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Editorial on the Research Topic 


NLRP3 Inflammasome: Regulatory Mechanisms, Role in Health and Disease and Therapeutic Potential


Inflammasomes are cytoplasmic host defence machinery whose activation is critical for initiating signalling pathways for effective innate immunity. Although there are multiple inflammasomes, the NLRP3 inflammasome has attracted the attention of the global scientific community. The ability this inflammasome to be activated by multiple stimuli provides ample opportunities to understand its role in the development of diseases. Regulating NLRP3 inflammasome activation and deactivation is equally important and can be managed at different levels. NLRP3 inflammasome activation and the associated secretion of proinflammatory cytokines are required to initiate adaptive responses against pathogens. This is particularly useful in the development of several adjuvants to formulate effective vaccines. NLRP3 inflammasome activation is critical for the maintenance and trafficking of haematopoietic stem cells and haematopoiesis. However, NLRP3 inflammasome hyperactivation and prolonged activity cause pyroptotic cell death and sterile inflammation, causing several health complications. Thus, the NLRP3 inflammasome is an interesting protein complex in our immune system, and targeting this complex will enable tremendous therapeutic advantages. Although multiple findings are being reported every day regarding the contradictory roles of the NLRP3 inflammasome in health and disease, there is still much that is not known. A deeper understanding of this comprehensive protein complex will require new strategies and methodologies, which will take us to a new era of therapeutics. Considering the rapid growth of interest in the NLRP3 inflammasome, we are delighted to present a focused issue featuring 24 specifically commissioned cutting-edge research and review articles that shed light on recent developments in the NLRP3 inflammasome.


NLRP3 Inflammasome in Health

In certain contexts, activation of the NLRP3 inflammasome helps control disease pathogenesis. Various oncogenic stresses and metabolic abnormalities are known to activate the NLRP3 inflammasome, which determines the fate of tumours. To avoid the expansion of tumours and achieve control in metastasis, it is important to understand the smooth transition of the NLRP3 inflammasome from protumorigenic to antitumorigenic functions. Lin et al. reviewed the tumour-suppressing and tumour-promoting roles of the NLRP3 inflammasome in different types of cancers in detail. Inhibiting the effects of the NLRP3 inflammasome may not be beneficial in treating certain cancers (Lin et al.). Tezcan et al. reported that inhibiting the activity of caspase-1 using VX765 promoted tumour growth by enhancing angiogenesis and releasing the cytokines C-C Motif Chemokine Ligand (CCL) 26, CCL11 and CCL24. VX765 also preserved the tumour cell viability. The authors showed that increasing the levels of IL-1β and IL-18 by activating the NLRP3 inflammasome using nigericin was an effective therapeutic approach to control tumour growth. Hence, for effective personalized cancer treatments, it is important to test the prior effect of NLRP3 inflammasome activation on tumours (Tezcan et al.). Such interesting insights undoubtedly assist in developing novel therapeutic strategies to treat various forms of cancers.

A review by Ratajczak and Kucia discussed the role of extracellular ATP (eATP) and extracellular ADP (eADP) in controlling NLRP3 inflammasome activation in haematopoietic progenitor stem cell (HPSC) trafficking in depth. Although eATP and eADP are purinergic mediators, eATP has been shown to activate the NLRP3 inflammasome, while eADP inhibits activation. HPSCs activate NOX-2 in response to chemoattractants from bone marrow. NOX-2 acts as an ROS source to activate the NLRP3 inflammasome, which releases ATP extracellularly. eATP further activates the NLRP3 inflammasome in a feedback manner. CD39 and CD73 are present on the cell surface and convert eATP to eADP, further activating haem oxygenase-1 through P1 receptors. This effect of eADP negatively regulates the activation of the NLRP3 inflammasome. HPSC homing from bone marrow to peripheral blood and vice versa is a process that is critically dependent on the activity of the NLRP3 inflammasome (Ratajczak and Kucia).

Currently, the major treatment for diseases involves immunosuppression by inhibiting inflammasome or interleukin (IL)-1β activity. However, this treatment usually paves the way for additional respiratory tract infections because of immunosuppression. Surabhi et al. reviewed the beneficial effect of NLRP3 inflammasome activation against microbial infections. IL-1β plays an important role in antagonizing the invasion of bacteria. Achieving immunosuppression with inhibitors of inflammasomes or IL-1β negatively affects patient health by exposing patients to invasive pneumococcal infections that can cause severe pneumonia. Deeper insights into the role of the NLRP3 inflammasome in such bacterial infections and the effect of inflammasome inhibition would help us to develop therapeutics that could significantly improve the health of immunocompromised individuals (Surabhi et al.).



NLRP3 Inflammasome in Diseases and Therapeutic Strategies

Identifying novel therapeutic strategies is crucial in preventing unwanted activation of the NLRP3 inflammasome. Lin et al. showed that reprogramming pyruvate metabolism could be a potential therapeutic tactic to suppress the activation of the NLRP3 inflammasome. The authors showed that decreasing the activity of pyruvate dehydrogenase E1 subunit α1 and mitochondrial pyruvate carrier 2 deceased pyruvate oxidation and enhanced the activation of the NLRP3 inflammasome. An in vivo study carried out in a mouse model showed that peritonitis decreased with the inhibition of lactate dehydrogenase. This study reported that lactic acid fermentation was crucial for the activity of the NLRP3 inflammasome, whereas the conventional pyruvate oxidation pathway was not (Lin et al.).

Chang et al. investigated the negative regulation of the NLRP3 inflammasome by insulin in detail. Insulin significantly reduced inflammation by preventing inflammasome assembly by inhibiting ASC speck formation and IL-1β secretion and altering the phosphorylation of p38 MAPK and Syk. In vivo studies showed that insulin supplementation in LPS-exposed mice reduced the inflammation associated with intestinal injuries (Chang et al.). Lin et al. showed that gallic acid improved gouty arthritis by inhibiting LDH release and ROS generation. Gallic acid also reduced macrophage and neutrophil migration in joint synovitis. Gallic acid prevented pyroptosis by blocking NLRP3 inflammasome assembly, ASC oligomerization, NLRP3-NEK interactions, caspase-1 activation, and IL-1β release. Furthermore, gallic acid induced the antioxidant pathway by enhancing the expression of Nrf-2 (Lin et al.). Wu et al. identified that analogues of the polyenyl pyrrole derivative 4-hydroxy auxarconjugatin B (F240B) inhibited the NLRP3 inflammasome through autophagy induction. Apart from enhancing autophagic flux, LC3 puncta, and acidic vesicular organelle formation, F240B inhibited pro-IL-1β expression, ASC speck formation, oligomerization, and mitochondrial membrane integrity loss and promoted the degradation of NLRP3 and IL-1β. In vivo studies in an MSU-induced peritonitis model showed that F240B reduced the levels of IL-6, IL-1β, caspase-1, and MCP-1 and intraperitoneal neutrophilic flux (Wu et al.).

Long noncoding RNAs (lncRNAs) play significant roles in regulating the activation of the NLRP3 inflammasome. The nuclear and cytoplasmic regulation of the NLRP3 inflammasome by lncRNAs occurs by altering gene transcription, translation, and chromatin architecture. Menon and Hua published a consolidated review on various aspects of lncRNA-based regulation of the NLRP3 inflammasome and potential therapeutic candidates targeting these regulatory lncRNAs (Menon and Hua). Seok et al. presented a highly focused review on NLRP3 inflammasome regulatory activities post translation and by small molecule inhibitors and phytochemicals. Multiple intracellular proteins are responsible for the positive and negative posttranslational regulation of the NLRP3 inflammasome. These proteins carry out actions such as phosphorylation, dephosphorylation, ubiquitination, deubiquitination, sumoylation, and desumoylation to control the activity of the NLRP3 inflammasome. Similarly, numerous synthetic small molecules block the activity of the NLRP3 inflammasome by targeting mainly the NLRP3-NATCH domain, caspase-1, and IKKβ kinase activity. Phytochemicals, on the other hand, target the NLRP3-PYD domain and ASC-PYD domain to inhibit the interaction of NLRP3 with inflammasome components, ROS generation, and ASC speck formation (Seok et al.).

Suryavanshi et al. presented a detailed review on the promising therapeutic potential of cannabinoids, an active component of cannabis from the plant Cannabis sativa, against the activation of the NLRP3 inflammasome. The potential anti-inflammatory activity of cannabinoids can be utilized to formulate therapeutics targeting various inflammatory conditions, especially COVID-19-induced acute respiratory distress syndrome (Suryavanshi et al.). There is increasing interest in uncovering the regulatory effects of various nuclear receptors on the NLRP3 inflammasome. Alatshan and Benko reviewed the significant role of nuclear receptors in modulating the activity of the NLRP3 inflammasome in detail. Ligand-mediated interactions of nuclear receptors inhibit the activation of the NLRP3 inflammasome. Such integration interferes with and inhibits NLRP3 inflammasome assembly and ASC oligomerization, prevents ER stress, and reduces ERK activation. However, certain nuclear receptor-ligand interactions result in the activation of the NLRP3 inflammasome, which can be directed to boost immune responses in the host (Alatshan and Benko). Pyrillou et al. provide an up-to-date review of the biology of IL-1, their production, and their significant roles in multiple cell types. IL-1 play significant roles in thrombosis by promoting hypercoagulation, promoting fibrosis, delaying wound healing, driving cytokine storms and causing sepsis. A better understanding of the cell-dependent functions of IL-1 will undoubtedly help in formulating safe therapeutics with maximum efficacy to improve the quality of human health (Pyrillou et al.). Using bioinformatics tools, computational modelling and assessments, Samson et al. determined an inverse correlation between NLRP3 mutation-associated structural changes and disease severity. One of the key findings reported was that severe structurally interfering NLRP3 mutations localize around the ATP binding domain, altering the charge interactions and hydrogen bonding, thereby enhancing the ATP binding affinity. Moderately interfering structural NLRP3 mutations enhance NLRP3 inflammasome formation and stability by influencing the binding of NLRP3-NLRP3 multimers and NLRP3-ASC proteins (Samson et al.).

Dong et al. illustrated the importance of peptidyl-prolyl cis-trans isomerase (Pin1) in regulating the activation of the NLRP3 inflammasome to reduce LPS-induced septic shock in mice. In vivo studies in the absence of Pin1 showed reduced activation of the NLRP3 inflammasome. Pin1 positively regulated the phosphorylation of p38 MAPK and affected the expression of NLRP3, ASC, and caspase 1. Pin1 is also important for the cleavage of gasdermin D and enhances the release of the inflammatory cytokines IL-1β and IL-18 (Dong et al.). Lan et al. demonstrated the importance of the PKR/peroxynitrite axis in initiating inflammasome activation in LPS-challenged cardiac fibroblasts. LPS exposure enhanced the phosphorylation of PKR, which in turn mediated the expression of pro-IL-1β. Using inhibitors, the authors demonstrated that PKR inhibition before LPS priming reduced the levels of NLRP3 and pro-IL-1β, while inhibiting these factors after LPS priming but prior to activation decreased the activation of caspase-1 and IL-1β. Inhibiting peroxynitrite negatively affected the priming and activation of the NLRP3 inflammasome. PKR/peroxynitrite can be considered a potential therapeutic target to suppress NLRP3 inflammasome-mediated inflammatory responses in septic shock (Lan et al.).

A manuscript by Sakaguchi et al. showed that deficiency of the autophagy-related proteins Gate-16 and GABARAP enhanced the activation of guanylate binding protein 2 associated caspase-11, which directly increased the inflammatory responses usually observed in LPS-induced septic shock. Critical crosstalk and interregulation between the NLRP3 inflammasome and autophagy are crucial in preventing hyperinflammation. A review by Biasizzo and Kopitar-Jerala discussed the inhibition of NLRP3 inflammasome hyperactivation by the induction of autophagy. Autophagy inhibits NLRP3 inflammasome activation by removing NLRP3-activating triggers, activators, cytokines and inflammasome components. NLRP3 inflammasome signalling events also regulate autophagy to establish an optimal balance between host defence and hyperinflammation (Biasizzo and Kopitar-Jerala).

Inhibiting NLRP3 inflammasome activation can effectively ameliorate mosquito-borne dengue virus-driven dengue haemorrhagic fever (DHF) pathogenesis. In a study conducted by Lien et al., the NLRP3 inflammasome was demonstrated to be a potential therapeutic target to overcome the platelet defects induced by dengue. Virion surface envelope protein domain III (EIII)-induced platelet defects and cell death by pyroptosis were inhibited by blocking the activity of the NLRP3 inflammasome using the inhibitors OLT1177 and Z-WHED-FMK (Lien et al.). Lien et al. showed that EIII caused the release of neutrophil extracellular traps and induced a form of cell death known as NETosis and cytokine storms, which were mainly mediated by IL-1β and IL-18 through the activation of the NLRP3 inflammasome. In vitro studies using Z-WHED-FMK and OLT1177 showed the suppression of NETosis induced by EIII. Furthermore, in vivo studies with mutant mice lacking Nlrp3 and Casp1 also showed reduced NETosis and inflammation after EIII exposure (Lien et al.). The vascular endothelial dysfunction observed in cases of DHF is caused by enhanced pyroptotic death in endothelial cells. By inhibiting the activation of the NLRP3 inflammasome and caspase 1, the inflammatory pathogenesis associated with DHF can be significantly reduced (Lien et al.). Thus, the NLRP3 inflammasome is a potential therapeutic target in dengue infections.

Deng et al. analysed the role of the lncRNA Gm28309 in NLRP3 inflammasome activation during brucellosis. The lncRNA Gm28309 acts as a competitive endogenous RNA to sponge the NF-κB-activating activity of miR30685p. This ensures the suppression of unwanted NLRP3 inflammasome activation under normal conditions. However, during Brucella infection, TLR activation results in the downregulation of the lncRNA Gm28309, which releases miR30685p to the cytoplasm, where it targets κB-Ras2 for degradation and results in the phosphorylated activation of p65. This phosphorylation activates the NF-κB signalling cascade, which culminates in the activation of the NLRP3 inflammasome and IL-1β release to mediate inflammatory activity. Downregulation of the lncRNA Gm28309 also increases the expression of TGF-β, which leads to the phosphorylation of p65 by activating the TAK1 and IKK kinase cascades (Deng et al.).

Song et al. reported that therapeutically targeting NLRP3 inflammasome activation in Shiga toxin-induced haemolytic uraemic syndrome could effectively ameliorate inflammatory pathogenesis. The small-molecule inhibitor oridonin effectively suppressed NLRP3 inflammasome activation and improved survival in an interleukin mouse model by preventing renal injuries (Song et al.). The deadliest respiratory infection that the world is battling today is SARS-CoV-2-induced acute respiratory distress syndrome. COVID-19 induces hyperactivation of inflammatory responses and enhances the production of IL-1β and IL-6. Vaccari et al. NLRP3 inflammasome activation by COVID-19 and its role in triggering disseminated intravascular coagulation, ARDS, and ventilator-induced lung injury in detail. The authors also explained in detail the detrimental effect of NLRP3 inflammasome-induced responses in various organs during SARS-CoV-2 infection. Therapeutics that inhibit NLRP3 inflammasome activation and IL-1β and IL-6 signalling could provide extensive benefits to SARS-CoV-2-infected individuals (Vaccari et al.).

NLRP3 inflammasome activation is regulated at various levels. It is critical to understand the multiple regulatory events involved in controlling the activity of the NLRP3 inflammasome. With the rising incidences of inflammatory diseases, deeper knowledge at the molecular level will enable the development of targeted drug formulations with greater efficacy.



Author Contributions

K-FH is the guarantor of the article. OC, J-SM, and AC contributed to critical revision of the manuscript. K-FH wrote and finished the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This research work is supported by the funding from the Ministry of Science and Technology of Taiwan (MOST 110-2628-B-197-001; MOST 108-2923-B-197-001-MY3; MOST 110-2923-B-197-001-MY3).




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


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

Copyright © 2021 Chernikov, Moon, Chen and Hua. 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: 15 September 2020
doi: 10.3389/fimmu.2020.561948






[image: image2]

Role of Gate-16 and Gabarap in Prevention of Caspase-11-Dependent Excess Inflammation and Lethal Endotoxic Shock

Naoya Sakaguchi1,2†, Miwa Sasai1,2†, Hironori Bando1,2†, Youngae Lee1,2, Ariel Pradipta1, Ji Su Ma1,2 and Masahiro Yamamoto1,2*


1Department of Immunoparasitology, Research Institute for Microbial Diseases, Osaka University, Osaka, Japan

2Laboratory of Immunoparasitology, WPI Immunology Frontier Research Center, Osaka University, Osaka, Japan

Edited by:
Kuo-Feng Hua, National Ilan University, Taiwan

Reviewed by:
Andy Wullaert, Ghent University, Belgium
 Jye-Lin Hsu, China Medical University, Taiwan

*Correspondence: Masahiro Yamamoto, myamamoto@biken.osaka-u.ac.jp

†These authors have contributed equally to this work

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

Received: 14 May 2020
 Accepted: 18 August 2020
 Published: 15 September 2020

Citation: Sakaguchi N, Sasai M, Bando H, Lee Y, Pradipta A, Ma JS and Yamamoto M (2020) Role of Gate-16 and Gabarap in Prevention of Caspase-11-Dependent Excess Inflammation and Lethal Endotoxic Shock. Front. Immunol. 11:561948. doi: 10.3389/fimmu.2020.561948



Sepsis is a life-threating multi-organ disease induced by host innate immunity to pathogen-derived endotoxins including lipopolysaccharide (LPS). Direct sensing of LPS by caspase-11 activates inflammasomes and causes lethal sepsis in mice. Inhibition of caspase-11 inflammasomes is important for the prevention of LPS-induced septic shock; however, whether a caspase-11 inflammasome-specific suppressive mechanism exists is unclear. Here we show that deficiency of GABARAP autophagy-related proteins results in over-activation of caspase-11 inflammasomes but not of canonical inflammasomes. Gate-16−/−Gabarap−/− macrophages exhibited elevated guanylate binding protein 2 (GBP2)-dependent caspase-11 activation and inflammatory responses. Deficiency of GABARAPs resulted in formation of GBP2-containing aggregates that promote IL-1β production. High mortality after low dose LPS challenge in Gate-16−/−Gabarap−/− mice primed with poly(I:C) or polymicrobial sepsis was ameliorated by compound GBP2 deficiency. These results reveal a critical function of Gate-16 and Gabarap to suppress GBP2-dependent caspase-11-induced inflammation and septic shock.

Keywords: GBP2, Gate-16, caspase-11, non-canonical inflammasome, sepsis


INTRODUCTION

Sepsis is defined as a life-threatening multi-organ dysfunction syndrome caused by the excessive induction of host innate immunity against microbial infection (1). Even in developed countries, mortality in patients with severe sepsis is 20–50% (2). Various microbes contain endotoxins that have critical roles in the induction of sepsis (3). Lipopolysaccharide (LPS), a cell-wall component of Gram-negative bacteria, is a major endotoxin that strongly stimulates host innate immunity (4). Extracellular LPS is recognized by cell surface receptor complexes containing Toll-like receptor 4 (TLR4) together with CD14, LPS binding protein (LBP), and Myeloid Differentiation factor 2 (MD-2). LBP binds to LPS and then transfers this complex to CD14 to promote the formation of a complex containing LPS and MD-2/TLR4 (5). Activation of TLR4 signaling cascades mediates the production of proinflammatory cytokines such as TNF-α, IL-6, and IL-12, and precursor (preform) proteins of IL-1β and IL-18 (proIL-1β and proIL-18), which are critical for tissue damage and high fever during sepsis (6).

Although extracellular LPS is detected by TLR4, intracellular LPS is sensed by inflammatory caspases (caspase-11 in mice and caspase-4/5 in humans), culminating in activation of the NOD-like receptor protein 3 (NLRP3)-dependent inflammasome (7–9). The NLRP3 inflammasome is a multi-protein complex that contains apoptosis-associated speck-like protein containing a CARD (ASC) and caspase-1 in addition to NLRP3 (10–13). Activation of the NLRP3 inflammasome mediates inflammatory cell death termed pyroptosis and the maturation of proIL-1β and proIL-18 to IL-1β and IL-18, respectively (14). Other NLRP3 specific ligands such as reactive oxygen species (ROS), ATP, pore forming toxins (nigericin) and extracellular crystals, activate canonical NLRP3 inflammasomes independently of caspase-4/5 or caspase-11 (13, 15–17). In contrast, the LPS-mediated activation of NLRP3 inflammasomes critically requires caspase-11 upstream of NLRP3, termed the caspase-11 inflammasome or non-canonical inflammasome (7). The physiological importance of caspase-11 inflammasomes was determined in mice pre-treated with poly(I:C), which developed TLR4-independent but caspase-11-dependent sepsis (18, 19). Thus, caspase-11-dependent pathways are important for LPS-induced sepsis. The negative regulation of NLRP3 inflammasome activation plays a pivotal role in the prevention of excessive inflammation that is detrimental to the host. Inhibitory mechanisms for the canonical NLRP3 inflammasome pathway at multiple steps have been extensively studied (20–30). Regarding a negative regulatory mechanism specific for the caspase-11 inflammasome pathway, Nedd4 and SERPINB1 have been recently reported as inhibitors of non-canonical inflammasomes (31, 32).

Infection with Gram-negative bacteria such as Salmonella, Citrobacter, Chlamydia, and Escherichia into host innate immune cells activates the caspase-11 inflammasome (7). During the course of an infection, Gram-negative bacteria actively or passively invade into host cells and eventually form pathogen-containing vacuoles (PCVs) (33). Caspase-11 recognition of LPS from Gram-negative bacteria inside PCVs was dramatically enhanced through lysis of the PCVs by interferon-inducible GTPases such as guanylate binding proteins (GBPs), which normally function as interferon-inducible cell-autonomous effectors against various PCV-forming intracellular pathogens such as Toxoplasma and Gram-negative bacteria (33). Upon infection by vacuolar pathogens, GBPs are recruited onto the PCV membranes to destroy the structure (34, 35). During Gram-negative bacterial infection, the accumulation of GBPs on PCVs is thought to promote the lysis of PCVs or destroy the bacterial cell wall, resulting in the exposure of LPS to the cytosol and its recognition by caspase-11 (33, 36). Thus, GBP is involved in the activation of caspase-11 inflammasomes and acts as a hub for innate immunity and anti-microbial cell-autonomous immunity.

The critical step for GBP-dependent anti-microbial cell-autonomous immunity is the recruitment of GBP on PCVs, which is regulated by the enzymatic action of autophagy related (Atg) proteins such as Atg3, Atg5, Atg7, and Atg16L1 (37–39). Atg proteins are essential regulators of autophagy, a fundamental eukaryotic biological pathway for the degradation of cellular components (40, 41). The Atg3/Atg5/Atg7/Atg16L1 complex is required for the lipidation of Atg8 family proteins consisting of LC3 (Lc3a and Lc3b in mice) and GABARAP [Gabarap, Gabarapl1 and Gate-16 (Gabarapl2)] subfamilies during autophagy (40). Atg8 family members in addition to Atg3/Atg5/Atg7/Atg16L1 act as positive regulators for GBP-dependent anti-microbial cell-autonomous immunity (42, 43). However, role of the autophagy proteins in GBP-dependent innate immunity such as the caspase-11 inflammasome is unknown.

Here we demonstrate that GABARAP autophagy proteins negatively regulate GBP2-dependent caspase-11 inflammasome activation to prevent sepsis. Depletion of the GABARAP subfamily, but not the LC3 subfamily, in macrophages resulted in enhanced IL-1β production and pyroptosis in response to LPS transfection, OMV treatment and Gram-negative bacterial infection. In contrast, the GBP2-independent LPS introduction–induced activation of caspase-11 inflammasome as well as the ATP-mediated activation of the canonical NLRP3 inflammasome were normal in Gate-16−/−Gabarap−/− cells. Deficiency of Gate-16 and Gabarap resulted in formation of GBP2 aggregates also containing LPS. Moreover, Gate-16−/−Gabarap−/− mice exhibited high susceptibility to LPS-induced and cecal ligation puncture (CLP)-induced septic shock, which was ameliorated by GBP2 deficiency. Taken together, these data demonstrate that GABARAP autophagy proteins specifically limit GBP2-dependent caspase-11 inflammasome activation and sepsis.



RESULTS


Elevated IL-1β Production and Pyroptosis in LPS-Transfected Gate-16−/−Gabarap−/− Macrophages

The lysis of bacteria-containing vacuoles by GBPs is important for the activation of caspase-11 inflammasomes (33, 36). Furthermore, we recently showed that some essential autophagy proteins play a critical role in GBP-dependent anti-microbial cell-autonomous immunity (42, 43). To analyze the roles of autophagy proteins in caspase-11-mediated immune responses, we measured LPS transfection-induced IL-1β production and pyroptosis in macrophages from Lysozyme M-Cre Atg12fl/fl mice (Atg12Δmyeloid mice) (Figures 1A,B). Notably, Atg12Δmyeloid macrophages showed elevated IL-1β production and significantly increased LDH release compared with wild-type control cells (Figures 1A,B). Because Atg12Δmyeloid cells (and other cell types below) are particularly sensitive to LPS transfection, we modified the LPS transfection protocol slightly to avoid saturation, resulting in somewhat lower death rate than typically reported using standard protocol (33). Atg12 together with Atg5 and Atg16L1 are critical for the processing of Atg8 family proteins consisting of Lc3a, Lc3b, Gabarap, Gabarapl1, and Gate-16 in mice (35). Therefore, we examined which Atg8 proteins were responsible for the enhanced IL-1β production and pyroptosis in Atg12Δmyeloid macrophages (Figures 1C,D). Among macrophages lacking each of the Atg8 proteins, Gate-16−/− cells showed slightly but significantly upregulated IL-1β production, whereas the other deficient cells did not (Figure 1C). Furthermore, Gate-16−/−Gabarap−/− macrophages exhibited much higher levels of IL-1β production and LDH release in response to LPS transfection with a magnitude comparable to Atg12Δmyeloid cells (Figures 1C,D). In contrast, macrophages lacking Lc3a and Lc3b (Lc3a−/−Lc3b−/− macrophages) had similar responses to wild-type cells after LPS transfection (Figures 1C,D), indicating that a lack of GABARAP subfamily proteins such as Gate-16 and Gabarap leads to elevated non-canonical inflammasome responses to LPS transfection. Similar to LPS transfection, Gate-16−/−Gabarap−/− macrophages among cells lacking single or compound deficiency of GABARAP subfamily members were the most hyper-responsive to Citrobacter koseri, a Gram-negative bacterium whose infection causes caspase-11 inflammasome activation (33) (Figures 1E,F). Furthermore, excess IL-1β production and cell death in C. koseri-infected Gate-16−/−Gabarap−/− macrophages were observed in manners dependent on bacterial dose and infection time (Figures 1G–J). Outer membrane vesicles (OMVs) derived from Gram-negative bacteria contain LPS that stimulates the caspase-11 inflammasome (44). OMV-induced production of IL-1β and induction of cell death were also enhanced in Gate-16−/−Gabarap−/− macrophages (Figures 1K,L). Thus, caspase-11 inflammasome-mediated immune responses were increased by a deficiency of GABARAP subfamily proteins.


[image: Figure 1]
FIGURE 1. Elevated caspase-11-mediated release of IL-β and pyroptosis in Gate-16−/−Gabarap−/− macrophages. (A,B) Release of IL-1β (A) or LDH (B) from wild-type (WT) and Atg12fl/fl BMDMs primed with Pam3CSK4 followed by LPS transfection for 16 h. (C,D) Release of IL-1β (C) or LDH (D) from wild-type (WT), Atg12fl/fl, Lc3a−/−, Lc3b−/−, Gate-16−/−, Gabarap−/−, Gabarapl1−/−, Lc3a−/−Lc3b−/−, and Gate-16−/−Gabarap−/− BMDMs primed with Pam3CSK4 followed by LPS transfection for 16 h. (E,F) Release of IL-1β (E) or LDH (F) from wild-type (WT), Gate-16−/−, Gabarap−/−, Gabarapl1−/−, Gate-16−/−Gabarap−/−, Gate-16−/−Gabarapl1−/−, and Gabarap−/−Gabarapl1−/− BMDMs pre-treated with IFN-γ for 24 h and subsequently infected with C. koseri for 24 h. (G–J) Release of IL-1β (G,I) or LDH (H,J) from wild-type (WT) and Gate-16−/−Gabarap−/− BMDMs pre-treated with IFN-γ for 24 h and followed by C. koseri infection for indicated hours at MOI (G,H) or for 24 h at indicated MOI (I,J). (K,L) Release of IL-1β (K) or LDH (L) from wild-type (WT) and Gate-16−/−Gabarap−/−BMDMs stimulated with OMVs for 16 h. The data are combined data of more than three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, and N.S., not significant, two-tailed t-test.




Normal Activation of Canonical NLRP3, Aim2 and NLRC4 Inflammasomes in Gate-16−/−Gabarap−/− Macrophages

To assess whether GABARAPs are specifically involved in caspase-11 inflammasomes, we examined the canonical NLRP3 inflammasome activation in Gate-16−/−Gabarap−/− macrophages (Supplementary Figures 1A–E). ATP-induced IL-1β production and cell death in Gate-16−/−Gabarap−/− cells were similar to wild-type cells (Supplementary Figures 1A,B). Regarding caspase-1 activation, Gate-16−/−Gabarap−/− cells and wild-type cells showed normally induced caspase-1 cleavage in response to ATP stimulation (Supplementary Figure 1C), consistent with normal IL-1β production and pyroptosis (Supplementary Figures 1A,B). In contrast, Lc3a−/−Lc3b−/− macrophages and Atg12-deficient cells were hyper-responsive to ATP (Supplementary Figures 1A,B). ATP-induced mitochondrial damage was previously shown to be elevated in Lc3b−/− macrophages due to defective autophagic clearance of damaged mitochondria in LC3-deficient cells with increased canonical inflammasome activation (45). We also found that ATP-stimulated Lc3a−/−Lc3b−/− macrophages and Atg12-deficient cells contained more damaged mitochondria than wild-type cells (Supplementary Figures 1D,E). In sharp contrast, ATP-stimulated Gate-16−/−Gabarap−/− cells did not possess such damaged mitochondria (Supplementary Figures 1D,E). Taken together, these data suggest that, although Atg12-deficiency leads to enhanced activation of both canonical and caspase-11 inflammasomes, Gate-16/Gabarap deficiency selectively over-activates caspase-11 inflammasome. Moreover, poly-dAdT or flagellin transfection-induced IL-1β production in Pam3CSK4-primed Gate-16−/−Gabarap−/− cells displayed normal IL-1β production (Supplementary Figures 1F,G), suggesting normal Aim2 and NLRC4 inflammasome activation in Gate-16−/−Gabarap−/− cells (11). Moreover, inflammasome-independent IL-6 production in Gate-16−/−Gabarap−/− macrophages in response to Pam3CSK4 stimulation and LPS transfection was comparable to that in wild-type cells (Supplementary Figure 1H). Thus, the GABARAP subfamily proteins are not involved in regulation of Aim2 or NLRC4 inflammasomes, and in inflammasome-independent cytokine production.



Enhanced Caspase-11-Dependent Signaling in Gate-16−/−Gabarap−/− Macrophages

Next, we assessed the intracellular signaling cascade for caspase-11 inflammasome activation in Gate-16−/−Gabarap−/− cells. LPS transfection-mediated activation of caspase-11 in Gate-16−/−Gabarap−/− cells was markedly augmented compared with wild-type cells (Figure 2A). Furthermore, the rate of Gate-16−/−Gabarap−/− cells with caspase-11-dependent ASC speck formation in response to LPS transfection was significantly higher compared with wild-type cells (Figures 2B,C) and ASC oligomer formation in Gate-16−/−Gabarap−/− cells was greater in response to LPS transfection than in wild-type cells (Figure 2D). Moreover, downstream of the caspase-11-ASC axis, the cleavage and activation of caspase-1 in LPS transfected Gate-16−/−Gabarap−/− cells were also significantly increased compared with wild-type cells, whereas the total amounts of caspase-1 and caspase-11 proteins were comparable between wild-type and Gate-16−/−Gabarap−/− cells (Figures 2A–F), indicating that hyperactivation of caspase-11 leads to upregulated ASC and caspase-1 activation, and enhanced IL-1β production and pyroptosis. In addition, OMV treatment- or C. koseri infection-induced release of caspase-11 and cleaved caspase-1 into supernatant was increased in Gate-16−/−Gabarap−/− macrophages (Supplementary Figures 2A,B). In contrast, expression of NLRP3 and Pam3CSK4-induced pro-IL-1β production were comparable between wild-type and Gate-16−/−Gabarap−/− cells (Supplementary Figure 2C), suggesting that Gate-16/Gabarap deficiency does not influence the priming induced expression of pro-IL-1β and NLRP3. Taken together, these results demonstrate that GABARAP subfamily proteins downregulate caspase-11 inflammasome activation.
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FIGURE 2. Enhanced caspase-11-mediated signaling pathways in Gate-16−/−Gabarap−/− macrophages. (A) Western blot analysis of cleaved caspase-1 (p20) and caspase-11 (p26) in cell supernatants, and of pro-caspase-1 and pro-caspase-11 and Actin (loading control) in cell extracts of wild-type (WT) and Gate-16−/−Gabarap−/− BMDMs primed with Pam3CSK4 followed by LPS transfection for 16 h. (B) Fluorescence confocal microscopy of wild-type (WT), Casp11−/−, and Gate-16−/−Gabarap−/− BMDMs primed with Pam3CSK4 followed by transfection of LPS for 6 h and immunostained for ASC (green). The nucleus was stained with DAPI (blue). Squares show cells with ASC speck. Arrow indicates ASC speck itself. Scale bars correspond to 20 μm. (C) Percentage of ASC speck-positive wild-type (WT), Casp11−/− and Gate-16−/−Gabarap−/− BMDMs, as quantified by counting at least 100 cells per coverslip by confocal microscopy. (D) Oligomerization assay of ASC in cell extracts of wild-type (WT) and Gate-16−/−Gabarap−/− BMDMs primed with Pam3CSK4 followed by LPS transfection for 6 h was analyzed by western blot. (E,F) Caspase-1 Pam3CSK4 primed wild-type (WT), Casp11−/− and Gate-16−/−Gabarap−/− BMDMs BMDMs were transfected with LPS for 4 h and added with FAM-FLICA to detect activated caspase-1 by flow cytometry (E) or by analysis for the quantification (F). The data are representative of three independent experiments (A,C,E) and are combined data of more than three independent experiments (C,F). *P < 0.05, ***P < 0.001, two-tailed t-test.




High Mortality in Gate-16−/−Gabarap−/− Mice Following Sublethal LPS Challenge

We next examined the physiological relevance of the GABARAP subfamily-mediated negative regulation of non-canonical inflammasome activation. As previously reported (18, 19), mice primed with the TLR3 agonist poly(I:C) exhibited LPS-triggered inflammation and mortality in a caspase-11-dependent manner (Supplementary Figures 3A,B). After poly(I:C) priming, wild-type and Gate-16−/−Gabarap−/− mice were intraperitoneally challenged with a low dose of LPS and monitored for survival (Figure 3A). Although 80% of wild-type mice survived, all Gate-16−/−Gabarap−/− mice died within 20 h post-LPS injection (Figure 3A). Next, we compared the levels of inflammatory cytokines in sera between wild-type and Gate-16−/−Gabarap−/− mice following LPS challenge (Figures 3B–F). Levels of IL-1β and IL-18, TNF-α, IL-6, and IL-12 in the sera of LPS-injected Gate-16−/−Gabarap−/− mice were significantly higher compared with wild-type mice (Figures 3B–F), suggesting hyper caspase-11-dependent inflammation in Gate-16−/−Gabarap−/− mice following LPS challenge. LPS lethality can be driven via TLR-induced TNF-α/IFN-β and caspase-8 (46). Therefore, we examined the role of TLR4 in the high sensitivity to LPS in Gate-16−/−Gabarap−/− mice (Supplementary Figures 3C–F). When wild-type mice were treated with TAK-242, a potent inhibitor of TLR4 signaling (47), and subsequently challenged with intraperitoneal LPS injection alone, LPS infection-induced mortality and elevation of proinflammatory cytokines were profoundly inhibited (Supplementary Figures 3C,D). Next we treated Gate-16−/−Gabarap−/− mice with the dose of TAK-242, and challenged the mice with sublethal LPS injection after poly(I:C) priming (Supplementary Figures 3E,F). Mortality and levels of proinflammatory cytokines in sera from Gate-16−/−Gabarap−/− mice in the absence or presence of TAK-242 were comparable (Supplementary Figures 3E,F), indicating that TLR4 is dispensable for the hyper sensitivity to the polyIC/LPS-induced septic shock in Gate-16−/−Gabarap−/− mice. Taken together, these data indicate that GABARAP autophagy proteins are important for the suppression of caspase-11-dependent sepsis.
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FIGURE 3. High mortality in Gate-16−/−Gabarap−/− mice during LPS-induced sepsis. (A) Wild-type (WT: n = 18), and Gate-16−/−Gabarap−/− (n = 10) mice were i.p. injected with 10 mg/kg body weight of poly(I:C) and then 7 h later i.p. injected with LPS (0.1 mg/kg body weight). Morbidity and mortality were observed for 100 h at 6 h intervals. (B–F) Wild-type and Gate-16−/−Gabarap−/− mice were i.p. injected with 10 mg/kg body weight of poly(I:C) and then 7 h later i.p. injected with LPS (0.1 mg/kg body weight). Sera were taken 3 h after LPS injection from WT (n = 22) or Gate-16−/−Gabarap−/− (n = 10) mice for TNF-α (B), IL-6 (C), IL-12 (D), and IL-1β (E) or from WT (n = 8) or Gate-16−/−Gabarap−/− (n = 8) mice from IL-18 (F) serum concentrations were measured by ELISA. All data are combined data of three independent experiments. Log-rank test (A) and two-tailed Student t-test (B–F) *P < 0.05 and **P < 0.01.




GABARAPs Specifically Down-Regulate GBP2-Dependent Caspase-11 Inflammasome

We next explored the mechanism of how GABARAP deficiency specifically hyperactivates caspase-11 in response to LPS transfection. Caspase-11 directly sense cytosolic LPS (18, 19). In addition to LPS introduction by liposome, cholera toxin fragment B (CTB) and electroporation-mediated LPS introduction are shown to induce caspase-11-dependent immune response (8, 19) (Figures 4A–D). Therefore, we first examined various methods of LPS introduction into the cytosol and compared the subsequent caspase-11-mediated responses between wild-type and DKO macrophages (Figures 4E–H). Notably, although the electroporation of LPS led to caspase-11-dependent IL-1β production and pyroptosis (Figures 4A,B), the caspase-11-dependent responses in Gate-16−/−Gabarap−/− macrophages were not observed in response to LPS electroporation (Figures 4E,F). Furthermore, CTB-mediated LPS introduction (CTB-LPS) resulted in caspase-11-dependent IL-1β production (Figures 4C,D), whereas Gate-16−/−Gabarap−/− cells showed normal caspase-11-mediated responses in response to CTB-mediated LPS introduction (Figures 4G,H), indicating that the GABARAP deficiency does not affect all of the caspase-11-dependent responses. GBPs are required for caspase-11 activation and immune responses to LPS transfection (Figures 4I,J). Gbp2−/− macrophages showed defective IL-1β production and pyroptosis similar to GBPchr3−/− cells that lack all GBPs on chromosome 3 such as Gbp1, Gbp2, Gbp3, Gbp5, and Gbp7 (33, 36) (Figures 4I,J), indicating the major role of GBP2 in LPS transfection-induced activation of the caspase-11 inflammasome (Supplementary Figures 4A–D). When the IL-1β production and cell death in Gbp2−/− macrophages in response to CTB-LPS or LPS electroporation were examined, the caspase-11-dependent responses in Gbp2−/− cells were normal compared with wild-type cells (Figures 4K–N), suggesting that the GBP2 deficiency as likely as the GABARAP deficiency only affect the caspase-11-dependent responses induced by liposomal transfection of LPS but not by CTB-LPS or LPS electoporation. Moreover, canonical inflammasome activation by LPS+ATP stimulation was not affected in Gbp2−/− macrophages as well as Gate-16−/−Gabarap−/− cells (Supplementary Figures 4E–G). The amounts of cytosolic and non-cytosolic LPS were comparable between wild-type and Gate-16−/−Gabarap−/− cells (Supplementary Figure 4H), suggesting that LPS entry into the cytosol is not enhanced by the GABARAP deficiency. Collectively, the hypersensitivity to LPS in Gate-16−/−Gabarap−/− cells was observed in parallel with GBP2 dependency.
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FIGURE 4. Enhanced activation of caspase-11 inflammasome in Gate-16−/−Gabarap−/− macrophages is associated with the GBP2 dependency. (A,B) Release of IL-1β (A) and LDH (B) from Pam3CSK4-primed wild-type (WT) or Casp11−/− BMDMs were electroporated with LPS and collected after 16 h. (C,D) Release of IL-1β (C) and LDH (D) from Pam3CSK4-primed wild-type (WT) and Casp11−/− BMDMs were treated with LPS and CTB (LPS+CTB) for 16 h. (E,F) Release of IL-1β (E) and LDH (F) from Pam3CSK4-primed wild-type (WT) and Gate-16−/−Gabarap−/− BMDMs were electroporated with LPS and collected after 16 h. (G,H) Release of IL-1β (G) and LDH (H) from Pam3CSK4-primed wild-type (WT) and Gate-16−/−Gabarap−/− BMDMs were treated with LPS+CTB for 16 h. (I,J) Release of IL-1β (B) or LDH (C) from wild-type (WT), GBPchr3−/−, and Gbp2−/− BMDMs primed with Pam3CSK4 followed by LPS transfection for 16 h. (K,L) Release of IL-1β (K) and LDH (L) from Pam3CSK4-primed wild-type (WT) and Gbp2−/− BMDMs were electroporated with LPS and collected after 16 h. (M,N) Release of IL-1β (M) and LDH (N) from Pam3CSK4-primed wild-type (WT) and Gbp2−/− BMDMs were electroporated with LPS and collected after 16 h. The data are combined data of more than three independent experiments (A–N). **P < 0.01, ***P < 0.001, and N.S., not significant, two-tailed Student t-test.




GBP2 Aggregation by GABARAP Deficiency Enhances Caspase-11-Induced Response

We then explored how GBP2 is involved in the hyperactivation of caspase-11 inflammasomes in Gate-16−/−Gabarap−/− macrophages. Upon LPS transfection, GBP2 was normally induced and expressed in Gate-16−/−Gabarap−/− macrophages compared to wild-type cells (Figure 5A). Moreover, Pam3CSK-induced expression of GBP2 was also intact in Gate-16−/−Gabarap−/− macrophages (Supplementary Figure 2C), indicating that Gate-16/Gabarap deficiency does not impact priming- or LPS transfection-induced GBP2 expression. Because GBP2 was previously shown to uniformly localize in dot-like structures in the cytosol in fibroblasts (42), we investigated the localization of GBP2 in Gate-16−/−Gabarap−/− macrophages (Figure 5B and Supplementary Figures 5A,B). Notably, we found that Gate-16−/−Gabarap−/− macrophages contained significantly higher numbers of GBP2 puncta with higher total areas, compared with wild-type cells (Figure 5B and Supplementary Figures 5A,B). We previously showed that GBPs were uniformly localized in the cytosol dependent on lipidated Gate-16 in fibroblasts (42). When wild-type Gate-16 was re-constituted in Gate-16−/−Gabarap−/− macrophages, the aggregations of GBP2 were resolved in terms of cell number and size (Figure 5C and Supplementary Figures 5C,D). Moreover, LPS transfection-induced IL-1β production in wild-type Gate-16-transduced Gate-16−/−Gabarap−/− macrophages was significantly reduced (Figure 5D). Furthermore, ectopic expression of Gabarap in Gate-16−/−Gabarap−/− cells significantly decreased IL-1β production albeit less efficiently than that of Gate-16 (Supplementary Figure 5E). In contrast, re-introduction of the G116A mutant of Gate-16, which is defective for C-terminal lipidation (42), into Gate-16−/−Gabarap−/− cells failed to dissolve GBP2 aggregation or reduce IL-1β production (Figures 5C,D and Supplementary Figures 5C,D), demonstrating that normal GBP2-dependent caspase-11-mediated immune responses require the C-terminal lipidation of Gate-16. We previously demonstrated that GABARAP autophagy proteins regulate uniform distribution of GBP-containing vesicles in a manner dependent on Arf1, a Golgi-localizing small GTPase which is essential for COPI vesicle formation from Golgi membranes (42, 48). Gate-16 but not LC3b interacts with Arf1 (42). An N-terminal portion of Gate-16 determines the specific interaction with Arf1, and the amino acid sequences of GABARAP subfamily and those of LC3 subfamily are distinct (42). The Gate-16 mutant (Gate-16_LC3), in which the Arf1 binding portion is replaced with that of LC3b, not only fails to interact with Arf1 but also does not restore uniform distribution of GBP-containing vesicles in Gate-16−/−Gabarap−/−Gabarapl1−/− cells (42). Therefore, to test whether Arf1 is involved in the excess caspase-11-dependent response in Gate-16−/−Gabarap−/− cells, we examined whether ectopic expression of the Gate-16_LC3 in Gate-16−/−Gabarap−/− cells restores the caspase-11-dependent response (Figure 5E). We found that reconstitution of the Gate-16_LC3 mutant in Gate-16−/−Gabarap−/− macrophages also failed to reduce IL-1β production (Figure 5E), suggesting the involvement of Arf1 in the excess caspase-11-dependent immune response. When wild-type macrophages were treated with Brefeldin A, an inhibitor of Arf1 (49), GBP2 were mislocalized and aggregated (Figure 5F), reminiscent of that in Gate-16−/−Gabarap−/− cells (Figure 5B). Moreover, the GBP2 aggregates contained ubiquitin (Figure 5F), which was reminiscent of the phenotypes of cells lacking GABARAPs or some of Atg proteins (42). Thus, these data together our previous study suggest that Arf1 is involved in Gate-16-mediated uniform GBP2 distribution (42).
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FIGURE 5. GBP2-dependent enhanced caspase-11-dependent responses by Gate-16/Gabarap deficiency. (A) Immunoblots of the indicated protein expressions in WT and Gate-16−/−Gabarap−/− BMDMs primed with Pam3CSK4 followed by LPS or mock transfection for 16 h. (B) Fluorescence confocal microscopy of wild-type (WT) and Gate-16−/−Gabarap−/− BMDMs stimulated by LPS transfection for 6 h and immunostained for GBP2 (white). The nucleus was stained with DAPI (blue). Scale bars correspond to 5 μm. (C) Fluorescence confocal microscopy of Gate-16−/−Gabarap−/− BMDMs stably expressing HA-tagged wild-type Gate-16 (WT Gate-16), the G116A mutant (G116A Gate-16) and empty vectors. The cells were stimulated by LPS transfection for 6 h and immunostained for GBP2 (white) and HA (green). The nucleus was stained with DAPI (blue). Scale bars correspond to 10 μm. (D,E) Release of IL-1β from Gate-16−/−Gabarap−/− BMDMs stably expressing wild-type Gate-16 (WT Gate-16), empty vector, the G116A mutant (Gate-16_G116A) (D) or the defective Arf1 binding mutant (Gate-16_LC3) (E). The cells were primed with Pam3CSK4 and subsequently stimulated by LPS transfection for 16 h. (F) Fluorescence confocal microscopy of IFN-β-stimulated wild-type BMDMs untreated or treated with Brefeldin A (BFA, 35 μM) for 1 h and immunostained for GBP2 (green) and ubiqutin (red). The nucleus was stained with DAPI (blue). Scale bars correspond to 5 μm. (G) Release of IL-1β (G) from wild-type (WT), Gate-16−/−Gabarap−/− and Gate-16−/−Gabarap−/−Gbp2−/− BMDMs primed with Pam3CSK4 followed by LPS transfection for 16 h. (H) Fluorescence confocal microscopy of Pam3CSK4-primed Gate-16−/−Gabarap−/−Gbp2−/− BMDMs stably expressing HA-tagged wild-type GBP2 (WT), the GTPase-inactive mutant (K51A), the non-isoprenylated mutant (C586S) and empty vectors, subsequently stimulated by FITC-LPS (green) transfection for 2 h and immunostained for HA (red). The nucleus was stained with DAPI (blue). Scale bars correspond to 5 μm. (I) Release of IL-1β from Gate-16−/−Gabarap−/−Gbp2−/− BMDMs stably expressing HA-tagged wild-type GBP2 (WT GBP2), the GTPase-inactive mutant (GBP2_K51A), the non-isoprenylated mutant (GBP2_C586S) and empty vectors. The cells were primed with Pam3CSK4 and subsequently stimulated by LPS transfection for 16 h. The data are representative of three independent experiments (A–C,F,H) and are combined data of more than three independent experiments (D,E,G,I). *P < 0.05, **P < 0.01, ***P < 0.001, and N.S., not significant, two-tailed Student t-test.


To directly test the role of GBP2 in hyperactivated caspase-11 inflammasomes in Gate-16−/−Gabarap−/− macrophages, we generated Gate-16−/−Gabarap−/−Gbp2−/− mice and examined the macrophage response to LPS transfection (Figure 5G and Supplementary Figures 5F–H). IL-1β release in LPS-transfected Gate-16−/−Gabarap−/− or Gate-16−/−Gabarap−/−Gbp2−/− macrophages showed that IL-1β release in Gate-16−/−Gabarap−/−Gbp2−/− cells were significantly lower than that in Gate-16−/−Gabarap−/− cells in a time-dependent manner (Figure 5G and Supplementary Figure 5F). Cell death in LPS transfected Gate-16−/−Gabarap−/−Gbp2−/− macrophages were lower than in Gate-16−/−Gabarap−/− cells (Supplementary Figure 5G). Furthermore, time-dependent C. koseri-infected IL-1β production in Gate-16−/−Gabarap−/−Gbp2−/− cells was significantly impaired when compared to Gate-16−/−Gabarap−/− cells (Supplementary Figure 5H), suggesting an important role of GBP2 in the enhanced caspase-11-mediated responses. However, Gate-16−/−Gabarap−/−Gbp2−/− cells still displayed more IL-1β production than wild-type cells (Supplementary Figure 5H). GBPs on chromosome 3 are important for C. koseri-induced IL-1β production (33). Moreover, Gbp2−/− cells showed partial reduction of C. koseri-induced IL-1β production (Supplementary Figure 5I), suggesting that GBPs other than GBP2 may contribute to the IL-1β production in Gate-16−/−Gabarap−/−Gbp2−/− cells. GBP2 is an enzymatically active GTPase that is isoprenylated at the C-terminus (50). We next assessed whether the GTPase activity and isoprenylation of GBP2 were involved in the enhanced IL-1β production of Gate-16−/−Gabarap−/− macrophages (Figures 5H,I). The introduction of wild-type GBP2, but not GTPase inactive K51A or non-isoprenylated C586S mutants, into Gate-16−/−Gabarap−/−Gbp2−/− cells resulted in GBP2 aggregation and the upregulation of IL-1β production (Figures 5H,I), suggesting GBP2 requires both GTPase activity and isoprenylation for the enhanced caspase-11-dependent responses in Gate-16−/−Gabarap−/− macrophages. Notably, we found that the transfected FITC-LPS was co-localized with wild-type GBP2 but not the K51A or C586S mutants (Figure 5H), indicating that both GTPase activity and isoprenylation of GBP2 are important for the GBP2 co-localization with LPS. Collectively, these results demonstrate that GBP2 plays a critical role in the elevated caspase-11-induced immune response in Gate-16−/−Gabarap−/− macrophages in response to LPS transfection and bacterial infection.



Lack of GBP2 Attenuates Caspase-11-Mediated Excessive Inflammation in Gate-16−/−Gabarap−/− Mice in Sepsis Models

Finally we examined the physiological relevance of the GABARAP subfamily-mediated negative regulation of GBP2-dependent non-canonical inflammasome activation. As previously reported (51), mice primed with poly(I:C) exhibited LPS-triggered inflammation and mortality dependent on GBP2 and caspase-11 (Supplementary Figures 3A,B). Moreover, Gate-16−/−Gabarap−/−Gbp2−/− mice were more resistant to low dose LPS challenge (Figure 6A) and exhibited lower levels of IL-1β and IL-18 in the sera (Figures 6B,C) compared with Gate-16−/−Gabarap−/− mice. Next we tested the physiological significance of Gate-16 and Gabarap for inhibition of GBP2-dependent caspase-11 inflammasome activation during polymicrobial sepsis in the CLP model (52) (Figure 6D). Compared with wild-type mice, Gate-16−/−Gabarap−/− mice showed increased mortality during the CLP and markedly higher production of IL-1β and IL-6 in the peritoneal fluids (Figures 6D–F). In contrast, the elevation of cytokines and mortality was significantly ameliorated in Gate-16−/−Gabarap−/−Gbp2−/− mice (Figures 6D–F). Taken together, these results suggest that GABARAP subfamily members specifically and physiologically downregulate GBP2-dependent caspase-11-induced innate immune responses to prevent septic shock.
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FIGURE 6. GBP2-dependent high mortality in Gate-16−/−Gabarap−/− mice during sepsis. (A) Wild-type (WT: n = 11), Gate-16−/−Gabarap−/− (n = 12), and Gate-16−/−Gabarap−/− Gbp2−/− (n = 9) mice were i.p. injected with 10 mg/kg body weight of poly(I:C) and then 7 h later i.p. injected with LPS (0.1 mg/kg body weight). Morbidity and mortality were observed for 48 h at 6 h intervals. (B,C) Wild-type (WT), Gate-16−/−Gabarap−/−, and Gate-16−/−Gabarap−/−Gbp2−/− mice were i.p. injected with 10 mg/kg body weight of poly(I:C) and then 7 h later i.p. injected with LPS (0.1 mg/kg body weight). Sera were taken 3 h after LPS injection from WT (n = 13), Gate-16−/−Gabarap−/− (n = 8) or Gate-16−/−Gabarap−/−Gbp2−/− (n = 9) mice for IL-1β (B) and IL-18 (C) serum concentrations were measured by ELISA. (D) CLP was performed in wild-type (WT: n = 13), Gate-16−/−Gabarap−/− (n = 13), and Gate-16−/−Gabarap−/− Gbp2−/− (n = 8) mice. Morbidity and mortality were observed for 8 days at 1 day intervals. (E,F) CLP was performed in wild-type (WT; n = 10), Gate-16−/−Gabarap−/− (n = 9) and Gate-16−/−Gabarap−/−Gbp2−/− (n = 5) mice. Peritoneal fluids were taken 16 h after CLP from the mice for IL-1β (E) and IL-6 (F) serum concentrations were measured by ELISA. The data are combined data of more than three independent experiments (A–F). Log-rank test (A,D) and two-tailed Student t-test (B,C,E,F) *P < 0.05, **P < 0.01 and ***P < 0.001.





