 inflammasomes in vitro are shown to elicit IL-1B and IL-18 production in response to non-canonical stimulation, which can fine-tune the pyroptosis response (62) and is likely to account for the opposing patterns observed in periodontitis samples. The role of non-canonical NLRP3 inflammasome activation in periodontitis needs further study.

Among the PRG pairs, HMGB1 and SCAF11 showed the strongest positive correlation in periodontitis. HMBG1 is stimulated by inflammatory stimuli, can act on toll-like receptors, and can also enhance chemotaxis, depending on the redox state (63). In periodontitis, HMBG1 secretion due to bacterial stimulation has been documented and shown to prolong the inflammatory responses (64). SCAF11 is involved in mRNA splicing and recently recognized as implicated in several types of cancer, but its involvement in periodontitis remains to be clarified. The strongest negative correlation was noted between CASP3 and PYCARD, while CASP3 and NLRP3 were both also negatively correlated with IL-18. CASP3 is common to both apoptosis and pyroptosis pathways, whereas PYCARD is a key inflammasome regulator (65). These findings could suggest that pyroptosis via the non-canonical NLRP3 pathway activation could occur in periodontitis, plausibly occurring in a distinct temporal stage or in differing disease characteristics. In support, ATP is shown to induce pyroptosis in macrophages through the alternative CASP3 pathway when the canonical NLRP3 pathway is blocked by pathogens as a mechanism to counter pathogen evasion (66). The present findings are closely aligned with an earlier study which showed that PYCARD/ASC knockout led to the attenuation of the canonical pyroptosis-associated CASP1 but increased the number of non-canonical pyroptosis-associated CASP3- and CASP8-expressing gastric epithelial cells (67), which occurred independent of mucosal inflammation.

The 14-PRG signature for periodontitis achieved excellent prediction accuracy in disease classification and provides a basis for translational research. To further explore the mechanistic aspects, consensus clustering was applied and demonstrated three distinct clusters, whereby C2 was characterized by CASP3, GZMB, IL1A, IL1B, and IL6, representing CASP3-stimulated pyroptosis pathway dominance. On the other hand, C3 was marked by PLCG1 and PYCARD, where lipid peroxidation-mediated PLCG1 activation can drive GSDMD and induce pyroptosis (68), and PYCARD is a NLR component implicated in reactive oxygen species-mediated pyroptosis involving NLRP3 activation (69, 70). The potential relevance of these differences in pyroptosis mechanisms between clusters may represent the molecular subtypes of the disease in the context of pyroptosis and warrants further investigation in experimental research. The functional analysis indicated that C1 was enriched in endothelial cell migration, NADPH oxidase, keratin filament, and TGF beta signaling pathway, suggesting the dominance of canonical pathway-mediated pyroptosis. Pyroptosis can be mediated by the canonical inflammasome pathway via CASP1 that stimulates the IL18/INFγ/NADPH oxidase axis and can be triggered by gram-negative bacteria (71–73). Cluster C3 was marked by higher levels of HLA-DQB2, an increase in infiltrating iDCs, and lower activation of APC and T cell-related immune pathways, along with a lower type II IFN response. Dendritic cells display multiple modes of inflammasome activation upon encountering a microbial product or endogenous triggers, resulting in either pyroptosis or a hyperactive state that stimulates adaptive immunity and T cell activation (74). Bacterial LPS is shown to induce CASP11-mediated non-canonical inflammasome activity, which leads to pyroptosis (75). Furthermore, while PMN infiltration was higher in periodontitis as compared to healthy tissues, C3 manifested a relatively lower PMN signature as compared to C1 and C2. Considering together with the findings that C3 was marked by higher PYCARD and iDCs but lower CASP3, GZMB, and pro-inflammatory cytokines, this raises further questions regarding the clinical and microbiological correlates of this cluster. It is also plausible that C3 may represent an earlier temporal stage of periodontitis or periodontal pathogen-associated immune evasion. Incidentally, the periodontal pathogen P. gingivalis has been associated with impairment of PMN recruitment (76). Increased HLA-DQB2 expression has been associated with susceptibility to the autoimmune disease rheumatoid arthritis (77) and increased renal transplant rejection (78). Therefore, the cluster C3 could also represent distinct host susceptibility associated with deregulation of immune tolerance, including pyroptosis. Of note is that non-canonical pyroptosis pathway activation has been associated with autoimmune disease (79), and our earlier research has shown distinct immune subtypes to exist in periodontitis (80). The role of pyroptosis should be investigated in these contexts. Together with the data from earlier investigation showing PYCARD suppression that led to increased CASP3 and CASP8 in gastric epithelial cells (67), these findings suggest the possibility that the cluster C3 represented a greater non-canonical inflammasome pathway molecular activity as compared to C1 and C2.