DISCUSSION

In this study, we demonstrated that deficiency of the GABARAP subfamily proteins such as Gate-16 and Gabarap enhances activation of caspase-11 inflammasome in response to specific LPS stimulation. We found how LPS was prepared for the stimulation of Gate-16−/−Gabarap−/− or Gbp2−/− macrophages determined whether caspase-11 inflammasome activation was upregulated or downregulated, respectively. Regarding the caspase-11-dependent response, the opposite phenotypes of Gate-16−/−Gabarap−/− and Gbp2−/− cells were only observed for LPS transfection, C. koseri infection and OMV stimulation but not for other stimuli such as LPS electroporation and CTB-LPS treatment. Electroporation by high electronic pulse forms pores on the plasma membranes (53), allowing LPS to be directly transferred into the cytoplasm. CTB physiologically transports cholera toxin A fragment from the plasma membrane into the cytoplasm (54). Thus, the co-internalization of LPS and CTB into the cytosol may result in the cytosolic exposure of LPS and subsequent activation of caspase-11 (7). However, LPS is included in liposomes or membranous vesicles in the case of LPS transfection, or bacterial infection and OMV (44). The liposomally transfected LPS may be in membranous structures as likely as OMV that is naturally generated by Gram negative bacteria (44). Whether CTB- or electroporation-mediated LPS transfer physiologically happens or not is uncertain, however, infection of Vibrio cholerae, which naturally possesses CTB (55), might activate caspase-11 inflammasome in GBP2-dependent and -independent pathways (33).

We found that Gate-16−/−Gabarap−/− macrophages showed elevated immune responses to GBP2-dependent non-canonical NLRP3 inflammasome-dependent stimuli but not to canonical NLRP3 inflammasome-dependent stimulation. For canonical NLRP3 inflammasomes, various inhibitory mechanisms were previously reported. NLRP3 mRNA transcription is inhibited by Ahr and miR-233 (20, 21) and NLRP3 mRNA translation is prevented by TTP (22). NLRP3 protein is ubiquitinated or nitrosylated by ARDH2 and nitric oxide, respectively (23, 24). NLRP3 sensing of ROS is modulated by TRIM30, Tim-3 and Nrf2 (25–27). Moreover, the NLRP3 inflammasome is inhibited by type I interferon and IKKα by regulating IL-1β mRNA transcription and ASC proteins, respectively (28, 29). Given that NLRP3 is shared by both the canonical and caspase-11 inflammasomes, these negative regulators might also suppress LPS-mediated excessive inflammation and septic shock. However, little is known about which inhibitory molecules are specific for caspase-11 inflammasomes, except for stearoyl lysophosphatidylcholine (56). Our study demonstrates that GABARAPs are specifically involved in caspase-11 inflammasomes upstream of caspase-11, but not in the canonical NLRP3, Aim2, and NLRC4 inflammasomes. Thus, GABARAPs are specific negative regulators of the caspase-11 inflammasome. However, a previous study showed that Gabarap−/− macrophages displayed increased responses of canonical NLRP3 inflammasome and high mortality after CLP (30). On the other hand, responses of canonical NLRP3 inflammasome in our Gabarap−/− macrophages were normal. The discrepancy might be caused by different strategies for generation of Gabarap−/− mice or different genetic background of the mice between the two studies. To check whether the phenotype found in a gene-targeted cells is restored by reintroduction of the gene is important to prove that the phenotype is caused by loss of the gene. In the present study, we confirmed that the liposomally transfected LPS-mediated increased IL-1β production in Gate-16−/−Gabarap−/− macrophages was restored by reintroduction of Gabarap to some extent, indicating the phenotype is due to loss of Gabarap. Further studies to compare the two different Gabarap−/− mouse lines will clarify the involvement of Gabarap in the negative regulation of canonical and non-canonical NLRP3 inflammasome activation. In addition, Nedd4 is very recently shown to mediate caspase-11 degradation by K48-linked polyubiquitination (32), indicating that caspase-11 activity might be tightly controlled by the protein amounts and uniform distribution by Nedd4 and GABARAPs, respectively. Furthermore, SERPINB1 plays a role in inhibiting LPS-induced inflammasome activation (31). Thus, reports regarding inhibitory mechanisms on caspase-11 inflammasome activation are currently growing.

Atg12-deficient macrophages exhibited the over-activation of canonical and caspase-11 inflammasomes. A deficiency in GABARAPs resulted in the enhanced activation of caspase-11 inflammasomes whereas no effect was observed for the canonical inflammasome. However, a deficiency of LC3s led to the enhanced activation of canonical inflammasomes but not caspase-11 inflammasomes. Thus, downstream of Atg12, GABARAPs, and LC3s play different roles in the suppression of NLRP3 inflammasome activation. Atg12-deficient or Lc3a−/−Lc3b−/− macrophages contained more damaged mitochondria than wild-type cells in response to LPS plus ATP stimulation as previously reported (45). The accumulation of damaged mitochondria is caused by an impairment in autophagy termed mitophagy due to lack of Atg12 or LC3s (57). In contrast, the formation of GBP2 aggregates due to lack of Gate-16 and Gabarap is the direct cause of caspase-11 over-activation and is independent of autophagy because GBP aggregation was observed only in cells lacking Atg3, Atg5, Atg7, or Atg16L1, all of which are essential for Atg8 lipidation, but not in cells lacking Atg9, Atg14, or FIP200, all of which are essential for autophagy (39, 42). Our current and previous study demonstrate that Arf1 inhibition by Brefeldin A in wild-type cell resulted in ubiquitin aggregates containing GBPs (42). Arf1 is a small GTPase important for generation of COPI-coated vesicles from Golgi during intra-Golgi transport (48). In addition, Gate-16 was originally identified as Golgi-associated ATPase enhance 16kD (58), whose function was not initially linked not with autophagy but only with intra-Golgi transport (59). Given that GBP2 is detected in microsomal fractions that also contain Golgi vesicles, Gate-16 (and also Gabarap) via interaction with Arf1 may regulate the generation of uniformly small size of Golgi-derived vesicles including GBP2 in an autophagy-independent fashion. Deficiency of the GABARAPs as likely as Arf1 inhibition might lead to failure of generation of the GBP2-containing vesicles, resulting in formation of large GBP2 aggregates which enhance GBP2-mediated caspase-11-depenendent response. Thus, our data indicate that, although the Atg12-LC3 subfamily axis suppresses canonical NLRP3 inflammasomes by autophagy (mitophagy), the Atg12-GABARAP subfamily axis negates GBP2-dependent activation of non-canonical NLRP3 inflammasomes in an autophagy-independent manner.

We also demonstrated that poly(I:C)-primed Gate-16−/−Gabarap−/− mice were highly susceptible to low dose LPS-induced and polymicrobial septic shock. However, the increased mortality of LPS-injected Gate-16−/−Gabarap−/− mice was not completely prevented by additional GBP2 deficiency. In this regard, TLR4 may not play a role in the elevated immune responses in Gate-16−/−Gabarap−/− mice since the pharmacological TLR4 inhibition did not reduce high mortality and levels of proinflammatory cytokines in sera. On the other hand, it is possible that increased canonical inflammasome activation and its inflammation by Gabarap deficiency could contribute to the high mortality in a manner independent on GBP2, since Gabarap has been shown as a negative regulator of canonical NLRP3 inflammasome and prevents LPS-induced lethality (30, 60). Furthermore, we have found the physiological relevance of a negative regulatory mechanism for GBP2-dependent caspase-11 inflammasome activation, which is essential for the prevention of LPS-mediated and polymicrobial septic shock in vivo. OMVs deliver a number of membrane-bound antigens, OMV-based vaccines have attracted much attention (61). However, our current study indicates that we should be cautious of using OMV vaccine treatment in humans with a mutation in ATG16L1, in which GABARAPs are not lipidated and hence remain inactivated (62), because of the potential for strong non-inflammation responses and septic shock compared with normal individuals. Small compounds targeting the GTPase activity or the isoprenylation site of GBP2 might be helpful to attenuate the endotoxemia.



METHODS


Mice, Bacteria and Cells

All C57BL/6N mice were obtained from SLC. Gabarap−/−, Gabarapl1−/−, Gate-16−/−, Lc3a−/−, Lc3b−/−, GBPchr3−/−, Gbp2−/− mice, and LysM-Cre mice were used and described previously (42, 63, 64). Casp1−/−, Casp11−/−, Atg12fl/fl, Aim2−/−, and Nlrc4−/− mice newly generated in this study (Supplementary Figure 6). All of wild-type or mutant mice were in C57BL/6N background. All animal experiments were performed with the approval of the Animal Research Committee of Research Institute for Microbial Diseases in Osaka University. C. koseri was used as described previously (42), and Escherichia coli BL21 strain was used. 293T cells (CRL-3216) and J774 cells (TIB-67) were obtained from the ATCC.



Antibodies and Reagents

For immunoblot studies, antibodies against caspase-11 (C1354) and β-actin (A1978) were purchased from SIGMA. Antibody against caspase-1 (AG-20B-0042) was purchased from Adipogen. Antibodies against Gabarap (M135-3) and Gate-16 (18724-1-AP) were purchased from MBL or Proteintech. Antibody against GBP2 (sc-10588) was purchased from Santa Cruz. Antibody against ASC (04-147) was obtained from Millipore. TOM20 (11802-1-AP) was obtained from Proteintech. Antibody against β-COP (ab2899) were purchased from Abcam. Anti-Aim2 (ab93015) was purchased from Abcam. Anti-NLRC4 (06-1125) was purchased from Millipore.

For immunofluorescence studies, anti-GBP2 (11854-1-AP) were purchased from Proteintech. Anti-HA (MMS-101R) was purchased from Covance. Anti-caspase-11 (NB120-10454) was obtained from Novus. Anti-caspase-11 (C1354) and FITC-LPS (F3665) were obtained from Sigma. Anti-ASC (#67824) was obtained from Cell Signaling. Anti-ubiquitin mouse monoclonal antibody (FK2; MFK-004) was obtained from Nippon Biotest Labotatories. Anti-p62 (PM045) was obtained from MBL.



Generation of Casp-1−/−, Casp-11−/−, Atg12fl/fl, Aim2−/−, and Nlrc4−/− Mice by Cas9/CRISPR-Mediated Genome Editing

The T7-transcribed caspase-1, caspase-11, Atg12, Aim2, and NLRC4 gRNA PCR products, which were amplified by using KOD FX NEO (Toyobo) and the primers (Supplementary Figures 6A–E and Supplementary Table 1), were used as the subsequent generation of caspase-1, caspase-11, Atg12 Aim2, and NLRC4 gRNAs. And then, MEGAshortscript T7 (Life Technologies) was used for the generation of these gRNAs. Cas9 mRNA was generated by in vitro transcription (IVT) using mMESSAGE mMACHINE T7 ULTRA kit (Life technologies) and the template that was amplified by PCR using pEF6-hCas9-Puro and the primers T7Cas9_IVT_F and Cas9_R (65), and gel-purified. The synthesized gRNA and Cas9 mRNA were purified using MEGAclear kit (Life Technologies) and eluted in RNase-free water (Nacalai Tesque). To obtain Casp1−/− or Casp11−/− mice, C57BL/6N female mice (6 weeks old) were superovulated and mated to C57BL/6N stud males. Fertilized one-cell-stage embryos were collected from oviducts and injected into the pronuclei or the cytoplasm with 100 ng/μl Cas9 mRNA and 50 ng/μl each gRNA in accordance with a previous study as described previously (66). The injected live embryos were transferred into oviducts of pseudopregnant ICR females at 0.5 d post-coitus. The male pup harboring the mutation was mated to C57BL/6N female mice and tested for the germ line transmission. Heterozygous mice were intercrossed to generate homozygous Casp1−/−, Casp11−/−, Aim2−/−, or Nlrc4−/− mice. Bone-marrow derived macrophages (BMDMs) from Casp1−/−, Casp11−/−, Aim2−/−, or Nlrc4−/− mice lacked caspase-1 (Supplementary Figure 6F), caspase-11 (Supplementary Figure 6F), Aim2 (Supplementary Figure 6G) or NLRC4 proteins (Supplementary Figure 6H), respectively. To obtain Gate-16−/−Gabarap−/−Gbp2−/− mice, Gate-16−/−Gabarap−/− mice, and Gbp2−/− mice were intercrossed. For generation of the targeting fragment for the floxed Atg12 allele, the Atg12 gene was isolated from genomic DNA that was extracted from C57BL/6N embryonic fibroblasts by PCR using KOD FX NEO (Toyobo) and primers (Supplementary Figure 6E and Supplementary Table 1). The targeting fragment was constructed from a 0.5-kb fragment of Atg12 genomic DNA containing exon 2 and loxP site-containing 0.5-kb subfragments using restriction enzymes in pBluescript. The vectors were amplified and co-injected into the embryos with the Cas9-encoding mRNA and Atg12flox1/Atg12flox2_gRNA to obtain Atg12fl/+ pups. Atg12fl/+ mice were further crossed with LysM-Cre mice to generate LysM-Cre Atg12fl/fl mice (Atg12Δmyeloid mice). BMDMs from Atg12Δmyeloid mice lacked Atg12 protein, which is stably conjugated with Atg5 (Supplementary Figure 6I).



Cell Culture and Bacterial Infection

293T cells or J774 cells were maintained in DMEM medium (Nacalai Tesque) or RPMI medium (Nacalai tesque) including 10% heat-inactivated FBS (JRH Bioscience), 100 U/ml penicillin (Nacalai Tesque) and 100 μg/ml streptomycin (Nacalai Tesque). BMDMs were differentiated in RPMI medium (Nacalai Tesque) including 10% FBS, 10% L929 cell (ATCC) supernatant, 100 U/ml penicillin and 0.1 mg/ml streptomycin for 6 days.

Before infection, macrophages were seeded into 6-, 24, 96 well-plates at a density of 2.5 × 106, 3 × 105, 1 × 105 cells and pre-stimulated with IFN-γ (10 ng/ml) for 24 h to induce GBP2. For infection with C. koseri, the bacteria was pre-cultured with LB medium for 4 h under aerobic conditions at 37°C. The bacteria was subcultured (1:10) in fresh LB medium for 20 h to stationary phase. Bacterial density was calculated from the OD600nm value, and the cells were resuspended into antibiotic-free medium at the indicated multiplicity of infection (MOI). BMDMs were infected with the bacteria (MOI = 10 or indicated MOI and centrifuged for 15 min at 500 × g and then BMDMs were incubated for 1 h at 37°C. After 1 h, 100 μg/ml gentamycin (Invitrogen) was added to kill extracellular bacteria. After 1 h incubation, the cells were washed once with PBS and changed fresh macrophage medium containing 10 μg/ml gentamicin for the remainder of the infection. The cells or supernatants were collected at 16 h or indicated times after infection.



Transfection of LPS, Poly-dAdT or Flagellin and LPS Electroporation

BMDMs were pre-stimulated with 100 ng/ml Pam3CSK4 (Invivogen) for 4 h in macrophage medium. 2 μg/ml ultrapure LPS E. coli O111:B4 (Invivogen), 1 μg/ml poly-dAdT (Invivogen) or 10 μg/ml flagellin (invivogen) was transfected in serum-free RPMI medium including with 0.25% FuGeneHD (Promega) for 16 h or indicated times. Different from the standard protocol (33), we did not use Opti-MEM to avoid saturation of cell death in Atg12Δmyeloid cells or Gate-16−/−Gabarap−/− cells. BMDMs were pre-stimulated with Pam3CSK4 for 4 h and washed with PBS two times. The cells were electroporated with 30 μg/ml LPS using the 2D-Nucleofector system (Lonza) for 16 h.



LPS and Cholera Toxin B Subunit (CTB) Treatment

BMDMs were pre-stimulated with 100 ng/ml Pam3CSK4 for 4 h. The cells were treated with non-treatment or 1 μg/ml LPS alone or 20 μg/ml CTB (List biological laboratories) or LPS and CTB treatment for indicated times.



Cytokine and LDH Release Measurement

The concentrations of secreted mouse cytokines IL-1β, IL-6, IL-12 p40, TNF-α were measured by ELISA according to the manufacturer's protocol (eBioscience). IL-18 levels were tested by ELISA (MBL).

LDH release was measured by using CytoTox96 Non-Radio Cytotoxicity Assay kit (Promega). To calculate % of LDH release, values of [(sample–untreated sample)/(total cell lysate-untreated sample)] × 100 were calculated in accordance with the manufacture's instruction.



Western Blot Analysis and Immunoprecipitation

The cells were lysed in a lysis buffer containing 1% Nonidet P-40, 150 mM NaCl, 20 mM Tris-HCl (pH 7.5), 1 mM EDTA and protease inhibitor cocktail (Nacalai Tesque). The cell lysates were separated by SDS–PAGE, transferred to polyvinyl difluoride membranes and subjected to immunoblotting using the indicated antibodies.

For caspase-1 and caspase-11 cleavage assay, Culture supernatant of BMDMs was added with 10% Trichloroacetic acid (TCA) and 10% acetone overnight at −20°C. The supernatants were centrifuged for 30 min at 15,000 rpm, 4°C and wash cold acetone two times. And then, Pellets were dried up and lysed in RIPA buffer. The lysates were detected by using Novex NuPAGE® SDS-PAGE Gel system (Thermo).

For immunoprecipitation, cell lysates were pre-cleared with Protein G-Sepharose™ (Amersham Pharmacia Biotech) for 2 h and then incubated with Protein G-Sepharose™ containing 1.0 μg of the indicated antibodies for 12 h with rotation at 4°C. The immunoprecipitants were washed four times with lysis buffer, eluted by boiling with Laemmli sample buffer and subjected to immunoblot analysis using the indicated antibodies.



ASC Oligomerization Assay

2.5 × 106 BMDMs were seeded in 6 cm dish and pre-stimulated with 100 ng/ml Pam3CSK4 for 4 h and transfected with 2 μg/ml LPS for 6 h. The cells were collected and lysed with the 100 μl buffer A containing 20 mM HEPES-KOH (pH 7.5), 10 mM KCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM EGTA, and 320 mM sucrose. The lysates were centrifuged for 8 min at 300 × g, 4°C and the supernatants were mixed with the same volume of CHAPS buffer. The lysates were centrifuged for 8 min at 2,650 × g, 4°C and the supernatants were removed and the pellets were incubated with 20 μl CHAPS buffer containing 2 mM DSS (Thermo) for 2 h on ice. And then 3 × sample buffer was mixed with the lysates and boiled for 5 min, 98°C. ASC oligomerization was analyzed by western blot.



Isolation and Treatment of Bacterial OMVs

OMVs were isolated from E. coli BL21 as described previously (44). Briefly, E. coli (BL21) were cultured overnight, and sub-cultured 1/1000 in 500 ml LB broth media and cultured 37°C overnight. The media were centrifuged at 10,000 × g for 10 min at 4°C, then the supernatant were filtered through 0.45 μm filter and 0.22 μm to remove whole bacteria and debris. The solutions were centrifuged at 150,000 × g for 3 h at 4°C to pellet OMVs. The pellets were re-suspended in sterile PBS. The concentration of OMVs was measured by protein assay and parts of OMVs solution were plated on the LB plate to confirm the bacterial free conditions. To stimulate BMDMs, BMDMs were seeded in the six well-plate for caspase-1 and caspase-11 cleavage assay and 96 well-plate for ELISA and LDH assay 1 day before stimulation. Isolated OMVs were treated with each 30 μg/well and 10 μg/ml in serum-free RPMI medium for 16 h.



Immunofluorescence

BMDMs were seeded and cultured on the glass coverslips. The cells were pre-stimulated with 100 ng/ml Pam3CSK4 for 4 h and transfected with 5 μg/ml FITC-conjugated LPS (Sigma) or 2 μg/ml ultrapure LPS E. coli O111:B4 for 2 h. The cells were then fixed for 10 min in PBS containing 3.7% formaldehyde, permeabilized with PBS containing 0.1% Triton X-100 and blocked with 8% FBS in PBS. The cells were stained with rabbit anti-ASC antibody (1:100), rabbit anti-Gbp2 antibody (1:100), rabbit p62 antibody (1:100), mouse anti-HA antibody (1:400), mouse anti-ubiquitin (1:800), rat anti-caspase-11 (1:100) for 1 h at room temperature, followed by stained with Alexa-Fluor-488-conjugated or Alexa-Fluor-594-conjugated anti-mouse-IgG, Alexa-Fluor-594-conjugated anti-rat-IgG (Invitrogen), Alexa-Fluor-594-conjugated or Alexa-Fluor-647-conjugated anti-rabbit-IgG (Invitrogen) for 1 h at room temperature in the dark. For anti-ASC staining, fixed cells were blocked and permeabilized with Blocking Buffer (1 × PBS 5% normal serum/0.3% Trito X-100) for 1 h. Subsequently, cells were stained with anti-ASC (1:400) diluted in Antibody Dilution Buffer (1 × PBS/1% BSA/0.3% Triton X-100) for 12 h at 4°C and followed by the secondary antibody staining as described above. Nuclei were counterstained with DAPI (Nacalai Tesque). Finally, the immunostained cells were mounted with PermaFluor (Thermo Scientific) on glass slides and analyzed by confocal laser microscopy (FV1200 IX-83, Olympus) To quantify the number of GBP2-containing puncta in each cell, images of a single cell that was stained for GBP2 were analyzed by the ImageJ software (US National Institutes of Health).



Quantification of Activated Caspase-1

Pam3CSK4 pre-stimulated BMDMs were transfected with LPS for 4 h and added with FAM-FLICA (ImmunoChemistly technology) at 3 h. The cells were washed with FACS buffer containing 2% FBS, 0.009% NaN3, 2 mM EDTA and PBS two times. Activated caspase-1 was detected by using flow cytometry using FACS Verse (Becton Dickinson) and quantified using FlowJo Software (Tree Star).



Canonical Inflammasome Activation and Quantification of Damaged Mitochondria

To activate canonical inflammasome for the ELISA and WB, BMDMs were stimulated with 10 ng/ml LPS for 5 h and 5 mM ATP for 3 h. BMDMs were stimulated with 10 ng/ml LPS and 1 mM ATP for 30 min at 37°C. To stain the mitochondria, the cells were stained with 25 nM of MitoTracker Green FM and MitoTracker Deep Red FM (Invivogen) for 15 min at 37°C (67). The cells were washed with FACS buffer two times and the damaged mitochondria were analyzed by using flow cytometry.



Isolation of Cytosol Fraction From BMDMs and LPS Quantification

To isolate the cytosol fraction from BMDMs, Digitonin-based fractionation method were utilized as described previously (44). 7.5 × 105 BMDMs were seeded on the 24 well-plate and cultured overnight. The cells were transfected with 1 μg/well LPS for each time points and washed with cold PBS four times. Cells were treated with 180 μl of 0.005% digitonin extraction buffer for 8 min and the supernatant was collected for cytosol fraction. The non-cytosol fraction containing cell membrane, organelles and nucleus was collected in 180 μl of 0.1% CHAPS buffer. The quantity of LPS in each fraction was measured by using LAL Chromogenic Endotoxin Quantitation kit (Thermo).



Reconstitution of BMDMs With Gate-16, Gabarap, GBP2 and These Mutants

Retroviral expression vectors of Gate-16, Gabarap and GBP2 were described as previously (42, 63). Retrovirus producing each Gate-16 and GBP2 were infected with 2 × 106 Gate-16−/−Gabarap−/− or Gate-16−/−Gabarap−/−Gbp2−/− BMDMs. After 2 days, the cells were performed drug selection by addition of the 2 μg/ml blasticidin for 3 days.



LPS Challenge in vivo

Mice were intraperitoneally injected with 10 mg/kg poly(I:C) (GE Healthcare) for 7 h and then 0.1 mg/kg or 0.4 mg/kg LPS were injected. After 3 h, the sera were collected from each mice and survival rates were tested. To prevent TLR4 signaling, 20 mg/kg of TAK-242 (CS-0408; Chemscene) was intraperitoneally injected at 0.5 h prior to LPS injection and at 0 h or 0.5 h post-LPS injection. To make the graph, the survival rate and cytokine concentration were used Prism5 software (Graph Pad software).



Cecal Ligation Puncture (CLP)

The mice were anesthetized using pentobarbital by injecting intraperitoneally. Anesthetized mice were removed the hairs of the abdomen by shaver. The skin was disinfected with 75% Ethanol swab. The mouse made about 1 cm insection of the abdomen and took out the cecum from the cut line. Forty percent of the cecum was ligated and punctured once with a 21-gauge needle. Mice were monitored daily by the sign of a moribund state for lethality. For cytokine production, mice were sacrificed at 16 h post-CLP, then collected the peritoneal fluids and measured IL-1β and IL-6 by ELISA.



Statistical Analysis

All experiments were performed using randomly assigned mice without investigator blinding. All data points and n-values reflect biological replicates (from three or four independent experiments). No data were excluded. Sample sizes were chosen by standard methods to ensure adequate power. All statistical analysis was performed using Excel 2013 (Microsoft) or GraphPad Prism5 (GraphPad Software). Statistical analyses for differences between two groups were performed using an unpaired two-tailed Student's t-test or log-rank test for analysis of the survival. P < 0.05 was considered to be statistically significant. No statistical methods were used to pre-determine sample size.
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Supplementary Figure 1. Normal activation of canonical NLRP3 inflammasome in Gate-16−/−Gabarap−/− macrophages. (A) Release of IL-1β from wild-type (WT), Atg12ΔMyeloid, Lc3a−/−, Lc3b−/−, Gate-16−/−, Gabarap−/−, Gabarapl1−/−, Lc3a−/−Lc3b−/−, and Gate-16−/−Gabarap−/− BMDMs primed with LPS followed by ATP treatment for 3 h. (B) Release of LDH from wild-type (WT), Atg12ΔMyeloid, Lc3a−/−Lc3b−/−, and Gate-16−/−Gabarap−/− BMDMs primed with LPS followed by ATP treatment for 3 h. (C) Western blot analysis of cleaved caspase-1 (p20) in cell supernatants, and of pro-caspase-1 and Actin (loading control) in cell extracts of wild-type (WT) and Gate-16−/−Gabarap−/− BMDMs primed with LPS followed by ATP treatment for 3 h. (D,E) Flow cytometry (D) and its quantification (E) of wild-type (WT), Atg12ΔMyeloid, Lc3a−/−Lc3b−/−, and Gate-16−/−Gabarap−/− BMDMs primed with LPS followed by ATP stimulation for 3 h. Cells were stained for Mito Tracker Deep Red and Mito Tracker Green before ATP treatment. (F) Release of IL-1β from wild-type (WT), Gate-16−/−Gabarap−/− and Aim2−/− BMDMs primed with Pam3CSK4 followed by transfection of 1 μg/ml poly-dAdT for 16 h. (G) Release of IL-1β from wild-type (WT), Gate-16−/−Gabarap−/− and Nlrc4−/− BMDMs primed with Pam3CSK4 followed by transfection of 10 μg/ml flagellin for 16 h. (H) Release of IL-6 from wild-type (WT), Atg12ΔMyeloid, Lc3a−/−, Lc3b−/−, Gate-16−/−, Gabarap−/−, Gabarapl1−/−, Lc3a−/−Lc3b−/−, and Gate-16−/−Gabarap−/− BMDMs primed with Pam3CSK4 followed by LPS transfection for 16 h. The data are representative of three independent experiments (C,D) and are combined data of more than three independent experiments (A,B,E–H). *P < 0.05, **P < 0.01, ***P < 0.001, and N.S., not significant, two-tailed t-test.

Supplementary Figure 2. Increased release of caspase-11 in supernatants of Gate-16−/−Gabarap−/− macrophages in response to OMV or C. koseri infection. (A) Western blot analysis of caspase-11 and cleaved caspase-1 (p20) released in cell supernatants, and of pro-caspase-1 and pro-caspase-11 and Actin (loading control) in cell extracts of wild-type (WT) and Gate-16−/−Gabarap−/− BMDMs treated with OMV for 16 h. (B) Western blot analysis of caspase-11 and cleaved caspase-1 (p20) released in cell supernatants, and of pro-caspase-1 and pro-caspase-11 and Actin (loading control) in cell extracts of wild-type (WT) Gate-16−/−, Gabarap−/− and Gate-16−/−Gabarap−/− BMDMs pre-treated with IFN-γ for 24 h and subsequently infected with C. koseri for 16 h. (C) Western blot analysis of NLRP3, GBP2 and pro-IL-1β and Actin (loading control) in cell extracts of wild-type (WT) and Gate-16−/−Gabarap−/− BMDMs unstimulated or stimulated with Pam3CSK4 alone. The data are representative of three independent experiments (A–C).

Supplementary Figure 3. GBP2 but not TLR4 is involved in the caspase-11-dependent septic shock. (A,B) Poly(I:C) primed-wild type (WT: n = 18), Gbp2−/− (n = 17) and Casp11−/− (n = 13) mice were injected with 0.4 mg/kg LPS and collected serums at 3 h. After LPS injection, survival rate (A) and IL-1β in the sera (B) were investigated. (C,D) Naïve wild type mice untreated (n = 5) or treated with 20 mg/kg TAK-242 at 0.5 h prior to LPS injection, 0 or 0.5 h post-LPS infection (n = 10). The mice were injected with 30 mg/kg LPS. After LPS injection, survival rate (C) and indicated cytokines in the sera at 3 h (D) were investigated. (E,F) Poly(I:C)-primed Gate-16−/−Gabarap−/− mice untreated (n = 5) or treated with 20 mg/kg TAK-242 at 0.5 h prior to LPS injection, 0 or 0.5 h post-LPS infection (n = 6). The mice were injected with 0.1 mg/kg LPS and collected serums at 3 h. After LPS injection, survival rate (E) and indicated cytokines in the sera (F) were investigated. The data are combined data of more than three independent experiments (A–F). Log-rank test (A,C,E) and two-tailed Student t-test (B,D,F) *P < 0.05, **P < 0.01, and ***P < 0.001; N.S., not significant.

Supplementary Figure 4. GBP2 is required for the caspase-11 inflammasome activation but not for canonical inflammasome. (A) Western blot analysis of cleaved caspase-1 (p20) and caspase-11 in cell supernatants, and of pro-caspase-1 and pro-caspase-11 and Actin (loading control) in cell extracts of wild-type (WT), Casp11−/− and Gbp2−/− BMDMs primed with Pam3CSK4 followed by LPS transfection for 16 h. (B) Western blot analysis of cleaved caspase-1 (p20) and caspase-11 in cell supernatants, and of pro-caspase-1 and pro-caspase-11 and Actin (loading control) in cell extracts of wild-type (WT), Casp11−/− and Gbp2−/− BMDMs treated with OMV for 16 h. (C,D) Release of IL-1β (C) or LDH (D) from wild-type (WT), Gbp2−/− and Casp11−/−BMDMs treated with OMV for 16 h. (E,F) Release of IL-1β (E) or LDH (F) from wild-type (WT) and Gbp2−/− BMDMs primed with LPS followed by ATP treatment for 3 h. (G) Western blot analysis of cleaved caspase-1 (p20) in cell supernatants, and of pro-caspase-1 and Actin (loading control) in cell extracts of wild-type (WT), Gbp2−/− and Casp1−/− BMDMs primed with LPS followed by ATP treatment for 3 h. (H) LAL assay for LPS (EU, endotoxin units) in the cytosolic and residual non-cytosolic fractions of wild-type (WT) and Gate-16−/−Gabarap−/− BMDMs non-transfected or transfected with LPS at indicated concentrations for 2 h obtained by digitonin fractionation. The data are representative of three independent experiments (A,B,G) and are combined data of three independent experiments (C–F,H). ***P < 0.001; N.S., not significant, two-tailed Student t-test.

Supplementary Figure 5. Reintroduction of Gabarap in DKO cells partially restores IL-1β production. (A,B) Quantification of GBP2 puncta. The numbers (A) and total areas (B) of GBP2 puncta in wild-type (WT) and Gate-16−/−Gabarap−/− BMDMs stimulated by LPS transfection for 6 h and immunostained for GBP2 were quantified by using ImageJ software. (C,D) Quantification of GBP2 puncta. The numbers (C) and total areas (D) of GBP2 puncta in Gate-16−/−Gabarap−/− BMDMs stably expressing HA-tagged wild-type Gate-16 (WT Gate-16), the G116A mutant (G116A Gate-16) and empty vectors. The cells were stimulated by LPS transfection for 6 h and immunostained for GBP2 were quantified by using ImageJ software. (E) Release of IL-1β from Gate-16−/−Gabarap−/− BMDMs stably expressing Gate-16, Gabarap or empty vector. The cells were primed with Pam3CSK4 and subsequently stimulated by LPS transfection for 16 h. (F) Release of IL-1β from wild-type (WT), Gate-16−/−Gabarap−/− and Gate-16−/−Gabarap−/−Gbp2−/− BMDMs primed with Pam3CSK4 followed by LPS transfection for indicated hours. (G) Release of LDH from wild-type (WT), Gate-16−/−Gabarap−/− and Gate-16−/−Gabarap−/−Gbp2−/− BMDMs primed with Pam3CSK4 followed by LPS transfection for 16 h. (H) Release of IL-1β from wild-type (WT), Gate-16−/−Gabarap−/− and Gate-16−/−Gabarap−/−Gbp2−/− BMDMs pre-treated with IFN-γ for 24 h and subsequently infected with C. koseri for indicated hours. (I) Release of IL-1β from wild-type (WT) and Gbp2−/− BMDMs pre-treated with IFN-γ for 24 h and subsequently infected with C. koseri for indicated hours. The data re combined data of more than three independent experiments (A–I). *P < 0.05, **P < 0.01, and ***P < 0.001, two-tailed t-test.

Supplementary Figure 6. Generation of Atg12fl/fl, Casp1−/−, Casp11−/−, Aim2−/− or Nlrc4−/− mice. (A–D) Schematic of the gRNA-targeting sites in the Casp1 (A) and Casp11 (B), Aim2 (C), and Nlrc4 (D) genes. Boxed and underlined regions are the gRNA target or PAM sequences, respectively. Green letters indicate insertion. (E) Schematic of the gRNA-targeting sites in the Atg12 gene, targeting fragments containing the exon flanked by loxP sequences. (F) Western blot analysis of pro-caspase-1 and pro-caspase-11 and Actin (loading control) in cell extracts of wild-type (WT), Casp1−/− and Casp11−/− BMDMs primed with LPS for 16 h. (G,H) Western blot analysis of indicated proteins in cell extracts of wild-type (WT), Aim2−/− (G) or Nlrc4−/− (H) BMDMs primed with LPS for 16 h. (I) Western blot analysis of Atg12 and Actin (loading control) in cell extracts of Atg12fl/fl (control) or LysM-Cre Atg12fl/fl (Atg12Δmyeolid) BMDMs. Note that Atg12 is conjugated with Atg5, therefore, the molecular weight is higher than expected. The data are representative of three independent experiments (F–I).
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The NOD LRR pyrin domain containing protein 3 (NLRP3) inflammasome is a cytosolic multi-proteins conglomerate with intrinsic ATPase activity. Their predominant presence in the immune cells emphasizes its significant role in immune response. The downstream effector proteins IL-1β and IL-18 are responsible for the biological functions of the NLRP3 inflammasome upon encountering the alarmins and microbial ligands. Although the NLRP3 inflammasome is essential for host defense during infections, uncontrolled activation and overproduction of IL-1β and IL-18 increase the risk of developing autoimmune and metabolic disorders. Emerging evidences suggest the action of lncRNAs in regulating the activity of NLRP3 inflammasome in various disease conditions. The long non-coding RNA (lncRNA) is an emerging field of study and evidence on their regulatory role in various diseases is grabbing attention. Recent studies emphasize the functions of lncRNAs in the fine control of the NLRP3 inflammasome at nuclear and cytoplasmic levels by interfering in chromatin architecture, gene transcription and translation. Recently, lncRNAs are also found to control the activity of various regulators of NLRP3 inflammasome. Understanding the precise role of lncRNA in controlling the activity of NLRP3 inflammasome helps us to design targeted therapies for multiple inflammatory diseases. The present review is a novel attempt to consolidate the substantial role of lncRNAs in the regulation of the NLRP3 inflammasome. A deeper insight on the NLRP3 inflammasome regulation by lncRNAs will help in developing targeted and beneficial therapeutics in the future.

Keywords: lncRNAs, NLRP3 inflammasome, nuclear regulation, cytoplasmic regulation, chromatin remodeling, transcriptional regulation, scaffolds, decoys


INTRODUCTION


NLRP3 Inflammasome

The inflammasomes are a critical component of the innate immune system (1). They are multimeric intracellular protein complexes that comprises a sensor protein termed pattern recognition receptor (PRR) that oligomerizes and forms a platform to activate the pro-caspase-1 in response to the damage associated and pathogen associated molecular patterns (DAMPs and PAMPs) (2). Among the PRRs, the NOD LRR pyrin domain containing protein 3 (NLRP3) is crucial in host immune defenses against a broad range of infections. The NLRP3 cytosolic receptor is sensitive to a variety of cellular irritants, microbial components and endogenous alert signals such as ionic flux, reactive oxygen species (ROS), mitochondrial dysfunction and lysosomal damage (3). Their interaction with such stimuli results in the assembly and activation of the NLRP3 inflammasome that further activates caspase-1. The activated caspase-1 leads to the maturation and secretion of mature inflammatory mediator interleukin 1β (IL-1β), IL-18 and Gasdermin D. Activation of the NLRP3 inflammasome triggers pyroptosis, a caspase-1 dependent cell death, forces intracellular pathogens out of their replicative niche to the surroundings (4). The exposure of such pathogens triggers further cytokine release from other immune cells leading to the generation of DAMPs that additionally stimulate the immune cells to respond to the infection. The structural components, assembly and activation of the NLRP3 inflammasome have been reviewed in detail elsewhere (1–3).

The dysregulated NLRP3 inflammasome was associated with the pathogenesis of several autoimmune, autoinflammatory conditions, infections and tumorigenesis (5–7). The role of NLRP3 inflammasome in various pathogenesis has just begun to be explored. Their role in the development and progression of several diseases has been discussed in detail in Supplementary Table 1. A substantial amount of information on their involvement in diseases still remains to be comprehended. Undoubtedly, further clarified and precise understanding of the molecular mechanism behind the NLRP3 inflammasome regulation will guide the development of new effective therapeutics (8).



Long Non-coding RNAs

The identification of non-protein coding RNAs as the key regulators of eukaryotic gene expression is a recent breakthrough. Approximately 80% of mammalian genome comprises non-protein coding regions that are transcribed into non-coding RNAs (9). Based on their length, the non-coding RNAs are classified into two categories: short non-coding RNAs (<200 nucleotides), such as microRNAs (miRNAs), and long non-coding RNAs (lncRNAs) (>200 nucleotides) (10). Based on their genomic locations, lncRNAs are grouped as long intergenic lncRNAs (lincRNAs), intronic sense lncRNAs and antisense lncRNAs. The biogenisis of messenger RNAs (mRNAs) and lncRNAs are the same for instance, lncRNAs also include transcripts derived from primary RNA polymerase II transcription (11). They are generally known as unconventional lncRNAs (12). Besides, different isoforms of lncRNA arise from the synonymous locus due to the fact that lncRNAs can also be free of alternative cleavage, splicing and polyadenylation (13–15).

The stabilization and maturation of such lncRNAs by RNase P generates a triple helix structured lncRNA with matured 3′ terminal carrying U-A-U sequence (16, 17). In order to prevent exonucleolytic deterioration, lncRNAs also forms circular closed structures through covalent bonding (18, 19).

LncRNAs are 200 nt long non-coding transcripts that performs various functions in diverse biological events (20–22). Some of the functions include regulation of protein translation, transcription and DNA synthesis (23, 24). Besides, they also regulate diverse pathological and physiological events (25–32).

Up until now, the significant role played by lncRNAs in regulating gene expression was unexplored. However, recent advancement in lncRNA research has reported that their involvement in diverse aspects of gene regulation in various cellular and biological processes is the root cause of various pathogenesis. LncRNA can influence the genetic information, for instance, transcription, mRNA availability, and stability, splicing, modulation of chromosomal structures and post-translational modifications (10). They carry out their regulatory functions through specific interactive domains for proteins, mRNAs, miRNAs, and DNA based on the secondary structures and sequences. They accomplish their function by acting as scaffolds, decoys, guides or signals (33).

Although lncRNAs coordinate several pathological events, their dysregulation causes severe pathologies. Various lncRNAs have been reported in the pathogenesis of inflammatory diseases such as arthritis, viral infections, intestinal disorders for instance celiac disease and breast cancer. They suppress or enhance the inflammatory responses in a gene dependent and time-dependent manner. Emerging shreds of evidence suggest that lncRNAs have critical involvement in the regulation of the immune system and the advancement of autoimmunity. Their expression in various immune cells such as macrophages, T lymphocytes, neutrophils, B lymphocytes, NK cells, and dendritic cells shows their importance in immune system maintenance. Reports suggest that lncRNAs are also involved in the differentiation and activation of these immune cells (33).

Keeping in view the emerging affirmation about the critical role played by lncRNAs in immune responses, in this review, we try to explore the involvement of lncRNA in regulating the activation and suppression of the NLRP3 inflammasome. We also provide the mode of action for how lncRNA regulates the NLRP3 inflammasome and drugs used to modify the function of lncRNAs in relation to the NLRP3 inflammasome. This is the first attempt being made so far to provide a consolidated review on the contribution of lncRNAs in managing the most important inflammatory machinery, the NLRP3 inflammasome.


Role of LncRNAs in the Development of Immune Cells

The role of lncRNA in molding the immune response is grabbing the attention of researchers globally. Numerous studies put forth the fact that lncRNAs provide profound contribution in the immune cell lineage distribution and commitment (34). Myeloid cells comprising macrophage, monocytes and dendritic cells (DCs) and lymphoid cells comprising natural killer cells (NK cells), T cells and B cells are the two main classes of immune cells that are responsible for molding an immune response. The expression status of various lncRNA is associated with the growth, activation and differentiation of immune cells. Although lncRNAs linked to immune cell differentiation has been discovered, their complete functional profile is not yet elucidated. Based on the inflammatory conditions, lncRNAs has the potential to polarize the immune cells. Proper and in dept understanding of the influence of lncRNA in the differentiation and maturation of these immune cells provides us the benefit of exploiting the lncRNA regulatory potential in designing novel therapeutics and diagnostics. A detailed review on the roles of different lncRNAs in the immune cell differentiation has been explained elsewhere (34–38). In this review, we describe briefly the role of major NLRP3 inflammasome regulating lncRNAs in activation and differentiation of various myeloid and lymphoid cells (Figure 1).


[image: Figure 1]
FIGURE 1. The NLRP3 inflammasome regulating lncRNAs in the activation and differentiation of myeloid and lymphoid cells.






LNCRNAS IN NLRP3 INFLAMMASOME REGULATION

The role of lncRNAs in maintaining immune system homeostasis has largely been unrecognized. NLRP3 inflammasome machinery is critical to defending host cells from foreign infections. However, their unregulated activity results in life-threatening disease conditions as explained in Supplementary Table 1. In the following sections, we discuss the significant role of lncRNAs in regulating the activity of NLRP3 inflammasome under various conditions. Figure 2 describes the contribution of lncRNA in the activation and repression of NLRP3 inflammasome under multiple stimuli. Supplementary Table 2 provides a summary of lncRNAs regulating NLRP3 inflammasome activity.
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FIGURE 2. The role of lncRNAs in the activation and repression of NLRP3 inflammasome in response to multiple stimuli.



Positive Regulation of the NLRP3 Inflammasome by LncRNAs


LncRNA NEAT-1

The lncRNA NEAT-1 (nuclear enriched abundant transcript 1) is a nuclear lncRNA composed of transcripts with mainly two isoforms namely, NEAT1v2 of 23 kb and NEAT1v1 of 37 kb. These two isoforms of NEAT 1 are important requirements for the formation of nuclear paraspeckle and assist in their interaction with other paraspeckles proteins (39). NEAT 1 conciliate gene expression by transcription factor recruitment, sequestration, gene expression alteration and amending RNA splicing by interacting with RNA binding proteins (RBP) (40–45). The significant contribution of NEAT 1 in various neurodegenerative diseases, multiple viral infections and immune responses has been reported recently. Various studies also suggested major NEAT-1 dysregulation as the driving force for various disease progressions (46, 47). The link between lncRNA NEAT-1 and NLRP3 inflammasome behind multiple inflammatory responses started to unravel in the recent years. Zhang et al. reported that lncRNA NEAT-1 (nuclear enriched abundant transcript 1) positively regulated the NLRP3 inflammasome assembly and cytokine production. In their study, they identified that NEAT-1 promoted the assembly of the NLRP3 inflammasome and pro-caspase-1 processing in mouse macrophages by stabilizing the mature caspase-1 heterotetramers that assisted and promoted the processing of pro-IL-1β to mature IL-1β thereby causing pyroptosis. The authors observed that NEAT-1 interacted with the p20 domain of caspase-1 and promoted the assembly of NLRP3 inflammasome in IL-6 independent manner. NEAT-1 upregulation was also reported in cases where hypoxic conditions prevailed. Thus, NEAT-1 was also found to have an influence on NLRP3 inflammasome activation during hypoxia. More compelling evidence on the role of NEAT-1 on the NLRP3 inflammasome activation surfaced in 2019 where NEAT-1 deficiency in peritonitis and pneumonia mouse models dramatically reduced the inflammatory responses. Zhang et al. also demonstrated that knockdown of NEAT-1 led to a prominent reduction in the ASC oligomerization thereby impairing the NLRP3 inflammasome assembly. NEAT-1 also interfered in the Mitogen activated protein kinase (MAPK) signaling pathway and regulated the expression of chemokines and cytokines such as CXCL-10 and IL-6. In the same study, Zhang et al. reported that the stimulating factors for NEAT-1 coincided with the stimuli that activated NLRP3 inflammasome, for instance, ROS, hypoxia-inducible factors (HIFs), viral infections and tumor suppressor p53 (48). LncRNA NEAT-1 activates extracellular signal regulated kinase (ERK)/MAPK pathway in nucleus pulposus cells (NPCs) and induces the degradation of extracellular matrix (ECM) (49, 50). Xia et al. also reported the role of NEAT-1 in regulating the inflammatory cytokine expression including IL-1β, TNF-α and IL-6. Their study revealed that NEAT-1 significantly contributed in developing neuro pain through inflammatory cytokine expression in rat study model with chronic constriction injury (51). NEAT-1 also plays substantial role in tumor development and proliferation of cells (52)

In another study, Zhang et al. demonstrated that the expression of NEAT-1 was enhanced by 1.7-folds in dendritic cells (DCs) when stimulated with LPS for 24 h, and this effect was depending on TLR4-LPS interaction. Notably, NEAT-1 expression remained unchanged after stimulation of DCs with a series of ligands for TLR2, TLR3, TLR7, and TLR8 (53). It is well known that lncRNAs plays a crucial role in the activation and development of DCs (53). During chronic infections, the effective role of NLRP3 is significant for the development of CD11b+ DCs (54). Influenza A virus induced IL-1β and IL-18 secretion through the NLRP3 inflammasome in DCs (55). However, the involvement of NLRP3 inflammasome in tolerogenic DCs is a new area that started gaining more attention recently.

In the study, they determined that tolerogenic DCs were induced by the absence of NEAT-1. The ability of NEAT-1 to induce tolerogenic DC was confirmed by its knockdown in DCs. Such cells showed markedly reduced expression of co-stimulatory CD80, CD86, and MHC-II, reduced proliferation of T-cells, reduced the secretion of inflammatory cytokines IL-12, IL-17A, IL-1β, and IL-6 and increased number of Treg cells (53).

Tolerance in DC was promoted by the absence of NEAT-1 via regulating the NLRP3/IL-1β axis. NEAT-1 induced the expression of nlrp3 mRNA and protein. The expression levels of NEAT-1 was found to negatively correlate with the expression levels of miRNA, miR-3076-3p. NEAT-1 and NLRP3 was observed to be the direct targets of miR-3076-3p. The expression of nlrp3 mRNA and protein was observed to be reversed by the introduction of miR-3076-3p mimic (53).

It was observed that NEAT-1 sponged miR-3076-3p, inhibited their activity and acted as a ceRNA to modulate the NLRP3 expression. In murine models, NEAT-1 deficient DCs showed reduced inflammatory cell infiltration, decreased proliferation of T-cells and enhanced Treg cells (53).



LncRNA MALAT-1

LncRNA MALAT-1 (metastasis-associated lung adenocarcinoma transcript-1) is very well known for its functional and therapeutic competence. It is a highly conserved nuclear lncRNA that is confined to the nuclear speckles abundantly. One of the major functions of lncRNA MALAT-1 is to interact with the spliceosomal proteins (30, 56). With the half-life of 9–12 h and 3′ triple helix structure, MALAT-1 is the longest lncRNA. They are transcriptionally induced by several hormones and growth factors (57–60). LncRNA MALAT-1 also has a profound effect on NLRP3 inflammasome. Yu et al., reported the positive influence of lncRNA MALAT-1 on NLRP3 inflammasome expression in myocardial ischemia reperfusion injury (61). The mechanism by which lncRNA MALAT-1 exerts its influence on NLRP3 inflammasome expression is by acting as a competing endogenous RNA to sponge the inhibitory micro RNAs from inactivating the NLRP3 inflammasome for instance miR-133 and miR-203.

The association of lncRNA MALAT-1 with NLRP3 inflammasome was also successfully studied by Li et al. In their study, an enhanced expression of MALAT-1 was observed in macrophages obtained from diabetic mellitus and diabetic atherosclerotic rats (62). The involvement of MALAT-1 in the cell pyroptosis in the case of diabetic animals was reported by Han et al. (63). Their study demonstrated that overexpression of MALAT-1 improved the cell pyroptosis process, while knockdown of MALAT-1 significantly reduced the cell pyroptosis in macrophages (63). MALAT-1 assisted in enhanced expression of the NLRP3 inflammasome by sponging the miRNA, miR-23C. By sponging miR-23C, MALAT-1 prevented its inhibitory action on the target gene, ELAV1 (embryonic lethal abnormal vision-like 1). ELAV1 is an upstream gene associated with the NLRP3 inflammasome (63).



LncRNA COX-2

LncRNA COX-2 (cyclooxygenase-2) acquired its name due to its location with respect to the cyclooxygenase-2 gene. It is situated upstream 51 kb from the cyclooxygenase−2 gene. Recently there are various reports strongly suggesting the role of lncRNA COX-2 in diverse inflammatory activities and responses (64). Toll like receptors (TLRs) play a profound role in inducing lncRNA COX-2 to activate and inhibit various immune moldulatory genes (65).

In a study conducted by Xue et al. it was reported that lincRNA COX-2 also positively modulated the expression of NLRP3 and the adaptor protein ASC (66). Guttman et al. discovered that lincRNA COX-2 is situated at 51 kb upstream of Cox-2, the protein-coding gene (67). The TLR4 stimulation in CD11c+ bone marrow derived dendritic cells (BMDCs) induced 1,000-fold increase in the expression of lincRNA COX-2 (67). In bone marrow derived macrophages (BMDMs), TLR2 stimulation induced lincRNA COX-2 expression via MyD88 in NF-kB dependent manner (68).

Previously, it was reported that lincRNA COX-2 assists in the expression as well as repression of various immune genes in innate immune cells. However, Xue et al. managed to unravel the relation of lincRNA COX-2 with elevated expression of NLRP3 inflammasome and its associated proteins (66). LincRNA COX-2 assisted in enhancing the transcription of inflammatory genes by promoting the nuclear translocation of NF-κB p65. The translocation of these transcription factors into the nucleus led to the expression of NLRP3 inflammasome associated proteins (66). In macrophages and microglial cells, lincRNA COX-2 deficiency reduced the expression of NLRP3 protein and IL-1β secretion, whereas it enhanced the TRIF mediated autophagy (66). Autophagy removed damaged mitochondria that activated the NLRP3 inflammasome (66). TRIF cleavage is a crucial process that contributed to autophagy and is mediated by active caspase-1. Xue and co-workers showed that knockdown of lincRNA COX-2 reduced the expression of active caspase-1 and thus reduced the TRIF cleavage thereby promoting autophagy (66).



LncRNA ANRIL

Being at p21.3 in the CDKN2A/B human locus, the gene cluster containing lncRNA ANRIL (antisense non-coding RNA in the INK locus) also comprise three protein coding genes (69). RNA polymerase II transcription and tissue specific splicing results in various linear and circular isoforms of lncRNA ANRIL. The major functions of lncRNA ANRIL comprise interaction with histone modifiers especially polycomb repressive complex (PRC), sponging of microRNAs and assisting in RNA-RNA interaction. LncRNA ANRIL also has a profound effect on cellular adhesion, proliferation and apoptosis pathway (70–73). Recently, several evidences have emerged linking lncRNA ANRIL and NLRP3 inflammasome.