Future research should also address variations in periodontitis-associated biofilm composition and functions linked to specific pyroptosis pathways. Importantly, in the current study, metadata regarding clinical disease characteristics, such as disease severity or associated risk factors, were unavailable for correlation with pyroptosis-based clusters and should be addressed in future studies. The nature of host inflammatory responses and associated cell death varies with disease. In case of apical periodontitis, it has been shown that pyroptosis increases with the progression of the disease (81). In periodontitis, recent work has highlighted that genes associated with apoptosis and hypoxia show the largest changes during the disease initiation stage of 2 weeks; autophagy-related genes show maximum changes during disease progression stages and are associated with distinct oral microbiome features (82). Similar research into the temporal progression of disease or its severity and its association with pyroptosis is essential. CASP8, which can cleave GSDMD, resulting in pyroptosis activation (83), has been shown to be expressed at lower levels in aggressive periodontitis as compared to chronic periodontitis (84). An increase in CASP3 expression with disease has also been documented (85); however, whether the C3 samples manifested a lower severity in conjunction with a low CASP3 expression or whether disease progression patterns were distinct could not be ascertained in the present analysis. Additionally, several PRGs are implicated in other forms of cell death, and the balance of pyroptosis with other mechanisms of PCD, which occurs synergistically, also merits deeper investigation.

WGCNA showed a high correlation of the pink module with C2, which was found to be enriched in endoplasmic reticulum (ER) stress, vesicle transport, protein export, unfolded protein response, N-glycan biosynthesis pathway, and related functions. Increased ER stress in periodontitis has been noted (86). LPS has been shown to induce the ER stress response, an adaptive mechanism which, when excessive, leads to NLRP3 inflammasome activation and pyroptosis via the CASP1 pathway (87). P. gingivalis LPS has been shown to stimulate ER stress and, consequently, apoptosis in human umbilical vein endothelial cells (88), but the effects on pyroptosis are not established. In periodontitis, long-standing inflammation has been shown to induce ER stress via lysine acetyltransferase 6B (89). Others have noted that the ER stress-induced alveolar bone resorption in periodontitis was independent of inflammatory cytokine release (90). Taken together, these data suggest that multiple pathways of pyroptosis may be implicated in periodontitis with heterogeneous occurrence; furthermore, distinct molecular subtypes may exist in terms of their relative dominance.

These data highlight the necessity of further studies to unravel the mechanisms of pyroptosis involvement in periodontitis. Such research assumes significance considering the possibility of therapeutic interventions directed at pyroptosis blockade (91, 92) that can offer a novel management modality for periodontitis and syndemic oral-systemic conditions. The significance of pyroptosis in the linkage of periodontitis-associated systemic disease has been recently demonstrated in the context of rheumatoid arthritis using bioinformatics analysis (93), and additional studies are warranted. The findings of this study should be addressed in the context of its limitations. The 14-PRG signature was not verified with clinical or experimental data. In addition, the GEO datasets analyzed in the present study were of a modest sample size, which further necessitates verification experiments. As such, the presented findings must be considered as preliminary and the basis for directing future research.



Conclusion

The present study identified a highly robust, 14-PRG signature of periodontitis. Furthermore, three distinct pyroptosis-related clusters were identified, with differences in enriched functional biological functions and immune microenvironments indicated by HLA gene expression, immune cell infiltration, and immune pathway patterns. A hub pyroptosis-related module associated with ER stress and related functions was closely representative of cluster 2. These findings presented several functional aspects of pyroptosis involvement in periodontitis and also suggested heterogeneity in the relatively dominant pyroptosis-related pathways, which necessitates future investigation in the context of disease features, susceptibility, and longitudinal progression patterns.
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Oral disease Pathogen Specific ligand  Function Cell death pathway Cell/tissue type Reference
Oral mucosal Candida unknown promote  ZBP1-RIPK3/NLRP3/caspase-8- mouse bone marrow derived 32)
disease albicans mediated PANoptosis macrophages (BMDMs)
unknown promote  Dectin-1-RIPK1/RIPK3/MLKL-mediated ~ mouse peritoneal macrophages (55)
necroptosis
Herpes simplex  ICPO Gene promote  caspase-3-mediated apoptosis human epithelial cells (HEp-2) (56)
virus 1 Expression
“apoptoxin”
ribonucleotide promote  RIPK3/MLKL-mediated necroptosis mouse fibroblasts (L929) (57)
reductase ICP6
RNA transcripts promote  ZBP1-mediated necroptosis mouse lymphatic endothelial cells (58)
(SVEC4-10)
unknown promote  AIM2-, ZBP1- and pyrin-mediated BMDMs; human THP-1 macrophages (26)
PANoptosis
ribonucleotide inhibit RIPK3/MLKL pathway human colon adenocarcinoma cells (59)
reductase ICP6 (HT-29)
HSV-1 tegument inhibit AlM2/caspase-1 pathway mouse macrophages (J774A.1), human (60)
protein VP22 THP-1 macrophages
Periodontal Porphyromonas  unknown promote  non-caspase-dependent apoptosis human gingival fibroblasts (GFs) (61)
disease gingivalis
LPS promote  NLRP3/caspase-1/GSDMD-mediated GFs 62)
pyroptosis
omv promote  mitochondrial disfunction and NLRP3/ BMDMs; human monocyte-derived (63)
caspase-1-mediated pyroptosis macrophages
unknown promote  NLRP&/caspase-1/GSDMD-mediated GFs (64)
pyroptosis
unknown promote  RIPK1/RIPK3/MLKL-mediated human periodontal ligament fibroblasts (10)
necroptosis
Hmuy promote  caspase-7-related apoptosis peripheral blood mononuclear cells (65)
(PBMCs)
unknown promote  lysosomal destruction-NLRP3 and AIM2/  human THP-1 macrophages (66)
caspase-1 pathway
unknown promote  NLRP3/Caspase-4 and NLRP3/ human THP-1 macrophages (11)
Caspase-1
unknown promote  RIPK1/RIPK3/MLKL-mediated human THP-1 macrophages 67)
necroptosis
unknown promote  NLRP3 inflammasome-mediated human gingival mesenchymal stem (68)
pathway cells
LPS promote  NLRP3 inflammasome and RIPK1/ human periodontal ligament stem cells (69)
RIPK3/MLKL-mediated necroptosis
NDKs inhibit P2X7-mediated apoptosis human gingival epithelial cells (70)
NDKs inhibit caspase-1-mediated pyroptosis human gingival epithelial cells (71)
gingipains: RgpA, inhibit caspase-1-mediated pyroptosis human THP-1 macrophages (72)
RgpB, and Kgp
fimbriae inhibit P2X7 receptor-eATP-mediated BMDMs (73)
inflammatory responses
Pulp and Fusobacterium  heat-labile surface ~ promote  caspases-mediated apoptosis PBMCs; human polymorphonuclear (74)
periapical nucleatum protein cells; human U937 monocytes;
diseases human THP-1 macrophages
unknown promote  NLRP3/caspase-1-mediated pathway human THP-1 macrophages (75)
unknown promote  RIPK3/MLKL-mediated necroptosis periapical tissue of Balb/c mice; mouse (14)
fibroblasts (L929)
omv promote  FADD/RIPK1/RIPK3/caspase-3-mediated PBMC-derived macrophages and (76)
necroptosis human colonic epithelial cells
Enterococcus unknown promote  Bax/Bcl-2/caspase-3-mediated human osteoblastic cells (77)
faecalis apoptosis (MG63 cells)
LTA promote  NLRP3/caspase-1-mediated pathway mouse macrophages RAW264.7 (78)
unknown promote  NLRP3/caspase-1-mediated pyroptosis  periapical tissue of Sprague-Dawley (77)
rats; MG63 cells
unknown promote  RIPK3/MLKL-mediated necroptosis MGB3 cells (79)
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Rank Journal Count (%) IF JCR Co-cited journal Citation IF JCR
(2020) (2020)
1 Frontiers in immunology 90 (3.16%) 7.561 Q2 Nature 11443 49962 Q1
2 Cell death&disease 73(257%) 8469 Q1 Proceedings of the national academy of sciences 6283 9580 Q1
of the United States of America