In a study, Hu et al. demonstrated that lncRNA ANRIL positively influenced the expression of NLRP3 inflammasome. ANRIL is a 3.8 kb long non-coding RNA that is highly expressed in mammalian tissues and organs such as the liver and lungs (47, 74). High levels of ANRIL expression was observed in the serum samples of uric acid nephropathy (UAN) patients as well as uric acid-treated tubular epithelial cells (HK-2). In these samples, the expression of ANRIL was elevated along with BRCA1 and BRCA2 containing complex subunit 3 (BRCC3). BRCC3 is reported to be a deubiquitinating enzyme that can reduce the level of NLRP3 protein ubiquitination thereby promoting the activation of NLRP3 inflammasome (75). Hence, ubiquitination regulation is considered to be the molecular switch in the activation of the NLRP3 inflammasome. However, in the same serum samples of UAN patients, the level of miRNA, miR-122-5p was simultaneously observed to be low. Hu and co-workers demonstrated that lncRNA ANRIL and BRCC3 shared the same miRNA response element with miR-122-5p (76). It was proved that in UAN pathogenesis, lncRNA ANRIL sponged miR-122-5p thereby inhibiting the negative regulation of BRCC3 by miR-122-5p. Thus, ANRIL positively regulated the activation of NLRP3 inflammasome in UAN conditions by promoting the expression of BRCC3 (76). The influence of ANRIL in renal injury was understood through in vivo studies. In the UAN rat model, the absence of ANRIL resulted in the suppression of renal injury by exhibiting an anti-apoptosis effect (76).



LncRNA KCNQ10T1

LncRNA KCNQ10T1 (KCNQ1 overlapping transcript 1 or KCNQ1 opposite strand anti-sense transcript 1) is one of the functionally well characterized lncRNA that is located in the KCNQ1 locus in humans along with 8–10 protein coding genes. lncRNA KCNQ10T1 assist in gene regulation process that are crucial for development and growth prior birth (77). However, only few studies have been reported on the influence of lncRNA KCNQ10T1 on NLRP3 inflammasome regulation. Jin et al. demonstrated that lncRNA KCNQ10T1 promoted cataractogenesis by enhancing the expression of active caspase-1 (78). Within the Kcnq1 region, KCNQ10T1 modified the expression of imprinted genes in a tissue-specific manner. In cataract formation, imprinted genes positively regulated the process of apoptosis (78). In cataract lens anterior capsule tissue samples and H2O2 treated SRA01/04 cells the expression of lncRNA KCNQ10T1 and active caspase-1 was up-regulated while the expression of miRNA, miR-214 was down-regulated. The expression of KCNQ10T1 correlated with the expression of caspase-1. Jin et al. further determined that KNCQ10T1 and caspase-1-3′UTR shared the same binding region with the miRNA, miR-214. In this study, it was established that the functional target of lncRNA KNCQ10T1 was miR-214 whereas the downstream target of miR-214 was caspase-1 (78). During cataract formation, the lncRNA KCNQ10T1 acted as a competing endogenous miRNA (ceRNA) sponge to miR-214 and interactively suppressed its inhibitory action on caspase-1. KCNQ10T1 subsequently promoted the activation of caspase-1 thereby causing pyroptosis (78). Although, evidences support the positive influence of lncRNA KCNQ10T1 on the activation of NLRP3 inflammasome, more studies needs to be performed to understand their contribution in various inflammatory diseases involving the NLRP3 inflammasome in detail.



LncRNA Gm4419

LncRNA GM4419 is known to promote diabetic nephropathy and cardiac diseases (79). In cerebral oxygen-glucose deprived/reoxygenation (OGD/R) condition, neuroinflammation is a prominent feature. Wen et al. reported that lncRNA Gm4419 played a significant role in the activation and progression of neuroinflammation during cerebral OGD/R (80). In microglial cells treated with OGD/R, the expression of Gm4419 was up-regulated along with inflammatory cytokines such as TNFα, IL-1β, and IL-6. NF-kB signaling cascade is crucial for inflammation (80). Gm4419 promoted NF-kB activation during neuroinflammation in microglial cells by assisting the nuclear translocation of the transcription factors p65 and p50. The lncRNA Gm4419 physically associated with IkBα and promoted its phosphorylation. This enhanced the availability of nuclear NF-kB for the transcriptional activation of inflammatory cytokines. Wen et al. also demonstrated that deficiency of Gm4419 contributed to NF-kB inhibition in OGD/R microglial cells (80). Similar effects of lncRNA Gm4419 on the activation of NLRP3 inflammasome during the progression of diabetic nephropathy (DN) were reported by Yi et al. (81). In their study, it was shown that the absence of Gm4419 reduced mesangial cell (MC) proliferation, pro-inflammatory cytokines, and renal fibrosis marker expression even in the presence of a high concentration of glucose. However, the overexpression of Gm4419 reversed these effects in MCs even in the presence of low glucose levels. Gm4419 interacted directly with p50, a subunit of NF-kB that interacted with NLRP3 inflammasome in MCs and promoted the progression of DN (81).



LncRNA MEG-3

LncRNA MEG 3 (maternally imprinted gene 3) is a pituitary cell expressed gene that is maternally imprinted. One of the mechanism by which lncRNA MEG 3 executes its function is by modifying the pathway of p53 (77). LncRNA MEG 3 enhances the protein expression of p53 by protecting it from spontaneous degradation mediated by the ubiquitin proteasome. lncRNA MEG 3 assist in the suppression of MDM2, an E3 ubiquitin liagase thereby blocking the ubiquitination of p53. This in turn encourages the interaction of p53 and target promoters thereby enhancing p53 dependent processes (82, 83). The link between lncRNA MEG 3 and NLRP3 inflammasome in various inflammatory conditions started emerging in recent years.

Atherosclerosis (AS) is an inflammatory disease caused by the pyroptosis of aortic endothelial cells. Zhang et al. reported that during AS in human aortic endothelial cell (HAECs) samples, the protein expression of NLRP3, ASC and inflammatory cytokines were relatively high (84). In the same samples, Zhang et al. also observed an up-regulated expression of lncRNA MEG-3 and down-regulated expression of the miRNA, miR-223. MEG-3 is a maternally imprinted lncRNA (84). The study indicated that the lncRNA MEG3 positively influenced NLRP3 inflammasome induced pyroptosis in HAECs during AS. MEG3 functioned as a ceRNA sponge and suppressed the inhibitory activity of miR-223 on NLRP3 inflammasome activation based on sequence complementarity (84). The segment spanning 498-518 in the MEG3 sequence was determined as the core region that interacted with miRNA, miR-223 and sponged its function. The study also showed that miR-223 overexpression evidently suppressed the pyroptosis of HAECs and the effect of miR-223 on pyroptosis was reversed by the overexpression of lncRNA MEG3 (84).




Negative Regulation of NLRP3 Inflammasome by lncRNAs


LncRNA EPS

LncRNA EPS (erythroid prosurvival) is a long intergenic mammalian RNA that was identified in the year 2011. They are mainly associated with erythroid differentiation (85). Besides, they are also known to play a significant role in regulating the immune response gene transcription and positioning of nucleosome. Although they are abundantly expressed, their expression is significantly downregulated by LPS, the microbial ligand (86). Recently, various reports are surfacing in support of the role of lncRNA EPS as a host defense system during infections (87). LncRNA EPS is expressed in macrophage cells to regulate the expression of immune response genes (IRGs). Zhang et al. reported that lncRNA EPS was highly expressed in resting BMDMs while in TLR2 stimulated BMDMs, their expression was significantly down-regulated (84). The RNA levels of cytokines and chemokines such as Cxcl19, Cxcl0, Tnfsf10, Tnfsf8, IL-27, interferon-stimulated genes (ISGs) including Ifit2, Rsad2, Oasl1, and guanylate-binding protein (GBP) family members were altered with LPS stimulation in a time-dependent manner. Thus, lncRNA EPS executed strict control over IRG expression in a temporal manner (84).

The ectopic expression of lncRNA EPS on EPS deficient BMDMs curtailed the expression of IRGs which indicated the possibility of lncRNA EPS as a negative regulator of inflammation in macrophage cells (88). Microbial infections, endogenous danger signals, and environmental toxins lead to the activation of the NLRP3 inflammasome (89). LncRNA EPS expressing BMDMs exhibited impaired expression of IL-1β (88). Using the immunoblotting technique the authors showed that the level of ASC was significantly reduced in EPS expressing BMDMs compared to the control cells whereas the levels of pro- IL-1β, nlrp3, and pro-caspase-1 remained the same. LncRNA EPS regulated the expression of the pro-apoptotic gene, pycard that encoded the protein ASC (apoptosis-associated speck-like protein containing CARD) (88). ASC is a critical adaptor protein necessary for NLRP3 inflammasome assembly following its activation (85). Hence, lncRNA EPS negatively regulated the activation of NLRP3 inflammasome in unstimulated macrophage cells by suppressing the expression of the adaptor protein, ASC (88).



LncRNA Gm15441

LncRNA GM15441 is a transcript enriched in the liver that is suppressed during the progression of various metabolic diseases (90). They are mainly induced during the transition from feeding to fasting. LncRNA GM15441 imbricates Txnip gene. Due to this reason, the lncRNA GM15441 play a crucial role in energy consumption and metabolism (91, 92). The contribution of lncRNA GM15441 in regulating the NLRP3 inflammasome machinery in major metabolic disorders would be an interesting platform to explore. Recently, their involvement in NLRP3 inflammasome regulation has also been reported. Brocker et al. demonstrated that the induction of lncRNA Gm15441 attenuated the activation of hepatic NLRP3 inflammasome during metabolic stress through nuclear receptor peroxisome proliferator-activated receptor alpha (PPARA) (93). The process of fasting improves immunity by suppressing inflammation (93). Brocker et al. unraveled the molecular events that inhibited inflammation during restricted calorie intake. The PPARA plays a significant role during fasting by enhancing the consumption of lipids as an alternative energy source (93). The process of fasting activates PPARA which directly enhances the expression of lncRNA Gm15441. The lncRNA Gm15441 further restricts the expression of its antisense transcript, thioredoxin interacting protein (TXNIP). During oxidative and endoplasmic reticulum stress, TXNIP plays a critical role in inflammation by assisting in increasing the intracellular content of reactive oxygen species (ROS) (94–96). ROS is a well-known inducer and activator of the NLRP3 inflammasome. Thus, the suppression of TXNIP by lncRNA Gm15144 prevents the activation of NLRP3 inflammasome which in turn inhibits active caspase-1 generation and secretion of mature IL-1β, thereby preventing inflammation during fasting. The introduction of PPARA agonist to the Gm15441 knockout mouse model resulted in elevated expression of TXNIP, active caspase-1 as well as active IL-1β. This indicated that lncRNA Gm15441 is a significant negative regulator of the NLRP3 inflammasome by suppressing TXNIP (93).



LncRNA XIST

In mammals, lncRNA XIST (X inactivate-specific transcript) regulates the inactivation of X-chromosome. They also maintain the genome, monitors cancer cell differentiation and proliferation (97). LncRNA XIST functions as an oncogene and is de regulated in numerous non-sex linked tumors (98). Till date, their role in the progression and development of various types of cancers has been explored well (99–101). However, their association with NLRP3 inflammasome still needs to be elucidated. LncRNA XIST has been reported to play a critical role in the regulation of the NF-kB/NLRP3 inflammasome pathway in a negative manner during inflammation in bovine mammary epithelial cells (102). In the studies conducted by Ma et al. in bovine mastitic tissues and bovine mammary alveolar cell-T (MAC-T) cell models, up-regulated expression of lncRNA XIST was reported (102). Bovine mastitis or mammary gland inflammation is caused by the activated NF-κB which controls the cell proliferation, generation of inflammatory cytokines, for instance, TNF-α, IL-1β, IL-8, IL-6 and cell apoptosis (103, 104). The characteristic features of bovine mastitis include altered cell proliferation and migration (105), cell death, cytokine production (106), etc. It is a well-established fact that NF-kB is an upstream activator of the NLRP3 inflammasome. Ma et al. studies demonstrated that the inducing factors of the bovine mastitic conditions such as E. coli and S. aureus infections can, in fact, activate NLRP3 inflammasome and can successfully cause the related inflammatory responses (102).

In the bovine mastitis induced cell models, the expression levels of TNF-α, IL-1β, and IL-6 was also up-regulated along with lncRNA XIST (102). Gene silencing studies in inflammatory MAC-T cells resulted in reduced cell proliferation and elevated cell apoptosis in the absence of lncRNA XIST. The absence of XIST significantly enhanced the activation of NF-kB by promoting the phosphorylation of p65 and IkB as well as nuclear transport of the p65 subunit. Hence, lncRNA XIST suppressed NF-kB activation in inflammatory MAC-T cells (102). In addition, the silencing of XIST also increased the mRNA and protein levels of nlrp3, ASC, caspase-1, IL-18 and IL-1β in bacterial infection-induced inflammatory MAC-T cells. The administration of NF-kB signaling cascade inhibitor, BAY 11-7082 in MAC-T cells significantly reduced the transcriptional activation of lncRNA XIST. Hence, it can be concluded that the expression of lncRNA XIST during bovine mastitis is caused by the activation of NF-kB and lncRNA XIST negatively regulated the expression of NLRP3 inflammasome to prevent excessive inflammation in bovine mastitis (102).




Mechanism of NLRP3 Regulation by lncRNA

LncRNAs are non-protein coding transcripts that exhibit specific regulatory functions, especially during inflammatory responses (21). LncRNAs control the gene expression of neighboring inflammatory protein-coding genes and thus contribute to the total inflammatory mRNA and protein concentration of the cell. LncRNAs have specific domains that can identify and interact with the target proteins and nucleic acid through complementary base pairing (21). This particular structural feature allows a single lncRNA molecule to connect with macromolecules of great diversity. The interaction of lncRNAs with the target proteins is mediated by ribonucleoprotein complexes (21). LncRNAs execute their regulation on inflammatory gene expression from various locations as they are localized within the cytoplasm, mitochondria, nucleus and nucleolus (107, 108). The localization of lncRNAs depends on the signature of the motifs for instance, Alu related sequences, protein signal peptides and nuclear-restricted lncRNA BMP/OP responsive gene (BORG) (109, 110). Besides localization, the secondary and tertiary structural configurations of lncRNAs are also significant for their mechanism of action (111). Each of these factors is described in detail in the following section.


Regulation at Different Cellular Locations


Regulation at the nucleus

LncRNAs are less conserved evolutionarily, not highly abundant and comprise fewer exons. All these features make lncRNAs different from mRNAs. Due to their high susceptibility to exosomal degradation on chromatin, inefficient polyadenylation and splicing, lncRNAs are mostly localized in the nucleus and they function as important nuclear organizers (9). The nuclear export of lncRNAs is prevented by the presence of cis-elements that are closely associated with nuclear proteins. A primate-specific short interspersed nuclear element (SINE) which is a C-rich sequence obtained from the Alu elements actively encourage the nuclear retention of lncRNAs by promoting the interaction with HNRNPK, a nuclear matrix protein. In some cases, the abnormal biogenesis pathways and the presence of specific cis-elements cause the nuclear accumulation of lncRNAs which has atypical forms (9).

LncRNAs exert nuclear level regulation on NLRP3 inflammasome activation and the proceeding inflammatory responses in three levels (9). Firstly, they regulate the chromatin architecture and remodeling of inflammatory genes. Secondly, they regulate the transcription process of the inflammatory genes. Thirdly, they exert regulation post the transcription of inflammatory genes (9) (Figure 3). The general ways by which lncRNAs execute the regulation of NLRP3 inflammasome is shown in Figure 4.
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FIGURE 3. Regulation of the NLRP3 inflammasome by lncRNAs at different cellular locations.
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FIGURE 4. General ways involved in regulating the NLRP3 inflammasome by lncRNAs.




Chromatin architecture modification

The highly organized interphase chromosomes provide an excellent platform for the lncRNAs to achieve NLRP3 inflammasome associated gene transcriptional regulation at different levels. The lncRNAs regulate the architecture of the chromosomes (112). The negative regulation of NLRP3 inflammasome by lncRNA XIST has been discussed in the previous section. LncRNA XIST regulates the expression of NLRP3 inflammasome at the chromatin level. Systemic Lupus Erythematosus (SLE) is an inflammatory condition that falls under category of autoimmune disorders. Yang et al. reported that the NLRP3 inflammasome activation and associated cytokine production are highly elevated in the macrophage cells of SLE patients (112). Strickland et al., reported the importance of proper X-chromosome inactivation in females and linked the X-chromosome abnormal inactivation with the high prevalence of SLE in females (113). Strickland and co-workers explained that there is an epigenetic event that silences most of the genes in one of the two X-chromosomes in females. The silenced genes may include DNA methylation, trimethylation, ubiquitylation, and histone deacetylation. However, during some instances, DNA methylation causes the abnormal activation of immune response-related genes in the X- chromosome which is supposed to be epigenetically inactivated. This induces SLE in females (9). LncRNA XIST plays a significant role in the X-chromosome inactivation in female mammals. The lncRNA XIST is transcribed from the X-chromosome which is supposed to be inactivated and their location is restricted across the entire X-chromosome. In order to achieve the stable silencing of the majority of X-chromosome, lncRNA XIST initiates series of signaling events that result in chromosome remodeling. The chromosomal condensation leads to the formation of heterochromatin Barr body of the inactivated X-chromosome which is localized to the nuclear lamina (9). LncRNA XIST is closely associated with the lamin-B-receptors in the nuclear lamina. Studies show that the disruption of lamin B receptor and lncRNA XIST interaction results in the impaired localization of inactivated X-chromosome followed by improper inactivation of the X-chromosome. This causes elevated expression of immune response genes due to DNA methylation which culminates in the activation of NLRP3 inflammasome and associated events in the case of SLE. In this way, lncRNA XIST modulates the chromosome architecture by recruiting the X-chromosome to the nuclear lamina which constrains the mobility of the chromosome. This facilitates the movement of lncRNA XIST and the assisting silencing protein complexes across the X-chromosome (9).



Inter chromosome and intra chromosomal interaction modification

The lncRNAs control the interchromosomal and intrachromosomal interactions to regulate the activation and expression of NLRP3 inflammasome associated genes. LncRNA functional intergenic repeating RNA elements (FIRRE) are transcribed from the X-chromosome and it interacts with the hnRNPU via its 156 repeating nucleotide motifs. Zhang et al. reported the upregulated expression of lncRNA FIRRE in the case of ischemic stroke in cerebral microglial cells through the activation of multiple inflammatory factors (114). The authors demonstrated that the upregulation of lncRNA FIRRE leads to the activation of NF-kB which activated the downstream signaling cascade that finally resulted in the activation of NLRP3 inflammasome (114). In the studies performed by Yao et al. it was shown that the lncRNA FIRRE accumulated near its transcription site (9). Using genome-wide mapping and RNA anti-sense purification in mouse embryonic stem cells, it was analyzed that lncRNA FIRRE established trans chromosomal contacts with additional five autosomal chromosomal loci and modulated the interchromosomal interactions to activate NLRP3 inflammasome by functioning as a scaffold (9).

The lncRNA colorectal cancer associated transcript-1 (CCAT-1) regulates the intra chromatin enhancer-promoter loops (115). In the upstream of the human MYC gene, colorectal cancer-specific super-enhancer is the transcription origin of lncRNA CCAT-1. The major function of lncRNA CCAT-1 is to promote the oncogenic activity and transcription of the MYC gene. Following the accumulation of lncRNA CCAT-1 at the transcription site, they interact with the CCCTC binding factor (CTCF) and bind together strands of DNA to form chromatin loops. This event localizes DNA to the nuclear lamina. The interaction of lncRNA CCAT-1 with CTCF results in the formation of a promoter-enhancer loop at the MYC locus thereby enhancing the transcription and oncogenic effect of the MYC gene. Zhao et al. demonstrated that the upregulation of the MYC gene is critical in inducing the NLRP3 inflammasome activation mediated proliferation of lymphoma cells (115). In this study, the authors showed that the activation of NLRP3 inflammasome in lymphoma is caused due to the upregulated expression of the oncogenic MYC gene and their expression is regulated at the nuclear level by lncRNA CCAT-1 (115).



Engaging chromatin modifiers

Several lncRNAs execute their regulation on NLRP3 inflammasome activation by remodeling the chromatin (9). These lncRNAs are localized in the nucleus and are chromatin-associated. They remodel the chromatin either in trans or in cis by promoting or preventing the chromatin modifier recruitment. The association between various lncRNAs such as HOTAIR, XIST and KCNQ10T1 and chromatin remodeling complexes are reported in numerous molecular studies (33, 116–118). Some of the histone modification events performed by lncRNAs in association with polycomb repressive complex 1 and 2 (PRC1 and PRC2) comprises histone 2A lysine 119 mono ubiquitinylaiton (H2AK119ub) (119), dimethylation and trimethylation of lysine 27 present in histone 3 (H3K27me3 and H3K27me2) (120, 121), demethylation of lysine 4 in histone 3 which is monomethylated and dimethylated (H3K4) (122) and histone methyltransferase (HMT) activity by G9a (123).

Several studies also reported that the absence of lncRNAs causes unsuccessful gene silencing (124–127). This emphasizes the importance of lncRNAs in navigating PRCs toward specific target site to perform their silencing. The target gene specificity of PRCs is determined by the type of lncRNA they associate with. For instance, the association of PRCs with lncRNA HOTAIR helps in targeting the locus HOXD (125) while, the interaction of PRC with lncRNA KCNQ10T1 targets the clusters in kcnq1 (128). In another study, it was shown that interaction of lncRNA XIST with PRC target X-chromosome for histone modification (126). Although, PRCs can complex with various lncRNAs, further detailed molecular studies are required to understand in depth about their interacting domains specificity.

The ability of lncRNAs to modify histone and chromatin structure are utmost important in regulating gene expression associated with NLRP3 inflammasome during various inflammatory conditions. In SLE, extensive activation of NLRP3 inflammasome is reported. This is caused due to the accidental expression of the immune genes in the inactivated X-chromosome (9). LncRNA XIST is involved in the establishment of a repressive chromatin state across the X-chromosome that has to be inactivated by recruiting the chromatin modifiers. The transcribed lncRNA XIST interacts with hnRNPU and CIZI and remains closely associated with the X-chromosome that has to be inactivated. Further, this lncRNA directly recruits PRC2 components and assist their deposition at H3K27me3. LncRNA XIST mediates the stepwise recruitment of chromatin modifiers to the X- chromosome to inactivate them. The 4 Kb region present in the downstream of exon-1 of lncRNA XIST interacts with the non-canonical polycomb group RING finger 3/5 (PCGF 3/5)-PRC-1 complex (9). This allows the ubiquitylation of H2AK119u1 followed by the recruitment of other PRC1 complexes and PRC2.

The elevated expression of lncRNA HOX Transcript Antisense Intergenic RNA (HOTAIR) has been reported in the macrophages stimulated with LPS (129). Obaid et al. reported that the lncRNA HOTAIR interacts with the chromatin modifiers such as histone methylase (EZHZ) containing PRC2 complex and histone H3K4 demethylase (LSD1). LncRNA HOTAIR also interacts with PRCs to silence various inflammatory genes (125). They facilitate the gene suppression by recruiting LSD1 and PRC2 to the target genes (129). The lncRNAs have tremendous potential to modify the histones to regulate the expression of inflammatory genes. Tong et al. reported the role of lncRNA COX-2 in regulating gene expression through histone modification. The authors showed that lincRNA COX-2 expression in TNF-α stimulated intestinal epithelial cells, suppressed the expression of Il12b by recruiting the nucleasome remodeling and deacetylase repressor complex, Mi-2-NuRD at Il12b gene promoter region. Tong et al. further noted that lincRNA COX-2 assisted in histone modification epigenetically by reducing the methylation of H3K27 and enhancing the acetylation of H3K27 and H3K9. Their study also demonstrated that the histone modification events at Il12b gene promoter were attenuated by the knockdown of lincRNA COX-2 (117).

Once lincRNA COX-2 is induced in macrophages upon LPS stimulation, they are assembled on switch/sucrose non-fermentable (SW1/SNF) complex. In this way lincRNA COX-2 assist in chromatin remodeling and modulate the primary response gene transcription process when the cells encounter a microbial attack or when cells are stimulated with LPS (118). In a study, Pandey et al. reported the interaction of G9a HMT with PRC2 and lncRNA KCNQ10T1 (128). Similarly, Terranova et al. observed that PRC1/2 complex members and lncRNA KCNQ10T1 shared close proximity (130). Imprinting studies performed on mouse extra embryonic placental tissues revealed PRC2-G9a HMT induced repression on histones, K3K9me3 and H3K27me in kcnq1 and Igf2r imprinted gene clusters (128, 131).

In many instances, the lncRNAs can restrict the recruitment of chromatin modifiers and inhibit the interaction between the specific DNA loci with the chromatin modifier. In such cases, the lncRNAs function as decoys (9). Several lncRNAs whose function has been explored as decoys have been reported, for instance, lncRNA Mhrt and lncRNA PRESS1 (9). However, the role of lncRNAs as decoys of chromatin modifiers in NLRP3 inflammasome regulation has to be explored further to conquer thorough understanding.



Interfering transcriptional events

In addition to the regulation on chromatin architecture, lncRNAs also regulate the expression of NLRP3 inflammasome and associated proteins at the transcription level (132). They form R-loop structures that assist in the recruitment of the respective transcription factors. R-loops are formed by the hybridization of RNA with the DNA duplex thereby forming a triple-stranded structure of nucleic acid (132). The R-loop structure secures the lncRNA in cis to the target gene thereby promoting the binding of transcription factors with the target gene promoter region. For instance, the transcription of lncRNA KHPS1 is in an anti-sense direction to that of the sphingosine kinase-1 (SPHK1) gene. SPHK1 is a proto-oncogene that catalyzes the phosphorylation of sphingosine to sphingosine-1-phosphate (132). Frevert et al. showed that the expression of SPHK1 enhanced the production of inflammatory cytokines CCL5 and CCL2 (132). However, studies reported that the expression of SPHK1 negatively regulated the expression of NLRP3 inflammasome and associated secretion of mature IL-1β by decreasing the availability of the DAMP, sphingosine. LncRNA KHPS1 plays a significant role in the activation of SPHK1 (132). The R-loop structure formed between the lncRNA KHPS1 and SPHK1 tethers KHPS1 in the upstream of the SPHK1 transcription start site (TSS). This recruits the histone acetyltransferases p300/CBP through lncRNA KHPS1 to the promoter region of SPHK1 thereby enhancing the chromatin accessibility for the binding of E2F1 (9). These events lead to the expression of SPHK1. Thus, lncRNA KHPS1 assists in the negative regulation of NLRP3 inflammasome by restricting the availability of sphingosine at the transcription level.

Another classical example of lncRNAs regulating the NLRP3 inflammasome expression in the transcription level is the expression of human gene vimentin (9). Vimentin is a type III intermediate filament protein that plays a critical role in intracellular architecture stabilization. Vimentin is also involved in enhanced cell invasion by improving cell migration (9). Santos et al. demonstrated the regulatory role of vimentin in the expression and activation of NLRP3 inflammasome (133). Vimentin assisted the build-up of NLRP3 inflammasome machinery as a scaffold and facilitated the maturation of IL-1β in pulmonary fibrosis and lung inflammation (133). Vim gene accommodates an anti-sense lncRNA VIM-AS1. Near the TSS of vimentin, an R-loop is formed by the lncRNA VIM-AS1 that promoted the transcription of vimentin by favoring the interaction between promoter and the transcription factor, NF-kB induced by local chromatin decondensation (9). Thus, lncRNA VIM-AS1 positively regulated vimentin expression which further promoted the NLRP3 inflammasome activation.

At the targeted gene loci, the lncRNAs interfere with the pol II transcription complexes to execute their control on the gene transcription (134). The lncRNAs impede with the Pol II complex and regulate the process of transcription elongation. The 7SK RNA is a pol III transcribed lncRNA that obstructs the pol II-mediated elongation by binding to p-TEFb, a positive elongation factor (134). The interaction between lncRNA 7SK-RNA and p-TEFb reduces its kinase activity that is critical for the positive elongation process during transcription. p-TEFb is a positive regulator of NF-kB (134). Upon NF-kB activation, p-TEFb causes the phosphorylation of pol II that assists in the dissociation of DSIF from the TATA rich promoter region of the NF-kB target gene. This switches the fate of NF-kB from DSIF to p-TEFb. The activated NF-kB positively regulates the expression of numerous immune response genes including NLRP3, pro-IL-1β, and pro-caspase-1(134). Hence, the lncRNA 7SK-RNA controls the availability and activation of p-TEFb which is necessary for the activation and expression of NF-kB dependent immune genes during inflammation.

The lncRNAs also regulate the pol I assisted transcription process (135). Pol I transcribes the ribosomal RNA (rRNA) from rDNA. rRNA is involved in the cellular protein synthesis that is important in various stages of cell growth processes. Several disorders with an unusual translational pattern are caused by uncontrolled pol I transcription (135). Several studies show that the functions of the ribosome when suppressed have the potential to activate the NLRP3 inflammasome (136). The inhibition of ribosomal translation triggers a stimulus for the activators of NLRP3 inflammasome. In addition, the suppressed translational process acts as a converging center for the signals released from pathogens, toxins and metabolic irregularities that trigger the activation of NLRP3 inflammasome and releases the mature IL-1β. Hence, regulated transcription of ribosomal components by pol I is highly necessary to ensure controlled inflammatory responses via NLRP3 inflammasome (136). The nucleolus localized lncRNA SLERT (snoRNA-ended lncRNA enhances preribosomal RNA transcription) regulates the function of pol I transcription machinery. Under demanding conditions, the lncRNA SLERT interacts with the RNA helicases DDX21, causing a conformational change in DDX21 that releases pol I from its inhibitory action. This enhances the pol I based transcription of rDNA. Thus, lncRNA SLERT indirectly regulates the activation of the NLRP3 inflammasome by repressing pol I from DDX21inhibitory action (136).



Interfering post-transcriptional events

LncRNAs regulate the expression of NLRP3 inflammasome associated genes at the post-transcriptional level as well. LncRNAs form membrane-less, dynamic nuclear bodies by forming complexes with proteins thereby controlling their coherence and functions (9). In the nuclear bodies, lncRNAs function as architectural and non-architectural RNAs to execute their function (9). Architectural lncRNAs act as the core of nuclear bodies by forming scaffolds. Nuclear bodies contain numerous paraspeckles that are formed and maintained predominantly by lncRNA NEAT 1. According to electron and structured illumination microscopic analysis, paraspeckles are spheroidally organized structures that are present in the interchromatin region which require the activity of both NEAT 1 and NEAT 2 (9). The inner core of the paraspeckles is made up of the middle region of NEAT 2 while the outer shell comprises the 5' end of NEAT 1 and both termini of NEAT 2. The stress-induced expression of lncRNA NEAT-1 dictates the morphology and count of the paraspeckles formed (9).

LncRNA NEAT-1 can regulate the activity of NLRP3 inflammasome in both nuclear and cytoplasmic levels. The cytoplasmic regulation of NLRP3 inflammasome by lncRNA NEAT-1 will be explained in the subsequent section. In the paraspeckles, lncRNA NEAT-1 sequesters >40 proteins, many of which have significant immune functions. For instance, the protein splicing factor proline/glutamine-rich (SFPQ) is sequestered in the paraspeckles. Hirose et al. showed that stress-induced expression of lncRNA NEAT-1 leads to specific protein sequestration in the paraspeckles to facilitate the target gene transcription (137). The inhibitory interaction of SFPQ with the target gene promoter is prevented by its sequestration in the paraspeckles. SFPQ inhibits the transcription and expression of IL-8 by binding to its promoter region and blocking its transcription (137). However, stress-induced expression of lncRNA NEAT-1 enhances the expression of IL-8 by relocating and binding SFPQ in the paraspeckles thereby facilitating the access of IL-8 promoter region to the transcription machinery (41, 138). IL-8 is one of the inflammatory cytokines secreted by the active caspase-1targets, IL-1β and IL-18 (41, 138). Thus, lncRNA NEAT-1 indirectly promotes the inflammatory environment prevailing in the host which is generated by the active NLRP3 inflammasome target cytokines, IL-1β and IL-18.

In the nuclear bodies, lncRNAs also contribute to the regulation of NLRP3 inflammasome activity in a non-architectural manner (9). As mentioned in section LncRNA MALAT-1, lncRNA MALAT-1 positively regulated the expression of NLRP3 inflammasome. In the nuclear bodies, the region with an abundance of pre-mRNA is called nuclear speckles. The mature lncRNA MALAT-1 is a stable 7,500 nucleotide triple helical structure containing a 61 nucleotide mascRNA (MALAT-1 associated small cytoplasmic RNA) which is formed after an RNase P mediated processing of its 3′ end (9). The periphery of the nuclear speckles contains small nuclear RNAs (snRNAs) and MALAT-1 whereas its central region comprises SON and SC35 proteins. In the nuclear speckles, the interaction of MALAT-1 with RNA exporting and RNA splicing SR proteins help them to execute their regulatory function by impacting the process of splicing. After being recruited to the nuclear speckles, MALAT-1 interacts with the pre-mRNAs that are alternatively spliced via a protein mediator. MALAT-1 promotes protein-protein, protein-DNA, and protein-RNA interaction by acting as a scaffold within the nuclear speckles (9).



Regulation at the cytoplasm

LncRNAs are also translocated into the cytoplasm to directly or indirectly regulate the activity of NLRP3 inflammasome. In the cytoplasm, they supervise the stability of mRNA, inflect the process of translation and intervene with the events of post-translational modifications (PTMs) (Figure 3).



Modifying the mRNA stability

There are several ways by which lncRNAs regulate the stability of NLRP3 inflammasome associated mRNAs. They function as competitive endogenous RNAs (ceRNAs) and sponge the miRNA by competing for their binding sites (9). By sponging miRNAs, the ceRNAs derepresses the targets of miRNA (9). LncRNA Cyrano sponges the activity of miR-7 and releases the nlrp3 mRNA from its inhibitory effect (139). miR-7 inhibits the translation of nlrp3 protein by occupying the UTR domain of the nlrp3 mRNA. The 5' UTR and 3′ UTR regions play a significant role in the translation of mRNA (139). The termination of transcription and post-transcriptional gene expression heavily rely on the 3′ UTR region of an mRNA whereas 5' UTR is the leader sequence in which the first codon for translation is present (139). Hence, blocking the UTR region in an mRNA intervenes with the effective translation process. LncRNA Cyrano acts as a ceRNA and facilitates the tailing and trimming of the 3′ end of miR-7 which leads to miR-7 degradation (139). Thus, lncRNA Cyrano stabilizes the mRNA of nlrp3 and promotes the NLRP3 inflammasome mediated inflammatory action.

LncRNA NEAT-1 assists in the activation of NLRP3 inflammasome in mouse macrophages. They aid in NLR3 inflammasome assembly, processing and stabilization of caspase-1thereby promoting IL-1β triggered pyroptosis (48). Upon receiving NLRP3 inflammasome stimulating signals such as LPS and Nigercin, the nuclear paraspeckles containing lncRNA NEAT-1 is weakened and disrupted to export NEAT-1 to the cytoplasm. There they support the assembly of the NLRP3 inflammasome by colocalizing with the adaptor molecule ASC. They interact with caspase-1 p20 domain and stabilizes the (p20:p10)2 hetero-tetramer (48). Hence, lncRNA NEAT-1 exert their regulatory function on NLRP3 inflammasome dependent inflammatory responses in both nuclear and cytoplasmic level.

The lncRNA, non-coding RNA activated by DNA damage (NORAD) regulates mRNA stability by acting as molecular decoys (9). mRNA degradation occurs by the interaction of PUMILIO 1 and PUMILIO 2 (PUM1/2) protein with the 3′ UTR region of the target mRNA. This results in decapping and deadenylation of the target mRNA which ultimately hinders the translation process (9). During replication stress and DNA damage, lncRNA NORAD enhances the genomic stability by binding and sequestering PUM1/2 in the cytoplasm. This restricts their availability to degrade the target mRNAs (140). The targets of PUM1/2 are mainly mRNAs that are crucial for DNA replication, mitosis, and DNA damage repair. Numerous studies have reported the direct link between DNA damage and activation of NLRP3 inflammasome. The stimulation of NLRP3 inflammasome activity by DNA damage results in p53 activation and associated innate cell apoptosis (141). The study conducted by Chaudary and Lal sheds light on the effect of p53 activation in lncRNA NORAD (142). The authors reported the activation of several lncRNAs by p53 during DNA damage however; lncRNA NORAD is not a direct target of activated p53 (142). NLRP3 inflammasome promotes p53 mediated cell death by the annihilation of DNA repair (143). However, a direct relation between lncRNA NORAD and NLRP3 inflammasome activation during cell stress-induced DNA damage has not yet been explored.



Interfering translational events

LncRNAs do not exhibit translational capacity however; they are involved in regulating the process of translation (144). LncRNAs play crucial role in promoting mRNA translation of inflammatory genes. They can regulate immune gene expression at translational as well as post-translational levels. Direct interaction of lncRNAs with multiple proteins enables their regulatory function. They modulate mRNA translation by binding to the translation ignition complex (145). LncRNAs also significantly modulate post translational events including protein acetylation, phosphorylation and ubiquitination.

The protein production in a cell is always affected directly by the mRNA abundance. In general, the decay rate and transcription rate of mRNA indicates the mRNA abundance in the cell (145). Recently, several studies on lncRNAs have reported their potential role in executing mRNA decay (146). Besides mRNA decay, lncRNAs also regulate methylation and stability of mRNAs. The polypeptide coding and relocalization of proteins also comes under the influence of lncRNAs (146). The potential of lncRNAs to modulate translation and post translation events has been reviewed in detail elsewhere (145, 147, 148). To avoid redundancy, in this review we focus on lncRNAs ability to regulate translation of genes related to NLRP3 inflammasome.

The lncRNA MEG3 present in human chromosome 14q32.3 at locus Dlk1-Gtl2 plays important role in mRNA decay. The LC-MS and RNA pull down studies performed by Zhou et al. showed that lncRNA MEG3 regulates complete metabolism of mRNA by interacting with polypyrimidine tract binding protein 1 (PTBP1). The lncRNA bound PTBP1 binds to the mRNA small heterodimer partner (SHP) at the CDS region. This resulted in the decay of SHP mRNA (149, 150). In another study, Yoon et al. showed that LincRNA-p21 binds to an RNA binding protein, HuR and inhibits its effective functioning in mRNA stabilization (144). The association of lincRNA-p21 and HuR triggers the entry of miRNA let-7 and the protein argonaute-2 (Ago-2) which synergistically acts on the lincRNA-p21-HuR complex and dissociates lincRNA p-21. The released lincRNA-p21 further binds and suppresses the translation of CTNNB1 and JUNB mRNAs via repressor Rck (144). JUN B is a transcription factor that plays a critical role in macrophage immune activation. In LPS activated macrophages, JUN B is required for the complete expression of the interleukin-1 family of cytokines (151). Hence, lincRNA-p21 alleviates IL-1β mediated inflammatory responses at the translational level and indirectly controls the NLRP3 inflammasome induced responses in the host.

Similar to their role in preventing translation, lncRNAs also play a vital role in promoting translation (152). LncRNA antisense to uchl 1 (AS-Uchl1) promotes the translation of Uchl1 (ubiquitin carboxyterminal hydrolase L1) mRNA by active polysome generation in the mRNA. Within the 5' terminus of Uchl1 mRNA, the presence of a 73 nucleotide region complementary to the SINE B2 region assists in enhancing the lncRNA AS-Uchl1 mediated translation process (152). Uchl1 protein is involved in neurodegeneration in mice model. NLRP3 inflammasome activation is a significant factor in the onset and progression of the neurodegenerative conditions (152). Although a direct relationship between lncRNA AS-Uchl1 and NLRP3 inflammasome has not been discovered so far, with the available resources until now, it can be said that lncRNA AS-Uchl1 indirectly assist NLRP3 inflammasome mediated development of the neurodegenerative condition in the translation level (152).

There are several lncRNAs regulating the events in post-translation modification (PTM) to execute their function in various cellular processes such as DC differentiation and breast cancer metastasis reduction. However, only limited studies has been reported so far explaining lncRNAs regulatory action on NLRP3 inflamamsome via translation and PTMs. In conclusion, it can be stated that the versatile roles played by lncRNAs in regulating NLRP3 inflammasome activity mainly rely on their structure, interacting partners and subcellular localization.






NLRP3 INFLAMMASOME REGULATORS TAKING ADVANTAGE OF LNCRNAS

NLRP3 inflammasome is a multicomponent inflammatory machinery that is mainly responsible for storming inflammatory cytokines. They are the most explored inflammasome mainly due to their ability to be activated by various stimuli (153). Gross et al. reported that recative oxygen species (ROS) can be a potent activator of NLRP3 inflammasome. Thioredoxin interacting protein (TXNIP) detects the difference in the concentration of ROS. Later, TXNIP dissociates from thioredoxin (TRX) to bind and activate NLRP3 inflammasome (154, 155).

Another potential stimulus regulating the NLRP3 inflamamsome activation is adenosine tri phosphate (ATP). In one of the studies by Bartlett et al. it was reported that the receptor P2X7 plays significant role in the activation of NLRP3 inflammasome in coordination with ATP (156). Yin et al. observed that P2X7 receptor detects increased extracellular ATP levels and produces ROS. This in turn activates NF-kB (157). Several acute myocardial infarction (AMI) studies conducted by Ward et al. confirmed the potential of P2X7 receptor in NLRP3 inflammasome activation (158, 159). In 2007 Petrilli et al. reported that P2X7 receptor activation resulted in intracellular K+ outflow. In this study, Petrilli et al. showed that reduced intracellualar K+ can effectively activate NLRP3 inflammasome (160).

Lysosomal rupture can also act as a potential NLRP3 inflammasome activation regulator. Upon encounter with DAMPs and PAMPs, phagocytosis occurs and lysosomes loses their integrity. NLRP3 inflammasome is activated upon their interaction with cytoplasmic hydrolysed lysosomal components (161, 162). Autophagy and mitochondrial autophagy are also important regulators of NLRP3 inflammasome. Yuan et al. reported that the dysfunction of Lysosome induced by CD38 knockout and inhibition of V-ATPase resulted in autophagy disorder which activated NLRP3 inflammasome (163).

Liu et al. discovered that sirtuin 3 (Sirt3) knockout inhibited autophagy and hence, resulted in activated NLRP3 inflammasome (164). THP cells overexpressing Sirt3 showed palmetic acid induced reduction in ROS production. In such cells, activation of NLRP3 inflammasome was reduced mainly due to the autophagy recovery. However, Lai et al. showed that mitophagy can inhibit NLRP3 inflammasome activation and hence acts as a negative regulator (165). Various studies demonstrated that PIK3CA-AKT–mTOR-RPS6KB1 pathway and AMPK/ULK1 pathway induced mitophagy results in inhibition of NLRP3 inflammasome activation (166, 167). Besides, various post translational modifications such as phosphorylation of ASC protein by spleen tyrosine kinase (syk) (168), dephosphorylation of NLRP3 PYD by phosphatase 2A (PP2A) (169), deubiquitination by BRCA1 and BRCA2 containing complex subunit 3 (BRCC3) (75) and linear ubiquitination also acts as potential NLRP3 inflammasome regulators (170).

Although various NLRP3 inflammasome regulators have been studied and reported, specific role of lncRNAs in assisting these regulators to activate and suppress NLRP3 inflammasome is still not completely explored. More studies are required to understand how lncRNAs are involved and utilized by these regulators to perform their functions. Supplementary Table 3 shows details on available lncRNAs influencing the regulators of NLRP3 inflammasome.



POTENTIAL DRUGS TARGETING LNCRNAS INVOLVED IN THE NLRP3 INFLAMMASOME REGULATION

LncRNAs are non-coding RNAs that can regulate gene expression in diverse ways to execute cellular function. They carry out their role in gene expression modulation by interacting with various proteins, RNA and DNA counterparts. The abnormal presence of lncRNAs in various diseases and the emerging evidences on their functional implications in multiple biological pathways emphasizes the need to target them in modern medicine. Till date, lncRNAs are linked with multiple diseases and it is possible to target them as therapeutic strategy for instance, lncRNA H1F1A and MIAT during cardiovascular diseases (171), lncRNA HYMA1 and PINK1-AS during diabetes (172), lncRNA FMR4, HELLPAR, KCNQ10T1 and DBET during numerous genetic disorders (173), lncRNA TUNA, naPINK1, DISC2 and BACE1-AS for neurological disorders (174), lncRNA HOTAIR, H19, GAS5, MALAT-1 and XIST during various types of cancers and inflammatory conditions (175). During therapies, it is possible to target the complex structural residue formed between lncRNAs and the multi-component molecular structures (176).

Generally, there are several ways to target lncRNAs such as siRNA treatment (177), use of natural antisense transcript (NATs) (178), anti-sense oligonucleaotide (ASO) treatment (179), targeting lncRNAs with locked nucleic acid nucleotides (180), use of catalytic degraders for instance, ribozymes and deoxyribozymes (181), peptide aptamers (182), use of small molecule inhibitors that has the potential to mask lncRNA binding site (183), use of RNA destabilizing elements (RDEs) (184) and synthetic mimics (185). The role of each of these inhibitors in blocking the activity of lncRNAs are reviewed in detail elsewhere (176). In this review we focus mainly on the drugs that has the potential to control lncRNA function related to NLRP3 inflammasome involved inflammatory conditions.

Long non-coding RNA is an emerging field of study and their involvement in inducing or inhibiting inflammatory responses via regulating NLRP3 inflammasome activity is not completely understood. Not only NLRP3 inflammasome inhibitors, but lncRNA regulators also prove as an attractive strategy to control NLRP3 inflammasome activity. Herbal derivatives or phytochemicals have been reported to be effective in regulating the activity of several lncRNAs in different types of cancers (186). However, lncRNA regulating phytochemicals directly affecting NLRP3 inflammasome activity has not yet been reported. Phytochemicals are components obtained from a variety of plants, vegetables, and fruits. They are non-nutritive, anti-oxidant, anti-inflammatory chemical constituents with reduced side effects. They are known to execute their function by altering several signaling pathways and by targeting specific molecular points (186).

Due to the potential role played by several lncRNAs in regulating the activity of NLRP3 inflammasome, targeting lncRNAs is a great approach to control NLRP3 inflammasome involved inflammatory conditions. Several phytochemicals are known to regulate the function of lncRNAs in cancer. For instance, camptothecin (CPT) (Camptotheca acuminate) (187, 188), curcumin (Curcuma longa) (189), 3,3′-diindolylmethane (DIM) (broccoli, cabbage and kale) (190–193), epigallocatechin-3-gallate (EGCG) (Almond and Green tea) (35, 194, 195), genistein (Soy products) (196–198), quercetin (Red grapes, broccoli and berries) (199–203) and resveratrol (Blueberries, mulberries, raspberries and grape skin) (204, 205). Although their direct contribution in regulating NLRP3 inflammasome linked lncRNAs are not reported, many of these compounds are known to regulate lncRNAs involved in the NLRP3 based signaling pathways. For instance, curcumin inhibits the expression of lncRNA GAS5 by intervening in the NF-kB, STAT-3 and Akt signaling pathway. Curcumin is also known to upregulate the expression of lncRNA H19, which inhibits the activation of p53. NF-kB and p53 are well-known factors in the activation of the NLRP3 inflammasome mediated inflammatory pathway. The phytochemical EGCG potentially reduces the expression of several non-coding RNAs involved in the NF-kB signaling pathway. Similarly, resveratrol is reported to inhibit the expression of lncRNA MALAT-1.

The first report on NLRP3 inflammasome controlling lncRNA regulating compound was reported recently by Han et al. (63). In their study, the authors demonstrated the potential of sinapic acid (SA) in controlling the pyroptotic death of BMDMs in the inflammatory condition, diabetic atherosclerosis (DA) (63). Sinapic acid (4-hydroxy-3,5-two methoxy cinnamic acid) is abundantly available in Sinalbin and Yellow mustard seeds. SA is considered a potential Chinese medicine due to its anti-inflammatory, anti-oxidative and analgesic properties (63). The administration of 50 mg/kg sinapic acid in DA induced rat models reduced the levels of IL-1β, endothelin (ET-1), caspase-1, ASC and NLRP3 in the serum. The dose-dependent reduction of blood glucose, inflammation, and associated pyroptosis in response to SA was reported in DA rat models (62). In the study conducted by Han et al. it was shown that sinapic acid reduces the inflammatory condition in diabetic atherosclerosis (DA) by suppressing the activity of lncRNA MALAT-1 (63). In Section LncRNA MALAT-1 described above, we explained the role of lncRNA MALAT-1 in promoting the inflammatory responses in macrophages by enhancing the expression of NLRP3 inflammasome. The upregulated expression of lncRNA MALAT-1 observed in macrophages derived from DA rats was reduced significantly after the administration of 1 μM SA. LncRNA MALAT-1 promoted the expression of the NLRP3 inflammasome by inhibiting the activity of miR-23C (Section LncRNA MALAT-1). The introduction of 1 μM SA released miR-23C from the inhibitory action of MALAT-1. Thus, the SA promoted levels of miR-23C exhibited its inhibitory action on NLRP3 inflammasome thereby, reducing the incidence of pyroptosis (63). The response of MALAT-1 levels to different doses of SA was coinciding with the SA induced reduction in cell pyroptosis. Hence, it was concluded that in DA induced BMDMs, SA altered the levels of oxidative stress marker, lactate dehydrogenase (LDH) and reduced pyroptosis by alleviating the activity of lncRNA MALAT-1 in a dose-dependent pattern (63).

Such abundant knowledge in regulating the action of lncRNAs by phyto compounds can be applied to develop novel strategies to target NLRP3 inflammasome activity at various levels to control a range of inflammatory conditions. However, due to certain limitations of phytochemicals such as restricted efficacy and reduced bioavailability, their modification with nanoparticles, liposomes or certain adjuvants is necessary to improve their application in targeting lncRNAs.



FUTURE PROSPECTS OF LNCRNA STUDIES

Despite the complexities involved in understanding the consolidated mechanism underlying the activation, NLRP3 inflammasome is the most comprehensively probed inflammasome in the recent past. Numerous lncRNAs critically participate in the controlled function of NLRP3 inflammasome in a variety of disease progression. The dynamic and precise regulation of NLRP3 inflammasome associated gene expression during inflammatory responses makes lncRNAs suitable candidates to target. The flexibility offered by lncRNAs in their expression, shapes, sizes, locations and functional diversity benefit their interaction with the target molecules. With rising genomic research advancement, the identification of novel lncRNAs having significant function enhances our understanding of immune defense mechanisms at the molecular level. The effect of lncRNAs on NLRP3 inflammasome acts as an additional layer of gene expression regulation in transcriptional, post-transcriptional, translational and post-translation level. Even with the available technologies and methodologies, the complete regulatory function of lncRNAs on NLRP3 inflammasome has not been elucidated. Future investigations are required to have a revamped knowledge of lncRNA biology, molecular action, and targets to aid in the identification of unique and innovative therapeutic targets in restraining the activity of NLRP3 inflammasome. The possibility of controlling lncRNA expression and function by phytochemicals provide a novel insight on altering their effect in immune disorders. The rapid pace of lncRNA research worldwide ensures the unraveling of novel lncRNAs and their interacting targets in the field of molecular immunology in the near future.
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Sepsis/endotoxemia activates the NLRP3 inflammasome of macrophages leading to the maturation and release of IL-1β, an important mediator of the inflammatory response. Reactive oxygen species have been implicated in NLRP3 inflammasome activation. Further, our preliminary studies indicated that LPS challenge of cardiac fibroblasts could phosphorylate protein kinase R (PKR) on threonine 451 and increase message for pro-IL-1 β. Thus, the major aim of the present study was to address the role of PKR and the oxidant, peroxynitrite, in the two-tiered function of the NLRP3 inflammasome (priming and activation).

Materials and Methods: Isolated murine fibroblasts were primed with LPS (1 μg/ml) for 6 h and subsequently activated by an ATP (3 mM) challenge for 30 min to induce optimum functioning of the inflammasome. Increased levels of NLRP3 and pro-IL-1β protein (Western) were used as readouts for inflammasome priming, while activation of caspase 1 (p20) (Western) and secretion of IL-1β (ELISA) were indicative of inflammasome activation.

Results: Inhibition of PKR (PKR inhibitor or siRNA) prior to priming with LPS prevented the LPS-induced increase in NLRP3 and pro-IL-1β expression. Further, inhibition of PKR after priming, but before activation, did not affect NLRP3 or pro-IL-1β protein levels, but markedly reduced the activation of caspase 1 and secretion of mature IL-1β. In a similar fashion, a peroxynitrite decomposition catalyst (Fe-TPPS) prevented both the priming and activation of the NLRP3 inflammasome. Finally, pretreatment of the fibroblasts with Fe-TPPS prevented the LPS-induced PKR phosphorylation (T451).

Conclusion: Our results indicate that peroxynitrite-/PKR pathway modulates priming and activation of NLRP3 inflammasome in LPS/ATP challenged cardiac fibroblasts.
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INTRODUCTION

Sepsis is an exaggerated systemic inflammatory response to infection that significantly contributes to the high mortality of patients in intensive care units (ICUs) (1, 2). Septic patients are characterized by hypotension, ischemia, and multiple organ failure, all of which can be fatal (3). Among the various organ systems that fail in sepsis, the heart is one of the most frequently affected. Indeed, myocardial dysfunction is a crucial element in the pathogenesis of multiple organ failure in septic patients (4). While the precise mechanism(s) that lead to myocardial dysfunction is not clear, it is generally accepted that the excessive generation of cytokines, colloquially referred to as “cytokine storm,” plays a pivotal role (5).