3 Journal of immunology 59 (2.07%) 5.422 Q2 Journal of immunology 6274 5422 Q2

4 Biochemical and biophysical research 44 (1.55%) 3575 Q2 Cell 5503 41.582 Q1
communications

5 Proceedings of the national academy of sciences 36 (1.27%) 9.580 Q1 Journal of biological chemistry 5503 5157 Q1
of the United States of America

6 Cell death and differentiation 36(1.27%) 15.828 Q1  Nature immunology 4456  25.606 Q1

7 Plos pathogens 36(1.27%) 6.823 Q1 Immunity 4236 31.745 Q1

8 International journal of molecular sciences 36(1.27%) 5923 Q2 Science 4187 47728 Q1

9 European journal of immunology 36(1.27%) 5532 Q1 Cell death and differentiation 3168 15.828 Q1

10 Scientific reports 36(1.27%) 4.379 Q1 Plosone 2832 3240 Q1

IF, impact factor; JCR, Journal Citation Reports.
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Rank Reference Citation Year Centrality Ref.
1 Cleavage of GSDMD by inflammatory caspases determines pyroptotic cell death 856 2015 0.01 4)
2 Caspase-11 cleaves gasdermin D for non-canonical inflammasome signaling 631 2015 0.01 (20)
3 Inflammasome-activated gasdermin D causes pyroptosis by forming membrane pores 499 2016 0.00 (€]
4 Pore-forming activity and structural autoinhibition of the gasdermin family 427 2016 0.01 21)
5 Gasdermin D is an executor of pyroptosis and required for interleukin-1f secretion 389 2015 0.00 5)
6 Inflammatory caspases are innate immune receptors for intracellular LPS 364 2014 0.01 (22)
7 Pyroptosis: Gasdermin-Mediated Programmed Necrotic Cell Death 352 2017 0.00 (23)
8 Non-canonical inflammasome activation targets caspase-11 346 2011 0.02 (24)
9 Mechanisms and functions of inflammasomes 298 2014 0.00 (25)
10 Chemotherapy drugs induce pyroptosis through caspase-3 cleavage of a gasdermin 293 2017 0.00 (26)






OPS/images/fimmu.2021.731933/table5.jpg
Rank Keywords Count Centrality Rank Keywords Count Centrality
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2 NLRP3 inflammasome 764 0.01 12 NF-xB 259 0.04
3 apoptosis 687 0.02 18 autophagy 230 0.03
4 activation 662 0.02 14 oxidative stress 217 0.03
5 cell death 608 0.01 15 macrophage 206 0.03
6 inflammasome 587 0.01 16 protein 191 0.08
7 GSDMD 455 0.01 17 necroptosis 188 0.01
8 mechanism 399 0.02 18 death 183 0.01
9 caspase-1 395 0.02 19 innate immunity 180 0.01
10 inflammation 355 0.03 20 receptor 171 0.06
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PATIENT GENDER HAEMOGLOBIN  PLATELET LEUKOCYTE NEUTROPHILS LYMPHOCYTES EOSINOPHILS ESR(mm/ CPR Ferritin D- IL-6

(g/dL) (10°X pL) (10°X uL) (10°X L) (10°X L) (10°X pL) h) (gl)  (ng/ml)  dimers  (pg/
(ng/ml)  mL)

HIGH INFLAMMATORY PROFILE (HIP)
3 F 14.6 228 5860 4260 990 40 NA 3700 9% 525 778
5 M 133 316 10590 9070 750 10 61 61400 667 344 4962
8 F 99 112 4580 3550 660 10 2 6600 72 170 1406
9 M 84 287 2310 1930 220 10 56 139800 614 780  NA
12 M 10 98 5810 4860 370 200 NA NA NA NA  NA
16 M 12.4 483 12890 11580 790 120 NA 1390 NA 1079 NA

LOW INFLAMMATORY PROFILE (LIP)
6 M 124 222 7410 4990 1830 30 03 10300 150 1775 21.43
7 M 143 237 4640 2610 1610 20 38 10600 230 658  14.83
1 M 16.1 130 14240 9270 1800 10 NA 97800 NA NA NA
15 M 116 387 10160 5930 3350 60 NA 12900 NA 455 NA
10 F 146 264 11800 9680 1113 400 NA 3640 NA 1194 NA
14 M 187 365 8030 6300 1150 20 NA 5080 NA 1574 NA
1 M 15 282 8380 5866 1187 243 9 2900 147 170 465
2 M 125 244 7700 4970 1960 160 NA 350 22 467  NA
4 M 15.1 173 7040 3840 2270 150 NA 1300 247 170 308
13 F 129 314 5720 3830 1160 20 NA 4520 NA NA NA
17 M 89 240 74160 3930 64300 100 NA 3100 NA NA NA
18 F NA NA NA NA NA NA NA NA NA NANA

L aboratory abnormalities findings are reportedin red. Patients were divided into two groups. The first group, High Inflammatory Profile (HIP), includes patients who reported lymphopenia (Lymphocyte <1000 celis/uL), and almost one of the
following serological features: Platelets <100.000/pL, IL-6 >5.9 pg/mL, CRP >5000 ug/L, D-climers >1000 ug/L., Feritin >250 ng/mL, ESR > 30 mmh. The second group didn't meet the above mentioned criteria and was defined Low
Inflammatory Profile (LIP). Green lines displayed patients who showed high PBMC LC3IIB level (>2.5) based on the Western blot analysis. Not Available (NA).
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Apoptosis (Annexin V*/PI’) Necroptosis (Annexin V*/PI*)

L. biflexa L. interrogans L. biflexa L. interrogans
Phenotype 24h 72h 24h 72h 24h 72h 24h 72h
All Immune Cells (CD45+) ns ns ns ns @ ns ns @®
Myeloid cell (CD45+CD11b+) @ ns @ @ ns ns ns @
Dendritic cell (CD45+ CD11c+MHCII+) ns ns ns ns ns ns ns ns
Neutrophil (CD45+CD11b+Ly6G+Ly6C+) ns ns @ @ ns ns @ @
Monocyte (CD45+CD11b+Ly6G-Ly6C"") @ v ® ® @ ns ® ns
Monocyte-Macrophage (CD45+CD11b+Ly6G-Ly6C") ns ns ns ns @® ns @® ns
Resident Macrophage (CD45+CD11b-F4/80+) ns ns ns ns @ ns ns @