One of the major cytokines implicated in the cytokine cascade of sepsis is IL-1β (5, 6). IL-1β is generated upon activation of membrane bound or cytosolic pattern recognition receptors (PRRs), which detect pathogen-associated molecular patterns (PAMPS) or damage-associated molecular patterns (DAMPs). A prominent intracellular PRR in sepsis is the NLRP3 (NOD-like, leucine rich repeat domains, and pyrin domain-containing protein 3) (7, 8). In quiescent cells, NLRP3 is present as a latent monomer. Upon appropriate stimulation, NLRP3 recruits ASC (an adapter protein) and pro-caspase 1, eventually forming a functional NLRP3 inflammasome complex by oligomerization (7–10). In general, a two-step process is involved in the optimal functioning of the NLRP3 inflammasome: priming and subsequent activation (7). In this scenario, a priming signal induced by extracellular PAMPs (e.g., LPS) will activate the TLR4/NFκB pathway to increase synthesis of NLRP3 and pro-IL-1β. Subsequently, a second extracellular signal by DAMPs (e.g., ATP) will induce NLRP3 oligomerization with ASC and pro-caspase1. Pro-caspase1 of the assembled complex is converted to the active form (via autocatalysis) and cleaves latent pro-IL-1β to the mature IL-1β, which is subsequently released into the extracellular space. A feed-forward mechanism for IL-1β generation exists, i.e., IL-1β can activate the NLRP3 inflammasome and vice versa (7, 8, 11), representing a potential mechanism of generating the exaggerated cytokine response in sepsis.

Existing data implicate a diverse array of intracellular mediators operating downstream of plasma membrane PRRs to activate the intracellular NLRP3 inflammasome (7, 12, 13). Many of the proposed mediators are involved in cellular oxidative/nitrosative stress. However, substantial controversy exists in the field and no clear consensus has been reached (7). For example, reactive oxygen species (ROS) can be involved (1) in the priming step (8, 14), (2) in the activation step (7), or (3) both priming and activation steps of NLRP3 inflammasome regulation (12, 13, 15). The major sources of ROS, primarily superoxide, are NADPH oxidase and mitochondria (6, 7, 15, 16). The evidence supporting a role for nitric oxide (NO) in the regulation of NLRP3 inflammasome is rather scant and controversial. NO generated by inducible NOS (iNOS) inhibits LPS-induced priming of NLRP3 inflammasome (17), while NO generated during ATP-induced activation of the inflammasome promotes processing of IL-1β (18). In the latter study, the role of NO was to serve as a co-reactant with NADPH oxidase-derived superoxide to form peroxynitrite (18). However, the role of peroxynitrite in activation of the NLRP3 inflammasome in macrophages remains controversial (19, 20). Of note, peroxynitrite plays a role in sepsis-induced cardiomyopathy in a variety of animal models, as well as humans (21–23).

Protein kinase R (PKR) is a serine/threonine kinase containing a N-terminal dsRNA-binding domain and a C-terminal kinase domain (24). It is an anti-viral protein by virtue of its ability to bind dsRNA and inhibit protein translation (25). Of relevance herein, PKR is also a sensor and responder to intracellular stress and mediator of innate immunity (24, 25). Indeed, current opinion regards PKR as an important mediator of NLRP3 inflammasome assembly and activation (12, 26, 27). However, this view is not without distractors. For example, activation of PKR can promote (28–31), suppress (32), or have no effect (33) on NLRP3 inflammasome generation of mature IL-1β. Interestingly, mice can be rescued from the lethal effects of endotoxemia or sepsis by pharmacologic inhibition of PKR (34).

The bulk of the information available on the regulation of NLRP3 inflammasome priming and activation is derived from studies using monocyte/macrophage cells, presumably due to the role of this inflammasome in the innate immune response. However, a functional tripartite NLRP3 inflammasome is also present in non-immune cells of the heart, specifically, cardiomyocytes (35) and cardiac fibroblasts (36, 37). We have previously shown that peritonitis or systemic LPS results in elevations of myocardial IL-1β, myocardial dysfunction, and, importantly, death; effects ameliorated by inhibition of the NLRP3 inflammasome (38). Further, the NLRP3 inflammasome activity of cardiac fibroblasts generates IL-1β, which subsequently impairs the function of cardiac myocytes and induces apoptosis (38, 39). In the present study, we have provided evidence to support a role for a peroxynitrite/PKR pathway in the regulation of NLRP3 inflammasome pathway in cardiac fibroblasts with relevance to endotoxemia/sepsis.



MATERIALS AND METHODS


Cardiac Fibroblast Isolation and Culture

Hearts were excised from adult mice (C57BL/6 background), minced, and digested (Collagenase II, 160 U/ml). After several washing steps, the cell suspension was passed through a nylon mesh (70 μm). Endothelial cells were removed from the filtrate using a magnetic bead technique. The remaining cells were transferred to a humidified incubator (5% CO2 at 37°C) for 1 h, after which the adherent cells were mainly fibroblasts; the non-adherent cells (primarily cardiomyocytes) were removed. Finally, the fibroblasts were cultured with Dulbecco's Modified Eagle's Medium (DMEM)-F12 supplemented with 10% fetal calf serum (FCS), 20 mM L-glutamine and 100 U/ml penicillin G, and 100 μg/ml streptomycin. This method yielded a 95% purity of fibroblasts, as determined by their positive staining of a fibroblast marker (ER-TR7) (40). Cells from one to three passages were used for the experiments.



NLRP3 Inflammasome Priming and Activation

Cardiac fibroblasts were challenged by the well-recognized two-step pathway (7, 8), an initial priming step with LPS (1 μg/ml) for 6 h followed by an activation step with ATP (3 mM) for 30 min (39). After an initial screening procedure (pretreatment followed by LPS/ATP challenges) to identify interventions meriting further study, their potential roles in either priming or activation steps were assessed. To address the priming step, interventions were imposed prior to the initial LPS challenge. Read-outs for the priming step included increases in pro-IL-1β and NLRP3 protein in fibroblasts as assessed by Western blot. Interventions imposed after the LPS challenge, but prior to the ATP challenge, addressed the activation step. Read-outs for the activation step included increases in caspase1 p20 expression (formed during activation of pro-caspase) as assessed by Western blot and release of mature IL-1β into the supernatant as assessed by ELISA.



Protein Kinase R (PKR)

PKR phosphorylation on an activation threonine site (p-PKR T451) was assessed by Western blot. Loss of function approaches were used to assess a role for PKR; pharmacologic inhibition of PKR, as well as siRNA targeting of PKR. The oxindole-imidazole C16 that targets the ATP-binding site of PKR was used at a concentration of 0.25–0.5 μM. Lipofectamine 2000 (Life Technologies, Burlington, ON, Canada) was used to transfect fibroblasts with 40 nM of either scrambled siRNA or PKR siRNA (sc-36264; Santa Cruz, Dallas, TX, USA). Down regulation of PKR protein expression was confirmed 48 h after the siRNA transfection by Western blot (Supplementary Figure 1). PKR down-regulation was incomplete, a finding consistent with a previous report (41).



Peroxynitrite

As a peroxynitrite “footprint,” nitrotyrosine levels in fibroblasts were assessed by Western blot. A peroxynitrite decomposition catalyst, 5,10,15,20-Tetrakis (4-sulfonatophenyl porphyrinato iron [III] chloride [Fe-TPPS; CalBiochem]) was used to limit peroxynitrite activity (18).



Western Blot

Fibroblast levels of relevant proteins were assessed by Western blot as previously described (39). Briefly, fibroblasts were lysed and homogenized with lysis buffer [10 mM Tris (pH 7.4), 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 10 mM NaF, 1 mM Na3VO4, 10 mg/mL leupeptin, 10 mg/mL aprotinin, and 20 mM PMSF]. Proteins from each sample were separated on 10–15% sodium dodecyl sulfate-polyacrylamide gels (SDS-PAGE) and transferred to polyvinylidene fluoride (PVDF) membranes. After blocking with 3% bovine serum albumin (Wisent Inc, St-Bruno, QC, Canada), the membranes were probed with primary antibodies against mouse NLRP3, caspase 1 p20 (Adipogen, San Diego, CA, USA) at 1:500 dilution; pro-IL-1β (R and D Systems, Minneapolis, MN, USA) at 1:500 dilution; nitrotyrosine (Santa Cruz, Dallas, TX, USA) at 1:1,000 dilution; and β-actin (Santa Cruz, Dallas, TX, USA) at 1:2,000 dilution. After treatment with appropriate secondary antibodies, the specific bands were detected with an enhanced chemiluminescence (ECL) system and quantified with an imaging densitometer (Bio-Rad Laboratories, Inc., Hercules, CA, USA).



ELISA

IL-1β in culture supernatants was assessed with a mouse IL-1β ELISA Kit (BD Biosciences, San Diego, CA, USA) according to the manufacturer's instructions. Culture medium was centrifuged at 500 g for 5 min, the supernatant was collected, and levels of IL-1β measured (39).



Statistical Analysis

Each experiment was performed in triplicate. Data are expressed as mean ± SEM and analyzed with SPSS11.0 statistical software. One-way analysis of variance (ANOVA) with Bonferroni's post-test was used to compare data among groups. A p < 0.05 was considered as a statistical significance.




RESULTS


Preliminary Feasibility Studies

A role for PKR in macrophage NLRP3 inflammasome regulation is controversial (28, 29, 32, 33). Thus, initial feasibility experiments were carried out to determine whether LPS could induce PKR activation and increase pro-IL-1β message in cardiac fibroblasts. Phosphorylation of threonine residues 446 and 451 of PKR are important for kinase activity (26, 42). In the present study, LPS challenge of fibroblasts increased phosphorylation of threonine 451 (T451) of PKR within 10–15 min (Figure 1A). The effect was transient; the phosphorylation status of T451 returned to basal levels within 1–2 h, despite continued LPS exposure. The transient nature of LPS-induced phosphorylation of PKR agrees with previous reports that assessed LPS-induced phosphorylation of PKR in macrophages (43–45).


[image: Figure 1]
FIGURE 1. LPS increases PKR phosphorylation and pro-IL-1β mRNA expression. Fibroblasts were challenged with LPS (1 μg/mL) and at indicated times thereafter harvested for assessment of PKR phosphorylation (A) or message levels of pro-IL-1β (B). (A) Representative Western blot of PKR phosphorylation on the activation threonine 451 (p-PKR [T451]) is shown above and densitometric analysis below. (B) Pro-IL-1β levels were assessed by RT-PCR. The forward and reverse primers for Pro-IL-1β were F: gatccacactctccagctgca, R: caaccaacaactgatattctccatg. n = 3 for both (A,B), *p < 0.05 as compared to control (0 min).


Message levels of pro-IL-1β in the fibroblasts increased by 45 min of LPS challenge and continued to increase progressively for the duration of study, i.e., 4 h (Figure 1B). Since PKR activation precedes the increase in pro-IL-1β message, PKR may play a role in the LPS-induced priming/activation of the NLRP3 inflammasome in cardiac fibroblasts.



PKR Regulates NLRP3 Inflammasome Priming/Activation

The two-step challenge (LPS followed by ATP) increased fibroblast protein levels of NLRP3, pro-IL-1β, caspase1 p-20, as well as release of mature IL-1β into the supernatants (Figure 2). The PKR inhibitor reduced these indices of NLRP3 inflammasome priming and activation. The effects of the PKR inhibitor were dose-dependent, with complete blockade elicited by the highest dose (Figure 2). Qualitatively similar results were obtained by siRNA targeting PKR (Figure 3). However, complete blockade was not uniformly achieved, a predictable outcome considering the incomplete knock-down of PKR (Supplementary Figure 1).


[image: Figure 2]
FIGURE 2. Inhibition of PKR activity decreases NLRP3 inflammasome priming/activation in LPS/ATP challenged fibroblasts. Fibroblasts were pretreated with the PKR inhibitor (C16) for 30 min. Subsequently, the fibroblasts were challenged with LPS (1 μg/mL) for 6 h followed by ATP (3 mM) for 30 min. (A–C) NLRP3 and pro-IL-1β protein levels were indices of inflammasome priming. Representative Western blots are shown in (A) and densitometric analyses in (B,C). (D–F) Caspase 1 activation (p20) and release of mature IL-1β were indices of inflammasome activation. Representative Western blot for caspase 1 p20 is shown in (D) and densitometric analysis in (E). Protein levels of IL-1β were assessed in supernatants by ELISA. n = 3, *p < 0.05 as compared with control; #p < 0.05 as compared with LPS+ATP.
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FIGURE 3. Knock down of PKR by siRNA decreases NLRP3 inflammasome priming/activation in LPS/ATP challenged fibroblasts. Forty-eight hours after transfection with siRNA targeting PKR or scrambled RNA, the fibroblasts were challenged with LPS (1 μg/mL) for 6 h followed by ATP (3 mM) for 30 min. (A–C) NLRP3 and pro-IL-1β protein levels were indices of inflammasome priming. Representative Western blots are shown in (A) and densitometric analyses in (B,C). (D–F) Caspase 1 activation (p20) and release of mature IL-1β were indices of inflammasome activation. Representative Western blot for caspase 1 p20 is shown in (D) and densitometric analysis in (E). Protein levels of IL-1β were assessed in supernatants by ELISA. n = 3, *p < 0.05 as compared with control; #p < 0.05 as compared with LPS+ATP.


To specifically address the role of PKR in priming the NLRP3 inflammasome of cardiac fibroblasts, the PKR inhibitor was added prior to the LPS challenge and indices of priming assessed thereafter (without further challenge with ATP). Both NLRP3 and pro-IL-1β protein levels were reduced in a dose-dependent manner by the PKR inhibitor (Figures 4A–C). Complete blockade of protein expression was achieved at the highest dose. Qualitatively similar results were obtained with siRNA targeting of PKR (Figures 4D,E). Complete blockade was not achieved, presumably due to the incomplete knock-down of PKR (Supplementary Figure 1).
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FIGURE 4. Inhibition of PKR activity or down-regulation of PKR protein decreases LPS-induced priming of the NLRP3 inflammasome. (A–C) Fibroblasts were pretreated with the PKR inhibitor for 30 min and subsequently challenged with LPS (1 μg) for 6 h. Representative Western blots are shown in (A) and densitometric analyses in (B,C). (D–F) Forty-eight hours after transfection with PKR siRNA or scrambled siRNA, the fibroblasts were challenged by LPS (1 μg) for 6 h. Representative Western blots are shown in (D) and densitometric analyses in (E,F). n = 3, *p < 0.05 as compared with control; #p < 0.05 as compared with LPS.


To specifically address the role of PKR in NLRP3 inflammasome activation, the PKR inhibitor was added after the LPS priming step but prior to the ATP activation step. As shown in Figures 5A–C, the PKR inhibitor did not affect the two indices of priming, i.e., LPS-induced increases in NLRP3 and pro-IL-1β protein levels. However, the PKR inhibitor reduced the two indices of inflammasome activation, i.e., increased fibroblast caspase1 p20 protein levels and the amount of mature IL-1β released into the supernatant (Figures 5D,E). Although the effect was dose-dependent, complete blockade of enhanced levels of caspase 1 p20 in the fibroblasts or release of IL-1β was not achieved (compare to Figures 2D,E).
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FIGURE 5. Inhibition of PKR activity decreases ATP-induced activation of the NLRP3 inflammasome. Fibroblasts were challenged with LPS (1 μg/mL) for 6 h. Subsequently, the fibroblasts were treated with the PKR inhibitor C16 for 30 min, followed by ATP (3 mM) for an additional 30 min. (A–C) NLRP3 and pro-IL-1β protein levels were indices of inflammasome priming. Representative Western blots are shown in (A) and densitometric analyses in (B,C). Of note, NLRP3 and pro-IL-1β were increased after the initial LPS challenge, but the subsequent challenge with ATP was without effect on these two indices of inflammasome priming. (D–F) Caspase1 activation (p20) and IL-1β protein levels in the supernatant were indices of inflammasome activation. Representative Western blot for caspase1 p20 is shown in (D) and densitometric analysis in (E). Protein levels of IL-1β were assessed in supernatants by ELISA. n = 3, *p < 0.05 as compared with control; #p < 0.05 as compared with LPS+ATP.




Peroxynitrite Regulates NLRP3 Inflammasome Priming/Activation

Peroxynitrite is a strong oxidant that is generated by the interaction of superoxide with nitric oxide (22, 46). Previous studies in macrophages have yielded controversial results; peroxynitrite either promotes or inhibits NLRP3 inflammasome activation (18, 19). To assess whether peroxynitrite may be involved in our model, we initially measured nitrotyrosine levels in cardiac fibroblasts. Protein tyrosine nitration yielding 3-nitrotyrosine residues is a commonly used marker of peroxynitrite formed in biological systems (22, 46). As shown in Figure 6, nitrotyrosine levels in cardiac fibroblasts increase in response to LPS challenge, an effect that can be blocked by the peroxynitrite decomposition catalyst, Fe-TPPS. Thus, Fe-TPPS was used to address NLRP3 inflammasome priming/activation. The two-step challenge (LPS followed by ATP) increased fibroblast protein levels of NLRP3, pro-IL-1β, caspase 1 p-20, as well as release of mature IL-1β into the supernatants, effects that were prevented by Fe-TPPS (Figures 7A–E). To specifically address the potential role of peroxynitrite in the priming step, Fe-TPPS was added prior to the sole LPS challenge. The peroxynitrite decomposition catalyst completely abrogated the LPS-induced increases in fibroblast NLRP3 and pro-IL-1β protein levels (Figure 8). To address the role of peroxynitrite in inflammasome activation, Fe-TPPS was added after the LPS priming step but prior to the ATP activation step. Fe-TPPS did not affect NLRP3 or pro-IL-1β protein (Figures 9A,C), but completely blocked the two indices of inflammasome activation, i.e., caspase 1 p20 protein levels in fibroblasts and release of mature IL-1β into the supernatants (Figures 9B,D). Since the PKR inhibitor largely prevented LPS-induced priming of the NLRP3 inflammasome (Figures 5A–C), the role of peroxynitrite in PKR activation was assessed. As shown in Figure 10, Fe-TPPS completely prevented the increase in T451 phosphorylation of PKR.
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FIGURE 6. Fibroblast nitrotyrosine levels are increased by a LPS challenge, an effect prevented by a peroxynitrite decomposition catalyst (Fe-TPPS). Fibroblasts were pretreated with Fe-TPPS (25 μM) or vehicle for 30 min and subsequently challenged with LPS for 15 min. Nitrotyrosine levels were assessed by Western blot. Representative blots are shown in upper panel and densitometric analysis in lower panel. n = 3, *p < 0.05 as compared with control; #p < 0.05 as compared with LPS.
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FIGURE 7. A peroxynitrite decomposition catalyst (Fe-TPPS) decreases NLRP3 inflammasome priming/activation in LPS/ATP challenged fibroblasts. Fibroblasts were pretreated with Fe-TPPS (25 μM) or vehicle for 30 min. Subsequently, they were challenged with LPS (1 μg/mL) for 6 h followed by ATP (3 mM) for 30 min. (A–C) NLRP3 and pro-IL-1β protein levels were indices of inflammasome priming. Representative Western blots are shown in (A) and densitometric analyses in (B,C). (D–F) Caspase1 activation (p20) and release of mature IL-1β were indices of inflammasome activation. Representative Western blot for caspase1 p20 is shown in (D) and densitometric analysis in (E). Protein levels of IL-1β in supernatants were assessed by ELISA. n = 3, *p < 0.05 as compared with control; #p < 0.05 as compared with LPS+ATP.
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FIGURE 8. A peroxynitrite decomposition catalyst (Fe-TPPS) decreases LPS-induced priming of the NLRP3 inflammasome. Fibroblasts were pretreated with Fe-TPPS (25 μM) or vehicle for 30 min and subsequently challenged with LPS (1 μg) for 6 h. As indices of inflammasome priming, NLRP3 (A) and pro-IL-1β (B) protein levels were assessed (Western blot). Representative blots are shown above and densitometric analyses below. n = 3, *p < 0.05 as compared with control; #p < 0.05 as compared with LPS.
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FIGURE 9. A peroxynitrite decomposition catalyst (Fe-TPPS) decreases ATP-induced activation of the NLRP3 inflammasome. Fibroblasts were challenged with LPS (1 μg/mL) for 6 h. Subsequently, the fibroblasts were treated with Fe-TPPS (25 μM) or vehicle for 15 min, followed by ATP (3 mM) for an additional 30 min. (A–C) NLRP3 and pro-IL-1β protein levels were indices of inflammasome priming. Representative Western blots are shown in (A) and densitometric analyses in (B,C). Of note, NLRP3 and pro-IL-1β were increased after the initial LPS challenge, but the subsequent challenge with ATP was without effect on these two indices of inflammasome priming. (D–F) Caspase1 activation (p20) and IL-1β protein levels in the supernatant were indices of inflammasome activation. Representative Western blot for caspase1 p20 is shown in (D) and densitometric analysis in (E). Protein levels of IL-1β were assessed in supernatants by ELISA. n = 3, *p < 0.05 as compared with control; #p < 0.05 as compared with LPS+ATP.
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FIGURE 10. A peroxynitrite decomposition catalyst (Fe-TPPS) prevents the LPS-induced PKR phosphorylation. Fibroblasts were pretreated with Fe-TPPS (25 μM) or vehicle for 30 min and subsequently challenged with LPS (1 μg) for an additional 15 min (see Figure 2 for time course). Thereafter, the fibroblasts were harvested for assessment of PKR phosphorylation on the activation threonine 451 (p-PKR [T451]). Representative Western blot is shown above and densitometric analysis below. n = 3, *p < 0.05 as compared with control; #p < 0.05 as compared with LPS.





DISCUSSION

The functional NLRP3 inflammasome is a multimeric cytoplasmic complex consisting of NLRP3 (sensor), ASC (adaptor), and caspase 1 (effector), a major function of which is to generate IL-1β (7–9). Optimum generation of IL-1β is achieved by a two-step mechanism: an initial priming step followed by an activating signal. In this scenario, a priming signal (e.g., LPS) ensures adequate levels of functional constituents (e.g., NLRP3 and pro-IL-1β) by transcriptional and/or post-transcriptional means. Next, an activating signal (e.g., ATP) promotes assembly of the tripartite inflammasome complex, oligomerization of NLRP3 with ASC, which subsequently recruits pro-caspase1. Upon assembly, autocleavage of pro-caspase1 activates the enzyme, which, in turn, generates the active form of IL-1β from the latent pro-IL-1β. The NLRP3 inflammasome has been extensively characterized in monocytes/macrophages, resulting in a bewildering array of DAMPs and PAMPs that can serve as primers and/or activators (7). With respect to signaling pathways, both oxidative stress and phosphorylation events have been invoked in both priming and activation steps of the NLRP3 inflammasome (6–8, 15, 35). The results of the present study are in accord with this view. Herein, we provide evidence to support a role for oxidants (peroxynitrite) and phosphorylation (protein kinase R) in the regulation of both priming and activation of the NLRP3 inflammasome.

A growing body of evidence indicates that cardiac non-immune cells, specifically myocytes and fibroblasts, can also assemble and activate the NLRP3 inflammasome during the development of various cardiomyopathies. In experimental models of cardiac infarction (DAMP-mediated) or endotoxemia (PAMP-mediated), activation of the NLRP3 inflammasome in either cardiac fibroblasts (36–39, 47) or myocytes (47–49) may contribute to the resultant pathology, cardiac fibroblasts being considered as the more important of the two (36–38). On the other hand, the upregulation of cardiomyocyte NLRP3 inflammasome has been implicated as causative in the inflammatory component of the cardiomyopathy resulting from pacing-induced arrhythmogenesis (11) or pressure overload (50). While the mechanisms involved in priming/activation of the inflammasome in the arrhythmogenic model are not clear, the cardiac failure induced by pressure overload was dependent on NLRP3 inflammasome activation by the protein kinase, CaMKIIδ. Further, since the cardiomyocytes were not injured during development of cardiomyopathy in the pressure-overload model, a role for DAMPs or PAMPs was negated (50). Collectively, these observations indicate that the relative importance of these two resident cell populations to the inflammatory response of the heart is most likely context-dependent and the mechanisms/pathways involved in inflammasome activation may differ.

In the present study, we addressed potential mechanisms involved in the priming and activation of the NLRP3 inflammasome in cardiac fibroblasts using the two-step model, i.e., LPS priming and ATP activation (7–10, 12). The rationale for this approach was two-fold. First, our previous studies indicate that the NLRP3 inflammasome of cardiac fibroblasts generates IL-1β that subsequently depresses the contractile activity of adjacent cardiomyocytes (38, 39). Second, the sequential challenge of fibroblasts with LPS (a PAMP) and ATP (a DAMP) mimics a scenario of potential relevance to endotoxemia. To address inflammasome priming, we focused on induction of NLRP3 and pro-IL-1β, while indices of inflammasome activation included activation of caspase1 as well as release of mature IL-1β. These readouts are in accord with LPS-induced priming and ATP-induced activation of the NLRP3 inflammasome in myeloid cells (7, 8, 11), fibroblasts (38, 39, 51), and cardiomyocytes (49).

Based on our initial feasibility studies (Figure 1), we targeted protein kinase R (PKR) as a potential upstream mediator of NLRP3 inflammasome priming/activation. Both a PKR inhibitor and PKR siRNA blunted the LPS-induced increases in fibroblast NLRP3 and pro-IL-1β (Figures 4, 5). Further, in LPS-primed fibroblasts, the ATP-induced activation of caspase1 and secretion of mature IL-1β were reduced by the PKR inhibitor (Figures 5D–F). A role for PKR in the regulation of the NLRP3 inflammasome in macrophages is controversial. PKR can enhance (28–30, 41, 52), suppress (32), or have no effect (33) on the activation of LPS-primed inflammasome. Even at the level of priming, i.e., LPS-TLR4-NFκB signaling, PKR activation was either required (43, 44, 47) or inconsequential (53). While there is no satisfactory explanation for these diverse findings in myeloid cells, proposed contributing factors include different macrophage populations assayed, priming/activating signals, as well as approaches to ablate PKR function (28, 32, 33, 52, 54). Irrespective, the bulk of the evidence supports a role for PKR in either priming or activation of the NLRP3 inflammasome (54). Herein, using a potent inhibitor of PRK kinase activity or siRNA targeting PKR, we provide evidence indicating that PKR promotes both the priming as well as the activation of the NLRP3 inflammasome in cardiac fibroblasts (Figures 2–5).

Another controversial issue addressed in the present study is the role of reactive oxygen species (ROS) and nitrogen species (RNS) as well as downstream peroxynitrite in the priming and activation of the NLRP3 inflammasome. ROS have been proposed as a potential final common pathway by which different priming and activating signals converge to enhance the functional activity of the NLRP3 inflammasome (7, 8, 12, 13, 15). ROS have been implicated in both the LPS-TLR4 priming (14) and the ATP-P2X7R activating (18) steps. The cellular sources of ROS are mitochondria and/or NADPH oxidase (NOX), both of which generate superoxide (7, 12, 13). NO production by iNOS in macrophages is increased by LPS (55, 56), an effect enhanced by ATP (57). Of relevance herein, the anti-bacterial function of macrophages has been attributed to peroxynitrite generated by interaction of NOX-derived superoxide and iNOS-derived NO (20, 58, 59). The results of the present study support a role for peroxynitrite in both the priming and activating steps of the NLRP3 inflammasome in cardiac fibroblasts (Figures 6–9).

Peroxynitrite, or its downstream products, has been implicated in redox signaling (22, 60). The potential signaling function of peroxynitrite, coupled to the results of the present study in which limiting either peroxynitrite or PKR activity nullified both the LPS-priming and ATP-activation steps of the inflammasome, prompted us to assess the role of peroxynitrite in PKR activation. As shown in Figure 10, the LPS-induced phosphorylation of PKR was prevented by preincubation of the fibroblasts with the peroxynitrite decomposition catalyst. Peroxynitrite can activate kinases (e.g., IκB kinase), or alter protein structure (cysteine oxidation), or both (22, 60). Of interest, peroxynitrite can activate the kinase, CaMKIIδ (61), which has been implicated in NLRP3 inflammasome activation in cardiomyocytes (50). Further studies are warranted to address the specific mechanisms by which peroxynitrite modulates PKR phosphorylation.

As a caveat, a potential limitation of the present study is that the cardiac fibroblast cultures used were only 95% pure. The isolation procedure selects against cardiac myocytes as well as endothelial cells and, thus, the most likely cells in 5% contaminating population were smooth muscle cells. While we cannot completely exclude the contribution of any contaminating cells in our fibroblast cultures, their impact on the results obtained and interpretation thereof would most likely be negligible.

In summary, NLRP3 inflammasome function has been extensively studied in macrophages; molecular mechanisms involved in inflammasome function are not entirely clear and often contradictory. The present study is the first to address two controversial issues regarding the regulation of NLRP3 inflammasome function in non-immune cells, i.e., cardiac fibroblasts. Specifically, we addressed the roles of protein kinase R and peroxynitrite. The results obtained support a role for a peroxynitrite/protein kinase R pathway in the triggering of the NLRP3 inflammasome in cardiac fibroblasts (Figure 11). The approaches used to prime (LPS) and activate (ATP) the fibroblast inflammasome are relevant to the role of fibroblasts in the cardiac inflammatory response of sepsis/endotoxemia.
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FIGURE 11. Schematic of a working hypothesis of a role for the peroxynitrite/protein kinase R pathway in both LPS priming and subsequent ATP activation of the NLRP3 inflammasome in cardiac fibroblasts. The specific components addressed in the present study are in bold.
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Coronaviruses (CoVs) are members of the genus Betacoronavirus and the Coronaviridiae family responsible for infections such as severe acute respiratory syndrome (SARS), Middle East respiratory syndrome (MERS), and more recently, coronavirus disease-2019 (COVID-19). CoV infections present mainly as respiratory infections that lead to acute respiratory distress syndrome (ARDS). However, CoVs, such as COVID-19, also present as a hyperactivation of the inflammatory response that results in increased production of inflammatory cytokines such as interleukin (IL)-1β and its downstream molecule IL-6. The inflammasome is a multiprotein complex involved in the activation of caspase-1 that leads to the activation of IL-1β in a variety of diseases and infections such as CoV infection and in different tissues such as lungs, brain, intestines and kidneys, all of which have been shown to be affected in COVID-19 patients. Here we review the literature regarding the mechanism of inflammasome activation by CoV infection, the role of the inflammasome in ARDS, ventilator-induced lung injury (VILI), and Disseminated Intravascular Coagulation (DIC) as well as the potential mechanism by which the inflammasome may contribute to the damaging effects of inflammation in the cardiac, renal, digestive, and nervous systems in COVID-19 patients.

Keywords: inflammasome, COVID-19, inflammation, coronavirus, caspase-1, IL-1beta

Coronaviruses (CoVs) are members of the genus Betacoronavirus and the Coronaviridiae family. CoVs are enveloped positive-sense single stranded RNA viruses (~30 Kb in length) that encode for viral replicase. In addition, the outer envelope of CoVs is comprised of the spike (S), envelope (E), and membrane (M) glycoproteins; whereas the nucleocapsid (N) comprises the inner core (1). CoVs bind to angiotensin converting enzyme-2 (ACE2) receptors in host cells through the S protein (Figure 1) (2). The M and E glycoproteins are involved in viral assembly (3, 4) and the N protein coats the viral genome (5). In addition, CoVs also have the accessory proteins 3a, 3b, 6, 7b, 8a, 8b, and 9b.


[image: Figure 1]
FIGURE 1. Structure of coronaviruses. In a lipid bilayer envelope, CoVs consist of a spike (S) protein, a membrane (M) protein and an envelope (E) protein. Inside the lipid bilayer envelope, the nucleocapsid (N) protein and the genomic RNA comprise the inner core.


In 2002, CoVs were responsible for severe acute respiratory syndrome (SARS) (6, 7); in 2012, CoVs were responsible for Middle East respiratory syndrome (MERS), and currently since 2019, the SARS coronavirus-2 (SARS-CoV-2) is responsible for coronavirus disease-2019 (COVID-19) (8).

It is evident that the rate at which new CoV infections are affecting humans is increasing. Thus, a better understanding of the mechanism of CoV infection is needed as well as the manifestations of symptoms and systemic complications associated with these infections in order to develop better therapies against COVID-19. Here we review the literature on the role of the inflammasome in CoV infections, which includes how CoVs activate inflammasomes upon infection, the role of the inflammasome in acute respiratory distress syndrome (ARDS), how ventilator-induced lung injury (VILI) activates the inflammasome, how the inflammasome plays a role in the systemic complications associated with COVID-19, and how the inflammasome is involved in the process of Disseminated Intravascular Coagulation (DIC).


THE INFLAMMASOME

The inflammasome is a multiprotein complex of the innate immune response initially described as a regulator of caspase-1 activation and processing of the pro-inflammatory cytokines interleukin (IL)-1β and IL-18 (9). These multiprotein complexes are comprised of three basic components: (1) A sensor such as a NOD-like receptor (NLR) or an AIM-2 like receptor (ALR) (2) the adaptor protein apoptosis-associated speck-like protein containing a caspase-recruitment domain (ASC) and (3) the inflammatory cysteine aspartase caspase-1. Inflammasomes are named after their sensor proteins which include NLRP1, NLRP2, NLRP3, NLRC4, and AIM2, with NLRP3 being the most extensively studied inflammasome to date (10).

In addition to its role in cytokine production, the inflammasome is also involved in the cleavage of gasdermin-D (GSDM-D) in the cell death process of pyroptosis (11). GSDM-D is cleaved at the linker region between the amino (N) and carboxy (C) terminus by either caspase-1 and/or caspase-4 or -5 in humans (caspase-11 in rodents), resulting in freeing of the N-terminus from autoinhibiting the C-terminus, which allows formation of a pore by the N-terminus (GSDM-D-N) in the cell membrane (Figure 2) (12).


[image: Figure 2]
FIGURE 2. Mechanisms of inflammasome activation. Inflammasome activation in general relies on two signals for its activation. First, a PAMP binds to a PRR resulting in synthesis of NLRP3 and pro-IL-1β. Then a second signal leads to inflammasome assembly, leading to the activation of caspase-1, processing of pro-IL-1β into IL-1β and pyroptosis. The second signal may come from a variety of pathways including K+ efflux. Lysosomal rupture or mitochondrial dysfunction. Mitochondrial dysfunction results in release of ROS, Ca2+ and mitochondrial DNA (mtDNA), all of which have been shown to activate the inflammasome. Pyroptosis occurs as a result of caspase-1-mediated cleavage of GSDM-D at the linker region of GSDM-D. Following GSDM-D cleavage, the amino terminus of GSDM-D (GSDM-D-N) forms a non-selective pore at the cell membrane through which IL-1β is then released.


Inflammasomes were initially described for their role in mounting an innate immune response against bacterial (9), viral (13), and fungal (14) infections as well as in autoimmune diseases (15). However, lately, most attention has been paid to the role of inflammasomes in diseases such as rheumatoid arthritis (16), gout (17), diabetes (18), heart disease (19), renal diseases (20), hepatic diseases (21), psoriasis (22), vitiligo (23), multiple sclerosis (24, 25), Alzheimer's disease (26), Parkinson's disease (27), as well as central nervous system (CNS) injury (28–30), among others.

Each inflammasome is activated by different ligands which can either be endogenous or exogenous. Endogenous ligands are referred to as damage/danger-associated molecular patterns (DAMPs), and exogenous ligands are referred to as pathogen-associated molecular patterns (PAMPs). Examples of DAMPs include adenosine tri-phosphate or mitochondrial DNA (31). However, in the context of COVID-19, SARS-CoV-2 represents a PAMP capable of activating the inflammasome. During viral infections, inflammasomes play a role in the response to influenza virus (32), encephalomyocarditis virus (33), vesicular stomatitis virus (33), hepatitis C virus (34), respiratory syncytial virus (35), vesicular stomatitis virus (33), west Nile virus (36), Zika virus (37), swine fever virus (38), Ebola virus (39), H1N1 virus (40), Sendai virus (41), herpes simplex virus (42), Leishmania RNA virus (43), Dengue virus (44), human immunodeficiency virus (45), and CoVs (46).

The process of inflammasome activation involves a two-step process (Figure 2). The first step is referred to as signal 1 and represents the priming step of inflammasome activation in which a PAMP or DAMP binds to a pattern recognition receptor (PRR) such as toll-like receptor (TLR)-4 to stimulate the synthesis of pro-IL-1β and pro-IL-18 in a nuclear factor (NF)-κB-dependent manner (47). Once these pro-inflammatory cytokines are formed, then a second signal is needed to induce inflammasome formation and subsequent processing of pro-IL-1β and pro-IL-18 into its active forms which are then secreted by different mechanisms. One of these mechanisms includes the GSDM-D pore, which is formed by the N-terminus of GSDM-D that is inserted in the membrane (GSDMD-N) following GSDM-D cleavage (48). Inflammasome formation involves a process in which the sensor molecule such as NLRP3 oligomerizes and then the adaptor protein ASC is recruited into the complex, followed by incorporation of caspase-1, which is then autoproteolytically cleaved into its active form. This cleaved or active form of caspase-1 then exerts its catalytic activity on the pro-inflammatory cytokines that after their release perpetuate the inflammatory response (31). Although there is no unifying consensus regarding the mechanism of inflammasome activation, various processes have been proposed to contribute to the second signal of inflammasome activation such as high extracellular K+ concentration, K+ efflux, mitochondrial dysfunction, formation of reactive oxygen species (ROS), oxidized mitochondrial DNA, lysosomal degradation, and Ca2+ imbalance (Figure 2) (49, 50).



THE INFLAMMASOME AND CORONAVIRUSES

Viroporins are hydrophobic proteins that facilitate release of viral proteins from infected cells by modifying the cell membrane, and they are involved in the activation of inflammasomes. Viroporins are associated in viral pathogenesis, and their low ionic selectivity makes them ideal candidates for ionic exchange, which is critical for viral infection and inflammasome activation (Figure 3). When viroporins are blocked or deleted, the severity of infections tends to decrease (51), making viroporins attractive for the development of therapies to prevent exacerbation of the inflammatory response associated with viral infections (Table 1).
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FIGURE 3. Mechanisms of inflammasome activation in CoV infection. In the lungs when the S protein of SARS-CoV-2 binds to the ACE2 receptor, the virus is internalized by endocytosis, leading to translation and RNA replication of genomic and sub-genomic RNA including ORF3a, ORF8b, and the viral structural proteins (N, S, M, and E proteins). The E protein is involved in Ca2+ release from the Golgi apparatus. This Ca2+ has the potential to activate the inflammasome. In addition, ORF3a interacts with TRAF3 to ubiquitinate ASC, and ORF8b interacts with NLRP3, resulting in inflammasome activation and pyroptosis. IL-1β is released through the GSDM-D-N pore during pyroptosis, while Na+ and H2O molecules enter the cell, resulting in cell swelling, which then manifests as pulmonary edema. Furthermore, ORF3a also acts in the cell membrane as a K+ channel, which causes an ionic imbalance also capable of promoting inflammasome activation, and mitochondrial dysfunction produces ROS that also contribute to inflammasome activation.



Table 1. CoV proteins and their role of inflammasome activation.
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The E glycoprotein of CoV forms a membrane pore that allows the passage of ions (56). Mice infected with E protein viruses developed pulmonary edema (46), which is characteristic of ARDS, and a main cause of death associated with CoV infections (57, 58). In addition to edema following pore activity mediated by the E protein, high levels of the inflammasome-mediated pro-inflammatory cytokine IL-1β have been detected in the lung parenchyma (52). This finding suggests the involvement of the inflammasome in the mechanism of CoV infection.

Lack of ion exchange through the E protein following SARS-CoV infection results in lower levels of IL-1β and lower immune-related pathology. The events associated with over-activation of the immune response tend to be more damaging to the host than the response associated with cell death in the host induced by the virus (59). Thus, a modulation of the immune inflammatory response is as critical, if not more, than preventing cell death induced by viruses. This observation makes the inflammasome, the master regulator of IL-1β, a key target for CoV infections. In addition to the role of viroporin E in Ca2+-mediated inflammasome activation, the accessory protein 3a, which potentially acts as a K+ channel, has also been shown to activate the NLRP3 inflammasome (Figure 3) (53).

Like viroporin E, SARS-CoV open reading frame3a (ORF3a) acts as an ion channel (Na+, K+, Ca2+) (60). However, in regards to inflammasome activation, it seems that ORF3a promotes NLRP3 inflammasome activation by modulating the ubiquitination of the inflammasome adaptor protein ASC and the production of pro-IL-1β by activation of NF-κB, which is independent of the ion-channel role that ORF3a plays. Furthermore, release of active IL-1β following activation of the NLRP3 inflammasome is dependent on tumor necrosis factor (TNF) receptor-associated factor 3 (TRAF3) (54). However, a similar effect was not detected for the AIM2 inflammasome. The effects of ORF3a on the priming (signal 1) and the processing (signal 2) of pro-IL-1β on inflammasome activation suggests a mechanism by which one protein is responsible for both signaling events needed for inflammasome activation, unlike other infectious mechanisms that rely on lipopolysaccharide (LPS) for the priming step (step 1) and adenosine tri-phosphate (ATP) for the activation step (step 2) (Figure 3). Interestingly, ORF3a is also able to process pro-IL-1β in an ASC-dependent but NLRP3-independent manner (54).

Shi et al. showed that ORF8b triggers NLRP3 inflammasome activation and IL-1β release by binding to the leucine rich repeat (LRR) domain of NLRP3, resulting in macrophage pyroptosis (55). In this study, the authors demonstrated that ORF8b formed insoluble protein aggregates. Moreover, ORF8b aggregates seemed to interact with NLRP3 and ASC forming a single speck (Figure 3). Considering that ASC specks have prionoid properties that interact with other pathogenic protein aggregates such a amyloid-β, resulting in a more exacerbated inflammatory response, a deeper understanding regarding the role of ORF8b aggregates following CoV infections would be beneficial to understanding the innate immune response mounted by these infections (61).

Consistent with previous studies regarding the mechanisms of inflammasome activation, it has been shown that Ca2+ imbalance is a common denominator in a variety of viral infections that result in inflammasome activation such as influenza (62), and encephalomyocarditis virus (63). Ionic imbalance has been associated with inflammasome activation in the lung following infections (64), and consistent with this finding is a recent study by Nieto-Torres et al. showing that E protein from SARS-CoV makes a Ca2+ permeable channel in the endoplasmic reticulum (ER)/Golgi intermediate compartment (ERGIC)/Golgi membrane that results in NLRP3 inflammasome activation and increased levels of IL-1β (Figure 3) (46).

The macrodomain of SARS Unique Domain (SUD) known as SUD-MC is involved in the activation of the chemokine CXCL10 and IL-1β in lung epithelial cells as determined by the levels of IL-1β in bronchioalveolar lavage fluid (BALF) (65). This process is mediated by the NLRP3 inflammasome in a c-Jun-dependent pathway. However, a similar effect was not detected in NLRP3 knockout mice, indicating that NLRP3 is the main inflammasome responsible for this SUD-MC-mediated effect.

In contrast, the inflammasome also plays a protective role following murine CoV infection (66). The mouse hepatitis virus (MHV) strain-A59 (MHV-A59) is a positive-strand RNA virus, like SARS-CoV-2, that is used to study CoV infections with effects in the CNS, liver, spleen, and lungs. Using this model, Zalinger et al. illustrated that inflammasome activation contributes to control of viral replication through IL-18. IL-18 knockout mice presented poor survival and increased viral replication (66). Furthermore, IL-18 was involved in production of interferon (IFN)-γ in activated T-cells. The authors showed that caspase-1 and caspase-11 knockout mice were more susceptible to MHV infection. Nonetheless, survival increased in IL-1 knockout mice when compared to wildtype, even when the viral load was higher in the IL-1 knockouts (66). Therefore, as a result of the different effects of each inflammasome signaling protein on viral load and survival, care must be taken when considering therapies that aim to block inflammasome activation for in certain infections, the lack of inflammasome activation may result in death, which is probably due to the negative consequences associated with a suppressed immune response (67). Accordingly, ASC and caspase-1 have been shown to be necessary for protective adaptive immunity against influenza. However, in that study, a similar role was not found for NLRP3 (32), yet other reports have shown an important involvement of NRLP3 following influenza infection (67, 68), which adds further complexity to the understanding of inflammasome signaling following viral infections.

MHV strain-3 (MHV-3) causes a viral fulminant hepatitis that results in production of fibrinogen-like protein-2 (FGL2), a monocyte/macrophage-specific procoagulant (69). This procoagulant effect may contribute to pathomechanisms that trigger DIC. Guo et al. showed that MHV-3 infection increased the levels of IL-1β in the serum and liver of mice. They also showed that the levels of FGL2 from macrophages was diminished in IL-1R1 knockout mice, and this finding was consistent with decreased infiltration of CD45+ Gr-1high neutrophils. In addition, ROS derived from the NADPH oxidase complex (NOX) resulted in NLRP3 inflammasome activation; thus, NLRP3 and caspase-1 knockouts showed lower levels of IL-1β (70).



CORONAVIRUSES AND INFLAMMATION

The inflammatory response following CoV infection has an anti-viral and a pro-viral role. In regard to the anti-viral response, inflammation restricts viral replication and infection. However, inflammation plays a pro-viral role when it acts to release virions. Current understanding of SARS-CoV-2 infection indicates that the virus infects the cell through angiotensin-converting enzyme-2 (ACE2) receptors in host cells by binding to the S glycoprotein. ACE2 is part of the renin-angiotensin system (RAS) and is involved in the regulation of blood pressure and fluid homeostasis (71).

Recently, Shao et al. demonstrated that ACE2 receptor stimulation results in NLRP3 inflammasome activation in podocytes; thus, leading to cell death. Interestingly, this effect did not affect blood pressure (72). However, whether SARS-CoV-2 binding through the S glycoprotein to ACE2 results in inflammasome activation has yet to be determined. In addition, binding of angiotensin II receptor 1 (AT1) also results in NLRP3 inflammasome activation (73).

Interestingly, bats that are known to be infected by several CoVs such as Ebola, MERS, SARS-Co-V, and potentially SARS-CoV-2 remain asymptomatic following infection even in the presence of high viral loads in blood and tissues (74). It has been suggested that COVID-19 was passed to humans by an intermediate host between bats and humans, similar to previous CoV infections that were transmitted to humans through camels (MERS) or civets (SARS-CoV). Nevertheless, the intermediate host for COVID-19 remains unknown. Recently, Ahn et al. showed that following infection with MERS-CoV, bats are able to fight CoV infections with lower levels of NLRP3 inflammasome activation when compared to humans, without affecting viral load (75). Therefore, the molecular mechanism employed by bats to limit the damaging effects of CoV infections should be explored to develop better interventions for the care of COVID-19-positive patients.



INFLAMMASOMES, ACUTE RESPIRATORY DISTRESS SYNDROME, AND PNEUMONIA

Traditionally, acute lung injury (ALI) is defined by pulmonary infiltrates and edema present in the chest as determined by radiography procedures in the absence of left atrial hypertension, or a pulmonary wedge pressure lower than 18 mmHg and an arterial oxygen to inspired oxygen fraction (PaO2/FiO2) lower than 300 mmHg (76). On the other hand, when the PaO2/FiO2 is below 200 mmHg the ALI is referred to as ARDS (76). Hence, according to this definition ARDS is a more severe form of ALI. However, the modern definition of ARDS, eliminates the use of ALI for humans, and limits its use to animal studies. Moreover, this modern definition of ARDS divides ARDS into mild (300–200 mmHg), moderate (200–100 mmHg) and severe (below 100 mmHg) based on the Berlin definition (77).

More recently, ARDS has been stratified based on different phenotypes such as those that are physiologically derived, which separates patients according to the PaO2/FiO2 ratio, the pulmonary dead space, the ventilator ratio, and the driving pressure (78, 79). The clinically derived phenotype considers whether the etiology is direct (pulmonary origin) or indirect (extrapulmonary origin) (78, 79). The biologic phenotype relies on biomarkers associated with ARDS and considers whether there is a hypo or hyperinflammatory response, which can be used as a guide for potential therapies (78, 79). Examples of these inflammatory markers that are associated with the cytokine storm are IL-6, IL-8, IL-18, and TNF. In addition, other markers associated with ARDS are proteins of endothelial injury such as surfactant protein-D or coagulation-associated proteins such as plasminogen activator inhibitor-1 and protein C. Moreover, recently it has been shown that increased levels of IL-18 were consistent with increased mortality in sepsis-induced ARDS (80). Therefore, the hyperinflammatory phenotype is characterized by increased inflammation, less ventilator-free days, and increased mortality when compared to the hypoinflammatory phenotype (81, 82). Thus, supporting a strong role for the inflammatory response in ARDS that is capable of determining favorable or unfavorable outcomes depending on whether there is hyperinflammation or hypoinflammation. Finally, another phenotype that has been described is the omics derived phenotype which stratifies patients based on genome-wide association and microRNA transcriptomic analysis (78, 79).

Of the well-known CoVs (HCoV-OC43, HCoV-NL63, HCoV-HKU1, MERS-CoV, SARS-CoV, and SARS-CoV-2), SARS-CoV-2 has garnered especial attention due to the level of infectivity as well as lethality in vulnerable populations. The acute stage of CoV infections is characterized by infiltration of immune cells into lung tissue, whereas the post-acute stage is characterized by pulmonary fibrosis (83). COVID-19, like other CoV infections, causes ALI with high viral titers, high levels of the inflammatory cytokines IL-1β and IL-6 as well as infiltration of macrophages and neutrophils into the lungs (84).

High mobility group box 1 protein (HMGB1), which activates the inflammasome in the lungs leading to ARDS/ALI (85), is upstream of IL-6 release (86), and has been suggested to play a key role in the inflammatory response occurring in the lungs of COVID-19 patients (87).

COVID-19 infections are associated with bacterial and viral pneumonia. Pneumonia following CoV infection can be either viral that may result in secondary bacterial pneumonia, or due to a combination of viral and bacterial pneumonia, However, the combined type has a lower incidence. Following SARS-CoV infection, secondary bacterial (methicillin-resistant Staphylococcus aureus) pneumonia has been described with ventilator-associated pneumonia (VAP) (88).

Although the role of the inflammasome in viral pneumonias has not been thoroughly examined, several studies point to inflammasome activation after bacterial infections by different organisms. For instance, NLRP3, ASC, and caspase-1 are upregulated following Streptococcus pneumoniae (S. pneumoniae) infection, resulting in production of IL-1β (89). The authors showed that NLRP3 knockout cells were able to produce IL-1β. However, ASC knockouts significantly decreased the levels of IL-1β (89), pointing to the possibility that even if the NLRP3 inflammasome is blocked, other inflammasomes that require ASC may compensate for the role of NLRP3 such as the AIM2 inflammasome or other NLR-dependent inflammasomes, yet NLRP3 knockout mice are more susceptible to the effects of pneumococcal pneumonia infection than wild types. Moreover, levels of infiltrated leukocytes into the lungs was not affected by knockdown of NLRP3, but pulmonary edema did increase in the NLRP3 knockout mice as determined by decreased dynamic lung compliance, which probably explains why NLRP3 knockouts were more likely to die. However, a better measure of edema would have been the determination of the wet to dry lung ratio or BALF total protein.

Similarly, mice deficient in NLRP3 are also susceptible to the effects of α-hemolysin-expressing Staphylococcus aureus (S. aureus) in murine pneumonia and are able to produce IL-1β, suggesting that other inflammasomes besides NLRP3 may be involved in the innate immune response to S. aureus pneumonia (90). On the other hand, knocking out the NLRC4 inflammasome has been shown to be protective following Pseudomonas aeruginosa (P. Aeruginosa) pneumonia as determined by improved bacterial clearance, decreased mortality and decreased lung damage (91). In this study, the authors suggested that the inflammasome may not be needed to fight the infection. However, the inflammasome seemed to play a role in increasing levels of IL-1β and IL-18, resulting in decreased bacterial clearance and increased lung toxicity. In contrast, during influenza A infection, the AIM2 inflammasome is activated, leading to lung injury and mortality (92). Moreover, in this study the authors showed that AIM2 knockout mice presented less ALI and increased survival without affecting viral load in the lungs (92).



COVID-19, VENTILATOR SUPPORT, AND THE INFLAMMASOME

Mechanical ventilation is used as a treatment for ARDS in order to expand collapsed alveoli. The high pressure generated by mechanical ventilation leads to VILI (93). VILI has been described in SARS (94) and COVID-19 (93). Wu et al. showed that this process was mediated in part by the NLRP3 inflammasome by sensing lung alveolar stretch (95), suggesting that stretch-injury in VILI activates an innate immune response that was partially mediated by the inflammasome. In addition, activation of the NLRP3 inflammasome by stretched injury seems to be regulated by an interaction between NEK-7 and NLRP3, which can be treated with glibenclamide (Glyburide) in mice (96).

Furthermore, a study by Dolinay and colleagues showed upregulation of Il1b in a rodent model of VILI (97). The mRNA transcript levels of caspase-1, IL-1β, and IL18 were higher in patients with sepsis/ARDS when compared to patients with systemic inflammatory response syndrome and controls (97). Moreover, deletion of IL-18 and caspase-1 were shown to be protective following VILI, and delivery of a neutralizing antibody against IL-18 resulted in decreased neutrophil counts in BALF (97).