L. biflexa (green arrowhead) and L. interrogans (red arrowhead) infection in comparison to uninfected control at 24h and 72h; Pl, represents Propidium lodide; a circle around the
arrowhead highlights increases; ns, represents non-significance.
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Category Drug name Mechanisms of action Status of clinical trials Reference
NETosis inhibitors Fostamatinib SYK inhibitor NCT04579393, Phase 2 (124)
Carboxypeptidase B Degrades C3a and C5a N.D. (125)
pSoL Siglec-9 agonist N.D. (126)
Avdoralimab mAb against C5a NCT04371367, Phase 2 (127, 128)
Metformin Immunomodulatory NCT04604678, Phase 2 NCT04625985, Phase 2 (129-131)
Anakinra IL-1p inhibitor NCT04412291, Phase 2 (70, 132)
NCT04603742, Phase 2
Sarilumab IL-6 receptor antagonist NCT04661527, Phase 2 (133)
Tocilizumab mADb against IL-6 NCT04331808, Phase 2 (134)
Vitamin C ROS scavenger NCT04264533, Phase 2 (8, 135)
Belinostat and Histone deacteylase inhibitor N.D. (136)
Panobinostat
Alvelestat Antiprotease NCT04539795, Phase 2 (137)
Disuffiram Gasdermin D inhibitor NCT04485130, Phase 2 (60)
NCT04594343, Phase 2
Cl-Amidine, GSK 484 PAD 4 inhibitor N.D. (138)
NET degraders Dornase alfa Degrades cfDNA NCT04409925, Phase 1 (55, 139)
NCT04445285, Phase 2
Long-acting DNase-1 Degrades cfDNA N.D. (140)
DNase-| pMNSs Degrades cfDNA N.D. (141)

SYK, Spleen tyrosine kinase; NCT, National clinical trial; C3a, Complement 3a; C5a, Complement 5a; N.D., No date; mAb, Monoclonal antibody; pSOL, Cis-binding Siglec-9 agonist; IL-1p,
Interleukin 1 beta; IL-6, Interfeukin 6; ROS, Reactive oxygen species; cfDNA, Circulating free DNA; Long-acting DNase-1, Long-acting nanoparticulate DNase-1; DNase-| pMNSs, DNase-I-

coated melanin-like nanospheres.
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Key Necroptosis Markers Protein Expression

L. biflexa L. interrogans
24h 72h 24h 72h

MLKL @ @ ® ®
p-MLKL @ = ® ®
RIP3 = @ ® ®
o-RIP3 @ @ ® ®
RIP1 ~ @ ® =

p-RIP1 ~ @ ® ®

% Normalized to B-actin + 3 is considered as equivalent (=) between infected and uninfected; comparison between L. biflexa (green arrowhead) and L. interrogans (red arrowhead)
compared to control at 24h and 72h post-infection; a circle around the arrowhead highlights increases.
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Compound
SsP
Curcumin
Fraxetin
Carnosol
Quercetin
Resveratrol
Anthocyanins
Celastrol
Sulforaphane

Auranofin
PMA

Source
S. sagittifolia
Curcuma longa
Coumarin derivative
Herb rosemary
Foods of plant origin
Fruits and vegetables
Vegetables, flowers, and
fruits
Thunder God Vine and
Celastrus regelii plant
Broccoli
an FDA- approved drug

Natural compounds that
activate PKC

Effect

1gene and protein expression of Nrf2 and HO-
1

THO-1 mRNA in the liver, |oxidative stress
and inflammation

TmRNA and protein expression of HO-1

THO-1 expression at both mRNA and protein
levels

THO-1 expression at both transcription and
translation levels

THO-1 expression, |AB;.42-induced oxidative
stress

1Nrf2 and HO-1 mRNA levels, 1GSH and GPx
activity, MDA and ROS levels

1Nrf2 and HO-1 expression, |mRNA levels of
macrophage M1 biomarkers

THO-1 expression, linflammatory response

THmox1 mRNA levels
THO-1 gene expression

Only the part of studies where HO-1 induction was evaluated are listed.

Pathway

Nrf2/HO-1

Nrf2/HO-1 and
TGF-B1/Smad3
Akt/Nrf2 or
AMPKo/Nrf2
ERK, p38, JNK
and PIBK
P38MAPK

PIBK/AKT/Nrf2
Nrf2/HO-1
Nrf2/HO-1, MAPK
and NF-xB
PISK/Akt

Nrf2

NF-kB, p38 MAPK
and CK2

Model
mice
CCly-induced acute liver injury in mice
HaCaT human keratinocytes
PC12 cells
RASMCs

AB4-42-induced cytotoxicity in PC12
cells

Diabetes-induced oxidative stress and
inflammation in rat retinas
Diet-induced obese C57BL/6N male
mice

MALP-2-induced pulmonary
inflammation in mice

Nrf2K0"8 and Nrf24©22 mtCCs
RAW264.7 monocytes and p65(-/-)
mice

References
(119)
(131)
(122)
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(125)
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({127
(128)