Moreover, another complication associated with mechanical ventilation in COVID-19 patients is VAP (98, 99). In general, VAP takes place in ~20% of patients who undergo mechanical ventilation for over 48 h (100), resulting in ~30% mortality rate (101). Escherichia coli (E. coli), Klebsiella pneumoniae, P. aeruginosa, Acinetobacter baumannii, and S. aureus are the main causative organisms of VAP (102). Mortality in the intensive care unit associated with VAP is usually related to multi-drug resistant pathogens, and early diagnosis of VAP by proper identification of the causative agent is paramount to increase patient survival (98). In a study analyzing BALF and serum from 73 patients suspected to have VAP and 21 age-matched volunteer controls, it was found that IL-1β and IL-8 in BALF were higher in the VAP suspected cases when compared to controls (103).



INFLAMMASOMES, CYTOKINE RELEASE SYNDROME, AND COVID-19

It has been suggested that a major contributor to poor outcomes in patients with COVID-19 is an exacerbated immune response (104). This heightened immune response is characterized by unusually high levels of inflammatory cytokines such as IL-1β (the main cytokine activated by the inflammasome together with IL-18), IL-2, Monocyte Chemoattractant Protein-1 (MCP-1), macrophage inflammatory protein-1α (MIP1A), IL-6, IL-7, IL-8, TNF, Granulocyte-macrophage colony-stimulating factor (GM-CSF), CC-chemokine ligand 2 (CCL2), CCL3, CXC-chemokine ligand 10 (CXCL10), and the soluble form of the α-chain of the IL-2 receptor, among others (104, 105). The exacerbated immune response is referred to as cytokine storm syndrome or cytokine release syndrome (CRS). However, despite the increased levels of a variety of cytokines in COVID-19 patients, those protein levels seem to be 10 to 40 times lower in COVID-19 patients than in patients with ARDS (106). Thus, CRS may not fully explain the poor outcomes experienced by COVID-19 patients and further investigation into the inflammatory response in these patients is granted.

The heightened inflammatory response in COVID-19 patients presents with decreased CD-8+ T cells in blood (lymphopenia) probably due to infiltration of these cells into tissues or due to a response to the steroid treatment given to these patients (104). In post-mortem studies, lymphocytic cell death has been detected in the lymph nodes and spleen, which could also explain the lymphopenia. CRS may result in hemophagocytic lymphohistiocytosis (HLH) or macrophage activation syndrome (MAS), leading to high fever, high levels of ferritin, and hypertriglyceridemia (107).

Symptoms of CRS range from mild to high fever, fatigue, headache, rash, arthralgia, myalgia, hypotension, circulatory shock, vascular leakage, DIC, and multi-organ dysfunction syndrome (MODS) (107). Patients with CRS also present with cytopenia, and elevated C-reactive protein (CRP), creatinine levels, liver enzymes, and D-Dimer values. Additionally, von Willebrand factor (VWF), a marker of endothelial activation is also increased in CRS and has been described in COVID-19 patients (108). This suggests that endothelial cells may be an attractive therapeutic target for the treatment of COVID-19-related hyperinflammation, especially in cases presenting capillary leakage, hypotension and coagulopathy.

IL-6 is induced by IL-1β, the main cytokine activated by the inflammasome (109). Therefore, inhibition of the inflammasome could be expected to help treat patients with CRS. IL-18, the other cytokine controlled by inflammasome activation is also elevated in patients with CRS (110). Since there is no FDA-approved drug that directly inhibits the inflammasome, to this extent, anti-IL-6 and anti-IL-1β signaling therapies are being tested in patients with COVID-19 (111, 112). Increased IL-6 levels lead to vascular leakage, DIC and myocardial dysfunction (107).

In addition, type I IFN signaling has been reported to be decreased in patients with COVID-19 (113). It is possible that decreased type I IFN signaling in the presence of an exacerbated inflammatory response may be related to increased inflammasome signaling (114). However, viral infections are capable of generating high levels of type I IFN, and deletion of IFNAR1, a receptor involved in type I IFN signaling, or downstream type I IFN signaling pathways increases the replication, dissemination and lethality associated with viral infections (115), indicating that type I IFN are also involved in viral clearance.

In a mouse model of S. suis infection, Lin et al. studied the systemic effects of Streptococcal toxic-shock-like syndrome (STSLS) on cytokine production. STSLS is characterized by fever, blood spots (purpura), hypotension, shock and MODS, similar to what is seen in patients with CRS. In that study, the NLRP3 inflammasome was activated by S. suis leading to production of IL-1β, resulting in CRS (116), further highlighting that the inflammasome is a contributor to the effects of CRS following infections. Thus, the cytokine storm results in MODS, which can severely affect patients by inducing an inflammatory response that spreads to other organs beyond the lungs. As a result, a concern in COVID-19 patients is not only what happens due to the pulmonary infection but also the non-respiratory manifestations associated with the inflammatory response caused by SARS-CoV-2 infections.



THE INFLAMMASOME, COVID-19, AND NON-RESPIRATORY MANIFESTATIONS

In addition to the respiratory effects associated with COVID-19, other manifestations affecting a variety of organ-systems have been recognized (Table 2).


Table 2. Potential effects of inflammasome activation on COVID-19 manifestations.
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Cardiovascular Manifestations

Patients with pre-existent cardiovascular conditions tend to have worse outcomes due to COVID-19 than patients who do not present a cardiovascular comorbidity, including hypertension. Due to the manifestation of a cardiovascular involvement in more severe cases, it is likely that the effects on the heart are due to sequelae associated with the CRS. Thus, a reduction and control of the cytokine storm may alleviate the deleterious effects in these patients. COVID-19 exacerbates underlying cardiovascular conditions such as ischemic heart disease and chronic heart failure (130). In addition, it may cause myocardial injury, myocarditis, arrhythmia, acute coronary syndrome, cardiogenic shock, stroke, venous thromboembolism, and pulmonary embolism (130).

Non-ischemic events in the heart, such as pressure overload, activate the inflammasome in the heart probably as a result of ROS production following stimulation of β-adrenergic receptors, resulting in higher levels of NLRP3 and ASC as well as production of IL-18 from myocardial cells (117). Similarly the inflammasome was shown to be involved in cardiac arrhythmias (118), and higher levels of IL-1β and IL-18 have been associated with hypertension (119). In a mouse model of hypertension, the inflammasome is activated in the kidneys, resulting in production of IL-1β but not IL-18 (120); whereas inhibition of the inflammasome resulted in lower blood pressure (121).

Taken together, considering the exacerbated inflammatory response that COVID-19 patients present, the effects of the inflammasome on the cardiovascular system could explain, in part, some of the adverse cardiovascular events seen with COVID-19; however, a direct role between inflammasomes and cardiac complications has not been tested in an animal model of CoV infections.



Gastrointestinal Manifestations

Problems with the gastrointestinal system such as diarrhea, abdominal pain, vomiting and lack of appetite have been described in COVID-19 patients. In some cases, these symptoms occur even in the absence of any respiratory symptoms, and sometimes correspond to a longer time between disease onset and hospitalization when compared to patients who do not present any digestive symptoms (131). Lack of appetite may be associated with the anosmia that characterizes some of the symptoms experienced by some patients. However, the cause of digestive symptoms in some COVID-19 cases is not well-understood, yet it is possible that the effects are due to an alteration of the intestinal microbiome by the infection, or the result of the effects of the virus binding to the liver, which expresses ACE2 receptors. Accordingly, Pan et al. suggest that an alteration in the gut-lung axis (122) may be responsible for the digestive symptoms in some COVID-19 patients, which could also explain how a problem affecting the lungs also affects the gastrointestinal system (131).

Similar to CoVs, enteroviruses are also positive-sense single stranded RNA viruses, and several enteroviruses have been shown to activate the inflammasome by acting on NLRP3, caspase-1, ASC, IL-1β, and GSDM-D (123), indicating that the inflammasome can be activated by infections that affect the gastrointestinal system, and that the machinery responsible for the inflammatory response mediated by the inflammasome is present in the gastrointestinal system. However, whether CoVs activate the inflammasome directly in the gastrointestinal tract is yet to be determined. It is possible that the ionic imbalances associated with SARS-CoV-2 infections also results in inflammasome activation in the gut (132), Moreover, there is ample evidence on inflammasome regulation of the inflammatory response in intestines in chronic diseases like Chron's disease and colitis (133), further highlighting the relevance of this innate immune complex in inflammatory events in the gastrointestinal tract.

In the liver, COVID-19 increases the levels of alanine aminotransferase (ALT) and aspartate aminotransferase (AST), particularly in severe cases (134). Although no-link between inflammasome and liver problems have been described following CoV infections, previous studies have shown that inhibition of the NLRP3 inflammasome lowers the levels of ALT and AST, improving outcomes in liver fibrosis and non-alcoholic steatohepatitis (NASH) in mice (124), suggesting that inflammasome inhibition may be beneficial to control the effects caused by CoVs infections in the liver.

The pancreas also expresses ACE2 receptors, making the pancreas a target for CoV infections. Previously, SARS-CoV was shown to damage pancreatic islet cells leading to diabetes (135). Furthermore, following COVID-19, there is an association between poorer outcomes and diabetes. However, poorer outcomes in diabetics seemed to be less frequent in older individuals and those with hypertension (136). However, the mechanism for this finding is presently unknown. It is possible that medications used to treat these patients also might serve to treat some of the symptoms associated with COVID-19, including hyperactivation of the immune response.

In addition, NLRP3 inflammasome proteins are elevated in monocyte-derived macrophages and peripheral blood mononuclear cells from patients with diabetes (137). Acute pancreatitis, which has been described in COVD-19 patients and is worse in diabetics, also activates the NLRP3 inflammasome (125). Thus, a heightened inflammatory response in patients with diabetes could be a risk factor in patients with diabetes and COVID-19.



Neurological Manifestations

Cerebrovascular complications, convulsions, encephalitis, change in mental status, confusion, headaches and febrile seizures as well as taste (hypogeusia/ageusia) and smell (anosmia/hyposmia) dysfunction have been described in patients with COVID-19 (138, 139). Although, the mechanism of taste and smell dysfunction is not known, it is possible that the virus binds to ACE2 in the oral mucosa (140), affecting this sensing function. Although smell and taste dysfunction are common in several upper respiratory infections, it seems that in COVID-19, these are even more prevalent (141).

Moreover, CoVs have been detected in the cerebrospinal fluid (CSF) of patients with SARS-CoV (142), suggesting the possibility of a similar neurological involvement in patients with COVID-19. In addition, SARS-CoV-2 has been shown to affect human neural progenitor cells and brain organoids (143), indicating the possibility of direct infection by CoV in brain tissue. Inflammasomes have been shown to be activated in a variety of diseases and injuries affecting the CNS (25, 28–30). Thus, the CNS is capable of mounting an immune response through the inflammasome. Recently a mechanism was described by which inflammasome proteins are carried in extracellular vesicles (EV) to the lungs from the brain following brain injury, thus inducing ALI (126). Therefore, it is also possible that the lung secretes inflammasome proteins in extracellular vesicles that are carried to the CNS following infection, causing neurological symptoms. Although EV are capable of carrying viral components (144), whether EV are secreted during COVID-19 as part of the neuro-respiratory lung axis is yet to be determined.



Ophthalmic Manifestations

Studies indicate that patients with severe COVID-19 may present conjunctivitis (145), and CoVs have been previously detected in tears (146). CoVs gain direct access to the conjunctival mucosa as the viral particles from an infected patient travel in droplets that reach the eye. However, how CoV reach the tear film in the absence of direct access from the virus to the conjunctival mucosa is yet to be fully elucidated. Evidence from feline CoV suggests that infected macrophages and monocytes extravasate immune tissues and cause endothelial cell dysfunction that leads to vasculitis (147). It is the vasculitis that is believed to be an underlying contributor to the ocular manifestations seen following feline CoV infections, which include conjunctivitis, retinal vasculitis, pyogranulomatous anterior uveitis and choroiditis with retinal detachment (148). In addition, in mouse CoV, inflammation in the eye results in optic neuritis and retinal degeneration that affects photoreceptors and ganglion cells (149).

Although conjunctivitis remains the only ocular manifestation widely reported in regards to COVID-19, it is possible that other conditions may arise upon closer examination of COVID-19 patients.

Moreover, in goblet cells of the conjunctiva S. aureus activates the NLRP3 inflammasome as well as the purinergic receptors P2X4 and P2X7 which have been shown to be involved in inflammasome signaling (49, 127, 150). In addition, S. pneumoniae and P. aeruginosa activate the NLRC4 inflammasome in corneal ulcers (128). Thus, the ocular surface has the inflammasome machinery necessary to mount an innate immune response against conjunctivitis in the presence of COVID-19. However, further studies are needed to understand the type of conjunctivitis present in COVID-19 patients.



Renal Manifestations

Acute kidney injury (AKI) is a significant problem in patients with COVID-19 (151). Patients develop AKI during hospital admission and when disease is severe, such as in patients with ARDS or on mechanical ventilation, as well as in patients with hypertension or diabetes (151). It is possible that in COVID-19, the exacerbated inflammatory response or vascular thrombosis can damage the kidneys. In addition, ACE2 receptors are present in the kidney, making this organ a potential direct target of SARS-CoV-2 infection. A potential contributor to the exacerbated inflammatory response is the inflammasome that besides being involved in CRS, it is present in the kidneys where it contributes to inflammation in several renal diseases and complications, including AKI (152). Previously, the zika virus has been shown to induce AKI through NLRP3 inflammasome activation (129); however, whether SARS-CoV-2 is responsible for inducing AKI through the inflammasome in COVID-19 has yet to be tested.




INFLAMMASOME AND DISSEMINATED INTRAVASCULAR COAGULATION (DIC)

Severe cases of COVID-19 may present with coagulation complications that manifest as thrombi, high levels of D-dimers (a sign of fibrin degradation), prolonged prothrombin time, and low platelet count (thrombocytopenia) that may lead to DIC. Thrombi in COVID-19 patients have been described in the lungs, heart, brain, liver, kidneys and lower limbs (104). DIC tends to present in cases of sepsis where it blocks microvessels and leads to organ dysfunction.

In addition to DIC, some patients with COVID-19 may present pulmonary embolism (153) and deep vein thrombosis (154). The NLRP3 inflammasome has been described as a signaling intermediate between inflammation and thrombosis by modulating clot retraction and platelet spreading (155). NLRP3 knockout mice present abnormal hemostasis and arterial thrombosis, probably as part of a mechanism that involves binding of thrombin to G protein-coupled receptors (GPCR), which stimulates ROS production in platelets. ROS activates the inflammasome, resulting in IL-1β signaling that is followed by platelet spreading and clot retraction (155). IL-6 stimulates tissue factor (TF) to transform prothrombin into thrombin. Thrombin then converts fibrinogen into the fibrin that is characteristic of thrombi. Thus, there is a clear association between the inflammasome and clot formation. Furthermore, inflammasome activation causes release of microvesicles containing TF by pyroptosis, resulting in systemic coagulation and death (156), which provides a mechanism by which DIC may contribute to the poor outcomes experienced by COVID-19 patients (Figure 4).
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FIGURE 4. Role of the inflammasome on clot formation. Thrombin binds to a GPCR in platelets, resulting in ROS-dependent activation of the inflammasome and release of IL-1β into the cell. IL-1β stimulates production of IL-6. IL-6 stimulates tissue factor (TF) to convert prothrombin into thrombin. TF-containing microvesicles are released by pyroptosis following inflammasome activation. Thrombin then converts fibrinogen into fibrin, leading to fibrin cross-linking, clot formation and DIC.




CONCLUSIONS

To date, therapies intended to treat COVID-19 include Remdesivir or Favipiravir to control translational replication of viral RNA, Tocilizumab to block the IL-6 receptor, Bevacizumab to block vascular endothelial growth factor (VEGF), Anakinra to block IL-1 receptor activity, Lopinavir or Ritonavir to target proteolysis, Losartan to target ACE2 receptors, corticosteroids such as Dexamethasone to target the exacerbated inflammatory response, heparin to treat DIC and intravenous immunoglobulins to target CRS, or convalescent plasma, among others (157). Thus, great efforts are being undertaken to develop therapeutics against the pulmonary and systemic manifestations of COVID-19.

This review highlights the inflammasome as a target to interfere with different aspects associated with this pandemic-causing virus. However, care must be taken since inflammasome signaling may be necessary to fight the actual viral infection, while at the same time inflammasome activation may be responsible for the hyperactivated inflammatory response that leads to sepsis, DIC, AKI and death. Mechanisms employed by bats to dampen CoV infections indicate that inflammation signaling pathways are probably better targets than reduction of viral load in controlling COVID-19. Thus, a better understanding of the role of inflammasomes and inflammatory processes in CoVs and those regulating viral load are critical for development of therapeutics to treat these diseases, and although to date there are no FDA-approved drugs that directly target the inflammasome, in regards to inflammasome signaling and therapeutics that can be considered for COVID-19 treatment, potential therapies that are currently being manufactured for the treatment of inflammasome-related diseases include MCC950 that interferes with NLRP3 inflammasome activation by binding to the NACHT domain of NRLP3, hence preventing its oligomerization (158), as well as IC100, a monoclonal antibody with intracellular and extracellular action that interferes with ASC speck formation (25) (Table 3).


Table 3. Potential therapies targeting the inflammasome that could be used in the care of COVID-19 patients.
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On the other hand, there are some therapies that are already FDA-approved and have been shown to interfere with inflammasome signaling activation which are already being considered for the treatment of COVID-19 such as Enoxaparin (161, 162), anakinra (168), tocilizumab (168), and dexamethasone (159, 160). Moreover, another drug that is already approved by the FDA that can also be used to inhibit the inflammasome is IFN-β (163), which is already used to treat multiple sclerosis (169), and is currently being tested for its effects on COVID-19 patients (164).

Moreover, TLR7 and TLR8, which have been implicated in inflammasome signaling (165) have been suggested to play an underlying role in COVID-19 severity (166). TLR7/8 are activated by single stranded RNA viruses like SARS-CoV-2, and in addition to their role on inflammasome activation (165), these PRR are better known for their involvement in type I IFN synthesis and a variety of IFN stimulated genes (ISG), which when deregulated are capable of contributing to an exacerbated inflammatory immune response (167). As a result, M5049, a TLR7/8 inhibitor, is currently being tested in clinical trials for the treatment of severe symptoms of COVID-19 as a potential treatment for CRS (167) (Table 3).

Given the number of people that have been affected with COVID-19 worldwide, a better understanding of the systemic effects associated with COVID-19 during and after infection resolution is of paramount importance, and given the possibility that CoV infections may become a seasonal infection similar to influenza virus infections, it remains critical to identify FDA-approved and future novel therapeutics that can be used for the treatment of CoV infections and the associated systemic manifestations.
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The NLRP3 inflammasome is cytosolic multi-protein complex that induces inflammation and pyroptotic cell death in response to both pathogen (PAMPs) and endogenous activators (DAMPs). Recognition of PAMPs or DAMPs leads to formation of the inflammasome complex, which results in activation of caspase-1, followed by cleavage and release of pro-inflammatory cytokines. Excessive activation of NLRP3 inflammasome can contribute to development of inflammatory diseases and cancer. Autophagy is vital intracellular process for recycling and removal of damaged proteins and organelles, as well as destruction of intracellular pathogens. Cytosolic components are sequestered in a double-membrane vesicle—autophagosome, which then fuses with lysosome resulting in degradation of the cargo. The autophagy dysfunction can lead to diseases with hyperinflammation and excessive activation of NLRP3 inflammasome and thus acts as a major regulator of inflammasomes. Autophagic removal of NLRP3 inflammasome activators, such as intracellular DAMPs, NLRP3 inflammasome components, and cytokines can reduce inflammasome activation and inflammatory response. Likewise, inflammasome signaling pathways can regulate autophagic process necessary for balance between required host defense inflammatory response and prevention of excessive and detrimental inflammation. Autophagy has a protective role in some inflammatory diseases associated with NLRP3 inflammasome, including gouty arthritis, familial Mediterranean fever (FMF), and sepsis. Understanding the interregulation between these two essential biological processes is necessary to comprehend the biological mechanisms and designing possible treatments for multiple inflammatory diseases.
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INTRODUCTION

Inflammatory innate immune responses are essential in host defense against pathogens. Similar responses and pathways protect the host from the microbial infections and endogenous danger signals. However, dysregulated and excessive inflammatory reaction can inflict tissue damage and inflammation is regarded as an underlying cause of some human diseases and disorders (1–3).

One of the main inflammatory pathways leading to the development of inflammatory diseases involves activation of inflammasome, a multi-protein complex that intensify inflammatory responses to both pathogen and endogenous activators (4–6). The NLRP3 (NOD-, LRR-, and pyrin-domain containing protein 3) inflammasome is activated by a variety of stimuli and is the most extensively studied inflammasome complex (7). In the last decade, the research has been focused on uncovering the mechanism of NLRP3 inflammasome activation and its regulation (3, 8, 9). An ever-growing number of studies have demonstrated interregulation of inflammasomes and autophagy.

Autophagy is an intracellular process important for recycling of damaged proteins and organelles, as well as destruction of intracellular pathogens (10, 11). The autophagy dysfunction can lead to inflammatory diseases (e.g., Inflammatory bowel disease) with hyperinflammation and excessive activation of inflammasomes (12–14). Similarly, innate immune responses initiate autophagy in response to infectious threats and inflammatory signals can upregulate autophagy to suppress excessive response and protect the host (14, 15).

It is important to understand this crosstalk between inflammation and autophagy, as it applies to various inflammatory diseases and this review will focus on the current available information about this mutual regulation that exist between NLRP3 inflammasome and autophagy.



THE NLRP3 INFLAMMASOME

The inflammasome was first described as large multimeric protein complex required for caspase-1 processing and activation of inflammatory cytokines interleukin-1β (IL-1β) by Martinon et al. (16). The NLRP3 inflammasome consists of a sensor protein (NLRP3), an adaptor protein ASC (apoptosis-associated Speck-like protein containing CARD) and an effector caspase-1. NLRP3 is comprised of three domains: amino-terminal pyrin domain (PYD), central NACHT domaim (domain present in NAIP, CIITA, HET-E, and TP-2) and carboxy-terminal leucine-rich repeats (LRR). The central NACHT domain has ATPase activity that is vital for NLRP3 self-association and oligomerization (17). The LRR domain in NOD family members is thought to form inhibitory interactions with NACHT domain, that are relieved by recognition of stimulating ligands via LRR domain (18). However, a recent study has suggested that the LRR domain in NLRP3 does not have autoinhibitory function, given that variants lacking the LRR domain were not constitutively active (19). The LRR domain in NLRP3 was demonstrated to be dispensable for canonical NLRP3 activation (19), however different studies have suggested that LRR domain is responsible for interactions of NLRP3 with other proteins and hence necessary for inflammasome and ASC-speck formation (20, 21). The PYD domain allows NLRP3 to interact with other inflammasome proteins and these interactions are regulated by its phosphorylation (22).

ASC has two protein interaction domains, an amino-terminal PYD and carboxy-terminal CARD. Upon detecting specific stimuli sensor protein NLRP3 interacts with ASC via homotypic PYD-PYD domain interaction (23) and nucleates ASC into prion-like filaments, thereby forming a single ASC “speck” within activated cell. It was demonstrated that trimerization but not dimerization of NLRP3 pyrin domain induces caspase-1-dependent IL-1β maturation and release. Since foldon-induced trimerization did not lead to ASC speck formation it cannot be excluded that wild-type NLRP3 forms higher oligomer species (24). Adaptor protein ASC recruits pro-caspase-1 through CARD-CARD domain interactions (25, 26). Pro-caspase-1 undergoes proximity-induced autoproteolytic cleavage at the linker between large (p20) and small (p10) catalytic subunits to generate transient species p33/p10 (p33 consists of the CARD and p20), which remains bound to ASC and is proteolytically active (27). Further processing between the CARD and p20 releases heterotetramer p20/p10 from the inflammasome. The released p20/p10 heterotetramer is unstable in cells and its proteolytic activity is terminated (27). Active caspase-1 further cleaves proinflammatory cytokines of IL-1 family, such as IL-1β and IL-18 (28, 29).

Recently, serine/threonine NIMA-related kinase 7 (NEK7) was shown to be essential for NLRP3 inflammasome activation and appears to be a core component specific to the NLRP3 inflammasome (20, 21, 30). NEK7 specifically interacts with NLRP3 via LRR and NACHT domain independently of its kinase activity, but not with other inflammasome sensors NLRC4 (NOD-, LRR-, and CARD-containing 4) or AIM2 (absent in melanoma 2) (20, 21). The NLRP3 inflammasome activation triggers the interaction of NLRP3 with NEK7, leading to the inflammasome assembly, the ASC speck formation and caspase 1 activation. The NEK7-NLRP3 interaction was shown to be dependent on potassium efflux (20).


Activation of NLRP3 Inflammasome

The NLRP3 inflammasome activation is considered to be a two-step process that requires two signals: (i) the first priming signal and (ii) the second NLRP3 activation signal. The priming step triggers nuclear factor-κB (NF-κB)-dependent upregulation of NLRP3 and pro-IL-1β expression (31) and lowers the activation threshold of NLRP3 by additional post-translational modification (PTMs) (8, 32). The second step is recognition of NLRP3 activator, which induces NLRP3 activation and inflammasome formation. Most pattern-recognition receptors (PRR) have limited specificity for one or few related pathogen-associated molecular patterns (PAMPs) or damage-associated molecular patterns (DAMPs). However, The NLRP3 is activated by wide range of bacterial, viral, and fungal PAMPs and endogenous DAMPs, such as pore-forming toxins, crystals, aggregates (such as β-amyloid), extracellular ATP, and hyaluronan (32). It is generally agreed that detection of such a diversity of agents cannot be direct (23, 33, 34).

Recently, several in-depth reviews discussed molecular mechanisms of NLRP3 inflammasome activation (8, 9). Several molecular mechanisms, most of which are not mutually exclusive, have been proposed for NLRP3 inflammasome activation, including efflux of potassium ions (K+), flux of calcium ions (Ca2+), lysosomal disruption, mitochondrial dysfunction, metabolic changes, and trans-Golgi disassembly (Figure 1) (8). Many of NLRP3 activators, such as nigericin, ATP, pore-forming toxins, and particulate stimuli, are known to induce potassium efflux and decrease intracellular potassium levels, which is required for direct binding of NEK7 to NLRP3 inflammasome (20, 35). Furthermore, low extracellular concentrations of K+ were shown to be sufficient for NLRP3 inflammasome activation in the absence of an NLRP3 agonist, whereas high extracellular concentration of K+ prevented its activation (36, 37). Ca2+ signaling and mobilization were demonstrated to have a critical role in the NLRP3 inflammasome activation, however it is often coordinated with K+ efflux (36, 38). Blocking Ca2+ mobilization inhibited the NLRP3 inflammasome assembly and activation in macrophages (38, 39).
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FIGURE 1. Canonical NLRP3 inflammasome activation. The priming step triggers nuclear factor-κB (NF-κB)-dependent upregulation of NLRP3 and pro-inflammatory cytokine expression. The second step is recognition of NLRP3 activator, which induces NLRP3 activation and inflammasome formation. Several molecular mechanisms have been proposed for NLRP3 activation, including K+ efflux, Ca2+ flux, lysosomal destabilization, mitochondrial dysfunction and release of mtROS and mtDNA.


Mitochondrial dysfunction and release of mitochondrial ROS (mtROS) and mitochondrial DNA (mtDNA) are another important triggers for NLRP3 inflammasome activation and some of NLRP3 activators induce increased mtROS and cytosolic ROS generation. Even though the exact mechanism of NLRP3 inflammasome activation mediated by generation of mitochondrial ROS is not yet fully elucidated, several hypotheses have been suggested. The first hypothesis involves interaction between thioredoxin-interacting protein (TXNIP) and NLRP3 after an increase in ROS caused by NLRP3 activators, such as MSU. TXNIP was shown to be crucial for redox-stress mediated NLRP3 inflammasome activation (40). Another hypothesis suggests that NLRP3, which is mostly localized in ER in resting conditions, translocates to mitochondria and mitochondria-associated ER membranes (MAMs) upon NLRP3 inflammasome activation by its agonists (nigericin, MSU, or alum), placing it in close proximity to newly formed mitochondrial ROS (41).

Activators, such as crystalline structures and aggregates cause lysosomal destabilization and rupture (42, 43). Cathepsin B, released from ruptured lysosomes was shown to directly bind to NLRP3 inflammasome and contribute to NLRP3 inflammasome activation (44). However, it was demonstrated that the lysosomal damage caused by Leu-Leu-OMe and NLRP3 particulate stimuli activates K+ efflux and Ca2+ influx, indicating that many NLRP3 activation pathways converge on either K+ and/or Ca2+ flux (36, 38, 45).

In persistent infections, such as tuberculosis caused by Mycobacterium tuberculosis, the NLRP3 inflammasome activation and the consequent IL-1β-initiated inflammatory response is regulated to maintain tissue integrity (46). Ineffective control of the infection leads to activation of adaptive immunity and the release of interferon-γ (IFN-γ) by lymphocytes. IFN-y stimulated macrophages are triggered to express antimicrobial effectors, including inducible nitric oxide synthase (iNOS). The resulting nitric oxide (NO) inhibits bacterial growth, as well as suppresses the continual production of IL-1β by the NLRP3 inflammasome (46). The suppressive effect of IFN-γ and NO was specific to the NLRP3 inflammasome. NO was suggested to post-translationally modify the NLRP3 protein by thiol-nitrosylation, which inhibits ASC oligomerization, the NLRP3 inflammasome assembly and processing of IL-1β (46, 47). NO-mediated inflammasome inhibition therefore represents an important mechanism to prevent tissue damage during persistent and chronic infection (46).

In response to cytosolic LPS, a key component of Gram negative bacteria, caspase-1 can be activated independently of canonical inflammasomes (48). Caspase-11, an inflammatory caspase closely related to caspase-1, directly binds cytosolic LPS. This interaction triggers self-oligomerization and activation which leads to caspase-1 activation, as well as pyroptotic cell death (49). Pyroptosis is an inflammatory form of a programmed cell death following activation of caspase-1 and caspase-11. Active caspase-1 and caspase-11 may eventually cleave gasdermin D (GSDMD) which subsequently leads to GSDMD self-oligomerization at cell membrane and pore formation (50–53). GSDMD membrane pores induce ionic flux and NLRP3 inflammasome activation (54).



Bacterial Infection and NLRP3 Inflammasome Activation

Several infectious microbes were demonstrated to activate NLRP3 inflammasome. Earlier studies demonstrated that Gram-positive Staphylococcus aureus and Listeria monocytogenes, Gram-negative Shigella sonnei, and Shigella flexneri, but not Gram-negative Salmonella typhimurium and Francisella tularensis trigger NLRP3-dependent IL-1β secretion (55). S. sonnei induced IL-1β production through P2X7 receptor-mediated potassium efflux, reactive oxygen species generation, mitochondrial damage, and lysosomal acidification in LPS-primed primary murine macrophages (56).

Live intracellular Mycobacterium tuberculosis infection induced NLRP3-dependent IL-1β secretion and pyroptosis in human monocytes and macrophages (57, 58). M. tuberculosis was shown to damage host cell plasma membrane either during phagocytosis or following phagocytosis and phagosome rupture from cytosolic side. The damage caused by M. tuberculosis made plasma membrane permeable to both K+ and Ca2+ ions, which results in the NLRP3 inflammasome activation (58). M. tuberculosis was also shown to induce NLRP3-dependent pyroptosis in human monocytes which enables bacteria to spread immediately after cell death (58) However, a different study reported the NLRP3-dependent necrotic cell death that is independent of caspase-1 in primary human macrophages and THP-1 monocytes (59).

Salmonella typhimurium infection of human macrophages indirectly activated NLRP3 inflammasome (60). S. typhimurium infection leads to Salmonella sequestration within the Salmonella-containing vesicles, which are eventually ruptured and bacteria are released into the cytosol (60). In the cytosol bacterial LPS activated caspase-4/caspase-11 and induced pyroptosis and consequently activated NLRP3 inflammasome (60). However, NLRP3 had a limited role in Salmonella infection in mice, as a bacterial burden, a pro-inflammatory cytokine level, and an organ pathology did not differ between NLRP3 deficient and wild-type mice (61). Furthermore, NLRP3 inhibitor suppressed IL-1β release and pyroptosis in human macrophages only when NLRC4 function was also ablated (60).




AUTOPHAGY

Autophagy, specifically macroautophagy, is an intracellular process important for cellular homeostasis and delivery of cytosolic constituents, including organelles, to lysosomes for degradation and amino acid recycling (62). Autophagy is regulated by a wide range of proteins that are the products of autophagy-related genes (Atg), including Atg8 (MAP1LC3; also known as LC3), which is commonly used as a marker for visualizing and quantitating autophagosomes (63). Autophagy begins with sequestration of organelle or portion of cytoplasm by phagophore, a membranous structure that elongates to engulf cytoplasmic cargo, which results in formation of an autophagosome with a double membrane. The initiation of autophagosome formation begins with activation of ULK kinase complex (ULK1 or ULK2, ATG13, FIP200, ATG101), which targets a class III PI3K complex (Beclin1, VPS15, VPS34, ATG14) (64, 65). In the expansion stage the ATG12-ATG5-ATG16 complex is recruited to the autophagosome membrane, which facilitates the lipidation of LC3 that is required for the expansion of autophagic membranes (64). The resulting autophagosome the fuses with lysosome resulting in degradation of the cargo (66). As an important homeostatic mechanism for degradation and recycling of cytosolic components, autophagy enables generation of amino acids during starvation and elimination of damaged and dysfunctional organelles. As such, autophagy is up-regulated in response to amino acid starvation and damaged organelles, including mitochondria (mitophagy) (65, 67).

Autophagy induction represents one of the most primitive examples of the innate immune responses and act as the first line of defense during intracellular pathogen infection, including Mycobacterium tuberculosis (68), Shigella flexneri (69), and Salmonella typhimurium (70). During infection autophagy is induced by Toll-like receptors that recognize PAMPs (71, 72). Autophagosomes engulf pathogens and direct them to lysosomes for degradation, which kill pathogens and enables to present pathogen components to the innate and adaptive immune system (73). Hence, autophagy up-regulation might enhance the clearance of some infectious pathogens. Several different pharmacological modulators were demonstrated to enhance or activate autophagy and restrict growth and/or decrease bacterial burden of M. tuberculosis in macrophages or in mice (74–78). Furthermore, autophagy regulates and is regulates by a wide range in cytokines (79).



AUTOPHAGY REGULATES NLRP3 INFLAMMASOME ACTIVATION

Saitoh et al. (80) were the first to demonstrate the link between autophagy, inflammasome activation and cytokines processing. The loss of autophagy-related protein ATG16L1 in mouse fetal liver-derived macrophages resulted in increased caspase-1 activation and IL-1β processing after endotoxin treatment. Similarly, IL-1β production in macrophages deficient in ATG7 protein or treated with autophagy inhibitor 3-methyladenine (3-MA) is enhanced in response to endotoxin (80). In the last decade numerous studies have further indicated that autophagy can regulate inflammasome activation, including the NLRP3 inflammasome activation, through various mechanisms (Figure 2) (81).


[image: Figure 2]
FIGURE 2. Crosstalk between inflammasomes and autophagy. Autophagy can negatively regulate NLRP3 inflammasome activation by removing endogenous inflammasome activators, such as ROS-producing damaged mitochondria, removing inflammasome components and cytokines. Autophagic machinery also has a role in unconventional secretion of IL-1β and thus regulates inflammatory response. Conversely, NLRP3 inflammasome activation regulates autophagosome formation through several different mechanisms. Crosstalk between inflammasomes and autophagy is necessary for balance between required host defense inflammatory response and prevention of excessive inflammation.



Autophagic Removal of Endogenous NLRP3 Inflammasome Activators

Autophagy removes damaged organelles, such as mitochondria, leading to reduced release of mitochondrial-derived DAMPs and suppression of inflammasome activation. Zhou et al. demonstrated that increased ROS production in mitochondria by pharmacological inhibition of mitochondrial complex I and III is responsible for increased NLRP3-dependent caspase-1 activation and IL-1β release in monocytes and macrophages (41). Downregulation of voltage dependent anion channels (VDAC), which are required for ROS production, or ROS scavengers impaired and reversed NLRP3-mediated caspase-1 activation and IL-1β release in response to NLRP3 activators nigericin, MSU, alum, and silica (41). Similarly, inhibition with 3-methyladenine (3-MA) or loss of autophagy resulted in accumulation of ROS-producing mitochondria and subsequently enhanced inflammasome activation in response to NLRP3 activators (ATP, nigericin, and MSU), which was further reversed by ROS scavengers (41, 82, 83).

It was reported that mitochondrial ROS production and subsequent mitochondrial membrane permeability transition (MPT) leads to translocation of mtDNA into the cytosol after LPS and ATP treatment (82). Cytosolic mtDNA was suggested to directly or indirectly associate with NLRP3 and to contribute to downstream activation of caspase-1 in response to LPS and ATP (82, 84). Generation of mtROS can results in oxidized mtDNA, which enhanced NLRP3 inflammasome activation compared to normal mtDNA, suggesting that both mitochondrial ROS and mtDNA are important for NLRP3 inflammasome activation (84).

Disruption of autophagy by inhibitors or through downregulation of proteins with crucial role in autophagy can result in the accumulation of damaged mitochondria and increased concentration of mitochondrial ROS (41, 82). ROS-generating or damaged mitochondria are constantly removed by mitophagy, specialized form of autophagy, to maintain mitochondrial homeostasis. Damaged mitochondria with decreased membrane potential are marked with ubiquitination of outer membrane proteins by E3 ubiquitin ligase Parkin and tagged for autophagic disposal (85).

A recent study by Zhong et al. (86) suggested that SQSTM1/p62 was an essential mediator of mitophagic elimination of damaged mitochondria upon NLRP3 activation. The priming with LPS induces NF-κB-dependent p62 expression in macrophages and p62 ablation in macrophages enhances IL-1β production. Upon NLRP3 activation, p62 is recruited to damaged mitochondria, which requires Parkin-dependent decoration of damaged mitochondria with poly-ubiquitin chains. Damaged mitochondria due to NLRP3 activation are removed through p62-mediated mitophagy. Therefore, a Parkin-dependent clearance of p62-bound damaged mitochondria reduces NLRP3 inflammasome activation by NLRP3 activators in macrophages (86). This is supported by increasing number of studies demonstrating that impaired mitophagy enhances NLRP3 activation, whereas induction of mitophagy reduces NLRP3 activation (87–90). However, reduction of autophagy by itself does not seem to be sufficient to trigger inflammasome activation in the absence of NLRP3 activators (41, 82).



Autophagy Targets NLRP3 Inflammasome Components

Another mechanism to prevent excessive inflammasome activation is through p62-dependent degradation of inflammasome components. Upon stimulation of NLRP3 inflammasome in monocytes, ASC is recognized by p62 and the NLRP3 inflammasome components, including NLRP3 and ASC, co-localize with autophagosomes, indicating that the NLRP3 inflammasome can be engulfed and degraded by autophagosomes (91). ASC in the assembled AIM2 inflammasome complex undergoes K63-linked polyubiquitination, which is recognized by p62 and similar mechanism could be involved in the NLRP3 inflammasome (91). The pharmacological inhibition of autophagy and loss of p62 greatly enhanced the NLRP3 inflammasome activation (91).

The tripartite motif (TRIM) family contains several RING finger domain-containing proteins and play an important role in innate immune response (92). Tripartite motif 20 (TRIM20, pyrin) was shown to interact with the NLRP3 inflammasome components, including NLRP3, ASC, caspase-1, and pro-IL-1β, thereby modulating their activity (93, 94). Pyrin was also demonstrated to organize autophagic machinery by serving as a platform for the assembly of ULK1, Beclin1, and ATG16L1 (95, 96). Therefore, pyrin was suggested to act as an autophagy receptor for delivery of the NLRP3 inflammasome components for autophagic degradation (95, 96). Correspondingly, a knockdown of pyrin spared NLRP3 degradation upon its activation in monocytes and conversely, overexpression of pyrin decreased levels of co-expressed NLRP3 in HEK293 cells, which was suppressed by inhibiting fusion between autophagosomes and lysosomes with Bafilomycin A1 (95). The NLRP3 degradation was dependent on ULK1 and Beclin1, establishing that disposal of NLRP3 was through autophagy (95).

Recently, it was suggested that NLRP3 phosphorylation mediates its inactivation in autophagy-dependent manner (97). NLRP3 activation is negatively regulated by tyrosine phosphorylation and protein tyrosine phosphatase non-receptor 22 (PTPN22) dephosphorylates NLRP3 upon its activation (98). It was reported that only phosphorylated NLRP3 interacted with p62 in ASC-dependent manner and was sequestered into phagophore. NLRP3 lacking phosphorylation site did not interact with p62 and was not sequestered into phagophore (97).

The NLRP3 inflammasome was shown to interact with autophagic machinery, co-localize with autophagosomes and inhibition of autophagic pathway caused enhanced NLRP3 inflammasome activation. This suggests that post-translational modifications of NLRP3 (such as phosphorylation and ubiquitination) and subsequent autophagic removal of inflammasome components upon their activation serves as a negative-feedback loop to prevent excessive inflammatory response (91, 96, 97, 99, 100).

Supporting this notion, a recent study by Han et al. (101) showed that autophagy induction with small molecules (kaempferol—Ka) promoted degradation of inflammasome components and reduced of inflammasome activation. Ka was shown to promote autophagy in microglia, as indicated by higher LC3-II production, which was abolished by 3-MA. The NLPR3 inflammasome assembly was disrupted due to reduced NLRP3 protein levels, which resulted in decreased caspase-1 activation and IL-1β production upon the NLRP3 inflammasome activation after Ka treatment (101). The NLRP3 downregulation was mostly due to autophagic degradation, which was suppressed by autophagy inhibitor 3-MA (101).



Autophagy and IL-1β Signaling

Besides sequestering inflammasome components, autophagosomes have been shown to target IL-1β in macrophages following TLR activation (102). Pro-IL-1β is not expressed in resting macrophages and its induction requires stimulation, typically by a TLR ligand. Harris et al. (102) reported that induction of autophagy with rapamycin, a pharmacological inhibitor of mTOR, during or after LPS priming of macrophages leads to reduction of intracellular pro-IL-1β and subsequent release of mature IL-1β in response to NLRP3 activators. Consistently, autophagy inhibition increased IL-1β secretion as more pro-IL-1β was available in the cytosol (102). These data suggest a role for autophagy in intracellular degradation of pro-IL-1β, proposing another mechanism by which autophagy regulates inflammatory response. However, another study in dendritic cells has shown that IL-1β and IL-1α are polyubiquitinated and intracellularly degraded by proteasomes, not autophagosomes (103).

IL-1β lacks a classical signal peptide to direct its cellular exit via secretory vesicles and, thus, follows an unconventional pathway for secretion. Upon inflammasome activation in macrophages and dendritic cells, IL-1β and IL-18 may be released as a results of pyroptotic cell lysis mediated by GSDMD (50, 51, 104). However, neutrophils, dendritic cells, monocytes, and hyperactivated macrophages can in some cases release IL-1β without cell lysis, suggesting that other mechanisms for IL-1β release are necessary (104–106). Monteleone et al. (107) reported that IL-1β processing by caspase-1 is not only necessary but also sufficient for its secretion and only mature IL-1β is actively secreted by macrophages. Mature IL-1β was reported to co-localize with negatively charged phosphatidylinositol 4,5-bisphosphate (PIP2) in the plasma membrane (107). Relocation of mature IL-1β to PIP2-enriched plasma membrane microdomains was suggested to facilitate slow GSDMD-independent release in resting conditions and rapid GSDMD-dependent release upon inflammasome activation, regardless of immediate cell fate (107).

Besides GSDMD pathway, several studies have suggested that autophagy acts as unconventional secretion of IL-1β. Dupont et al. (108) showed that induction of autophagy by starvation or mTOR inhibitor pp242 strongly enhanced IL-1β secretion in response to conventional NLRP3 activators in macrophages. Likewise, inhibition of autophagy in human neutrophils after LPS stimulation reduced IL-1β secretion and increased intracellular IL-1β levels (109). Using a reconstituted model of IL-1β secretion downstream of inflammasome activation in non-macrophage cells it was demonstrated that mature IL-1β localizes in the lumen between two membranes of autophagosomes (110). Furthermore, it was suggested that IL-1β is translocated across a membrane into a vesicle precursor of phagophore at a very early stage in the development of the organelle and that entry of IL-1β into this vesicle carrier requires conformational flexibility (110).

At present, there are discrepancies in the results between different studies showing autophagy enhancing and reducing IL-1β release. Study from Zhang et al. (110) gives an interesting insight on how can autophagy be necessary for IL-1β release without its degradation. It was also observed that smaller amount of mature IL-1β may be engulfed by the autophagosomes and may be degraded during autophagosome maturation (110). The regulation of IL-1β release by autophagic machinery is obviously complex and requires further investigation, and may be dependent on specific conditions such as cell type, inflammasome activator, and autophagy inducer/inhibitor.




NLRP3 INFLAMMASOME REGULATION OF AUTOPHAGY

The NLRs have been reported to interact with autophagy proteins which provides a mechanism for direct NLR regulation of autophagy. It was shown that several inflammasome-forming NLRs, including NLRP3 can interact with Beclin 1, a protein involved in autophagy initiation, through NACHT domain (111). NLRP3 was shown to modulate autophagy. Silencing core molecules of the NLRP3 inflammasome complex in human macrophages reduced the autophagy response after infection with Pseudomonas aeruginosa, however it enhanced the macrophage-mediated killing of internalized P. aeruginosa (112). Consistently, overexpression of core molecules of NLRP3 inflammasome elevated autophagy and increased amount of the LC3-II protein in human macrophages infected with P. aeruginosa (112). Furthermore, silencing of the NLRP3 downregulated autophagy and LC3-I conversion to LC3-II induced by MSU in osteoblasts (113).

However, the NLRP3 inflammasome was also reported to negatively control autophagy in microglia cells after stimulation with neurotoxic prion peptide PrP106-126, which activates the NLRP3 inflammasome (114). Furthermore, a few other studies have shown that NLRP3-deficient mice have increased autophagy levels at baseline and under stress conditions, such as hypoxia or hyperoxia in different tissues and epithelial cells (115, 116). The discrepancies between different studies could be due to different NLRP3 inflammasome activators, which could also activate other inflammasome complexes and signaling pathways.

Besides NLRP3, caspase-1 was also reported to regulate the autophagic process through cleavage of other substrates (117, 118). Yu et al. (118) demonstrated that inflammasome activation leads to a rapid caspase-1-dependent block of mitophagy in macrophages, which results in accumulation of mtDNA and dysfunctional mitochondria. Upon inflammasome activation caspase-1-mediated cleavage of Parkin contributes to caspase-1-dependent block of mitophagy in bone marrow-derived macrophages and this leads to accumulation of mtDNA and dysfunctional mitochondria, which is attenuated in cells expressing cleavage-resistant Parkin (118). Accumulated damaged mitochondria produce increased amount of mROS, which allows further inflammasome activation and inflammatory pyroptotic cell death in macrophages and amplification of inflammatory response (118).

In another study, caspase-1 was reported to directly cleave Toll/Interleukin-1 receptor domain-containing adapter-inducing interferon-β (TRIF) and generate TRIF fragments that inhibit the induction of autophagy in macrophages after infection with P. aeruginosa (117). Consistently, expression of cleavage-resistant TRIF increased the autophagy in infected macrophages. Pharmacological inhibition of caspase-1 before P. aeruginosa infection in mice lead to increased autophagy in harvested neutrophils and bacterial clearance in peritoneum (117). Caspase-1-mediated TRIF cleavage was confirmed in microglia after NLRP3 inflammasome activation with neurotoxic prion peptide PrP-106-126 and negatively regulates autophagy (114). Furthermore, silencing of NLRP3 or ASC in microglia suppressed caspase-1 activation and enhanced autophagy after PrP-106-126 stimulation (114). Therefore, silencing of NLRP3 inflammasome components in microglia, followed by NLRP3 inflammasome activation leads to enhanced autophagy, most likely due to suppressed caspase-1 activation.



NLPR3 INFLAMMASOME-ASSOCIATED INFLAMMATORY DISEASES AND AUTOPHAGY


Gouty Arthritis

Gouty arthritis is a metabolic disorder caused by excess circulating uric acid that forms uric acid crystals and accumulates in synovial fluids and cartilage, resulting in arthritic inflammation (119). Acute gouty arthritis is characterized by periodic attacks associated by rapid onset pain, swelling, redness of affected joint, fever, and sometimes flu-like symptoms, followed by symptom-free period. The inflammatory response is initiated by formation and deposition of monosodium urate crystals (MSU), causing subsequent release of inflammatory mediators. Over time, periodic acute gout can lead to chronic tophaceous gout, characterized by chronic pain, chronically stiff, and swollen joints, as well as damage to bone and cartilage due to large deposits of crystals (119, 120).

Proinflammatory activity of uric acid crystals depends mainly on the activation of NLRP3 inflammasome and proteolytic activation of IL-1β (121–123). Macrophages from mice deficient in main components of the inflammasome, such as NLRP3, ASC, and caspase-1, have a reduced IL-1β release (122). MSU was shown to increase protein expression of components of NLRP3 inflammasome, including NLRP3 and pro-IL-1β in macrophages and fibroblast-like synoviocytes (124, 125). This suggests that MSU is involved in the priming and activating step of NLRP3 inflammasome activation and may explain why MSU alone can induce the release of IL-1β (125).

The molecular mechanism for MSU-induced NLRP3 inflammasome activation is not yet fully elucidated. Recently, Nomura et al. demonstrated that MSU crystals induced K+ efflux, leading to a Ca2+ influx-dependent depolarization of mitochondrial membrane potential and decreased intracellular ATP concentration (126). This increased release of IL-1β independently of MSU crystal-induced mitochondrial ROS production (126). Another study by Ives et al. found increased xanthine oxidase (XOR) activity in response to crystalline NLRP3 activators (127). Silencing XOR or pharmacological XOR inhibitors reduced MSU-induced cytoplasmic XOR-derived ROS as well as mitochondrial ROS generation and consequently suppressed the release of IL-1β (127).

As mentioned above, p62 expression negatively regulates NLRP3 activation by mediating mitophagic elimination of damaged mitochondria upon NLRP3 activation (86). Conversely, Jhang et al. proposed that MSU crystal-induced lysosomal disruption and consequent impairment of autophagy leads to accumulation of p62 (128). p62 can interact with Kelch-like ECH-associated protein 1 (Keap-1), which normally acts as a transcriptional repressor by binding to nuclear factor E2-related factor 2 (Nrf2), a transcription factor involved in oxidative stress (129). MSU crystals elevated levels of Keap-1 bound to p62 and released Nrf2 from Keap-1, which facilitated its translocation to the nucleus (128). Nrf2 and its transcriptional products were shown to be required for MSU crystals-induced NLRP3 activation (128). Furthermore, a positive feedback between p62 and ROS generation in MSU crystal-induced inflammation was suggested (130).

AMP-activated protein kinase (AMPK) is a nutritional biosensor, which can alter energy metabolism via regulating the expressions or activities of downstream molecules, including a nicotinamide adenine dinucleotide (NAD)-dependent deacetylase sirtuin 1 (SIRT1). SIRT1 was suggested to promote autophagy through regulating autophagy-related genes expressions (131). MSU crystals were shown to decrease AMPKα activity in macrophages by inhibiting its phosphorylation (Thr172) (132, 133). Selective AMPK activator A-769662 increased basal phosphorylation of AMPK, prevented its de-phosphorylation in response to MSU crystals and attenuated MSU crystal-induced IL-1β release in macrophages (132). Similarly, arhalofenate acid also enhanced phosphorylation of AMPKα, expression of SIRT1 and inhibited MSU crystal-induced IL-1β release in vitro in macrophages and in vivo in murine subcutaneous air pouch model (133). Conversely, AMPKα1 deficiency significantly enhanced inflammatory responses to MSU crystals in vitro and in vivo, as demonstrated by increased MSU crystal-induced IL-1β release and cleaved caspase-1 AMPKα1-deficient macrophages (132). Furthermore, AMPK activator A-7699662 and arhalofenate acid reduced MSU crystals-induced NF-κB-mediated NLRP3 expression and caspase-1 cleavage, indicating inhibition of NLRP3 inflammasome activation (132, 133). Additionally, arhalofenate prevented MSU crystal-induced mitochondrial damage, such as loss of intact mitochondrial cristae and mitochondrial ROS generation (133).

MSU crystals were demonstrated to induce autophagy, indicated by increased levels of LC3-II and presence of LC3 puncta, which were attenuated by autophagy inhibitor 3-MA in different cell types (113, 133, 134). MSU crystals also induced p62 expression, which was decreased using AMPK activator A-7699662 or arhalofenate acid (133). Therefore, arhalofenate acid promotes autophagy by phosphorylating AMPKα, thereby preventing accumulation of p62 by MSU crystals and inhibiting NLRP3 inflammasome activation (133). Resveratrol is a natural agonist of SIRT1 and was shown to ameliorate the inflammatory response via promotion of MSU crystals-induced autophagy in patients with gout. Resveratrol restored SIRT1 protein level that was downregulated following MSU crystal challenge and reduced MSU crystal-induced IL-1β release. Resveratrol induced autophagy, specifically mitophagy, as demonstrated by enhanced levels of LC3-II, increased AMPKα phosphorylation and decreased mTOR phosphorylation (89, 135).

Therefore, MSU crystals induces expression of inflammatory genes (NLRP3, pro-IL-1β), NLRP3 inflammasome activation, and autophagy. As mentioned above, autophagy can regulate NLRP3 inflammasome activation through various mechanisms. Disruption of autophagy through downregulation of proteins with crucial role in autophagy induction, such as AMPKα1, showed increased MSU crystals-induced inflammatory response, whereas induction of autophagy by AMPK activators and SIRT1 agonist demonstrated ameliorated inflammatory response (89, 132, 133, 135). However, MSU crystals can cause lysosomal destabilization and damage, thereby impair of autophagy. Reduced autophagic flux results in accumulation of p62 and excessive p62 stimulates NLRP3 inflammasome activation through Nrf2-mediated transcription and ROS production (128). Since AMPK activators also regulated expression of genes involved in inflammatory pathway, induction of autophagy via AMPK activation alleviates the gouty inflammation and appears to be beneficial. Nonetheless, further studies and investigations are required for development of a potential therapeutic strategies for treatment of gouty inflammation.



Familial Mediterranean Fever

Familial Mediterranean Fever (FMF) is the most common hereditary periodic fever syndrome (HPF). It is caused by mutations in Mediterranean fever (MEFV) gene that encodes protein pyrin (TRIM20) (136, 137). Clinically, it is characterized by recurrent, self-limited attacks of fever, and serositis (138). Pyrin is primarily expressed in monocytes/macrophages and neutrophils. Initially, the disease-causing mutation in pyrin were considered loss-of-function mutations. It was suggested that pyrin interacts with NLRP3 inflammasome component in inhibitory manner and FMF-associated mutations prevent these inhibitory interactions (94, 139). However, further studies have demonstrated that MEFV gene mutations are gain-of-function resulting in the activation of NLRP3 inflammasome (140, 141). Recently, is was suggested that pyrin is a cytosolic PRR and assembles its own inflammasome complex upon recognition of inactivating modification of the RhoA GTPase (142).

RhoA GTPase activates serine/threonine protein kinases PKN1 and PKN2 that directly phosphorylate pyrin (143). Phosphorylated pyrin bind proteins 14-3-3ε and 14-3-3τ, which block pyrin and prevent the formation of active pyrin inflammasome (143). FMF-associated mutations are clustered in carboxy-terminal B30.2 domain of pyrin, which implies that mutations might interfere with regulatory role of this domain (144). Binding of inhibitory protein 14-3-3ε to mutant pyrin was reduced compared to wild-type pyrin (143). It is still unclear how B30.2 domain retains pyrin in its inactive state, however several different hypotheses were suggested and are reviewed by Heilig and Broz (145).

Inflammation in FMF patients is therefore mostly a result of a deregulated activation of pyrin inflammasome. However, other inflammatory pathways and inflammasome complexes might be involved in inflammatory phenotype in FMF patients. FMF-associated mutations disturb self-inhibition of pyrin inflammasome and also reduce removal of NLRP3 by autophagy. As mentioned above, pyrin interacts with NLRP3 inflammasome components and leads to their autophagic interaction, thereby acting as anti-inflammatory factor (95). FMF-associated mutations in pyrin perturb ULK1 recruitment to NLRP3 and diminish autophagic degradation of NLRP3 and hence aggravate inflammatory response in patients with FMF during attacks of fever.



Sepsis

Sepsis is defined as a life-threatening organ dysfunction caused by a dysregulated host response to infection (146). The host's innate immune system is the first line of defense against infection. At the early stage of sepsis, macrophages secret large amounts of pro-inflammatory cytokines and factors, which exacerbate inflammatory response. Immunosuppression in the late stage of sepsis, due to the excessive apoptosis of macrophages, makes host susceptible to recurrent infections and increases mortality (147). NLRP3 inflammasome activation was implicated in different systems affected by sepsis, including mitochondrial energetic response, cardiovascular system, gastrointestinal system, renal system, respiratory system, and central nervous system (148).

Recently, it has been reported that autophagy influences inflammatory response during sepsis and has a protective role by alleviating organ dysfunction and improving outcomes (149–152). Autophagy plays a protective role in sepsis through various different mechanisms, including clearance of pathogens, dampening of inflammatory response, preventing immunosuppression, and regulating metabolism (153). Autophagy inhibits inflammatory response during sepsis by removing inflammasome activators and degrading inflammasome components and inflammatory cytokines, as described above. Induction of autophagy was shown after a cecal ligation and puncture (CLP)-induced sepsis in mice (150–152). CLP induced an increased LC3-II/LC3-I ratio, an increased number of autophagosomes and their co-localization with lysosomes in different tissues and organs, including liver, lungs, and kidneys, as well as in peritoneal macrophages (150–152).

Induction of autophagy by rapamycin treatment protected mice from renal damage in CLP-induced sepsis and increased survival rate by reducing systemic inflammation (149, 152). Sinomenine hydrochloride (SIN-HCl), which is widely used to treat rheumatoid arthritis, was shown to enhance CLP-induced autophagy in mice (151). SIN-HCl treatment improved the survival of CLP-operated mice and reduced multiple organ dysfunction and attenuated the release of inflammatory cytokines through regulation of autophagy (151). Conversely, inhibition of autophagy by chloroquine, which suppresses fusion of autophagosomes and lysosomes, resulted in greater liver dysfunction and higher mortality rate in CLP-operated mice (150).

Furthermore, LPS-induced sepsis in mice was shown to induce mitophagy, as indicated by greater number of autophagosomes containing only mitochondria in murine hearts following LPS injections compared to controls (154). Sestrins (SESNs) are highly conserved proteins that protect cells exposed to environmental stresses, including oxidative stress, and maintain metabolic homeostasis through regulation of AMPK and mTOR signaling. SESN2 was shown to induce autophagy through activation of AMPK and inhibition of mTOR (155, 156). SESN2 was also demonstrated to be required for mitophagy through mitochondrial priming and autophagosome formation and to suppress prolonged inflammasome activation in macrophages treated with LPS and ATP (87). SESN2-deficient mice had higher serum levels of pro-inflammatory cytokines IL-1β and IL-18, elevated organ dysfunction and higher mortality rate in CLP- and LPS-induced sepsis (87).

Therefore, autophagy has a protective role in sepsis through dampening inflammatory response by removing NLRP3 activator, such as damaged mitochondrial and ROS, as well as degrading NLRP3 inflammasome components. Induction of autophagy results in alleviated organ dysfunction and higher survival rate, whereas inhibition of autophagy accelerates organ dysfunction and reduces survival rate in sepsis. Autophagy is elevated in early stages of sepsis, whereas in late stage of sepsis autophagic activity is suppressed, which is considered a major cause of immune suppression, inflammatory dysregulation, and apoptosis dysfunction (153). This indicates that promoting autophagy might be an effective treatment to relieve organ dysfunction during severe sepsis. However, excessive autophagy during sepsis might lead to imbalance between apoptosis and autophagy, autophagic death of macrophages and consequently immunosuppression (157). Therefore, identifying target molecules for modulating autophagic activity and identifying biomarkers for assessment of autophagy levels in vivo is essential for developing treatment. Since balance between autophagy, inflammatory response, and apoptosis is crucial for alleviating organ dysfunction and better outcomes, autophagy inducers could be administrated only at appropriate times, to prevent excessive autophagy and immunosuppression.




CONCLUSION

During the past decade, numerous studies have shown interrelation between NLRP3 inflammasome and autophagy. As demonstrated by various studies NLRP3 inflammasome activation can regulate autophagy induction and on the other hand autophagy can control inflammasome activation and suppresses its activity. The two-street regulation provides negative and positive feedback loops necessary for balance between required host defense inflammatory response and prevention of excessive inflammation. Activation of caspase-1 may lead to suppressed autophagy induction to increase inflammatory response, necessary for pathogen removal. However, excessive inflammation can lead to organ and tissue damage and inflammatory diseases and autophagy can dampen the inflammatory response through removal of NLRP3 inflammasome activators and inflammatory components. There seem to be multiple layers of regulation of inflammatory response and interactions between various vital pathways such as autophagy and inflammasome activation can determine cell fate. Induction of autophagy can help cells to survive an inflammatory insult, whereas unrestricted inflammasome activation can result in inflammatory cell death, such as pyroptosis, which can lead to excessive inflammation. The outcome seems to be cell-specific as it can differ in non-inflammatory and inflammatory cells, as well as between different inflammatory cells such as macrophages, dendritic cells, and neutrophils. The specific conditions that induce NLRP3 inflammasome activation and autophagy can also lead to different outcomes, which signifies adaptable response, that we have yet to completely uncover and understand. In the future, manipulating these pathways could be possible treatment for patients suffering from inflammatory, degenerative, or malignant diseases.
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Cyropyrin-associated periodic syndromes (CAPS) are clinically distinct syndromes that encompass a phenotypic spectrum yet are caused by alterations in the same gene, NLRP3. Many CAPS cases and other NLRP3-autoinflammatory diseases (NLRP3-AIDs) are directly attributed to protein-coding alterations in NLRP3 and the subsequent dysregulation of the NLRP3 inflammasome leading to IL-1β-mediated inflammatory states. Here, we used bioinformatics tools, computational modeling, and computational assessments to explore the proteomic consequences of NLRP3 mutations, which potentially drive NLRP3 inflammasome dysregulation. We analyzed 177 mutations derived from familial cold autoinflammatory syndrome (FCAS), Muckle-Wells Syndrome (MWS), and the non-hereditary chronic infantile neurologic cutaneous and articular syndrome, also known as neonatal-onset multisystem inflammatory disease (CINCA/NOMID), as well as other NLRP3-AIDs. We found an inverse relationship between clinical severity and the severity of predicted structure changes resulting from mutations in NLRP3. Bioinformatics tools and computational modeling revealed that NLRP3 mutations that are predicted to be structurally severely-disruptive localize around the ATP binding pocket and that specific proteo-structural changes to the ATP binding pocket lead to enhanced ATP binding affinity by altering hydrogen-bond and charge interactions. Furthermore, we demonstrated that NLRP3 mutations that are predicted to be structurally mildly- or moderately-disruptive affect protein-protein interactions, such as NLRP3-ASC binding and NLRP3-NLRP3 multimerization, enhancing inflammasome formation and complex stability. Taken together, we provide evidence that proteo-structural mechanisms can explain multiple mechanisms of inflammasome activation in NLRP3-AID.
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Introduction

Inflammasomopathies, types of autoinflammatory diseases, are driven by activation of inflammasomes, leading to IL-1β-mediated conditions with distinct clinical presentations (1–5). Inflammasomes are multiprotein complexes that are assembled in response to various stimuli and responsible for caspase-1-dependent IL-1β activation (6–9). NLRP3 is an inflammasome sensor, whose activation leads to a variety of autoinflammatory diseases (NLRP3-AIDs), including three well-documented periodic fever syndromes: familial cold autoinflammatory syndrome (FCAS), Muckle-Wells syndrome (MWS), and chronic infantile neurologic cutaneous and articular syndrome, also known as neonatal-onset multisystem inflammatory disease (CINCA/NOMID) (10–15). The phenotypic spectrum encompassing these three NLRP3-associated syndromes is collectively known as cyropyrin-associated periodic syndrome (CAPS) (16–19). Among CAPS, FCAS is the mildest phenotype, requiring a trigger such as cold temperature to cause symptom onset, while CINCA/NOMID is the most severe phenotype with onset in neonates, without a need for a trigger and often with neurological consequences (20). While both FCAS and MWS are known heritable conditions with a familial autosomal dominant pattern of inheritance (21, 22), CINCA/NOMID is sporadic and attributed to de novo mutations in NLRP3.

NLRP3 is expressed in an autoinhibited form (23, 24). Only upon stimulation initiated through ATP priming (25), does NLRP3 undergo a conformational change, facilitating the homotypic PYR-PYR domain interactions with ASC (6, 26, 27). Bound together, NLRP3-ASC complexes multimerize and recruit procaspase-1 through homotypic CARD-CARD interactions, which bring procaspase-1 into a conformation that facilitates self-cleavage and activation of its catalytic subunits (28, 29). Ultimately, the activation of the effector protein caspase-1 allows for the swift processing of pro-IL1-β into its active form (9, 28, 30–32). Given its complex regulation and downstream effectors, it is understandable that dysregulated NLRP3 leads to the development of AID such as CAPS. While some studies have shown the direct effects of NLRP3 mutations on increased cytokine production and inflammasome activity in CAPS cases, fewer have investigated the mechanisms of how mutated NLRP3 drives these human diseases (33, 34).

In this study, we performed a systematic review of publications and databases describing NLRP3-AIDs, summarized the clinical and molecular effects of germline NLRP3 mutations, and explored the structural differences that underlie CAPS mutations. The computational modeling of NLRP3 predicted enhanced ATP binding and multimerization as mechanisms of NLRP3 activation in cryopyrin-associated periodic syndromes.



Materials and Methods


Literature Review of NLRP3-AID Mutations

A literature review of NLRP3-AID mutations was performed in PubMed and Google Scholar by querying “NLRP3 mutation” and terms including CAPS, AID, FCAS, MWS, CINCA, NOMID, JIA, RA, and disease. Review papers and databases such as Infevers and Online Mendelian Inheritance in Man (OMIM) were also queried for NLRP3-AID mutations. Information on clinical phenotypes and molecular consequences from disease reports, case studies, and other primary papers were compiled.



Criteria for Classification

FCAS: intermittent fever, cold-induced urticarial papules and plaques lasting minutes to several days with associated arthralgias, conjunctivitis and headaches

MWS: intermittent fever, widespread urticarial papules and plaques lasting 1–2 days with associated abdominal pain, myalgias, arthralgias, conjunctivitis, episcleritis, and sensorineural hearing loss

CINCA/NOMID: intermittent fever, widespread, continuous urticarial papules and plaques with associated arthritis, deforming arthropathy, conjunctivitis, uveitis, blindness, sensorineural hearing loss, aseptic meningitis, seizures often presenting at birth



Structural Bioinformatics Scoring Tools

PolyPhen-2 (35) was used through http://genetics.bwh.harvard.edu/pph2/bgi.shtml, and standard instructions for Batch Query were followed. SIFT (36) and PROVEAN (37, 38) were simultaneously used through http://provean.jcvi.org/protein_batch_submit.php?species=human, and standard instructions for the query were followed. All algorithm inputs utilized the UniProt protein identifier for NLRP3: Q96P20 in addition to the NLRP3 protein FASTA sequence. All results were downloaded in TSV file format or Excel-compatible text format for further analysis.



Combination Scoring System

To obtain a reliable scoring metric for mutation analysis, we generated a combined score from all three bioinformatics algorithms, PolyPhen-2, SIFT, and PROVEAN. To factor out the unknown distribution of these scores, we ranked them from most to least structurally disruptive. For scores that were tied, the highest rank was applied to each tied score.

Next, we combined the scores in a mathematically meaningful way. This can be done by deriving p-values from rank scores since there are well-defined rules for combining p-values. Under the null hypothesis, the ranks are random, so if the maximum rank is rmax, then the likelihood (probability), p, of a given rank, r, is as good or better than it was measured to be is:

	

We used this formula to derive p-values against the null hypothesis for each of the ranks from all three algorithms. Next, we made the simplifying assumptions that 1) the PolyPhen-2 p-values (pPolyPhen-2) are independent of those from SIFT and PROVEAN (pSIFT and pPROVEAN, respectively) since PolyPhen-2 uses a completely different algorithm, 2) pSIFT and pPROVEAN behave as dependent variables because PROVEAN is a slightly modified version of the SIFT algorithm, and 3) pSIFT and pPROVEAN should be equally weighted since we have no evidence that one is more reliable than the other. Assumption 1 implies that the joint p-value combining all three algorithms, which we term pweighted, is the product of pPolyPhen-2 and the combined p-values of SIFT and PROVEAN. Assumptions 2 and 3 imply that the pSIFT and pPROVEAN should be combined by a multiplicative average. The final equation for this joint probability is:

	

Since we did not know the extent to which assumptions 1–3 would hold, we interpreted pweighted as a score rather than a probability. However, we considered that the assumptions were sufficiently correct that pweighted is close to the actual joint p-value against the null hypothesis; therefore, we took pweighted < 0.05 as a significance threshold.

We tested our combined score by scoring rare NLRP3 single-nucleotide variants (minor allele frequency < 0.001) from gnomAD (39) and compared the averages and score distributions of these to our collection of 177 pathogenic NLRP3-AID variants (Supplementary Figure 4).



Statistical Analysis

Differences were analyzed using unpaired Student’s t-test using GraphPad Prism version 8.3.0 (GraphPad Software, San Diego, CA).



NLRP3 Homology Model

As no structural data currently exists for the human NLRP family or any of its orthologs, we generated several structural homology models of human NLRP3 using the MODELLER protocol (40) within the Discovery Studio 2018 suite (Biovia, Inc, San Diego, CA) and by submitting the protein sequence to the ModWeb and I-Tasser (41) protein modeling servers. The resulting top-scoring models were then subjected to explicit solvent-based molecular dynamics (MD) simulations with YASARA v19.4 (YASARA Biosciences, GmbH, Vienna, Austria) utilizing the YASARA2 force field (42–45), which combines the AMBER (ff14SB) force field (46) with self-parameterizing knowledge-based potentials (47), to refine each model as described previously (43). Refinement simulations were run for one nanosecond (ns) with snapshots taken every 25 picoseconds (ps) and assessed using the WHAT_IF and WHAT_CHECK (48, 49) structure validation tools, which compare model characteristics (dihedral angles, residue packing, etc.) to the average values of ~30,000 high-resolution structures in the PDB (www.rcsb.org) (50). The best-refined model was the model that was generated using the ModWeb server with a quality score of -0.69, indicating that the overall characteristics of the NLRP3 homology model are within one standard deviation of the average values for high-resolution protein crystal structures.

The NLRP3 trimer structure was generated by superimposition and molecular overlay of the NLRP3 monomer homology model onto three consecutive monomers of NLRC4 from the cryo-EM structure of the NAIP2-NLRC4 inflammasome complex (PDB ID: 3JBL) using Discovery Studio 2018 (Biovia, Inc, San Diego, CA).



NLRP3 Structural Analysis

Structural analysis was performed using the human NLRP3 PYR crystal structure (3QF2) by Bae and Park (51) and the NLRP3 homology model generated as described above. To elucidate the potential functional ramifications of NLRP3 mutations, we made each mutation individually to the WT structure and subjected the WT and each mutant to explicit solvent-based energy minimization with the AMBER (ff14SB) force field (46) to assess predicted alterations in protein structure and surface characteristics. The predicted effects of the mutations on ATP binding were assessed by docking ADP and ATP into the refined WT and mutant structures using the flexible docking protocol (52) in Discovery Studio 2018 (Biovia, Inc, San Diego, CA), and the binding energies were calculated using the AutoDock VINA (53) module within YASARA v19.4 (YASARA Biosciences, GmbH, Vienna, Austria).

To assess the effects of the PYR mutations, we first performed the MD-based refinements of the WT NMR structures of full-length ASC (PDB ID: 2KN6) (54) and the PYR of NLRP3 (PDB ID: 2NAQ) (55) as described above for the homology modeling of NLRP3. The ZDOCK (56), ZRANK (57), and RDOCK (58) algorithms were employed to predict the binding mode of the NLRP3 PYR at each of the two established interaction interfaces of the PYR of ASC in the assembled inflammasome. We modeled the effects of the NLRP3 mutations located at each of these interfaces, as well as those located at the interface of the middle monomer in the assembled NLRP3 trimer structure, using explicit solvent-based energy minimization as described above.

The predicted binding orientations and intermolecular contacts of ATP, as well as the protein-protein interactions in each NLRP structure, were visualized in 2D and 3D using Discovery Studio 2018 (Biovia, Inc., San Diego, CA).




Results


NLRP3-AID Mutations Are Localized Diversely Within the Coding Sequence

We retrieved reports of NLRP3-AIDs and compiled a comprehensive list of germline and somatic mosaic mutations in NLRP3 in Table 1. The mutations are listed by disease phenotype and detail the genetic changes reported for each proteomic change alongside references. In many reports of germline NLRP3 mutations, the amino acid positions are mismatched to the canonical amino acid positions reported in the US National Library of Medicine NCBI and Ensembl as a result of the protein sequence being counted from the second methionine (M3) instead of M1 due to better alignment of the Kozak consensus sequence with the M3 (59, 128). All mutations in our study have been updated to match the NCBI NLRP3 canonical protein sequence and are counted from M1.


Table 1 | Literature Review of NLRP3 Germline Mutations.




NLRP3 is composed of an N’-terminal pyrin (PYR) domain, NAIP CIITA HET-E TEP1 (NACHT) domain, and C-terminal leucine-rich repeat (LRR) domains. The PYR domain is responsible for homotypic PYR-PYR interactions with the inflammasome adaptor protein apoptosis speck-like protein containing a CARD (ASC). The NACHT domain senses stimuli through the nucleotide-binding domain (NBD) and is regulated by its regulatory helical 1 (HD1), winged-helix domain (WHD), and helical 2 (HD2) subdomains in addition to the LRR domain, limiting NACHT domain access in the protein’s inactive conformation (129–135). Exon 3 of NLRP3 encodes for its NACHT domain and is known to harbor many mutations associated with both CAPS and non-CAPS NLRP3-AIDs.

To understand the distribution of disease-specific mutations in NLRP3, we plotted all 177 mutations (Figures 1A–D and Supplementary Figure 1) and analyzed the proportion of mutations between all NLRP3-AIDs (Figure 1E). We confirmed the high frequency of mutation, 83% (147/177 mutations), in NACHT (Figure 1A) (136, 137). In all three CAPS, we found two shared mutational hotspots: the first between the Walker A and Walker B motifs from Cys261 and Thr268, and the second within the WHD between Asn479 to Glu527 (hotspots 1 and 2, Figures 1B–D). We identified a third mutational hotspot between Asp305 and Phe311 in CINCA/NOMID (hotspot 3, Figure 1D). Among the three CAPS, FCAS mutations exclusively occur within the NACHT domain, while MWS and CINCA/NOMID both have mutations occurring within the LRR domain, and MWS also has mutations in PYR (Figure 1E). All CAPS NLRP3-AIDs had roughly the same proportion of mutations in the NBD and HD2 subdomains. However, they differed in the WHD subdomain: FCAS and MWS, which are the hereditary and milder CAPS, have a higher proportion of mutations within the WHD subdomain than CINCA/NOMID.




Figure 1 | NLRP3 Germline Mutant Protein Maps. (A) Schematic representation of NLRP3 mutation proteomic locations known to cause or be associated with cyropyrin-associated periodic syndromes (CAPS) inflammasomopathies [familial cold autoinflammatory syndrome (FCAS), Muckle-Wells Syndrome (MWS), and chronic infantile neurologic cutaneous and articular syndrome, also known as neonatal-onset multisystem inflammatory disease (CINCA/NOMID)], and other NLRP3-AID. Annotated at each mutated position is the specific amino acid substitution with notation for the diseases associated with the respective substitution corresponding with the color-coded legend in the top-right corner of the panel. Representative proteomic locations of NLRP3 mutations reported in (B) FCAS, (C) MWS, and (D) CINCA/NOMID. (E) The proportion of reported mutations for NLRP3-AID and other NLRP3-mutant conditions color-coded in the legend below the graph. NAIP CIITA HET-E TEP1 (NACHT) domain inset annotations: WA, Walker A motif; WB, Walker B motif; S1, Sensor 1 motif; S2, Sensor 2 motif; GxP, GxP motif.



Consistent with other studies (136–138), somatic mosaic mutations occur mostly in the NBD and HD2 subdomains (Figure 1E). We confirmed two previously-reported mutational hotspots in the NBD subdomain between Gly303 to Gly309 and within the HD2 domain (136) and identified a third mutational hotspot that straddles the HD1 and WHD subdomains (boxed areas, Supplementary Figure 1A). Due to fewer non-CAPS NLRP3-AID reports, we were unable to determine whether these NLRP3-AIDs had unique mutational hotspots or domain mutational enrichments of significance (Supplementary Figures 1B–E).

These data reveal similarities in domain mutation enrichments in all three CAPS, which cannot explain the phenotypic spectrum of CAPS. Therefore, we have decided to investigate other factors that can affect functional changes derived from NLRP3 mutations.



Bioinformatics Tools Reveal Inverse Relationship Between Clinical Severity and Structurally Disruptive Potential

The mutations we compiled from the literature lead to a broad range of clinical phenotypes and varying degrees of dysregulation of inflammasome activity, including increased IL-1β cytokine production and decreased monocyte sensitivity to inflammasome-activating triggers such as lipopolysaccharides as observed in CAPS patients (64). Because many of these mutations were reported in the monogenic conditions and considered causative, we speculated that the mutation-related structural changes could alter protein functions and inflammasome activity. While the patterns of mutational lesions have been described (137), no proteomic analyses to date have demonstrated the mechanisms of NACHT domain-driven inflammation or compare each of the CAPS mutations structurally. Multiple distinct factors alter protein function, and specifically for monogenic diseases such as NLRP3-AIDs, these factors include the type of amino acid substitution encoded by genetic changes and where these mutations are located on the protein.

To decipher the differences between CAPS mutations, we used three structural bioinformatics tools: PolyPhen-2 (35), PROVEAN (37, 38), and SIFT (36) to generate functional predictions, i.e., potential to disrupt the structure and function of NLRP3, of all reported mutations. Each tool uses metrics such as sequence homology, sequence length, type of substitution, phylogenetic comparison, structure data, and machine learning in differing combinations to generate tool-specific scores and functional predictions. These tools have occasionally been used in case studies that compare a few mutations at once, but not in conjunction with each other, nor in a large comparative study (83, 139, 140). We combined the scores from these tools to have a reliable scoring metric for mutational analysis, since each utilizes algorithm-specific scoring thresholding parameters. The original outputs of the tools are listed in Supplementary Table 1. We ranked all 177 mutations by their combinatorial “p-weighted” scores (details in Materials and Methods). The lower (or more negative if in the log) values for p-weighted scores correspond to more structurally disruptive potential. All combinatorial scores p < 0.05 are shown in Table 2. All other combinatorial scores are listed in Supplementary Table 2.


Table 2 | Ranked Combinatorial Scores for NLRP3 Mutants with pw <0.05.



As observed in other studies (136, 141), we found that mutations with the lowest p-weighted scores (log(pw) < −2, corresponding to pw < 0.01), which are expected to be the most severely-disruptive to NLRP3 structure and function, occur in the NACHT domain between Glu250 and Arg550 with a mutational hotspot including the Arg262 site (Figure 2A). Arg262 is the most cited mutation site (17, 59–61, 64, 66, 69, 93, 96, 136), is shared between all CAPS, and has a wide variance of reported substitutions. The Leu266 and Asp305 sites in this mutational range also have numerous citations (5, 16, 17, 34, 62, 64, 66, 68–71, 76, 90, 93, 97, 108, 142). In contrast, moderately-disruptive mutations (−2 < log(pw) < −1.3, corresponding to 0.01 < pw < 0.05) occur not only in the NACHT domain but also in the PYR domain (between Met1 and Arg100) and the LRR domain (between Arg550 and Leu800). Additionally, we observed that most of the mutations we assessed were predicted to have modest changes to the protein structure, which may be in part due to the multimeric nature of the functional NLRP3 inflammasome complex, as the effect of modest changes to the monomer NLRP3 would be multiplied when the multimeric complex is formed. These results demonstrate that severely-disruptive mutations occur within the NACHT domain, whereas moderately-disruptive ones occur in all NLRP3 domains.




Figure 2 | (A) Distribution of NLRP3 mutation pw scores across amino acid positions. (B) Disease-specific mutations scores. Statistical significance was determined against FCAS by t-test. (C) The proportion of reported mutations for NLRP3-AID and other NLRP3-mutant conditions per pw score. (D) Non-overlapping disease-specific mutation scores. (E) The proportion of unique mutations for NLRP3-AID and NLRP3-mutant conditions per pw score. (F) The proportion of unique CINCA/NOMID and FCAS mutations across the NLRP3 domains per clinical severity (mild – dotted; moderate – striped; severe – solid). Statistical significance was determined against FCAS by t-test. ns, not significant; *p < 0.5, **p < 0.01, ***p < 0.001.



To determine whether there is any relationship between the mutations’ disruptive potential and clinical severity, we compared the score distributions of each NLRP3-AID. We found that the FCAS had a more negative (i.e., lower) p-weighted score distribution, and therefore was predicted to have more severely-disruptive mutations than most other NLRP3-AIDs, including undefined CAPS, CINCA/NOMID, undefined NLRP3-AID, other and unknown NLRP3-AID, and mosaic NLRP3-AID (Figure 2B). Further, when the proportion of disruptive mutations was examined in all NLRP3-AID, FCAS had the highest proportion of severely-disruptive mutations (log(pw) < –2) (black bars, Figure 2C).

It is tempting to assume that the mutations predicted to be severely-disruptive would correlate with disease severity. However, our data suggest that there may be an inverse relationship between disruptive potential and disease severity. We speculated that large structural changes, such as a large deletion, could lead to non-functional or degraded proteins, whereas the effect of modest changes to the functional NLRP3 proteins would be multiplied when the proteins form the multimeric complex. Alternatively, our observations could be due to overlap between FCAS and a more severe clinical phenotype such as CINCA/NOMID or the mosaic NLRP3-AIDs, since many mutations are reported in more than one NLRP3-AID.

To address the latter speculation, we reassessed the data using only mutations unique to each condition. We found that the enrichment of structurally-disruptive mutations in FCAS versus CINCA/NOMID remained (Figure 2D). Further, FCAS retained the highest proportion of moderately-disruptive mutations among CAPS NLRP3-AIDs and still had more severely-disruptive mutations compared to CINCA/NOMID (Figure 2E), suggesting an inverse relationship between disruptive potential and disease severity. Further analysis revealed that severely-disruptive and moderately-disruptive mutations of FCAS were enriched in the NBD and HD2 subdomains of NACHT (solid and striped blue bars, respectively, Figure 2F). In contrast, for CINCA/NOMID, the severely-disruptive mutations were enriched in the WHD while the moderately-disruptive mutations were distributed relatively evenly across all NACHT domains (solid and striped red bars, respectively, Figure 2F).

Together, our analysis of NLRP3-AID mutations demonstrates a surprising inverse relationship between clinical severity and structurally disruptive mutations. We speculated that, for mildly- and moderately-disruptive mutations to correlate with more severe clinical outcomes, there might be biological consequences that our initial analysis of structural changes to NLRP3 was unable to identify. Thus, we decided to investigate severely-disruptive mutations, which have a clear structural impact, to explore their potential mechanisms to alter the normal function of NLRP3.



Severely-Disruptive NLRP3 Mutations Localize Around ATP Binding Pocket and Alter ATP Binding Affinity

Of the myriad mechanisms regulating the formation of NLRP3 inflammasome (20, 25, 132, 143–149), two critical features are priming and oligomerization. The stimulation-induced ATP priming step activates NLRP3 and helps facilitate conformational changes that mediate adaptor binding (25, 55, 148), whereas oligomerization involves both ASC docking and NLRP3-NLRP3 multimerization (6, 26, 27). Therefore, we explored whether severely-disruptive mutations of FCAS and other CAPS mutations affect these critical molecular mechanisms of NLRP3 activation. To understand their functional consequences, we studied the locations of these mutations in NLRP3 protein.

The cryo-EM structure of NLRP3 has been recently deciphered; however, its relatively low resolution and co-expression with the adaptor protein NEK7 may skew the interpretation of how our mutations affect protein function (132). In order to confidently perform further structural analyses, we generated several structural homology models of human NLRP3 using an established protocol (40) and submitted the protein FASTA to protein modeling servers (41). The top-scoring models were subjected to explicit solvent-based MD simulations (42–45) for refinement (46, 47) and stringent assessment with structure validation tools (48–50), resulting in a refined homology model of quality within one standard deviation of the average values for high-resolution protein crystal structures (further details in the Materials and Methods).

To examine where the mutations occur and interrogate their biochemical consequences, we plotted all germline mutations onto our refined homology model of NLRP3. We observed a high density of the mutations in and around the NACHT domain (Supplementary Figure 2). Nearly 45% of severely-disruptive mutations occur buried within the NBD domain, located explicitly around the ATP binding pocket, while most moderately-disruptive mutations occur along the periphery of the NBD domain instead (Figures 3A, B; boxes highlight the NACHT domain and ATP binding pocket). We found that, while these severely-damaging mutations are distributed within separate subdomains, they are indeed close to one another within the ATP binding pocket. These mutations include Cys261, Arg262, and Asp305 within the NBD subdomain, Trp416 within the WHD subdomain, and Phe525 and Glu527 within the WHD subdomain (Figure 3A, dashed box).




Figure 3 | Structurally Disruptive Mutation Sites. Representative locations of (A) severely-disruptive mutations (pw < 0.01; boxes highlight NAIP CIITA HET-E TEP1 (NACHT) domain [solid line] and ATP binding site [dashed line]; inset shows enlarged ATP binding site with labeled mutation sites), (B) moderately-disruptive mutations (0.01 < pw < 0.05), and (C) mildly-disruptive mutations (pw > 0.05) mapped on our NLRP3 homology model, which excludes mutations in the PYR domain and beyond Leu943. (D) All germline mutations in PYR mapped on the NLRP3 PYR crystal structure. Severely-disruptive mutations in deep blue, moderately-disruptive mutations in pale blue, mildly-disruptive mutations in cyan spheres.



Since the severely-disruptive mutations are located in the ATP binding pocket (Figure 3 and Table 2), we quantified the mutations on relative ATP binding affinity using small-molecule docking calculations of both ADP and ATP. We analyzed the wild-type (WT) and the top 10 ranked mutations with the lowest p-weighted score, predicted to be structurally severely-disruptive and moderately-disruptive to the protein, and calculated their respective binding energies and the ΔΔG between ATP and ADP. The results are summarized in Table 3. While none of the mutations substantively altered the binding affinity for ADP, the majority of the mutations predicted to be disruptive to the protein exhibited an enhanced ATP binding affinity, reflected in lower ΔΔG values.


Table 3 | ADP, ATP, and ddG Energies for NLRP3 Mutants.



We note that this computational modeling has the limitation of being derived from a homology model, and the extent to which the ATP binding enhancement occurs may be different when tested in the laboratory. Nonetheless, our data suggest that one mechanism of the severely-disruptive mutations is via enhanced ATP binding affinity, resulting in a greater propensity of these mutants for NLRP3 activation. The data also suggest that the structural bioinformatics tools highlight differences in protein-intrinsic function, such as regulation of NLRP3 activation by ATP priming.



CAPS Mutations Differentially Enhance ATP Binding by Altering Hydrogen-Bond and Charge Interactions

Next, to understand how ATP priming is facilitated, we analyzed the ATP binding pocket of WT NLRP3 and the top three most structurally disruptive mutations: R262W, C261W, and E527V, which are also the most prevalent in CAPS (Figure 4). ATP is demarcated by dotted lines in the 2D panels (Figure 4, left panels): purple dotted lines surround adenosine, and orange dotted lines surround the triphosphate. In the 3D panels of Figure 4 (right panels), ATP is the stick model with the yellow label, while NLRP3 is in the ribbon model.




Figure 4 | 2D and 3D Interaction Plots of Mutations Affecting ATP Binding. (A, B) 2D and 3D Interaction Plots of wild-type) (WT) NLRP3 and the R262W mutant. (C, D) 2D and 3D interaction plots of chronic infantile neurologic cutaneous and articular syndrome, also known as neonatal-onset multisystem inflammatory disease (CINCA/NOMID)-specific E527V mutant and familial cold autoinflammatory syndrome (FCAS)-specific C261W mutant. ATP is demarcated by purple and orange dotted lines in the 2D panel (left panels). In the 3D panels (right panels), ATP is shown in a stick model with the yellow label, while NLRP3 is shown as a ribbon model.



Within the binding pocket of the WT NBD (Figure 4A), ATP is stabilized by the interactions with Leu232 and His522 (orange circles and arrows in the 2D and 3D panels, respectively). H-bonds (green dashed lines) from Ile234, Ile230, Gly231 (out of plane), Gly229, and Thr233 also stabilize ATP on the triphosphate (green circles and circle-ended lines in the 2D and 3D panels, respectively). Furthermore, adenosine is stabilized by H-bonds with the surrounding residues Lys192, Lys194, and Glu182 (dashed green circles and square-ended lines in the 2D and 3D panels, respectively), and hydrophobic interactions (pink dashed lines) with Pro412 (pink circle and double arrow in the 2D and 3D panels, respectively).

We compared the models between WT NLRP3 and that of R262W (Figure 4B). The R262W mutation shifts the triphosphate- and adenosine-stabilizing interactions to enhance ATP binding. Due to the loss of positive charge and bulky substitution of tryptophan in the R262W mutation, the site no longer participates in the direct interactions with ATP within the binding pocket (R262W is beyond the plane of view). For the triphosphate, an additional attractive interaction (marked by an asterisk in the 2D panel) occurs on the first phosphate group from His522 (orange circle and arrow in the 2D and 3D panels, respectively). For the adenosine, Gln185 (green circle and square-ended line in the 2D and 3D panels, respectively) now H-bonds (green dashed lines) with adenine ring, and the pi-stacking interaction (orange dashed lines) with Lys194 (yellow circle and double arrow in the 2D and 3D panels, respectively) is stronger and more prominent than in the WT, resulting in more favorable binding with ATP.

Together, the modeling of R262W revealed that the substitution of tryptophan in the 262 site likely replaced a positive charge with an uncharged and bulky amino acid, changing the interactions between ATP and the ATP pocket to more favorable and attractive interactions between ATP and other amino acids, including histidine, glutamine, and lysine. These favorable bindings with ATP, together with higher baseline levels of autocrine ATP observed from CAPS monocytes, may explain why there is more activation of the NLRP3 inflammasome and IL-1β secretion in CAPS patients (20).

We then explored the impact of the second and third most structurally disruptive mutations identified in our bioinformatics analyses: E527V and C261W (Figures 4C, D). Incidentally, these mutations are specific to CINCA/NOMID and FCAS, respectively. In the WT structure, Glu527 is involved in a salt bridge with Arg351, while Cys261 does not directly interact with ATP (all three sites are outside of the plane of view in Figure 4A). The E527V mutation abrogates the aforementioned ionic interaction: the Glu527-Arg351 salt bridge, and alters the positioning of Arg351 to farther into the ATP binding site where it interacts with terminal phosphate of ATP directly, thus enhancing binding (Figure 4C). Similarly, the C261W mutation alters the binding pocket as it adds two hydrogen bond interactions with Gln185 and decreases the intermolecular distance between the terminal phosphate and the basic residues in this region of the binding site (Figure 4D).

Similar to the computational modeling of R262W, the study of the second and third most structurally disruptive mutations, E527V and C261W, revealed that substitutions at these sites likely altered the ATP binding pocket interactions such that ATP more favorably interacts with Arginine (for E527V) and glutamine (for C261W). Further laboratory study is needed to verify how these three mutations affect ATP binding.

Next, we extended our examination of ATP binding enhancement through adding or shifting stabilizing interactions to a group of 10 FCAS-specific and 40 CINCA/NOMID-specific mutations in an attempt to determine whether either group exhibited greater dependency on enhanced ATP binding or other potential biochemical mechanisms to enhance NLRP3 activation. Our observations are summarized in Supplementary Table 3. Among 10 FCAS-specific mutations, three (C261W, L307P, and G303D) showed differences in ATP binding affinity compared to WT (ΔΔG column, Supplementary Table 3). Two FCAS mutations in proximity to the ATP binding site, L307P and G303D (both are out of the plane in Supplementary Figures 3A, B), had a much stronger effect on ATP binding than C261W, and resulted in repositioning to move the residue further into the ATP site and directly interacting with the terminal phosphate of ATP, suggesting that all three among 10 FCAS-specific mutations enhance ATP binding.

On the other hand, four (E527V, D305G, E306K, and R262Q) out of 40 CINCA/NOMID-specific mutations had differences in ATP binding affinity compared to WT (ΔΔG column, Supplementary Table 3). E306K exhibits enhanced ATP binding affinity (Supplementary Figure 3C). However, unlike the other ATP affinity-enhancing mutations, E306K is shifted into the pocket to directly interact with ATP’s terminal phosphate (marked with a black asterisk), doubly enhancing ATP’s binding affinity (Supplementary Table 3). E306K also strengthens the pi-stacking interaction with Lys194 (yellow circle), repositions Arg262 to stabilize the terminal phosphate (orange circle marked with red arrow), and shuffles the H-bonds on both the adenosine ring and the triphosphate compared to WT (green dashed lines and green asterisks). However, CINCA/NOMID-specific D305G and R262Q do not appear to significantly affect ATP vs ADP binding affinity (Supplementary Table 3), demonstrating that only two among the 40 CINCA/NOMID-specific mutations enhance ATP binding.

Overall, the computational modeling of NLRP3 predicts enhanced ATP binding as a mechanism of NLRP3 activation in CAPS, indicating that enhanced ATP binding and increased susceptibility to activation may be one of the primary drivers. While some findings suggest that the FCAS mutants are more likely to enhance ATP binding affinity to a higher degree than mutations specific to CINCA/NOMID, further study is necessary to verify this observation experimentally.



CAPS Mutations Enhance NLRP3-ASC Binding and NLRP3 Multimerization

Based on the bioinformatics tools, the PYR domain mutations are predicted to be either moderately- or mildly-disruptive, but the bioinformatics tools do not integrate protein-protein interaction disruption into their algorithms. The inter-protein interactions that stabilize inflammasome formation and activity may be significantly affected by the mutations, which yet remain unexplored.

We hypothesized that PYR mutations might potentially enhance NLRP3-ASC binding and facilitate inflammasome formation. We identified nine PYR mutations to evaluate: D31V and V72M from MWS (Figure 1C); H51R and A77V from undefined CAPS (Supplementary Figure 1B); D90Y, R100G and R100H in undefined NLRP3-AID (Supplementary Figure 1C); and D21H and M70T from other NLRP3-AID (Supplementary Figure 1E). As of this writing, these mutations have not been characterized for NLRP3 oligomerization. We performed two computational modeling analyses and examined mutations that might possibly affect NLRP3-ASC binding to explore their potential mechanisms.

The NLRP3 inflammasome adaptor ASC is bipartite, having an N’-terminal PYR and C’-terminal CARD. ASC binds the PYR domain of NLRP3 through a homotypic domain interaction (55, 148, 150) and the inflammasome effector CASP1 through another homotypic interaction via its CARD domain. We performed protein-protein docking studies to examine the interactions between the PYR domains of NLRP3 and ASC. The domains associate across two different interfaces of ASC, one involving helices 1 and 4 (type Ia interface; Figure 5A, top) and the other involving helices 2 and 3 (type Ib interface; Figure 5A, bottom) (150). Our results with WT NLRP3 are in good agreement with those previously reported (55).




Figure 5 | Protein-Protein Affecting Mutations. (A) Predicted interaction between the pyrin domains of NLRP3 (cyan) and ASC (orange) at either the Type Ia or Type Ib interfaces. (B) The trimer of NLRP3 monomers (orange, cyan, and purple) with the predicted intermolecular interactions between the wild-type (WT) (Leu266) or the two identified mutations (L266H and L266R).



Of the nine mutations reported in the PYR domain, we found four mutations are present at one of these two interfaces with the potential to directly affect the intermolecular interactions: H51R, M70T, V72M, and A77V. However, only the H51R mutation was predicted to alter the interaction pattern, which introduced a salt-bridge interaction between Arg51 on NLRP3 with Asp6 on ASC (Figure 5A top-right), resulting in an enhanced binding between PYRs by 2.8 kcal/mol. The rest of the tested mutations had no direct effect on the interactions, and due to the limitations of the NMR structure (55), we did not model the R100G or R100H mutations. While laboratory experiments are needed to verify enhanced binding, among the four mutations occurring at the NLRP3-ASC interaction surface, our study revealed that only H51R was predicted to result in enhanced binding between the PYR domains of both proteins.

We then hypothesized that some mutations in the NACHT domain could affect NLRP3-NLRP3 multimerization, which is also vital for inflammasome formation. Therefore, in addition to the extended examination for changes to ATP binding potential for the group of FCAS-specific and CINCA/NOMID-specific mutants, we evaluated whether these mutations would affect NLRP3-NLRP3 binding (Evaluation Notes column, Supplementary Table 3). The NLRP3 inflammasome is believed to form a similar structure to the NLRC4-NAIP2 inflammasome (151), which was resolved as an 11-mer (1 NAIP2:10 NLRC4 monomers) complex experimentally. Thus, mutations that energetically affect NLRP3-NLRP3 oligomerization would be magnified 10-fold and could profoundly affect inflammasome formation and activity.

To examine which mutations are located at the interaction interface between NLRP3 monomers in the assembled inflammasome complex, we generated a trimeric NLRP structure based on that of the NAIP2-NLRC4 inflammasome complex (Figure 5B) (151). We found that two mutations unique to CINCA/NOMID at position 266 (L266H and L266R) are located at the interaction interface. In both cases, each mutant induced the formation of two additional salt bridges with Asp321 and Glu326 of the neighboring monomer (Figure 5B insets). We found that these interactions enhanced the monomers’ binding affinity by 3.4 and 4.2 kcal/mol for the L266H and L266R mutants, respectively. An inflammasome complex containing ten mutants would therefore exhibit a substantial gain in total interaction energy of 34 and 42 kcal/mol, respectively, that would also translate to the greater overall stability of the oligomeric complex versus one containing only WT monomers.

Altogether, the computational modeling of NLRP3 identified enhanced inflammasome formation and complex stability as a mechanism of NLRP3 activation in CAPS. Further study is necessary to verify this observation experimentally.




Discussion

Though NLRP3 is the common denominator of all NLRP3-AIDs, the differences in clinical manifestations and disease onset distinguish them from each other. We identified both mutational hotspots and unique regions where disease-specific mutations occur. CAPS generally report mutations in similar regions of the NACHT domain, while non-CAPS have no apparent pattern. Among CAPS, FCAS mutations exclusively occur within the NACHT domain, MWS uniquely has mutations within the PYR domain while FCAS and CINCA/NOMID do not, and the mutational hotspot between Asp305 and Pro317 seems unique to CINCA/NOMID. By modeling and comparing sets of FCAS-specific and CINCA/NOMID-specific mutations, we found that enhanced ATP binding might be a primary driver toward an enhanced priming state. We also found mutation-enhanced protein-protein interactions as another mechanism to enhance inflammasome formation and complex stability.

Using bioinformatics tools and computational modeling, we demonstrated that disruptive mutations are enriched in the NACHT domain, specifically within the ATP binding pocket, whereas moderately-disruptive mutations are localized outside of the ATP binding pocket. We confirmed that mutations farther away from the ATP binding pocket, even within the NBD, had little bearing on nucleotide (ATP/ADP) binding affinity. Notably, our analysis revealed an inverse relationship between clinical severity and predicted mutation severity: the clinically severe phenotype, CINCA/NOMID, was attributed mostly to moderately-disruptive mutations while the clinically mild phenotype, FCAS, was attributed mostly to severely-disruptive mutations. The severely-disruptive mutations of FCAS were enriched in the NBD and HD2 subdomains. Although they were at opposite ends of NACHT, our computational modeling shows that they were indeed close to one another within the ATP binding pocket and played an essential regulatory role in controlling ATP binding and access to the binding pocket. On the other hand, severely-disruptive mutations in CINCA/NOMID were enriched in the WHD subdomain, whose histidine residues interact mostly with the phosphates of nucleotide substrates such as ATP and whose structure is thought to impose specific conformation on the neighboring HD2 domain to lock NLRP3 in an inactive state (152). Although the inverse relationship statistically stands out, we expect that complex biology drives it, which may not be exclusively explained by mutation-induced structural changes. Our data examining R262W is an excellent example of this complexity, where the same mutation is responsible for causing each distinct CAPS phenotype; therefore, there must be more factors affecting the clinical phenotypes.

Notable modern scoring tools such as Functional Analysis through Hidden Markov Models (FATHMM) (153) and Combined Annotation-Dependent Depletion (CADD) (154) have not been used in case reports or databases mined for variants included in this study. However, the reliability and track record of these tools makes them appealing to use in addition to our combined scoring system. Therefore, as a comparison, we first used FATHMM to score all 177 mutations (Supplementary Table 4). We compared the 29 variants from Table 2 and the top 29 variants ranked by their FATHMM score and found 8/29 shared hits: E527V, D305A, F525C, E527K, D305G, L634F, D305H, and M661K. In contrast to the top three variants selected by our method, R262W, E527V, and C261W, the top three variants selected by FATHMM were F525C/Y/L, indicating more structural and functional impacts all occur at the Phe525 site. These three and the following variants R490K, G571R, I521T, E569A, E569K, G571A, and T544M comprise the top ten FATHMM selected structurally-disruptive mutations and are located peripherally to the ATP binding site within the WHD and HD2 domains. While experimentally unconfirmed, it appears that the FATHMM scores highlight the regulatory WHD and HD2 domains preferentially over mutations directly affecting the ATP binding pocket.

Next, we used CADD. Due to the CADD’s specific formatting requirement, limitations to our gathered variant information, and mismatch of the genetic information encoding many of these NLRP3 proteomic variants, we only analyzed the 46 mutations we could obtain from gnomAD (39) (Supplementary Table 4). The PHRED CADD scores were normalized to ~9 billion SNVs, and variants scoring 20 or greater indicate that the Raw CADD score was in the top 1%, giving us confidence that these are likely disruptive mutations (154). The top eight mutants with a PHRED CADD score above 20 were T954M, D21H, M70T, R779C, E380K, E607V, and E327W and R605G. The top two mutations, T954M and D21H, were included in Table 2. In contrast to FATHMM and our combined scoring system, there does not seem to be a domain or subdomain preference highlighted by CADD. Unfortunately, the T954M variant is outside of our homology model’s limits and may affect either the oligomerization of the protein or the autoinhibition exerted by the LRR domain. The two PYR mutations D21H and M70T were examined in Section 4.5. In addition to scoring the remaining 131 variants that we could not score using CADD, experiments are needed to confirm any of the predictions examined using these algorithms.

NLRP3 function has been tied to cAMP, levels of reactive oxygen species (ROS), and redox states, among others, and we understand that mutations in NLRP3 can affect these functions (20, 34, 146, 155). For example, one study determined that the NBD of NLRP3 mediates cAMP binding and that the binding affinity of WT NLRP3 for cAMP was substantially higher than that of CAPS mutants D305N, A354V, and F525C (146). As an inactivator of the NLRP3 inflammasome, changes in cAMP levels or cAMP binding affinity may underscore the difference in activation threshold between CAPS mutant variants of NLRP3 and WT. Another found that the monocytes of a MWS patient carrying the R262W mutant produced the highest amounts of secreted IL-1β with the fastest secretion kinetics compared to both healthy donor monocytes and even CINCA/NOMID monocytes (20). Correspondingly, higher baseline levels of ROS were present in the MWS patient monocytes as well. One more study compared the redox states between two related patients, a father and a daughter, carrying the T350M mutation presenting with MWS and MWS/CINCA overlap, respectively. The redox states were correlated with disease severity, and MWS/CINCA overlap monocytes had higher IL-1β secretion, lower activation threshold, higher levels of ATP secretion, and more impaired antioxidant response than the MWS monocytes (155). While their results seem contradictory to the correlation we observe, the T350M mutation had mixed results when evaluated bioinformatically (Supplementary Table 1), similar to the mixed biological differences found in the previous study. Further cases testing for redox states and responses between nonoverlap CAPS are needed to correlate altered redox states with disease severity definitively. Beyond comparing the two related patients, their study also found that the production of IL-1Rα, which inactivates the IL-1β-driven inflammatory response, is impaired in CAPS (155). These studies show CAPS monocytes exhibit not only higher baseline ROS, ATP release, and IL-1β secretion but also a lower activation threshold resulting in faster IL-1β secretion kinetics in response to lipopolysaccharide stimulation concurrent with a depressed oxidative response compared to WT monocytes (20, 34, 155). Thus, molecular experiments are necessary to definitively determine why we observed more structurally disruptive mutations in the least clinically severe CAPS and, conversely, why we observed less structurally disruptive mutations in the most clinically severe CAPS.

Given that the mutation is a dominant condition, the inflammasome complexes could consist of a heterogeneous population of WT and mutant monomers. Because residue L266 is located on the periphery of the NLRP3 protein, it makes no intramolecular contacts with other residues in either the WT or mutant state. Therefore, the mutations did not affect the protein region containing D321 and E326 (Figure 5B insets, a comparison of three structures), and the neighboring monomer’s interaction interface was identical, no matter whether L266 was a mutant or WT. When an inflammasome complex contains a mixed population of monomers, the total gain in binding affinity and complex stability would be the gain of each monomer pair multiplied by the number of mutant monomers in the complex.

While protein-protein interactions between ASC-NLRP3 and NLRP3-multimers are essential for forming large complexes such as the inflammasome, the scores for mutations using our structural bioinformatics tools were either moderately-disruptive or mildly-disruptive and did not concur with the impact of enhanced binding affinity we observed when multiplied by the number of expected monomers in the fully constituted inflammasome complex. This may be explained by differences in the mutant monomers’ expression and the potential heterogeneity of the various inflammasome complexes to the number of mutant NLRP3 monomers contained therein. Our results certainly justify a further review of additional activation mechanisms for complexes such as the inflammasome.

The modeling studies described here are not intended to serve as a comprehensive description of each mutation’s mechanism but rather to examine the effects of selected mutations located in critical regions of NLPR3 and tease apart the potential mechanism(s) playing a role in disease. The findings support the hypothesis that some of the mutations may result in enhanced activity or a greater propensity to activate inflammasome formation. However, this does not preclude additional mechanisms or additional indirect effects of the other mutations responsible for the observed clinical phenotypes. For example, mutations in the hinge region or LRR may result in loss of regulatory inhibition or constitutive activation of NLRP3. Future studies will delve further into the molecular mechanics of additional mutations not described here.

While only two of the PYR mutations we identified were from MWS, the remaining PYR mutants from undefined CAPS and undefined NLRP3-AID may either be undiagnosed MWS or share clinical manifestations with MWS. If true, the mutation-enhanced NLRP3-ASC interactions may be specific to MWS or MWS-like cases. So far, our analysis only identified mutation-enhanced NLRP3-NLRP3 interactions in two CINCA/NOMID mutations, but more mutants may enhance these interactions under dynamic conditions. Additional studies are necessary to evaluate this possibility. Further, these mechanisms may be specific to CAPS, given some evidence that JIA and non-CAPS NLRP3-AID do not exhibit similar redox remodeling as CAPS (20). To that end, other non-CAPS AID such as Bechet’s and PFAPA may have unique remodeling, and thus further study is needed to clarify which mechanisms differentiate not only CAPS but each NLRP3-AID.