(129)
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Staphylococcal Gene
factor

Adenosine adsA
synthase A

AgrD agrD
Autolysin atl
Leukocidin AB lukAB
Lipase geh
Lipoproteins -3
Extracellular eap
adherence protein
Extracellular eapH1
adherence protein
homolog 1

Extracellular eapH2
adherence protein
homolog 2

Fibronectin- nbB

binding protein B
Panton-Valentine  IukFS
leukocidin

Phenol-soluble psmat-
modulins 4
(o-type)

Staphylococcal spa
protein A

Second binding shi
protein of
immunoglobulin
Thermonuclease  nuc

Category

Surface protein
Precursor molecule of
the autoinducing
peptide AIP
Peptidoglycan
hydrolase
Pore-forming toxin
Exoenzyme
Plasma membrane
components
Exoprotein®

Exoprotein®

Exoprotein®

Surface protein
Pore-forming toxin

Cytolysin

Surface protein

Surface protein

Exoenzyme

Effect

interfering factor; collaborates with Nuc to convert NETSs into cytotoxic dAdo thereby preventing
macrophage infiltration into abscesses
promotes NET formation in human neutrophils’

indirect effector molecule of vital NET formation

triggers NET formation?; interacts with PVL to promote release of NETs in biofiims

putative role during vital NETosis

potent driver of vital and PAD4-depenent NET formation

interfering factor; disturbs the stability of the NET scaffold by binding and aggregating DNA fibers;

exhibits neutrophil serine proteases-blocking capacities
interfering factor; inhibits neutrophil serine proteases

interfering factor; blocks neutrophil serine proteases

neutralizing factor; scavenges NET-associated histones

primes vital NET formation in human PMNs?; collaborates with LukAB to drive NET release within
biofims; punctures mitochondria to induce alternative NETosis

initiates an NADPH oxidase-independent and vital-like form of NETosis

stimulates formation of NETs from human PMNs®

triggers together with protein A the release of NETs®

neutralizing factor; degrades NETs during local, systemic, and chronic S. aureus infection thereby

catalyzing escape from NET-mediated entrapment and killing; converts NETs together with AdsA
into dAdo to promote persistent infections

"NETosis induction requires truncated peptide variant of AgrD.
2occurs at sublytic concentrations.
3no specific gene listed as S. aureus genomes bear approximately 70 lipoprotein-encoding genes (60).

.
5,

‘member of the SERAM (secretable expanded repertoire adhesive molecules) protein family.
’mechanism requires live staphylococci and probably an additional secreted cofactor.
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(15, 51)
(43)
(52)
(53, 54)

(54)
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67)
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Type of infection or
medical condition

Abscess

Burn wound
Cystic fibrosis

Diabetes

Infective endocarditis
Inflamed skin
Psoriasis

Pneumonia

Sepsis

Consequence of NET formation or aberrant NETosis"

NETs trigger staphylococcal persistence and macrophage cell death as a result of Nuc- and AdsA-mediated conversion of
these structures into cytotoxic dAdo

toxin-induced release of NETSs tunes survival of MRSA within chronic burn wounds and biofilms in pigs

NETSs represent a key source of inflammation and presumably affect staphylococcal long-term persistence in cystic fibrosis
lungs®

NET-overproduction by low-density neutrophils increases susceptibility of diabetic mice to S. aureus blood stream infection;
NETs impair wound healing in diabetics, probably complicating staphylococcal skin and deep tissue infections®

NETSs facilitate S. aureus vegetation formation on damaged heart valves in an experimental endocarditis rat model
enhanced NET formation at injured body sites promotes S. aureus skin colonization in mice

NETSs potentially correlate with increased S. aureus colonization rates in psoriatic patients?

abnormal NETosis in response to MRSA provokes lung injury in @ mouse model of acute respiratory infection

excessive release of NETs from neutrophils triggers intravascular coagulation and tissue injury in septic mice

Tobserved in laboratory animals as indicated: 2pulative effects.
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