In summary, in the current paper, we identified structurally stabilizing interactions of NLRP3, which enhance ATP binding and are likely to lower the activation threshold for inflammasome formation and activity observed in CAPS. Another potential mechanism we identified in CAPS pathogenesis is enhancing various protein-protein interactions between NLRP3 oligomers or between NLRP3 and ASC in the assembled inflammasome complex. These enhanced interactions can favor the formation and/or stability of the complex as a whole and may ultimately result in a greater propensity for inflammasome activation. Although our modeling efforts did not identify a functional role for all of the identified mutations, it is possible that under dynamic conditions, these mutations may have an indirect effect of the protein structure that likewise results in gain-of-function or impaired negative regulation of the inflammasome. Further MD studies are necessary to parse out the structural and functional implications of the other mutations not assessed in the current study, particularly those localized to the hinge and LRR domains, and will be a focus of future research efforts.
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Gallic acid is an active phenolic acid widely distributed in plants, and there is compelling evidence to prove its anti-inflammatory effects. NLRP3 inflammasome dysregulation is closely linked to many inflammatory diseases. However, how gallic acid affects the NLRP3 inflammasome remains unclear. Therefore, in the present study, we investigated the mechanisms underlying the effects of gallic acid on the NLRP3 inflammasome and pyroptosis, as well as its effect on gouty arthritis in mice. The results showed that gallic acid inhibited lactate dehydrogenase (LDH) release and pyroptosis in lipopolysaccharide (LPS)-primed and ATP-, nigericin-, or monosodium urate (MSU) crystal-stimulated macrophages. Additionally, gallic acid blocked NLRP3 inflammasome activation and inhibited the subsequent activation of caspase-1 and secretion of IL-1β. Gallic acid exerted its inhibitory effect by blocking NLRP3-NEK7 interaction and ASC oligomerization, thereby limiting inflammasome assembly. Moreover, gallic acid promoted the expression of nuclear factor E2-related factor 2 (Nrf2) and reduced the production of mitochondrial ROS (mtROS). Importantly, the inhibitory effect of gallic acid could be reversed by treatment with the Nrf2 inhibitor ML385. NRF2 siRNA also abolished the inhibitory effect of gallic acid on IL-1β secretion. The results further showed that gallic acid could mitigate MSU-induced joint swelling and inhibit IL-1β and caspase 1 (p20) production in mice. Moreover, gallic acid could moderate MSU-induced macrophages and neutrophils migration into joint synovitis. In summary, we found that gallic acid suppresses ROS generation, thereby limiting NLRP3 inflammasome activation and pyroptosis dependent on Nrf2 signaling, suggesting that gallic acid possesses therapeutic potential for the treatment of gouty arthritis.




Keywords: gallic acid, NLRP3 inflammasome, pyroptosis, Nrf2, gouty arthritis



Introduction

Gallic acid (3,4,5-trihydroxybenzoic acid) is a phenolic acid widely distributed in various foods and herbs such as tea, grapes, guava, mulberry, pomegranate, cynomorium, and peony (1). Gallic acid is commonly used as a dietary supplement or additive and displays a range of pharmacological activities, including in the treatment of inflammatory bowel disease, cardiovascular diseases, diabetes, and tumors (2, 3). These activities are closely linked to its anti-inflammatory and antioxidant properties (1, 4). Numerous studies have demonstrated that gallic acid exerts its antioxidant effects by reducing the production of reactive oxygen species (ROS) (1, 5). The mitochondrion is the main organelle responsible for ROS generation, and gallic acid primarily targets mitochondria-specific signaling pathways and molecules, including those involved in ROS production, respiration, mitochondrial biogenesis, and apoptosis (5). Moreover, gallic acid can elicit anti-inflammatory effects by alleviating lipopolysaccharide (LPS)-induced neuroinflammation and oxidative stress (6). Gallic acid can also inhibit MAPK/NF-κB and enhance the activity of the AKT/AMPK/Nrf2 pathway, further indicating its anti-inflammatory and antioxidant properties (7). The correlation between the anti-inflammatory and antioxidant effects of gallic acid remains unclear.

The NLRP3 (nucleotide-binding oligomerization domain-like receptor containing pyrin domain 3) inflammasome is an important component of innate immunity, and its dysregulation is closely linked to several inflammatory diseases. The NLRP3 inflammasome is mainly composed of NLRP3, the adaptor protein apoptosis-associated speck-like protein containing a CARD (ASC), and caspase-1. Several recent studies identified the mitotic Ser/Thr kinase NIMA-related kinase 7 (NEK7) is essential for NLRP3 oligomerization and activation via direct NLRP3-NEK7 interaction (8, 9). The activation of the NLRP3 inflammasome involves a two-step process. First, TLR agonists, such as LPS, activate the NF-κB pathway to promote NLRP3 and IL1B transcription. Second, NLRP3 inflammasome-activating stimuli, such as ATP, nigericin, and monosodium urate (MSU) crystals, induce the formation of protein complexes that promote the cleavage of precursor (pro)-caspase-1 into its active form (p10 and p20 subunits) (10). Activated caspase-1 cleaves pro-IL-1β (37 kDa) to generate mature IL-1β (17 kDa). Concomitantly, active caspase-1 also cleaves gasdermin D (GSDMD) to generate its N-terminal fragment (GSDMD-N) (11). GSDMD-N then forms pores in the plasma membrane, resulting in a lytic form of cell death called pyroptosis, as well as the release of mature IL-1β (12). Pro-oxidant molecules, such as mitochondrial-generated ROS (mtROS), can induce NLRP3 inflammasome activation (13, 14). The nuclear factor E2-related factor 2 (Nrf2) transcription factor plays a critical role in cytoprotection and can be activated by ROS-induced oxidative stress (15). These observations indicate that gallic acid shows a strong antioxidant capacity and suggests that it exhibit the potential to suppress NLRP3 inflammasome activation.

Gouty arthritis is an inflammatory disease caused by the deposition of monosodium urate (MSU) crystal in the joint. NLRP3 inflammasome and IL-1β are important inflammatory triggers during gout flare. MSU crystals can activate the NLRP3 inflammasome and promote the maturation of precursor (pro)-IL-1β (16). IL-1β can induce neutrophil infiltration into joints, leading to articular swelling and pain (17, 18). However, it remains unclear whether gallic acid can alleviate the inflammatory symptoms of gouty arthritis by inhibiting NLRP3 inflammasome activation and IL-1β expression.

In this study, we investigated the influence of gallic acid on NLRP3 inflammasome activation and pyroptosis in macrophages, and its effect on gouty arthritis mice. The results showed that gallic acid could suppress NLRP3 inflammasome assembly and subsequent caspase-1 activation, IL-1β secretion, and pyroptosis in macrophages. Importantly, gallic acid exerted its antioxidant effects by upregulating the expression of Nrf2 and reducing mtROS production. These inhibitory effects could be abolished by ML385, an inhibitor of Nrf2. Moreover, gallic acid could mitigate MSU-induced joint swelling and IL-1β and caspase 1 (p20) expression in the knee joint. Moreover, gallic acid enhanced Nrf2 expression and reduced MSU-induced macrophages and neutrophils migration in joint synovium. Our results suggested that gallic acid enhances the Nrf2 signaling to suppress NLRP3 inflammasome activation and pyroptosis and alleviate NLRP3-dependent gouty arthritis.



Materials and Methods


Mice

C57BL/6J mice, 8–10 weeks old, were purchased from the Laboratory Animal Center of Guangzhou University of Chinese Medicine. All mice were housed under a 12-h light/dark cycle at 22–24°C and had unrestricted access to food and water for the duration of the experiment. All the mice used in the experiments were maintained in the animal facility in strict accordance with the guidelines defined by the Animal Care Committee of Guangzhou University of Chinese Medicine.



Chemicals and Antibodies

Gallic acid (T0877), colchicine ((T0320), and ML385 (T4360) were acquired from TargetMol (Boston, MA, USA). LPS (L4391), ATP (A6419), disuccinimidyl suberate (S1885), propidium iodide (PI, P4170), and Hoechst 33342 (B2261) were bought from Sigma–Aldrich (St. Louis, MO, USA). Monosodium urate (MSU) crystals (tlrl-msu) and nigericin (tlrl-nig) were obtained from InvivoGen (San Diego, CA, USA). Opti-MEM, fetal bovine serum (FBS), streptomycin/penicillin (15140122), Ly-6G antibody (14-5931-82), F4/80 antibody (14-4801-82), Lipofectamine RNAiMAX (13778075), MitoTracker® Deep Red FM (M22426), and MitoSOX™ Red mitochondrial superoxide indicator (M36008) were purchased from ThermoFisher (CA, USA). The Lactate Dehydrogenase (LDH) Cytotoxicity Assay Kit (C0017), Hematoxylin and Eosin (H&E) Staining Kit (C0105), cell lysis buffer for western blot and IP (P0013), and BeyoECL Plus (P0018AM) were bought from Beyotime Biotechnology (Haimen, China). Anti-NLRP3 (#15101), anti-ASC (#67824), normal rabbit IgG (#2729), Alexa Fluor 488 goat-anti-rabbit IgG (#4412) and Alexa Fluor 555 goat-anti-mouse IgG (#4409) antibodies, Protein A agarose beads (#9863) and Protein G agarose beads (#37478) were purchased from Cell Signaling Technology (Danvers, MA). Anti-β-actin (ab8227), anti-GAPDH (ab181602), anti-GSDMD (ab209845), anti-NEK7 (ab133514), and anti-IL-1β (ab9722) antibodies were obtained from Abcam (Cambridge, MA). Other antibodies used were anti-caspase-1 (p20) (AG-20B-0042; Adipogen), anti-caspase-1 (NB100-56565; Novus Biologicals, CO, USA), anti-NRF2 (16396-1-AP; Proteintech, Wuhan, China). CD11b-FITC (557396), F4/80-PE (565410), and Ly6G-Percp-Cy5.5 (560062) were from BD Biosciences (Franklin Lakes, NJ, USA). The mouse IL-1β (EMC001b) and TNF-α (EMC102a) ELISA kits were obtained from Neobioscience Technology Co., Ltd (Shenzhen, China).



Cell Culture and Stimulation

The J774A.1 and L929 cell lines were acquired from the cell banks of the Chinese Academy of Sciences. J774A.1 and L929 mouse fibroblasts were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% FBS and 1% penicillin–streptomycin. The culture supernatant was collected when the coverage of L929 cells in the dish reached 90%.

Bone marrow cells from the femur and tibia of C57BL/6J mice were rinsed with DMEM containing 1% FBS and antibiotics. Cell suspensions were treated with red blood cell lysis buffer to eliminate erythrocytes, and filtered through a 40-μm cell strainer to remove cell clumps. The resulting single-cell suspension was then cultured for 2 h at 37°C. Nonadherent cells were collected and cultured in DMEM containing L929 supernatant (20%), 10% FCS, and penicillin/streptomycin (1%) for 7 days. The culture medium was refreshed every 2 days to induce the full differentiation of bone marrow-derived macrophages (BMDMs). Cells were stained with CD11b-FITC and F4/80-PE antibodies. BMDM purity was assessed on a BD FACS Calibur C6 flow cytometer and was routinely >96% (Figure S1).

Macrophages were cultured in Opti-MEM with 1% FBS. Cells were primed with LPS (500 ng/ml) for 4 h, and gallic acid or the indicated compound was added for another 30 min. The cells were then stimulated with ATP (3 mM) for 1 h, nigericin (10 µM) for 1 h, or MSU (200 µg/ml) for 6 h to activate the NLRP3 inflammasome. Cell supernatants and cell RIPA lysates were acquired to detect caspase-1 activation and IL-1β secretion.



Flow Cytometry Analysis

Flow cytometry was performed as previously described (19). Bone marrow-derived macrophages (BMDMs) or knee joint derived cells were incubated with specific fluorescence conjugated antibodies for 30 min. Then cells were washed with PBS and resuspended with staining buffer. The cells were stained with CD11b-FITC, F4/80-PE, and/or Ly6G-Percp-Cy5.5, and then the cell phenotype was detected on a flow cytometer (BD Accuri C6). Flow cytometry data were quantified and plotted by FlowJo software (CFlow Plus).



Evaluation of Cell Death

LPS-primed cells were treated with gallic acid for 30 min and stimulated with ATP or nigericin for 1 h. The live cells were stained with PI (2 µg/ml) and Hoechst 33342 (5 µg/ml) for 10 min at room temperature (RT). Cells were immediately imaged by IN Cell Analyzer 2000 (GE Healthcare), and 10 fields were randomly selected to calculate the proportion of PI-positive cells relative to total cells (indicated by nuclear Hoechst 33342 staining).

Macrophages were treated as described above and cell supernatants were prepared. Cell supernatants (120 µl) and Lactate Dehydrogenase Cytotoxicity Assay Kit reagent (60 µl) were mixed in 96-well plates and incubated for 30 min. The absorbance was measured at 490 nm on a microplate reader to calculate the cytotoxicity.



Enzyme-Linked Immunosorbent Assay

Cell or tissue cultural supernatants were collected. Mouse ELISA kits for IL-1β and TNF-α were similarly carried out according to the manufacturer’s instructions. In brief, the precoated plates were balanced to room temperature. 100 μl specimens or standard substances with different concentrations were added to the corresponding holes, and incubated in water bath kettle at 37°C for 90 min. Wash the board 5 times. 100 μl biotinylated antibody working solution was added to each well and incubated in incubator at 37°C for 60 min. After washing the plate five times, 100 μl enzyme conjugate working solution was added to each well and incubated in the incubator at 37°C for 30 min in the dark. After five times washing, 100 μl of color substrate TMB was add and incubated at 37°C for 15min away from light. 100 μl reaction stop solution was added and measured at OD450 immediately after mixing.



Western Blotting

Western blotting was performed as previously described (20). Cells were lysed using cell lysis buffer and the protein concentration was detected using a BCA kit. Equal amounts of protein were separated by SDS–PAGE, transferred onto PVDF membranes, and blocked in 5% nonfat milk for 1 h. The PVDF membranes were then incubated with primary antibodies against NLRP3, caspase-1, ASC, IL-1β, caspase-1 (p20), GSDMD, Nrf2, NEK7, and GAPDH overnight at 4°C. After incubating with an HRP-conjugated secondary antibody for 1 h at RT, protein bands were visualized using an enhanced chemiluminescence (ECL) kit and imaged with the Tanon 4600 automatic chemiluminescence image analysis system (Tanon Science and Technology Co., Ltd, Shanghai, China).



Apoptosis-Associated Speck-Like Protein Containing a CARD Oligomerization and Speck Assay

LPS-primed BMDMs were incubated with inflammasome activators in the presence of gallic acid. Total cells were lysed in ice-cold PBS containing 0.5% Triton-X 100 for 30 min. The lysates were centrifuged at 6,000 ×g for 15 min at 4°C. The pellets were washed twice with ice-cold PBS and resuspended in 200 µl of PBS. Disuccinimidyl suberate (2 mM, from a 100 mM stock solution in DMSO) was added to the pellets and incubated (30 min, RT). Samples were then centrifuged at 6,000 ×g for 15 min at 4°C. The cross-linked pellets were mixed with 30 µl of 1× sample loading buﬀer and then boiled for 5 min. ASC oligomerization was analyzed by western blotting.

BMDMs were treated as described above. The cells were then fixed in 4% paraformaldehyde, permeabilized with ice-cold methanol, and incubated with primary antibodies at 4°C overnight. Alexa Fluor 488 goat-anti-rabbit IgG was subsequently used as a secondary antibody. Nuclei were labeled with Hoechst 33342. Immunofluorescence images of ASC specks were acquired using a Zeiss LSM 800.



MitoSOX and MitoTracker Staining

Mitochondrial ROS (mtROS) can be stained by MitoSOX. MitoTracker can stains mitochondria in live cells and be used for mitochondrial localization. These analyses were performed according to the manufacturer’s instructions. In brief, macrophages were stimulated as described above and stained with MitoSOX red (5 µM) or MitoTracker (200 nM) incubation for 30 min under growth conditions. The cells were then washed with PBS, and MitoTracker stained cells could be fixed in 4% paraformaldehyde for 15 min. Genomic DNA was stained with Hoechst 33342. Three washes were performed between each stage. Immunofluorescence images were captured using a Zeiss LSM 800 confocal laser scanning microscope.



Co-Immunoprecipitation

BMDMs were seeded at 1×106 cells/ml in 60 mm dishes. Cells were treated as mentioned above the next day. Then, cells were lysed by cell lysis buffer for western blot and IP on ice. Cells lysate was transferred into 1.5 ml Eppendorf tubes and centrifuged at 13,000 × g for 15 min at 4°C. The concentration of cells lysate was detected by a BCA kit. 30 μg whole cell lysate (WCL) sample lysis buffer was dispensed as the input. 150 µg WCL were dispensed and pre-cleared by Protein A/G agarose beads (10% volume) with gentle agitation for 30 min at 4°C. The resulting supernatant was incubated with anti-NEK7 antibody (1:100) or equivalent dilution of the rabbit IgG antibody at 4°C overnight. The antibody-NEK7 complexes were gathered with Protein A/G agarose beads (10% volume) with gentle rotating for 2 h at 4°C. IP samples were subsequently centrifuged and the sediment was washed five times with cell lysis buffer. The immune complexes were resuspended by 3× SDS loading buffer, boiled for 5 min and analyzed by Western blotting.



Knockdown of Nrf2

BMDMs were seeded at 1×106 cells/ml in 6-well plates. Nrf2 siRNA and negative control siRNA (NC siRNA) were produced by Ribobio (Guangzhou, China). The Nrf2-specific siRNA sequence is 5’-GCAUGAUGGACUUGGAGUUdTdT-3’ targeting 5’-GCATGATGGACTTGGAGTT-3’. The siRNA (100 nM) was transfected into cells by Lipofectamine RNAiMAX for 6 h according to the manufacturer’s instructions. Then, cells were cultured in DMEM containing 10% FBS for another 36 h. After being knockdown of Nrf2, cells were stimulated as described above.



Monosodium Urate-Induced Arthritis

A model of acute gouty arthritis was established as previously described (21, 22). C57BL/6J mice were treated with an intra-articular injection of gallic acid (100 mg/kg), and colchicine (1 mg/kg) as the positive control. After 1 h, MSU crystals (0.5 mg in 20 µl of sterile PBS) were administrated by intra-articular injection. The joint diameter was measured with an electronic caliper at the indicated time points. Twenty-four hours after MSU injection, the knee joint was isolated and cultured in Opti-MEM containing 1% penicillin–streptomycin (1 h, RT). The levels of IL-1β were measured by ELISA kit. Moreover, the knee joint was digested in collagenase II (2 mg/ml) for 4 h. The separate cells were collected and washed with cold PBS. Then CD11b-FITC (557396), F4/80-PE, and Ly6G-Percp-Cy5.5 were employed to stain the cells for 30 min. Flow cytometry was applied to analyze macrophages (CD11b+F4/80+) and neutrophils (CD11b+Ly6G+).



Histology, Immunohistochemistry, and Immunofluorescence

For histology staining, mice were sacrificed 24 h after MSU injection. The harvested knee joint tissues were fixed in 4% paraformaldehyde for 48 h and decalcified in 0.5M EDTA, pH 7.4 for 2 weeks. The tissues were then embedded in paraffin and sectioned at a thickness of 5 μm. The sections were stained with H&E as previously described (23). For immunohistochemistry (IHC) and immunofluorescence (IF), sections were deparaffinized and rehydrated. Citrate buffer was used to unmask antigen at 60 °C overnight. Sections were treated with 3% hydrogen peroxide and permeabilized with 0.1% Triton X-100 in PBS. After that, sections were blocked with 3% sheep serum at room temperature for 1 h. Then sections were immunostained with primary antibodies at 4°C overnight. For IHC, the sections were incubated with HRP-conjugated secondary antibodies and stained with DAB, followed by hematoxylin counterstaining. For IF, the sections were incubated with Alexa Fluor 488 goat-anti-rabbit IgG at 37 °C for 1 h and stained with Hoechst 33342 before imaging.



Statistical Analysis

Data are shown as means ± sem or means ± sd. All statistical analyses were performed with GraphPad Prism 8 (GraphPad Software). The Student’s t-test was used for comparisons between two groups. Significant differences between more than two groups were evaluated by one-way ANOVA followed by Tukey’s post hoc test. P-values <0.05 were considered statistically significant.




Results


Gallic Acid Inhibits Cell Death in Lipopolysaccharide-Primed and Nucleotide-Binding Oligomerization Domain-Like Receptor Containing Pyrin Domain 3 Inflammasome Activator-Treated Macrophages

The overactivation of NLRP3 can induce pyroptosis and the mass release of inflammatory cytokines, which represents an important inflammatory response of the innate immune system (24). Although gallic acid is known to exert anti-inflammatory effects, its influence on macrophage pyroptosis is unknown (25). We first identified the doses of gallic acid that elicited the lowest cytotoxicity (20, 40, 80 µM) by cell counting kit-8 (CCK-8) assay (Figure 1A), and then these doses were used in subsequent in vitro experiments. To analyze the effect of gallic acid on pyroptosis, J774A.1 cell or BMSMs were primed with LPS and then treated with gallic acid and NLRP3 activators (ATP or nigericin). We detected cell death (PI permeability) and calculated the ratio of PI-positive cells relative to total J774A.1 cell. The results showed that gallic acid could reduce the mortality of LPS plus ATP treated J774A.1 cell (Figures 1B, C). Compared with the LPS plus ATP or nigericin group, gallic acid also dose-dependently reduced the mortality of BMDMs (Figures 1F–I). Cell supernatants were also collected to measure LDH release. The results showed that gallic acid could inhibit LDH release in a dose-dependent manner (Figures 1D, E). Moreover, gallic acid alone could not influence LDH release and cell death (Figure S2). These results suggest that gallic acid can prevent NLRP3 inflammasome activators induced cell death.




Figure 1 | Gallic acid prevents cell death in lipopolysaccharide (LPS)-primed and NLRP3 stimuli-treated macrophages. (A) J774A.1 cell were treated with gallic acid for 24 or 48 h, and then cytotoxicity was detected by CCK-8 assay. (B–D) J774A.1 cell were primed with LPS (500 ng/ml) for 4 h and then stimulated with ATP (3 mM) for 1 h with or without gallic acid. (E–I) LPS-primed bone marrow-derived macrophages (BMDMs) were incubated with gallic acid for 30 min and then stimulated with ATP (3 mM) or nigericin (10 μM) for 1 h. (D, E) The culture supernatant was collected to analyze lactate dehydrogenase (LDH) secretion. (B, F, H) Representative immunofluorescence images of cell death as detected by propidium iodide (PI) and Hoechst 33342 staining. (C, G, I) The percentage of PI-positive cells relative to all cells was calculated; 10 randomly chosen fields were quantified. GA, gallic acid. *P < 0.05, **P < 0.01, ***P < 0.001.





Gallic Acid Suppresses Nucleotide-Binding Oligomerization Domain-Like Receptor Containing Pyrin Domain 3 Inflammasome Activation and Pyroptosis

We further explore the regulating mechanisms of gallic acid on NLRP3 inflammasome stimuli induced cell death. Intracellular NLRP3 recruits ASC and pro-caspase-1 for inflammasome assembly. Macrophages were stimulated with ATP or nigericin as mentioned above. The immunoblot results showed that gallic acid treatment did not affect the expression of NLRP3 or pro-IL-1β (Figures 2A, C, E and Figure S3C). We also detected the markers of NLRP3 inflammasome activation, such as the caspase-1 p20 subunit, mature IL-1β (17 kDa), and the N-terminal fragment (GSDMD-N) generated from the cleavage of the pyroptosis execution protein GSDMD. The results showed that gallic acid dose-dependently suppressed the release of caspase 1 p20 and mature IL-1β into supernatants compared with LPS plus ATP group in J774A.1 cell (Figure 2A). The inhibitory effect of gallic acid on caspase 1 p20 and mature IL-1β was also confirmed in LPS plus ATP or nigericin treated BMDMs (Figures 2C, E). While 80 μm gallic acid obviously restrained the generation of GSDMD-N in cell lysates (Figures 2A, C, E). Moreover, we employed ELISA to detect the levels of IL-1β secretion in cell supernatants. The results proved that gallic acid reduced the expression of mature IL-1β during activation of NLRP3 inflammasomes (Figures 2B, D, F). We have analyzed the effect of gallic acid on TNF-a expression during the activation of inflammasome, but the results show that gallic acid does not inhibit TNF-α in a dose-dependent manner (Figure S3B). These results indicate that gallic acid inhibits pyroptosis by suppressing NLRP3 inflammasome activation and GSDMD cleavage.




Figure 2 | Gallic acid inhibits NLRP3 inflammasome activation and pyroptosis in murine macrophages. (A, B) Lipopolysaccharide (LPS)-primed J774A.1 cell were stimulated with ATP for 1 h in the presence or absence of gallic acid. (C–F) LPS-primed BMDMs were incubated with gallic acid for 30 min and then stimulated with ATP (C, D) or nigericin (E, F) for 1 h. Supernatants (Sup.) and cell extracts (Lys.) were analyzed by immunoblotting (A, C, E), and IL-1β release in supernatants was also analyzed by ELISA (B, D, F). GA, gallic acid. *P < 0.05, **P < 0.01, ***P < 0.001.





Gallic Acid Blocks Associated Speck-Like Protein Containing a CARD Speck Formation and Oligomerization

NLRP3 can combine with ASC and pro-caspase-1 to form a large multiprotein complex. Under the immunofluorescence microscope, ASC proteins were observed to aggregate into a characteristic speck, indicative of NLRP3 inflammasome activation. Immunofluorescence images showed that the ASC protein was irregularly distributed in LPS-primed BMDMs, whereas ASC specks were abundantly observed in LPS plus ATP-, nigericin-, or MSU-stimulated BMDMs (Figures 3A, D). We found that gallic acid treatment decreased ASC speck formation under LPS plus ATP or nigericin stimulation (Figures 3A, B). We further evaluated ASC oligomerization by immunoblot after chemical cross-linking and found that 80 µM gallic acid could markedly inhibit ATP-induced ASC oligomerization in LPS-primed BMDMs (Figure 3C). Moreover, gallic acid also obstructed ASC specks formation in LPS plus MSU-stimulated BMDMs (Figures 3D, E). These results demonstrate that gallic acid suppresses NLRP3 inflammasome activation by blocking ASC aggregation.




Figure 3 | Gallic acid blocks ASC oligomerization and speck formation. (A–E) LPS-primed bone marrow-derived macrophages (BMDMs) were incubated with gallic acid for 0.5 h before incubated with ATP or nigericin for 1 h, or monosodium urate (MSU) for 6 h. (C) ASC oligomerization in cross-linked cytosolic pellets from ATP-treated BMDMs was analyzed by immunoblotting. (A, D) Representative immunofluorescence images of ASC speck formation in LPS-primed BMDMs stimulated with ATP or nigericin or MSU in the presence or absence of gallic acid (80 µM). White arrows indicate ASC specks (green). Scale bars, 20 µm. Quantification of macrophages containing ASC speck formation in five random images is shown in (B, E). GA, gallic acid. **P < 0.01, ***P < 0.001.





Gallic Acid Impairs Nigericin Induced Inflammasome Activation and Pyroptosis Through an Nrf2-Dependent Manner

Gallic acid can activate Nrf2 signaling to mediate its anti-inflammatory and antioxidant activity (7), while mtROS is a major intermediary in NLRP3 inflammasome activation (26). Gallic acid has been demonstrated to exert its antioxidant effects, at least in part, by targeting mitochondrial-specific ROS production (5). Nrf2 is known to enhance cell resistance to oxidative stress by reducing ROS production (27). Consequently, we wondered whether gallic acid could modulate Nrf2 signaling and decrease ROS production, thereby limiting NLRP3 inflammasome activation.

MitoSOX red, a mitochondrial superoxide indicator, was used to detect mtROS production in live cells. Immunofluorescence analysis showed that gallic acid could reduce mtROS production in LPS-primed and nigericin-treated BMDMs. Interestingly, when the BMDMs were pretreated with the Nrf2 inhibitor ML385, the mtROS-associated fluorescence intensity was higher than that in gallic acid-treated macrophages, indicating that ML385 treatment could abrogate the inhibitory effect of gallic acid on mtROS production (Figures 4A, B). MitoTracker stains mitochondria in live cells and its accumulation is dependent upon membrane potential. The immunofluorescence results showed that nigericin caused fluorescence attenuation. Gallic acid could rescue nigericin induced mitochondrial damage, while ML385 opposed the effect of gallic acid (Figures 4A, B). These results confirm that gallic acid exerted antioxidant effects dependent on Nrf2. Similarly, immunoblot results showed that gallic acid could suppress the LPS plus nigericin treatment-induced release of IL-1β and the caspase-1 p20 subunit, as well as the generation of GSDMD-N (Figure 4C). We also found that gallic acid promoted Nrf2 expression in LPS plus nigericin-stimulated BMDMs, whereas ML385 countered the effect of gallic acid (Figure 4C). Moreover, ML385 could block the repressive effect of gallic acid on LDH and IL-1β release, as well as ASC speck formation (Figures 4D, E and Figure S4). Upon NLRP3 inflammasome stimulation, NLRP3 and NEK7 interact with each other to promote inflammasome activation (9). This interaction was obstructed by gallic acid, but ML385 opposed the effect of gallic acid (Figure 4F). We conclude that gallic acid interferes with the interaction between NLRP3 and NEK7 to block NLRP3 inflammasome activation dependent on Nrf2.




Figure 4 | Gallic acid suppresses nigericin-induced NLRP3 inflammasome activation and pyroptosis dependent on Nrf2. (A–F) Lipopolysaccharide (LPS)-primed bone marrow-derived macrophages (BMDMs) were incubated with Nrf2 inhibitor ML385 (2 μM) for 30 min, treated with gallic acid (80 μM) for 30 min, and then stimulated with nigericin (10 μM). (A) Representative immunofluorescence images of MitoSOX and MitoTracker-stained BMDMs. Scale bars, 10 μm. (B) The relative fluorescence intensity of MitoSOX and MitoTracker was compared with that of control BMDMs. (E) The percentage of PI-positive cells relative to total cells was calculated; 10 randomly chosen fields were quantified. Data are shown as means ± sem (n = 10). (C) Supernatants (Sup.) and cell lysates (Lys.) were analyzed by western blotting. (D) ELISA of IL-1β levels in supernatants. (F) Co-Immunoprecipitation was applied to analyze the interaction between NEK7 and NLRP3. GA, gallic acid. **P < 0.01, ***P < 0.001.





Gallic Acid Limits Monosodium Urate Crystals Activated Nucleotide-Binding Oligomerization Domain-Like Receptor Containing Pyrin Domain 3 Inflammasome

Monosodium urate (MSU) crystal is derived from blood uric acid that commonly deposition in the joint. MSU crystals can activate NLRP3 inflammasome and promote inflammatory cytokines release. We first analyzed gallic acid’s effect on MSU-stimulated BMDM cell pyroptosis. The results showed that gallic acid inhibited cell death and LDH release (Figures 5A, C and Figure S2C). On the contrary, ML385 could abolish the action of gallic acid. The MitoTracker staining results showed that gallic acid could rescue MSU induced mitochondrial damage, but ML385 combated the effect of gallic acid (Figure 5B). Immunoblot results showed that gallic acid enhanced the expression of Nrf2 in LPS plus MSU-stimulated BMDMs, but ML385 countered the effect of gallic acid (Figure 5D). Moreover, ML385 also reversed the inhibitory effect of gallic acid on MSU-induced mature IL-1β secretion (Figure 5E). Additionally, Nrf2 siRNA could neutralize the repressive action of gallic acid on IL-1β release (Figure 5F). We conclude that gallic acid decreases MSU-activated NLRP3 inflammasome and IL-1β release partly through the Nrf2 pathway.




Figure 5 | Gallic acid decreases monosodium urate (MSU)-induced NLRP3 inflammasome activation partly through Nrf2. (A–E) LPS-primed BMDMs were treated with ML385 for 30 min, incubated with gallic acid for 30 min, and then stimulated with MSU for 6 h. (A) Representative IF images of cell death indicated by PI and Hoechst 33342 staining. The percentage of PI-positive cells relative to all cells was calculated; 10 randomly chosen fields were quantified. (B) Representative IF images of MitoTracker-stained BMDMs. Scale bars, 10 μm. The relative fluorescence intensity of MitoTracker was compared with that of control BMDMs. (C) The culture supernatant was obtained to analyze LDH release. (D) Supernatants (Sup.) and cell lysates (Lys.) were analyzed by immunoblotting. (E, F) ELISA kit was used to detect IL-1β levels in culture supernatants. GA, gallic acid. **P < 0.01, ***P < 0.001.





Gallic Acid Mitigates Monosodium Urate-Induced Inflammation in Gouty Mice

MSU crystals are an important inducer of gouty arthritis, which is closely linked to NLRP3 inflammasome activation and mature IL-1β secretion. We demonstrated that gallic acid can inhibit MSU-induced NLRP3 activation and IL-1β release in vitro. To evaluate the anti-inflammatory properties of gallic acid in vivo, we established a mouse model of acute gouty arthritis by injecting MSU crystals into the mouse knee joint. MSU crystals can activate the NLRP3 inflammasome in synovial macrophages and induce knee-joint inflammation. Our results showed that gallic acid could effectively reduce knee-joint swelling compared with MSU-treated mice (Figures 6A, B). ELISA results showed that gallic acid and colchicine could both reduce the release of IL-1β (Figure 6C). H&E staining results showed that MSU could induce leukocyte infiltration (black arrow in Figure 6D), whereas gallic acid treatment reduced leukocyte infiltration in the joints of MSU-treated mice (Figure 6C). Moreover, immunohistochemistry results showed that MSU induced the production of IL-1β and endogenous full-length of caspase 1 and p20, while gallic acid decreased their expression levels (Figure 6E). Gallic acid plus ML385 were also used to treated acute gout mice. The results showed that ML385 can partly reverse the inhibitory effect of gallic acid on IL-1β release and leukocyte infiltration (Figure S5). These results suggest that gallic acid can ameliorate gouty arthritis by inhibiting NLRP3 inflammasome partly through enhancing Nrf2 expression.




Figure 6 | Gallic acid alleviates monosodium urate (MSU)-induced NLRP3 inflammasome activation in vivo. (A–D) C57BL/6J mice were treated with an intra-articular injection of MSU crystals (1 mg/mouse) in the presence of gallic acid (100 mg/kg) or colchicine (1 mg/kg) for 24 h. Representative ankle photographs were shown in (A), Scale bars, 3.5 mm. (B) Joint swelling was measured at different time points. (C) Joint culture supernatant medium was measured by the IL-1β ELISA kit. Data are shown as means ± sem (n = 6 mice). (D) Hematoxylin and eosin (H&E)-stained infiltrated leukocytes (black arrow) in joint tissues. (E, F) Immunohistochemical of IL-1β, caspase 1 p20, and Nrf2 were acquired in the indicated groups. Scale bars, 100 μm. GA, gallic acid. ***P < 0.001.



Additionally, knee joint sections were stained with F4/80 and/or Ly6G antibody to analyze macrophage and neutrophil. The immunohistochemistry and immunofluorescence results showed that MSU could recruit more macrophage and neutrophil to knee synovium, whereas gallic acid and colchicine could reduce macrophage and neutrophil infiltration (Figures 7A–C). Moreover, collagenase was used to digest knee joint to obtain single cells, and cell subsets were analyzed by flow cytometry. The results demonstrated that gallic acid and colchicine could decrease the recruitment of macrophage and neutrophil under MSU-induced inflammation (Figures 7D, E). The above results show that gallic acid possesses a good inhibitory effect on MSU-induced arthritis, and the effect seems to be lower than that of colchicine, probably because it is not the optimal dose of gallic acid. Our results conclude that gallic acid can alleviate the symptoms of gouty arthritis by reducing immune cell infiltration.




Figure 7 | Gallic acid reduces monosodium urate (MSU)-induced inflammatory cell infiltration in vivo. (A–D) C57BL/6J mice were treated with an intra-articular injection of MSU crystals (1 mg/mouse) with gallic acid (100 mg/kg) colchicine (1 mg/kg) for 24 h. (A) Representative immunohistochemistry images of F4/80 and/or Ly6G stained knee joint sections. Scale bars, 100 μm. (B) Representative immunofluorescence images of F4/80 and/or Ly6G stained knee joint sections. Scale bars, 50 μm. (C) The percentage of F4/80- or Ly6G -positive cells relative to total cells was calculated. Data are shown as means ± sem (n = 6 mice). (D) The separate cells from the knee joint were stained with CD11b-FITC, F4/80-PE, and Ly6G-Percp-Cy5.5 to analyze macrophages and neutrophils subset by flow cytometry. (E) The percentage of CD11b+F4/80+ and CD11b+Ly6G+ cells relative to total cells was calculated. Data are shown as means ± sem (n = 6 mice). GA, gallic acid. *P < 0.05, **P < 0.01, ***P < 0.001. ns, not significant.






Discussion

In this study, we confirmed that gallic acid is a broad-spectrum inhibitor of the NLRP3 inflammasome. We found that gallic acid could inhibit ATP-, nigericin-, or MSU-induced NLRP3 inflammasome activation in LPS-primed macrophages. Importantly, the results showed that gallic acid reduces mtROS production by upregulating Nrf2 expression, thereby inhibiting NLRP3 inflammasome activation. The in vivo experiments also suggested that gallic acid can alleviate MSU-induced gouty arthritis by suppressing NLRP3 inflammasome activation. Thus, our results revealed a previously unrecognized mechanism whereby gallic acid prevents MSU-induced arthritis by inhibiting the activation of the NLRP3 inflammasome as well as macrophage pyroptosis.

Polyphenols extracted from various natural phytochemicals, including isoliquiritigenin (28), epigallocatechin gallate (29), and curcumin (30), have been identified as inhibitors of the NLRP3 inflammasome. Gallic acid, a phenolic acid, exerts anti-inflammatory effects by reducing IL-1β expression (6, 31). Consistent with these observations, our results showed that gallic acid dose-dependently inhibited NLRP3 inflammasome activation, IL-1β secretion, and pyroptosis (Figure 2). We also found that gallic acid inhibited mtROS production and upregulated Nrf2 expression, which could be abolished by treatment with the Nrf2 inhibitor ML385 (Figures 4 and 5). These results revealed that gallic acid inhibits NLRP3 inflammasome activation by enhancing Nrf2 signaling and decreasing mtROS production. Nrf2 plays an important role in particulate-induced oxidative damage, and gallic acid-activated Nrf2 can ameliorate particulate-induced respiratory damage (32). Consistent with the mechanism identified in our study, Dong et al. demonstrated that Nrf2-mediated NLRP3/NF-κB signaling plays a protective role downstream of sulforaphane in acute pancreatitis (33). Recent studies have proposed that the kinases MST1 and MST2 can sense ROS and maintain redox balance by mediating the stability of Nrf2 (15). Therefore, whether gallic acid functions upstream of the Mst/Nrf2 axis merits further investigation.

Gallic acid has also been reported to play an anti-inflammatory role by inhibiting NF-κB activation and the phosphorylation of NF-κB and IκB-α (31). Zhu et al. reported that gallic acid can downregulate the expression of inflammatory factors such as IL-1, IL-6, TGF-β, and TNF by inhibiting the NF-κB pathway, and exhibits anti-inflammatory activity in ulcerative colitis (34). Additionally, gallic acid can reduce the levels of LPS-induced inflammatory mediators, suppress ROS generation, and improve acute kidney injury in an LPS-induced sepsis mouse model by suppressing the MAPK/NF-κB pathway and activating the AKT/AMPK/Nrf2 pathway (7). The results of these studies imply that gallic acid inhibits the NF-κB pathway. However, our results showed that gallic acid does not affect NLRP3 or pro-IL-1β expression in LPS-primed macrophages (Figures 2A, C, E). The main reason probably is that inflammation-related genes may already be expressed at a high level in LPS-primed macrophages. As immune cells are already sensitized in many inflammatory diseases, NLRP3 is likely to be already highly expressed and activated. Therefore, we mainly study the anti-inflammatory mechanism of gallic acid by interfering with NLRP3 activation and pyroptosis.

Our results showed that gallic acid could reduce leukocyte infiltration, the expression of IL-1β and caspase 1 (p20) in joint tissues, as well as relieve inflammation in MSU-triggered gouty arthritis (Figure 6). In this study, we focused primarily on how gallic acid modulates NLRP3 activation, while the in vivo experiments preliminarily identified the ameliorative effect of gallic acid on gouty arthritis. Immunofluorescence and immunohistochemistry were used to detect the cell subsets of macrophage and neutrophil in joint synovium of arthritic mice (Figure 7). The results indicate that gallic acid can reduce proinflammatory cell infiltration, which is consistent with the inflammatory intervention of acute gouty arthritis. Although gallic acid increases the expression of Nrf2 suggesting a relationship with anti-gouty arthritis, the deeper mechanism deserves to be further studied. In-depth animal experiments will lay a theoretical foundation for the clinical application of gallic acid.

In conclusion, our results showed that gallic acid can enhance Nrf2 expression to reduce mtROS production, thereby preventing NLRP3 inflammasome activation and pyroptosis, and also reducing IL-1β secretion in macrophages. The results further demonstrated that gallic acid could alleviate MSU-induced gouty arthritis by inhibiting IL-1β expression. The inhibitory effect of gallic acid on NLRP3 inflammasome activation makes gallic acid an attractive new candidate for the treatment of NLRP3-associated diseases, such as diabetes, gout, and Alzheimer’s disease. The modulating effect of gallic acid on NLRP3 inflammasome activation and pyroptosis, and its safety evaluation for clinical application, merits in-depth investigation.
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Inflammasomes are innate immune sensors that regulate caspase-1 mediated inflammation in response to environmental, host- and pathogen-derived factors. The NLRP3 inflammasome is highly versatile as it is activated by a diverse range of stimuli. However, excessive or chronic inflammasome activation and subsequent interleukin-1β (IL-1β) release are implicated in the pathogenesis of various autoimmune diseases such as rheumatoid arthritis, inflammatory bowel disease, and diabetes. Accordingly, inflammasome inhibitor therapy has a therapeutic benefit in these diseases. In contrast, NLRP3 inflammasome is an important defense mechanism against microbial infections. IL-1β antagonizes bacterial invasion and dissemination. Unfortunately, patients receiving IL-1β or inflammasome inhibitors are reported to be at a disproportionate risk to experience invasive bacterial infections including pneumococcal infections. Pneumococci are typical colonizers of immunocompromised individuals and a leading cause of community-acquired pneumonia worldwide. Here, we summarize the current limited knowledge of inflammasome activation in pneumococcal infections of the respiratory tract and how inflammasome inhibition may benefit these infections in immunocompromised patients.
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Introduction

The human innate immunity axis plays a pivotal role in detection of pathogen- or damage-associated molecular patterns (PAMPs and DAMPs) and contributes to a crucial inflammatory response. To sense PAMPs and DAMPs, innate immune cells express pattern recognition receptors (PRRs). PRRs are classified into five families: Toll-like receptors (TLRs), Nucleotide-binding and oligomerization domain (NOD)-like receptors (NLRs), Retinoic acid-inducible gene (RIG)-I-like receptors, C-type lectin receptors, and Absent in melanoma 2 (AIM2)-like receptor (ALR) (1). Furthermore, other molecules such as cyclic GMP-AMP synthase can sense pathogen-derived DNA (2). Inflammasomes are one of the most recently discovered classes of NLRs (3).

To date, 22 human NLRs are described. Among them, NLR and pyrin domain containing receptor 3 (NLRP3) is by far the best characterized (4). A wide range of stimuli including bacterial pore forming toxins can activate the NLRP3 inflammasome (5). The subsequent release of interleukins (IL) IL-1β and IL-18 induces a diverse range of protective host pathways aiming to eradicate the pathogen (6). However, uncontrolled and excessive hyper-inflammation can be a driver of several inflammatory and autoimmune diseases (7, 8). Implication of the NLRP3 inflammasome in inflammatory diseases has provided new avenues for designing drugs which target the inflammasome and its signaling cascade. However, it is observed that patients who receive NLRP3 or IL-1β inhibitors are disproportionately susceptible to bacterial infections (9). Therefore, it is of high importance to understand the role of NLRP3 inflammasome in bacterial pathogenesis.



Canonical NLRP3 Inflammasome Activation

NLRP3 inflammasome is a multi-protein complex comprising of a sensor NLRP3 protein, an adaptor apoptosis-associated speck-like protein (ASC), and the zymogen procaspase-1 (10). The cytosolic NLRP3 protein contains an N-terminal Pyrin domain (PYD), a central NACHT domain, and a C-terminal leucine-rich repeat (LRR) domain. The NACHT domain possesses adenosine triphosphatase (ATPase) activity and comprises of nucleotide-binding domain (NBD), helical domain 1 (HD1), winged helix domain (WHD) and helical domain 2 (HD2) (11). The ASC domain is a bipartite molecule that contains an N-terminal PYD domain and a C-terminal caspase activation and recruitment domain (CARD). Procaspase-1 consists of an N-terminal CARD, a central large catalytic p20 subunit, and a C-terminal small catalytic p10 subunit (12).

In resting macrophages, the NLRP3 and pro-IL-1β concentrations are insufficient to initiate activation of the inflammasome (13). Therefore, the NLRP3 inflammasome is activated in a two-step process. The first, so called priming step, is initiated via the inflammatory stimuli which are detected by TLRs, tumor necrosis factor receptors (TNFR) or IL-1R. These actions activate downstream the transcription factor NF-κB. NF-κB, in turn, upregulates the expression of NLRP3 and pro-IL-1β. In contrast, the priming step does not affect the expression of ASC, procaspase-1 or IL-18 (14–16). Following priming, a second activation step is essential for the assembly of the inflammasome. NLPR3 is highly diverse in nature and a wide range of stimuli can activate it. Common activators of the NLRP3 inflammasome are pathogens (17), extracellular ATP (18), pathogen associated RNA, proteins and toxins (5, 19, 20), heme (21), endogenous factors (amyloid-β, cholesterol crystals, uric acid crystals) (22–24), and environmental factors (silica and aluminum salts) (24, 25). These activators do not directly interact with the inflammasome but rather cause various changes at the cellular level. These include changes in cell volume (26), ionic fluxes (27), lysosomal damage (28), ROS production, and mitochondrial dysfunction (29). The second activation step is essential for cells such as macrophages and epithelial cells. In contrast, human monocytes can release mature IL-1β already after priming (30, 31). Upon activation, oligomerization of the NLRP3 complex occurs via homotypic PYD-PYD interaction of the sensor and adaptor protein, and CARD-CARD interaction of the adaptor and procaspase-1 (Figure 1). Following assembly, recruited procaspase-1 is converted to bioactive caspase-1 through proximity induced auto-proteolytic cleavage (32). Subsequently, caspase-1 cleaves the cytokine precursors pro-IL-1β and pro-IL-18 into mature forms. Simultaneously, caspase-1 cleaves gasdermin-D (GSDMD). After proteolytic cleavage, the C-terminal GSDMD (GSDMD-C) remains in the cytosol, while GSDMD-N anchors the cell membrane lipid. The lipid binding allows GSDMD-N to enter the lipid bilayer. Subsequent GSDMD-N oligomerization within the membrane results in pore formation leading to cell swelling and lysis. The pores serve thereby as protein secretion channels for IL-1β and IL-18. This form of a programmed inflammatory cell death is called pyroptosis (33–35). However, lytic GSDMD-N dependent secretion of IL-1β does not apply universally to all cell types. Studies on neutrophils have shown that GSDMD-N does not localize at the plasma membrane. Instead, it co-localizes with membranes of azurophilic granules and LC3+ autophagosomes resulting in a non-lytic pathway dependent IL-1β secretion which depends on autophagy machinery (36). Alongside with IL-1β, other pro-inflammatory cytokines, eicosanoids, and alarmins are released into the extracellular space. These actions accentuate the inflammatory state by recruiting additional inflammatory immune cells of different lineages (37–39).




Figure 1 | NLRP3 inflammasome activation by pneumococci. Pneumococci secrete two major virulence determinants: pneumolysin (PLY) and hydrogen peroxide (H2O2). In neutrophils (PMN), PLY-mediated NLRP3 activation is a result of K+ efflux. K+ efflux activates NLRP3 inflammasome resulting in caspase-1 activation and subsequent cleavage of pro-IL-1β into mature form. In macrophages, PLY-mediated NLRP3 inflammasome activation is among others dependent on ATP. The released IL-1β stimulates epithelial cells. As a result, they release chemoattractants, including CXCL1 and CXCL2. Both chemokines are involved in processes resulting in neutrophil influx. Furthermore, IL-1β is involved in T helper type 17 cells differentiation and subsequent IL-17A release. In contrast to PLY, H2O2 suppresses NLRP3 inflammasome in macrophages (MΦ) resulting in pro-IL-1β accumulation in these cells (APC, antigen presenting cell).



Apart from the canonical, non-canonical NLRP3 inflammasome activation is described (40). Non-canonical inflammasome activation is triggered by caspases-4/5 in humans (41). However, the noncanonical form can sense only Gram-negative bacteria. Therefore, it potentially does not play a role in Gram-positive bacterial infections (40).



Approved IL-1β Inhibiting Drugs and Their Side-Effects in Patients

NLRP3 inflammasome signaling is implicated in the onset of a number of diseases, including gout (24), atherosclerosis (23), type ІІ diabetes (42, 43), Cryopyrin-associated periodic syndrome (CAPS) (44), various types of cancer (45), and inflammatory bowel disease (IBD) (46). In the following, we give just two examples of the role of NLRP3 in auto-inflammatory and auto-immune diseases.

CAPS summarizes three auto-inflammatory diseases caused by mutations in the NLRP3 gene. These include familial cold auto-inflammatory syndrome (FCAS), Muckle-Wells syndrome (MWS), and neonatal onset multisystem inflammatory disease (NOMID). In most cases, CAPS manifests during the childhood and is characterized by spontaneous NLRP3 activation and excessive IL-1β production resulting in frequent episodes of fever, skin rashes, joint and eye inflammation. In severe cases, children can suffer from periorbital edema, amyloidosis, polyarthralgia, growth retardation, and death (47, 48). In vivo studies with transgenic mice expressing the human disease-associated R258W (MWS) or A350V and L351P (FCAS) mutations in the NLRP3 gene demonstrated the detrimental role of IL-1β in these diseases (49, 50). Genetic deletion of the IL-1R efficiently rescued NLRP3A350V and partially NLRP3L351P mice from neonatal lethality (49).

Rheumatoid arthritis (RA) is a chronic autoimmune disease characterized by persistent synovial inflammation and hyperplasia of the diarthrodial joints and progressive destruction of cartilage and bone (51). In particular, chondrocytes- and monocytes-derived TNF and IL-1β are associated with hyper-inflammatory processes in affected joints (52). At the local level, even low concentrations of IL-1β induce production and secretion of matrix metalloproteinases, which are mainly involved in destructive processes (53). Furthermore, IL‐1β assists in T helper type 17 (Th17) cells differentiation and subsequent IL-17A production. Both processes further contribute to the hyper-inflammatory state of RA (54). These data implicate NLRP3 inflammasome as one of the contributing factors to RA progression. In line with this, several studies have shown that NLRP3 and other inflammasome-related genes are highly upregulated in monocytes, macrophages, and dendritic cells of RA patients. Furthermore, NLRP3 gene polymorphisms (e.g., rs35829419, rs10754558, rs4612666) were associated with RA manifestation and pathogenesis [reviewed in (55)].

Although the above mentioned diseases affect different organs and are diverse in nature, they are also characterized by a common feature, namely elevated levels of IL-1β. It is of significance to mention that IL-1β release is not limited to NLRP3 inflammasome activation. A variety of mechanisms, including AIM2 inflammasome activation, which also plays a crucial role in bacterial detection, can result in production and release of IL-1β [reviewed in (56)]. Therefore, treatments target various components of the signaling cascade and particularly IL-1. Several strategies that combat IL-1 action have undergone substantial clinical trials. Some of them are summarized in Table 1. Anakinra, Rilonacept, and Canakinumab are clinically approved IL-1 inhibiting drugs and the best studied agents (73). Anakinra is an IL-1 receptor antagonist and is used among others for the treatment of RA, acute gouty arthritis, and CAPS. It blocks the action of both IL-1α and IL-1β (74–76). Clinical trials with Anakinra reported elevated numbers of infectious episodes in Anakinra-treated patients as compared to the placebo-treated group during the first 6 months of treatment. Furthermore, the incidence of serious infections was increased. These infections comprised mainly of cellulitis, pneumonia, and bone and joint infections as well (57). Rilonacept is a dimeric fusion protein that contains two IL-1 receptors attached to the Fc portion of human IgG1. Similar to Anakinra, it blocks the activity of IL-1 isoforms but does not interact with the IL-1 receptor. Rilonacept is used to treat CAPS and the most reported side-effects include skin reactions and upper respiratory tract infections (58). Canakinumab is a monoclonal IgG1 that specifically targets IL-1β and is commonly used for treatment of Periodic Fever Syndromes, MWS, and acute gouty arthritis (59, 60). Among the various side effects, respiratory tract infections were the most reported side effect in clinical trials (60).


Table 1 | NLRP3 inflammasome inhibitors used in clinics.



All IL-1 inhibiting strategies are well tolerated in the majority of patients. The most common adverse effect is a dose-dependent skin irritation at the injection site. However, a substantially increased incidence of bacterial infections of the respiratory tract caused by Gram-positive bacteria, including pneumococci, Staphylococcus aureus (SA), and/or group A streptococci (GAS) are reported (77). Furthermore, IL-1 inhibiting therapies were associated with a higher incidence of fatal infections as compared to the placebo treated group. Therefore, treatment with IL-1 inhibiting drugs is not recommended for patients with an ongoing infection or with a history of severe infections (59, 77, 78).



Role of NLRP3 Inflammasome in Pneumococcal Infections

Pneumococci, SA, and GAS are frequent colonizers of the upper respiratory tract (79). Colonization is usually asymptomatic in healthy individuals. However, imbalances in the immune system can lead to severe, invasive and even life-threatening diseases such as pneumonia and sepsis. The occurrence of the more severe forms of infection is commonly found in children younger than 5 years of age, elderly, and immuno-compromised population (80). Due to the immunosuppressive nature of IL-1 inhibiting agents, patients undergoing treatment seem to be at higher risk to develop infections caused by these bacteria (77, 81). In general, inflammation plays a crucial role in infectious diseases. Impaired or insufficient inflammatory response can result in prolonged and/or recurrent infections. In contrast, excessive hyper-inflammation is associated with fatal outcome (82, 83).

Pneumococci colonize the nasopharyngeal cavity of 20%–50% of children and 8%–30% of adults. They have been implicated as the most common etiologic agent of community-acquired pneumonia (80, 84). However, only limited number of studies investigated the role of inflammasome in pneumococcal infections and contrary results are reported. For example, one murine model study reported that NLRP3−/− mice are more susceptible to pneumococcal pneumonia (85). In contrast, a study on pneumococcal meningitis showed that mice with an active NLRP3 signaling have higher clinical scores, suggesting that NLRP3 activation contributes to brain injury (86). Since the incidence of respiratory tract infections is elevated in patient receiving IL-1 inhibiting agent, we will solely focus on the role of NLRP3 in respiratory pneumococcal infections.

Two of the most important secreted pneumococcal virulence determinants are hydrogen peroxide (H2O2) and the cholesterol-dependent cytolysin, pneumolysin (PLY) (87). Both factors are implicated in inflammasome activating and suppressive processes. Based on the pneumococcal serotypes used for the infection, the NLRP3-dependent IL-1β secretion by human cells varies. Macrophages infected with serotypes that are associated with invasive diseases and express low/non-hemolytic PLY (serotypes 1, 7F and 8), release lower amounts of IL-1β as compared to macrophages infected with serotypes expressing a fully active PLY (serotypes 2, 3, 6B, 9N) (88, 89). Being poor activators of the inflammasome, the invasive serotypes are potentially less efficiently recognized by the innate immune system and therefore, are less susceptible to immuno-mediated clearance. However, the exact mechanism of NLRP3 activation by PLY is unknown. This process is most likely of indirect nature (Figure 1). Studies on human neutrophils have shown that PLY-mediated NLRP3 activation is a result of potassium ion (K+) efflux. Experimental inhibition of K+ efflux in neutrophils resulted in impaired caspase-1 activation and subsequently in diminished IL-1β processing (Figure 1). Furthermore, it was shown that lysosomal destabilization did not play a role in PLY-mediated IL-1β processing in neutrophils (90). In general, IL-1β induces the production of chemoattractants, such as CXCL1 and CXCL2 by lung epithelial cells, which enhance neutrophil influx (91) and subsequent bacterial clearance at the site of infection (92, 93). Studies on pneumococcal infections of mouse peritoneal neutrophils indicate that NLRP3 inflammasome is mainly responsible for IL-1β secretion, while the AIM2 and NLRC4 inflammasomes are dispensable in these type of immune cells (94). Furthermore, neutrophil-derived IL-1β is involved in activation of Th17 cells. Th17-derived IL-17A acts as an additional chemoattractant-stimulating agent (95, 96) and indirectly mediates neutrophilia in the infected organs (Figure 1) (97). Nonetheless, neutrophil influx alone is not sufficient to clear pneumococci and macrophage influx is essential to ensure bacterial elimination (93, 98). A study by Hoegen and colleagues demonstrated that PLY was a key inducer of NRLP3 inflammasome and IL-1β expression in human differentiated THP-1 cells (86). In contrast to neutrophils, NLRP3 inflammasome activity was dependent on lysosomal destabilization, release of ATP, and cathepsin B activation (86). Furthermore, NLRP3 inflammasome activating synergistic effects of PLY and TLR agonists in dendritic cells and macrophages are reported (85, 88). However, this is rather a general inflammasome activating/priming effect. Apart from NLRP3, PLY can also activate AIM2 inflammasomes (99).

In contrast to PLY, only one study investigated the pneumococci-derived H2O2 and inflammasome interplay. By utilizing mouse bone marrow-derived macrophages (mBMDMs), Ertmann and Gekara have shown that mBMDMs infected with pneumococci accumulate large amounts of pro-IL-1β and procaspase-1 (100). Detection of the processed forms of IL-1β and caspase-1 was highly delayed and remained undetectable until 12 h post infection. However, the ratio of processed IL-1β and caspase-1 to their precursors was still very low (100). In contrast, spxB-mutant strain, which lacked H2O2 production, showed an intrinsically increased capacity to activate the inflammasome. The authors suggested that pneumococci employ H2O2-mediated inflammasome inhibition as a colonization strategy (100). Although the study provides highly relevant new insights into pneumococci-host interplay, verification of these results in human host system is warranted. However, host factors upstream or downstream of NLRP3 inflammasome also play a crucial role in colonization and infection processes. Studies in aged mice have suggested that an increase in endoplasmic reticulum stress and enhanced unfolded protein responses contribute to diminished assembly and activation of the NLRP3 resulting in failed clearance of pneumococci (101). In support of this, Krone and colleagues demonstrated that aged mice shows a delayed clearance of pneumococci in the nasopharynx as compared to young mice (102). The authors attributed the observed phenotype to the impaired innate mucosal immune responses in aged mice, including NLRP3 and IL-1β suppression. Furthermore, Lemon and colleagues demonstrated a prolonged colonization of IL1R-/- adult mice as compared to wild-type mice (93). The prolonged colonization was linked to reduced numbers of neutrophils at early stages of infection and reduced macrophage influx at later time points of carriage in IL1R-/- mice (93).

Apart from the bacterial pore-forming toxins, microbial RNA has also been implicated as a direct NLRP3 inflammasome activator (19). Studies showed that even small fragments of staphylococcal or group B streptococcal (GBS) RNA are sufficient for inflammasome activation in human THP-1-derived and mouse macrophages (103, 104). Based on detailed analyses of GBS and mouse macrophages interplay, Gupta and colleagues proposed that bacteria-mediated activation of NLRP3 inflammasomes requires bacterial uptake, phagolysosomal acidification, and toxin-mediated leakage. Subsequently, the free accessible bacterial RNA interacts with NLRP3 and activates the inflammasome cascade (104). Whether such mechanism applies to pneumococcal infections, remains to be elucidated.

In general, tightly controlled inflammasome activation in pneumococcal pneumonia is one of many important host defense mechanisms contributing to bacterial clearance (56). However, excessive NLRP3 activation can also lead to uncontrolled pyroptosis. The disproportionate gasdermin-D mediated cell membrane rupture in a variety of lung cells may result in a release of plethora of alarmins, including processed antigens, ATP, HMGB1, reactive oxygen species, cytokines, and chemokines (105). These prompt an immediate reaction from resident and recruited immune cells leading to a pyroptotic chain reaction with subsequent excessive tissue pathology (106). Furthermore, pathogen-associated antigens might disseminate to other organs resulting in a severe systemic hyper-inflammatory response (105). Whether such actions apply to pneumococcal pneumonia remains to be shown.



Conclusion

Besides the crucial role of NLRP3 inflammasome activation in inflammation, many studies implicate NLRP3 inflammasome in the pathology of several autoimmune and auto-inflammatory disorders. Currently, the most common therapy for such diseases involves the use of immuno-suppressive, cytokine inhibiting therapies, such as IL-1 inhibitors. The immuno-suppression of patients by these agents results in side effects that often include respiratory tract infections caused by pneumococci. However, only a limited number of studies investigated the role of the NLRP3 inflammasome in pneumococcal respiratory infections. Future studies, especially those considering the complex interplay of human genetics, immuno-suppressive status, and age with pneumococcal colonization are needed to better understand the role of NLRP3 inflammasome in such infections.
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Conjugated polyenes are a class of widely occurring natural products with various biological functions. We previously identified 4-hydroxy auxarconjugatin B (4-HAB) as anti‐inflammatory agent with an IC50 of ~20 µM. In this study, we synthesized a new anti‐inflammatory 4-HAB analogue, F240B, which has an IC50 of less than 1 µM. F240B dose-dependently induced autophagy by increasing autophagic flux, LC3 speck formation and acidic vesicular organelle formation. F240B inhibited NACHT, LRR and PYD domain-containing protein 3 (NLRP3) inflammasome activation through autophagy induction. In a mechanistic study, F240B inhibited interleukin (IL)-1β (IL-1β) precursor expression, promoted degradation of NLRP3 and IL-1β, and reduced mitochondrial membrane integrity loss in an autophagy-dependent manner. Additionally, F240B inhibited apoptosis-associated speck-like protein containing a CARD (ASC) oligomerization and speck formation without affecting the interaction between NLRP3 and ASC or NIMA-related kinase 7 (NEK7) and double-stranded RNA-dependent kinase (PKR). Furthermore, F240B exerted in vivo anti-inflammatory activity by reducing the intraperitoneal influx of neutrophils and the levels of IL-1β, active caspase-1, IL-6 and monocyte chemoattractant protein-1 (MCP-1) in lavage fluids in a mouse model of uric acid crystal-induced peritonitis. In conclusion, F240B attenuated the NLRP3 inflammasome through autophagy induction and can be developed as an anti-inflammatory agent in the future.
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Introduction

The intracellular sensor, NACHT, LRR, and PYD domain-containing protein 3 (NLRP3) inflammasome, is a multimeric protein complex composed of a sensor NLRP3, an adaptor protein apoptosis-associated speck-like protein (ASC) and an effector caspase-1. Activation of the NLRP3 inflammasome is a two-step process that involves priming and activation. During priming, transcriptional upregulation of NLRP3 and the pro-inflammatory cytokines interleukin (IL)-1β (IL-1β) precursor (proIL-1β) is induced by recognition of pathogen-associated molecular patterns by pattern recognition receptors (1). The major signaling pathways involved in the priming stage of the NLRP3 inflammasome are reactive oxygen species (ROS), the mitogen-activated protein kinase (MAPK) pathway and nuclear factor kappa B (NF-κB)-associated pathways (1, 2). During the activation stage, damage or danger-associated molecular patterns, such as bacterial toxins and extracellular ATP, lead to the assembly of the NLRP3 inflammasome which in turn result in the activation of cysteine protease caspase-1 (1, 3) and the conversion of proIL-1β to mature IL-1β by the active caspase-1.

Since NLRP3 plays a significant role in innate immunity, dysregulated activation results in inflammatory conditions such as atherosclerosis, Type-II diabetes, gout and various neurodegenerative disorders (3). Anti-inflammatory drugs such as colchicines and glucocorticoids, are commonly used to treat NLRP3-related inflammatory diseases, however these drugs exhibit severe side-effects which limits their applications (4). Hence new therapeutics that potentially inhibit NLRP3 with minimal side-effects need to be developed.

Conjugated polyenes occurring in natural products have been shown to exhibit antibacterial, antifungal and antitumor activities (5). Despite their biological significance, the usage of these compounds as therapeutics has been limited because of their availability. Presently, the only known sources of natural polyenes are bacteria and fungi and the amounts of polyenes that can be obtained from them are very low. Chemical synthesis offers an alternative source to these compounds. In our earlier studies, we have successfully synthesized a library of analogues that was derived from a naturally occurring polyene (6–8). We found that one of the analogous, 4-hydroxy auxarconjugatin B (4-HAB), a polyenylpyrrole derivative, inhibits NLRP3 inflammasome activation by inhibiting ASC oligomerization, lysosomal rupture and mitochondrial damage in an autophagy-dependent manner. 4-HAB was also shown to ameliorate uric acid crystal-mediated peritonitis in mice (9).

In the present study, we have synthesized analogs of 4-HAB with the aim of enhancing its anti-NLRP3 inflammasome activity. We found that one of the analogs, 3-butyl-6-[(1E,3E,5E,7E)-8-(3-chloro-1H-pyrrol-2-yl)-1-methyl-1,3,5,7-octatetraen-1-yl]-4-ethoxy-2H-pyran-2-one (F240B), is a more potent NLRP3 inflammasome inhibitor (IC50 < 1 µM) than its parent, 4-HAB. Herein we describe the synthesis of F240 and the results for our anti-inflammatory studies.



Materials and Methods


General Synthesis Procedures

All chemical reagents and solvents were obtained from Sigma Aldrich, Merck, Alfa Aesar, Fluka or TCI and were used without further purification. Microwave-assisted reactions were performed using the Biotage Initiator microwave synthesizer. TLC were performed on precoated silica plated (Merck silica gel 60, F254) and visualized with UV or stained with phosphomolybdic acid, alkaline potassium permanganate stain. Flash chromatography was performed on silica (Merck, 70-230 mesh). 1H, 13C and 31P NMR spectra were measured on a Bruker AMX 300, 500 or 400 spectrometer (Supporting Information). Chemical shifts were reported in parts per million (δ) relative to the tetramethylsilane standard. Mass spectra were performed on a Finnigan/MAT LCQ mass spectrometer under either electron spray ionization (ESI) or electron impact (EI) techniques.



Synthesis of 2

Synthesis of 2 was performed according to the procedure reported by Fang et al. (6). The compound was obtained in 28% yield (over 4 steps).



Synthesis of 3

The crude mixture of 2 was then taken up in DMSO (5 ml), and K2CO3 (645 mg, 4.68 mmol) and Et2SO4 (264 µl, 2.06 mmol) were added. The reaction was stirred at room temperature for 2h. The mixture was diluted in ethyl acetate and washed with water 3 times. The organic layer was dried over MgSO4, filtered and concentrated. Flash chromatography of the crude mixture (hexane: ethyl acetate = 2:1) gave 3 (257 mg, 65%) as a white solid. 1H NMR (500 MHz, CDCl3) δ 5.92 (s, 1H), 4.03 (q, J = 7.0 Hz, 2H), 2.39 – 2.28 (m, 2H), 2.16 (s, 3H), 1.43 – 1.30 (m, 5H), 1.24 (dq, J = 14.4, 7.2 Hz, 2H), 0.83 (t, J = 7.3 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 165.52, 165.27, 160.49, 105.26, 95.52, 64.51, 29.95, 22.72, 22.34, 20.05, 14.62, 13.79. HRMS (EI) for C12H18O3 calculated 210.1256, found 210.1259.



Synthesis of 4

To a solution of 3 (743 mg, 3.54 mmol) in dioxane (3 ml) was added SeO2 (1.96 g, 17.7 mmol). The reaction was stirred under microwave conditions at 150°C for 30 min. The mixture was then carefully quenched with NaHCO3, and the aqueous layer washed three times with CH2Cl2. Flash chromatography of the crude mixture (hexane:ethyl acetate = 4:1) gave 4 (654 mg, 56%) as a white solid. 1H NMR (500 MHz, CDCl3) δ 9.48 (s, 1H), 6.91 (s, 1H), 4.24 – 4.06 (m, 2H), 2.53 – 2.36 (m, 2H), 1.48 – 1.33 (m, 5H), 1.27 (dd, J = 14.9, 7.4 Hz, 2H), 0.85 (t, J = 7.3 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 183.34, 162.66, 162.56, 152.31, 115.77, 102.62, 65.46, 29.60, 23.81, 22.49, 14.66, 13.77. HRMS (EI) for C12H16O4 calculated 224.1049, found 224.1049.



Synthesis of 6

To a solution of 4 (654 mg, 2.92 mmol) in THF (13 ml) was added MeMgBr (3 M in Et2O, 1.07 ml, 3.21 mmol). The reaction was stirred at room temperature for 1 h. The mixture was quenched with H2O and the aqueous layer washed three times with ethyl acetate. The combined organic layer was dried over MgSO4, filtered and concentrated to give crude 5 as a white solid. To a solution of 5 (2.92 mmol) in CH2Cl2 (20 ml) was added MnO2 (3.8 g, 43.8 mmol). The reaction was stirred at room temperature for 12h. The mixture was filtered through celite and concentrated. Flash chromatography of the crude mixture (hexane: ethyl acetate =4:1) gave 6 (608 mg, 88%) as a white solid. 1H NMR (500 MHz, CDCl3) δ 6.91 (d, J = 3.8 Hz, 1H), 4.11 (dt, J = 10.9, 5.1 Hz, 2H), 2.51 – 2.38 (m, 5H), 1.41 (dd, J = 15.1, 7.8 Hz, 2H), 1.35 (td, J = 7.0, 3.9 Hz, 3H), 1.28 (dd, J = 14.8, 7.3 Hz, 2H), 0.85 (td, J = 7.3, 3.7 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 191.47, 163.38, 162.83, 153.39, 114.68, 98.76, 65.33, 29.84, 25.56, 23.77, 22.51, 14.69, 13.72. HRMS (EI) for C13H18O4 calculated 238.1205, found 238.1204.



Synthesis of 7

To a solution of 6 (608 mg, 2.56 mmol) in CH2Cl2 (20 ml) at 0°C was added PPh3 (1.88 g, 7.16 mmol) and CBr4 (1.19 g, 3.58 mmol). The reaction was stirred at room temperature for 2h. The mixture was concentrated and flash chromatography of the crude mixture (hexane: ethyl acetate = 8:1) gave 7 (802 mg, 80%) as a red oil. 1H NMR (500 MHz, CDCl3) δ 6.35 (s, 1H), 4.11 (q, J = 6.9 Hz, 2H), 2.42 (t, J = 7.6 Hz, 2H), 2.12 (s, 3H), 1.47–1.37 (m, 5H), 1.35–1.28 (m, 2H), 0.89 (t, J = 7.3 Hz, 3H). 13C NMR (125 MHz, CDCl3) δ 164.3, 164.0, 157.6, 135.4, 108.2, 98.8, 94.2, 64.9, 29.8, 23.2, 22.6, 22.5, 14.7, 13.9. HRMS (EI): for C14H18O3Br2 calculated 391.9623; found 391.9640.



Synthesis of 1

To a solution of 7 (802 mg, 2.04 mmol) in CH2Cl2 (4 ml) was added TEA (1.27 ml, 9.16 mmol) and dimethylphosphite (746 µl, 8.14 mmol). The reaction was stirred at room temperature for 2h. The mixture was diluted with Et2O and washed with water 3 times. The organic layer was dried over MgSO4, filtered and concentrated. Flash chromatography of the crude mixture (hexane: ethyl acetate = 8:1) gave 1 (502 mg, 78%) as a white solid (Scheme 1). 1H NMR (400 MHz, CDCl3) δ 7.25 (s, 1H), 6.10 (s, 1H), 4.07 (q, J = 7.0 Hz, 2H), 2.36 (t, J = 7.5 Hz, 2H), 1.99 (s, 3H), 1.42 – 1.33 (m, 5H), 1.31 – 1.20 (m, 2H), 0.83 (t, J = 7.2 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 164.63, 163.99, 157.04, 131.82, 114.73, 108.47, 94.18, 64.78, 29.99, 23.18, 22.49, 15.69, 14.76, 13.90. HRMS (EI) for C14H19O381Br calculated 316.0497, found 316.0499.




Scheme 1 | Synthesis of intermediate 1.





Synthesis of 8

Compound 8 was prepared from trimethylborate and propargyldehyde diethyl acetal using the procedure reported by Feng et al. (6). It was obtained in 35% yield (over 4 steps) (Scheme 2).




Scheme 2 | Synthesis of intermediates (A) 8 and (B) 9.





Synthesis of 9

Compound 9 was prepared from 2-methyl-1-pyrroline using the procedure reported by Feng et al. (6). It was obtained in 10% yield (over 7 steps) (Scheme 2).



Synthesis of F240B

A round bottom flask was charged with degassed NMP (1 ml) and 1 (126mg, 0.401 mmol), 8 (283 mg, 0.603 mmol), AsPh3 (14.75 mg, 48.2 µmol) and Pd(PPh3)4 (11 mg, 12 µmol) were added sequentially. The reaction was stirred at room temperature for 6h. The mixture was then diluted in Et2O and washed with water 3 times followed by brine. The organic layer was dried over MgSO4, filtered and concentrated and then taken up in CH3CN. The CH3CN layer was then washed with hexane 3 times and then concentrated. Flash chromatography of the crude mixture (hexane:ethyl acetate = 2:1) through a short plug of silica gave 10 (62 mg, 38%) which was used immediately in the subsequent step. To a solution of 9 (64 mg, 0.225 mmol) in THF (0.4 ml) was added AsPh3 (4.6 mg, 15 µmol), 10 (62 mg, 0.15 mmol), Pd(PPh3)4 (2.7 mg, 3 µmol) and 10% KOH (0.17 ml, 0.3 mmol) sequentially. The reaction was stirred at room temperature for 30 min. The mixture was quenched with NH4Cl, taken up in ethyl acetate and washed with water 3 times. The organic layer was dried over MgSO4, filtered and concentrated. Flash chromatography of the crude mixture (hexane:ethyl acetate = 3:1) over a short plug of silica gave 11 (54 mg, 74%) as a red solid. 11 (164 mg, 0.333 mmol) was then taken up in THF (13 ml) and TBAF (1M in THF, 0.667 ml, 0.667 mmol) was added dropwise at 0℃. The reaction was stirred at room temperature for 1h. The mixture was diluted in ethyl acetate and washed with water 3 times, followed by brine. The organic layer was dried over MgSO4, filtered and concentrated. Flash chromatography of the crude mixture (hexane:ethyl acetate = 3:1) over a short plug of silica gel gave F240B (104 mg, 76%) as a red solid (Scheme 3). 1H NMR (500 MHz, DMSO-d6) δ 11.5 (br, 1H), 7.04 (d, J = 10.7 Hz, 1H), 6.89 (s, 1H), 6.80-6.68 (m, 3H), 6.61 (dd, J = 11.3, 15.1 Hz, 1H), 6.53–6.44 (m, 3H), 6.13 (s, 1H), 4.26 (q, J = 6.9 Hz, 2H), 2.34 (t, J = 7.6 Hz, 2H), 2.03 (s, 3H), 1.41–1.35 (m, 2H), 1.33–1.24 (m, 5H), 0.88 (t, J = 7.3 Hz, 3H). 13C NMR (125 MHz, DMSO-d6) δ 165.3, 163.1, 158.9, 138.5, 136.2, 131.6, 131.0, 127.9, 126.0, 125.8, 124.8, 120.4, 120.4, 111.7, 109.1, 105.3, 94.3, 64.7, 29.6, 22.6, 21.8, 14.6, 13.7, 12.3. HRMS (EI): for C24H28NO3Cl calculated 413.1758; found 413.1751.




Scheme 3 | Synthesis of F240B.





Biological Materials

Lipopolysaccharide (LPS) from Escherichia coli O111:B4 strain (L2630), N-acetyl-L-cysteine (NAC) (A9165), phorbol 12-myristate 13-acetate (PMA) (79346), acridine orange (AO) (A9231), monodansylcadaverine (MDC) (30432) and 4’,6-diamidino-2-phenylindole (DAPI) (MBD0015) were purchased from Sigma-Aldrich (St. Louis, MO). Macrophage colony-stimulating factor (M-CSF) was purchased from Peprotech (London, UK). ATP (tlrl-atp), nigericin (tlrl-nig), monosodium urate (MSU) (tlrl-msu), nanoparticles of silica dioxide (SiO2) (tlrl-sio), pNiFty2-SEAP plasmids (pnifty-seap), pSELECT-GFP-mLC3 plasmids (psetz-gfpmlc3), QUANTI-Blue medium (rep-qb2), poly(dA:dT) (tlrl-patn), muramyldipeptide (MDP) (tlrl-mdp), FLA-ST (flagellin from Salmonella typhimurium) (tlrl-stfla) and Pam3CSK4 (tlrl-pms) were purchased from InvivoGen (San Diego, CA). ASC-GFP plasmids were purchased from Genomics (Taipei, Taiean). Antibody against IL-1β (AB-401-NA) was purchased from R&D systems (Minneapolis, MN). Antibodies against caspase-1 (AG-20B-0044) and NLRP3 (AG-20B-0014) were purchased from Adipogen Life Science (San Diego, CA). Antibodies against Actin (sc-47778), ASC (sc-25514-R), cyclooxygenase-2 (COX-2) (sc-376861), phospho-IκB-α (sc-8404) and CRISPR/Cas9 knockout plasmids targeting LC3 (sc-426563 and sc-417828-HDR) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies against phospho-MAPK (#9910) were purchased from Cell Signaling Technology (Beverly, MA). Antibodies against NIMA-related kinase 7 (NEK7) (ab96538) and double-stranded RNA-dependent protein kinase (PKR) (ab184257) were purchased from Abcam (Cambridge, UK). Antibodies against LC3B (NB100-2220) and p62 (#5114) were purchased from Novus Biologicals (Littleton, CO). RPMI-1640 medium (22400089), Mitotracker Deep Red (M22426), Mitotracker Green (M7514), MitoSOX (M36008), disuccinimidyl suberate (21655), CM-H2DCFDA (C6827), ELISA kits of IL-1β (88-7013-88), IL-6 (88-7064-88), tumor necrosis factor alpha (TNF-α) (88-7324-88) monocyte chemoattractant protein-1 (MCP-1) (88-7503-88), and antibodies against Gr1 (12-5931-83) and CD45 (11-0451-82) were purchased from Thermo Fisher Scientific (Waltham, MA). The CytoScan LDH Cytotoxicity Assay kit was purchased from G-Bioscience (St. Louis, MO). MCC950 was purchased from TargetMol (Wellesley Hills, MA).



Cell Culture

J774A.1 macrophages, RAW264.7 macrophages and THP-1 monocytes were purchased from the American Type Culture Collection (Rockville, MD). LC3-knockout J774A.1 macrophages were established by CRISPR/Cas9 knockout plasmids in our previous studies (9, 10). Briefly, J774A.1 macrophages were transfected with CRISPR/Cas9 knockout plasmids targeting LC3 and the cells were selected by puromycin-containing medium. The protein expression levels of LC3 were checked by Western blot. J774A.1 NF-κB reporter cells were established by the pNiFty2-SEAP plasmids in our previous study (10). LC3-GFP and ASC-GFP expressing J774A.1 macrophages were established by transient transfection of pSELECT-GFP-mLC3 plasmids and ASC-GFP plasmids, respectively. To generate bone marrow-derived macrophages (BMDM), marrow was collected from femur and tibia of C57BL/6 mice and cultured for 7 days in culture medium containing 30 ng/ml M-CSF. To generate THP-1 macrophages, THP-1 monocytes were cultured for 2 days in culture medium containing 50 nM PMA. Human primary peripheral blood mononuclear cells (PBMCs) were prepared from whole blood from healthy volunteers. Briefly, free collected whole blood was separated by density gradient centrifugation using Histopaque-1077. Experimental protocols for whole blood collection were performed in accordance with the guidelines and regulations provided and accepted by the Institutional Review Board of the Tri-Service General Hospital, National Defense Medical Center. All cells were cultured in RPMI-1640 medium with 10% heat-inactivated foetal bovine serum at 37°C in a 5% CO2 incubator.



Bacterial Strains and Infection

Salmonella (ATCC 14028) were purchased from the American Type Culture Collection (Rockville, MD), and cultured on Salmonella Shigella agar (Creative, TW) at 37°C in a 5% CO2 incubator. The number of viable Salmonella was determined by a colorimeter (M6+ Colorimeter, Metertech). J774A.1 macrophages were primed with 1 µg/ml LPS for 5 h followed by treated with 1 µM F240B for 3 h. Cells were infected 2 h with Salmonella at a multiplicity of infection (MOI) of 20.



Lactate Dehydrogenase Release Assay

To determine the cytotoxicity of F240B, J774A.1 macrophages were incubated with 0.1-1 µM F240B, lysis buffer (maximum LDH release) or 10% H2O (spontaneous LDH release) for 3.5 or 24.5 h. Cytotoxicity was determined by measuring the LDH levels in culture medium using the CytoScan LDH Cytotoxicity Assay kit as described previously (9). The cytotoxicity % was calculated as 100 X (sample OD − spontaneous OD)/(maximum OD - spontaneous OD).



Autophagy Analysis

J774A.1 macrophages were incubated for 3-24 h with 1 µM F240B, for 24 h with 0.1-1 µM F240B or for 4 h with 0.1 µM rapamycin. The protein expression levels of LC3 and p62 were measure by Western blotting. For LC3 speak formation assay, GFP-LC3 expressed J774A.1 macrophages were incubated for 3 h with 1 µM F240B or for 4 h with 0.1 µM rapamycin. The cells were stained by 0.5 µg/ml DAPI for 10 min in the dark and fixed in 4% paraformaldehyde for 0.5 h. The LC3-GFP speak formation was measured by confocal microscopy. For AO and MDC staining, J774A.1 macrophages were incubated for 3 h with 1 µM F240B or for 4 h with 0.1 µM rapamycin. The cells were stained with 1 µg/ml AO or 50 nM MDC at 37°C for 10 min and fixed in 4% paraformaldehyde for 0.5 h. The fluorescent signals were acquired by confocal microscopy.



Activation of the NLRP3 Inflammasome and Inflammatory Mediator

For the NLRP3 inflammasome activation, cells were incubated with 1 µg/ml LPS for 5 h followed by incubated with 0.1–1 µM F240B for 0.5 h or 3 h. Cells then incubated with 5 mM ATP for 0.5 h, 10 μM nigericin for 0.5 h, 100 μg/ml MSU for 24 h or 100 μg/ml SiO2 for 24 h. The levels of IL-1β or TNF-α in the supernatants were measured by ELISA. The levels of IL-1β, caspase-1, NLRP3 and ASC in the supernatants were measured by Western blotting as described previously (9). For inflammatory mediator expression, cells were incubated with 0.1–1 µM F240B for 0.5 h followed by incubated with 1 µg/ml LPS for 24 h. The COX-2 expression was analysed by Western blotting, TNF-α and IL-6 expressions were analysed by ELISA and NO production was analysed by Griess reaction.



Mitochondrial Damage Assay

J774A.1 macrophages or LC3-knockout J774A.1 macrophages were incubated with or without 1 μg/ml LPS for 5 h followed by incubation with or without 1 µM F240B for 0.5 h in the presence or absence of 5 mM 3-MA. Cells were then incubated with 5 mM ATP for 0.5 h. To analyze mitochondrial integrity, cells were stained with 25 nM MitoTracker Deep Red (for intact mitochondria) and 25 nM MitoTracker Green (for total mitochondria) for 15 min. To analyze mitochondrial ROS, cells were stained with 5 μM MitoSOX (specific mitochondrial ROS indicator) for 15 min. The fluorescent signals were acquired by confocal microscope.



ASC Oligomerization and Speck Formation

To detect ASC oligomerization, J774A.1 macrophages were incubated with 1 µg/ml LPS for 5 h followed by incubation with with 1 µM F240B for 3 h. Cells were then incubated with 5 mM ATP for 0.5 h and lysed by lysis buffer. After centrifuge, the pellets were cross-linked with 2 mM disuccinimidylsuberate at 37°C for 30 min and subsequent analyzed by Western blotting (9). To detect ASC speck formation, ASC-expressing J774A.1 macrophages were incubated with 1 µg/ml LPS for 5 h followed by incubated with 1 µM F240B for 3 h. Cells were then incubated with 5 mM ATP for 0.5 h. Cells were fixed in 4% paraformaldehyde for 0.5 h and the fluorescent signals were acquired by confocal microscope.



Immunoprecipitation-Western Blotting Assay

To detect the binding between NLRP3 and ASC, NEK7 and PKR, J774A.1 macrophages were incubated with 1 µg/ml LPS for 5 h followed by incubation with 1 µM F240B or 0.1 µM MCC950 for 3 h. Cells were then incubated with 5 mM ATP for 0.5 h and lysed by lysis buffer. Prepared a 500 μl mixture containing 500 μg protein and 1 μg NLRP3 or ASC antibody. Incubated the mixture with gentle rocking at 4°C for overnight followed by adding 20 μl protein A/G agarose bead and gentle rocking at 4°C for additional 1 h. After centrifuge, the supernatant was removed and the pellet was subsequent analyzed by Western blotting against NLRP3, NEK7, and PKR, respectively.



Mice Model

C57BL/6JNal mice (male, 8-week-old) were purchased from The National Laboratory Animal Center (Taipei, Taiwan). The mice were housed in the animal center of National Ilan University under standard and controlled environment. The studies were performed with the approval and regulation of Institutional Animal Care and Use Committee of the National Ilan University (approval number: No. 102-40). The mice were randomly divided into four groups: Control group: intraperitoneal injection (i.p.) of 0.5% DMSO in sterile PBS (200 μl) at 0, 24 and 48 h; i.p. injection of sterile PBS (0.5 ml) at 1 and 49 h, n=6. MSU group: i.p. injection of 0.5% DMSO in sterile PBS (200 μl) at 0, 24 and 48 h; i.p. injection of sterile MSU crystals (3 mg in 0.5 ml PBS) at 1 and 49 h, n=8. F240B +MSU group: i.p. injection of F240B (20 mg/kg body weight) at 0, 24 and 48 h; i.p. injection of sterile MSU crystals (3 mg in 0.5 ml PBS) at 1 and 49 h, n=6. Colchicine+MSU group: i.p. injection of colchicine (1 mg/kg body weight) at 48 h; i.p. injection of sterile MSU crystals (3 mg in 0.5 ml PBS) at 1 and 49 h, n=6. Mice were euthanized at 53 h and the peritonea were lavaged with 3 ml ice-cold PBS. The absolute number of cells was counted and neutrophil peritoneal influx were quantified by Gr-1 and CD45 staining and analysed by flow cytometry. The expression levels of cytokines in peritoneal lavage fluids were measured by ELISA.



Statistical Analysis

Because of the sample size is small and the data is not normal distribution in this study, the non-parametric Mann-Whitney U-test was used to analyze changes between two groups. All statistical analyses were performed using Prism v5.0 (Graphpad software). P values less than 0.05 were considered to be statistically significant.




Results


F240B Synthesis

(3-butyl-6-[(1E,3E,5E,7E)-8-(3-chloro-1H-pyrrol-2-yl)-1-methyl-1,3,5,7-octatetraen-1-yl]-4-ethoxy-2H-pyran-2-one) was synthesized according to the procedure reported previously (6, 11).

Reagents and conditions: (a) Et2SO4, K2CO3, DMSO, r.t., 2h; (b) SeO2, dioxane, m.w. 160°C, 30 min; (c) MeMgBr, THF, r.t., 1h; (d) MnO2, DCM, r.t., 12h; (e) CBr4, PPh3, DCM, 0°C, 2h; (f) (CH3O)2PHO, TEA, DCM, r.t., 2h.

Intermediates 8 and 9 were synthesized using the procedure reported previously (6, 11).

Reagents and conditions: (a) Pd2dba3, AsPh3, NMP, r.t., 6h; (b) Pd2dba3, AsPh3, KOH, THF, r.t., 1h; (c) TBAF, THF, r.t., 1h.

F240B was synthesized via Stille coupling of 2 and 3 using Pd2dba3, followed by a Suzuki coupling with 4 using Pd2dba3 and KOH to initially form 11 and 12 in 38% and 74% yield respectively. Demesylation using TBAF in THF gave F240B in 76% yield. The 1H NMR and 13C NMR spectra of 3 (Supplementary Figures 1 and 2), 4 (Supplementary Figures 3 and 4), 6 (Supplementary Figures 5 and 6), 7 (Supplementary Figures 7 and 8), 1 (Supplementary Figures 9 and 10) and F240B (Supplementary Figures 11 and 12) have been provided in the Supplementray Material.



F240B Induces Autophagy

Autophagy is the cellular protective mechanism that inhibits the NLRP3 inflammasome (12). To investigate the effect of F240B on autophagy induction, J774A.1 macrophages were incubated for 3-24 h with 0.3 µM F240B or for 4 h with 0.1 µM rapamycin (an autophagy inducer). The expression levels of the autophagy markers LC3 and p62 in the lysates were measured by Western blotting. We found that the LC3-II expression level was increased by rapamycin or F240B after 3 h of treatment and extended to 24 h (Figure 1A). The p62 protein expression level was reduced by rapamycin or F240B after 3 h and 6 h of treatment and recovered after 12 h of treatment, indicating autophagic flux (Figure 1B). In addition, incubation of the cells with 0.1–1 µM F240B for 3 h reduced p62 protein expression in a dose-dependent manner (Figure 1C). Furthermore, 1 µM F240B treatment for 3 h or 0.1 µM rapamycin treatment for 4 h induced autophagosome (LC3-GFP specks) formation in J774A.1 macrophages that stably expressed GFP-LC3 fusion protein (Figure 1D). To confirm the induction of autophagy by F240B, J774A.1 macrophages were incubated for 3 h with 1 µM F240B. The cells were stained with the fluorescent autophagy indicators MDC and AO, and the fluorescent signals were acquired by confocal microscopy. We found that the fluorescent signals of MDC and AO were significantly increased by F240B treatment (Figure 1E). These results indicate that F240B is a potent autophagy inducer in macrophages.




Figure 1 | F240B induces autophagy. (A, B) J774A.1 macrophages were incubated for 3–24 h with 0.3 µM F240B or for 4 h with 0.1 µM rapamycin. The levels of LC3 (A) and p62 (B) in the lysates were measured by Western blotting. (C) J774A.1 macrophages were incubated for 3 h with 0.1–1 µM F240B or for 4 h with 0.1 µM rapamycin. The levels of p62 in the lysates were measured by Western blotting. (D) GFP-LC3 expressed J774A.1 macrophages were incubated for 3 h with 1 µM F240B or for 4 h with 0.1 µM rapamycin. The LC3-GFP speck formation was measured by confocal microscopy. (E) J774A.1 macrophages were incubated for 3 h with 1 µM F240B. The cells were stained with 50 nM MDC or 1 µg/ml AO and the fluorescent signals were acquired by confocal microscopy.





F240B Inhibits the NLRP3 Inflammasome-Derived IL-1β Secretion

Since F240B treatment for 3 h significantly induced autophagy in macrophages (Figure 1), we asked whether F240B could inhibit the NLRP3 inflammasome through autophagy induction. To address this hypothesis, LPS-primed J774A.1 macrophages were incubated for 0.5 h (no autophagy induction) or 3 h (autophagy induced) with F240B, followed by treatment with the NLRP3 activator ATP or nigericin for 0.5 h. NLRP3 inflammasome activation was analysed by measuring IL-1β secretion. We found that LPS priming did not significantly induce IL-1β secretion, and ATP (Figure 2A) or nigericin (Figure 2B) significantly induced IL-1β secretion. Notably, we demonstrated that 3 h but not 0.5 h F240B treatment reduced IL-1β secretion in a dose-dependent manner in ATP- (Figure 2A) and nigericin-activated cells (Figure 2B). Under the same conditions, neither 0.5 h nor 3 h F240B treatment affected TNF-α secretion, which was independent of the NLRP3 inflammasome (Figures 2C, D). In addition, F240B also reduced IL-1β secretion mediated by MSU and SiO2, which are also NLRP3 inflammasome activators (Figure 2E). To rule out the possibility that F240B-mediated IL-1β inhibition was due to cytotoxic effects, we further investigated the cytotoxicity of F240B in J774A.1 macrophages by LDH release assay. F240B treatment for 3.5 h did not increase LDH release, but F240B slightly increased LDH release at 1 µM after 24.5 h of treatment (Figure 2F). These results indicated that F240B-inhibited IL-1β secretion was not due to a reduction in cell viability. The inhibitory activity of F240B on IL-1β was confirmed in BMDMs, human THP-1 macrophages and PBMCs as treatment reduced the IL-1β levels in ATP- or nigericin-activated BMDMs (Figure 3A), THP-1 macrophages (Figure 3B) and PBMCs (Figure 3C). In addition, we investigate whether F240B could inhibits the activation of other inflammasomes. We found that F240B reduced IL-1β secretion in J774A.1 macrophages transfected with LPS, MDP or poly(dA:dT), which activates non-canonical-, NLRP3- and the absent in melanoma 2 (AIM2)-inflammasome, respectively (Figure 3D). However, F240B did not reduce the IL-1β secretion in J774A.1 macrophages infected with Salmonella or transfected with FLA-ST, which activate NLR family CARD domain containing 4 (NLRC4) inflammasome (Figure 3D). These results indicated that F240B not only inhibited the NLRP3 inflammasome but also inhibited non-canonical- and AIM2-inflammasome.




Figure 2 | F240B inhibits the NLRP3 inflammasome-derived IL-1β secretion in J774A.1 macrophages. J774A.1 macrophages were incubated with 1 µg/ml LPS for 5 h followed by incubated with F240B for 0.5 h or 3 h. Cells then incubated with 5 mM ATP for 0.5 h (A, C), 10 μM nigericin for 0.5 h (B, D), 100 μg/ml MSU or 100 μg/ml SiO2 for 24 h (E). The levels of IL-1β and TNF-α in the supernatants were measured by ELISA. (F) J774A.1 macrophages were incubated with F240B for 3.5 h or 24 h, and cytotoxicity was analyzed by LDH release. The data are expressed as the mean ± SD of three separate experiments. * and *** indicate a significant difference at the level of p < 0.05 and p < 0.001, respectively, compared to LPS+ATP (A, C), LPS+Nigericin (B, D), LPS+MSU or LPS+SiO2 (E) or control (F).






Figure 3 | Effect of F240B on inflammasome activation. (A) BMDM, (B) THP-1 macrophage or (C) PBMCs were incubated with 1 µg/ml LPS for 5 h followed by incubated with F240B for 3 h. Cells then incubated with 5 mM ATP or 10 μM nigericin for 0.5 h. The levels of IL-1β in the supernatants were measured by ELISA. (D) LPS-primed or Pam3CSK4-primed (for LPS transfection only) J774A.1 macrophages were incubated for 3 h with 1 μM F240B followed by transfection with poly(dA/dT) (2 μg/ml), FLA-ST (1 μg/ml), MDP (10 μg/ml) or LPS (2 μg/ml) for 6 h, or by Salmonella infection (20 MOI) for 2 h. The levels of IL-1β in the supernatants were measured by ELISA. The data are expressed as the mean ± SD of three separate experiments. *, ** and *** indicate a significant difference at the level of p < 0.05, p < 0.01 and p < 0.001, respectively, compared to LPS+ATP or LPS+Nigericin (A–C) or as indicated (D).





F240B Inhibits the NLRP3 Inflammasome Through Autophagy Induction

To confirm the inhibitory activity of F240B on the NLRP3 inflammasome, we investigated the effect of F240B on IL-1β secretion and caspase-1 activation using Western blotting. We found that F240B treatment for 3 h significantly reduced ATP-induced IL-1β secretion and caspase-1 activation in LPS-primed J774A.1 macrophages (Figure 4A). Activation of the NLRP3 inflammasome induces caspase-1-dependent cell death (pyroptosis) that is characterized by the loss of cell membrane integrity. ATP treatment significantly induced the extracellular release of NLRP3 and ASC in LPS-primed J774A.1 cells, indicating the loss of cell membrane integrity (Figure 4B). F240B treatment for 3 h significantly reduced the extracellular release of ASC and NLRP3 (Figure 4B), indicating that F240B reduced pyroptosis. To investigate the involvement of autophagy in F240B-mediated NLRP3 inflammasome inhibition, the autophagy inhibitor 3-MA was used to test whether autophagy inhibition abolished F240B-mediated IL-1β downregulation. We found that 3-MA preincubation abolished F240B-mediated IL-1β downregulation in ATP- or nigericin-activated cells (Figure 4C). The role of autophagy in F240B-mediated NLRP3 inflammasome inhibition was confirmed by LC3-knockout in J774A.1 macrophages, as F240B did not inhibit IL-1β secretion in ATP- or nigericin-activated LC3-knockout cells (Figure 4D). These results indicate that F240B inhibits the NLRP3 inflammasome through autophagy induction.




Figure 4 | F240B inhibits the NLRP3 inflammasome through autophagy induction. (A, B) J774A.1 macrophages were incubated with 1 µg/ml LPS for 5 h followed by incubated with F240B for 3 h. Cells then incubated with 5 mM ATP for 0.5 h. The levels of IL-1β and caspase-1 (A) or NLRP3 and ASC (B) in the supernatants were measured by Western blotting. (C) J774A.1 macrophages were incubated with 1 µg/ml LPS for 5 h followed by incubated with 1 µM F240B in the presence or absence of 5 mM 3-MA for 3 h. Cells then were incubated with 5 mM ATP or 10 μM nigericin for 0.5 h. The levels of IL-1β in the supernatants were measured by ELISA. (D) Wild-type and LC3-knockout J774A.1 macrophages were incubated with 1 µg/ml LPS for 5 h followed by incubated with 1 µM F240B for 3 h. Cells then incubated with 5 mM ATP or 10 μM nigericin for 0.5 h. The levels of IL-1β in the supernatants were measured by ELISA. The data are expressed as the mean ± SD of three separate experiments. * and *** indicate a significant difference at the level of p < 0.05 and p < 0.001, respectively.





Activation of Autophagy by F240B Inhibits NF-κB Activation and ProIL-1β Expression

Induction of proIL-1β and NLRP3 proteins by LPS-mediated priming signaling is the crucial step for NLRP3 inflammasome activation (2). We found that LPS treatment significantly induced proIL-1β and NLRP3 expression in J774A.1 macrophages; notably, F240B significantly reduced proIL-1β but not NLRP3 expression (Figure 5A). To dissect the underlying molecular mechanisms of F240B-mediated proIL-1β inhibition, the important priming signals induced by LPS were evaluated. We found that LPS treatment significantly increased NF-κB transcriptional activity as analyzed by the NF-κB reporter assay, and this effect was inhibited by F240B in a dose-dependent manner (Figure 5B). F240B also inhibited the phosphorylation level of IκBα in LPS-activated J774A.1 macrophages, confirming that F240B inhibits NF-κB (Figure 5C). In addition, we investigated the effect of F240B on LPS-mediated ROS production, which is an upstream priming signal that regulates proIL-1β expression in J774A.1 macrophages (2). We found that LPS treatment significantly increased intracellular ROS production, as analyzed by staining with the ROS indicator H2DCFDA; however, F240B did not reduce ROS production in J774A.1 macrophages (Figure 5D). Moreover, F240B also did not affect the phosphorylation levels of ERK1/2, JNK1/2 or p38 (Figure 5E), which are also priming signal in LPS-activated J774A.1 macrophages (2). Finally, we found that F240B-mediated proIL-1β downregulation was associated with autophagy induction, as the inhibitory effect of F240B on proIL-1β was reduced in LC3 knockout J774A.1 macrophages (Figure 5F).




Figure 5 | Activation of autophagy by F240B inhibits NF-κB activation and proIL-1β expression. (A) J774A.1 macrophages were incubated with F240B for 0.5 h followed by incubated with 1 µg/ml LPS for 6 h. The levels of proIL-1β and NLRP3 in the cell lysates were measured by Western blotting. (B) J-Blue cells were incubated with F240B for 0.5 h followed by incubated with 1 µg/ml LPS for 24 h. The NF-κB transcriptional activity was measured by NF-κB reporter assay. (C, D) J774A.1 macrophages were incubated with F240B (1 µM for ROS assay) for 0.5 h followed by incubated with 1 µg/ml LPS for 10 min. The phosphorylation levels of IκBα in the cell lysates were measured by Western blotting (C), and the intracellular ROS production was analysed by H2DCFDA staining (D). (E) J774A.1 macrophages were incubated with 1 µM F240B for 0.5 h followed by incubated with 1 µg/ml LPS for 10-30 min. The phosphorylation levels of ERK1/2, JNK1/2 and p38 in the cell lysates were measured by Western blotting. (F) Will-type or LC3-knockout J774A.1 macrophages were incubated with1 µM F240B for 0.5 h followed by incubated with 1 µg/ml LPS for 6 h. The levels of proIL-1β in the cell lysates were measured by Western blotting. ** and *** indicate a significant difference at the level of p < 0.01 and p < 0.001, respectively compared to LPS.





Activation of Autophagy by F240B Reduced the Protein Stability of NLRP3 and ProIL-1β

It has been demonstrated that autophagy is involved in the cellular degradation of NLRP3 inflammasome components (13, 14). To investigate whether F240B affects the protein stability of NLRP3 and proIL-1β, J774A.1 macrophages were incubated with LPS for 5 h followed by incubation with F240B or DMSO (vehicle) for 3 h. The cells were then treated with the translation inhibitor cycloheximide (CHX) for 3-12 h. The protein expression levels of NLRP3 and proIL-1β were measured by Western blotting. We found that NLRP3 protein was not significantly degraded after 3-12 h CHX treatment in DMSO-treated cells; however, NLRP3 protein was significantly degraded after 12 h CHX treatment in F240B-treated cells (Figure 6A). In addition, proIL-1β protein was degraded in DMSO-treated cells in a time-dependent manner, and this effect was enhanced by F240B (Figure 6A). To investigate whether the autophagy-dependent pathway was involved in F240B-mediated degradation of NLRP3 and proIL-1β, the autophagy inhibitor 3-MA was used. We found a substantial accumulation of NLRP3 and proIL-1β protein levels upon treatment with 3-MA (Figure 6B). These results indicate that the autophagy-dependent pathway contributes to the degradation of NLRP3 and proIL-1β in F240B-treated cells.




Figure 6 | Activation of autophagy by F240B reduced the protein stability of NLRP3 and proIL-1β. (A) J774A.1 macrophages were incubated with 1 µg/ml LPS for 5 h followed by incubated with 1 µM F240B or 0.1% DMSO for 3 h. The cells were then incubated with 30 µg/ml CHX for 3-12 h. The levels of NLRP3 and proIL-1β in the cell lysates were measured by Western blotting. (B) J774A.1 macrophages were incubated with 1 µg/ml LPS for 5 h followed by incubated with 1 µM F240B for 3 h in the presence or absence of 5 mM 3-MA. The cells were then incubated with 30 µg/ml CHX for 12 h. The levels of NLRP3 and proIL-1β in the cell lysates were measured by Western blotting.





Activation of Autophagy by F240B Limits Mitochondrial Integrity Loss

Induction of proIL-1β and NLRP3 is not sufficient to activate the NLRP3 inflammasome. Fully activating the NLRP3 inflammasome requires an additional stimulus that provides activation signals (15). Mitochondrial dysfunction is an important activation signal for the NLRP3 inflammasome (16). We found that ATP induced mitochondrial membrane integrity loss (evidenced by reduced MitoTracker Deep Red staining; R2 fraction) in J774A.1 macrophages, and this effect was reduced by F240B (Figure 7A). Importantly, the autophagy inhibitor 3-MA limited the protective effect of F240B on mitochondria (Figure 7A). In addition, the protective effect of F240B on mitochondria was also reduced in LC3 knockout J774A.1 macrophages compared to that in wild-type cells (Figure 7B). These results indicate that activation of autophagy by F240B limits mitochondrial integrity loss and reduces NLRP3 inflammasome activation.




Figure 7 | Activation of autophagy by F240B limits mitochondrial integrity loss. (A) J774A.1 macrophages were incubated with 1 µg/ml LPS for 5 h followed by incubated with 1 µM F240B in the presence or absence of 5 mM 3-MA for 3 h. Cells then incubated with 5 mM ATP for 0.5 h. (B) Wild-type or LC3-knockout J774A.1 macrophages were incubated with 1 µg/ml LPS for 5 h followed by incubated with 1 µM F240B for 3 h. Cells then incubated with 5 mM ATP for 0.5 h. The mitochondrial membrane integrity was measured by staining with MitoTracker Deep Red and MitoTracker Green. The percentage of cells with mitochondrial membrane integrity loss are expressed as the mean ± SD of three separate experiments. * and ** indicate a significant difference at the level of p < 0.05 and p < 0.01, respectively.





F240B Inhibits ASC Oligomerization

Activation of the NLRP3 inflammasome is required the formation of high-molecular-weight ASC oligomers (17). To investigate whether F240B inhibits the NLRP3 inflammasome by reducing ASC oligomerization, the effect of F240B on ASC oligomerization was analysed by ASC speck formation and ASC cross-linking assays. We found that ATP induced ASC oligomerization, as evidenced by the formation of ASC specks in ASC-GFP-expressing J774A.1 macrophages, and this effect was reduced by F240B (Figure 8A). In addition, the inhibitory effect of F240B on ASC oligomerization was confirmed by ASC cross-linking Western blotting assays (Figure 8B). These results indicate that F240B inhibits ASC oligomerization. NLRP3 physically interacts with ASC, NEK7 and PKR, forming a protein complex that leads to NLRP3 inflammasome activation. Using immunoprecipitation and Western blotting assays, we found that the interactions between NLRP3 and ASC (Figure 8C) or NEK7 (Figure 8D) and PKR (Figure 8E) were not affected by F240B.




Figure 8 | F240B inhibits ASC oligomerization. (A) ASC-GFP expressed J774A.1 macrophages or (B) J774A.1 macrophages were incubated with 1 µg/ml LPS for 5 h followed by incubated with 1 µM F240B for 3 h. Cells then incubated with 5 mM ATP for 0.5 h. The ASC speck formation was analyzed by fluorescent microscope (A), or the cell lysates were crosslinked by disuccinimidyl suberate and ASC oligomerization was analyzed by Western blotting (B). (C–E) J774A.1 macrophages were incubated with 1 µg/ml LPS for 5 h followed by incubated with 1 µM F240B or 0.1 µM MCC950 for 3 h. Cells then incubated with 5 mM ATP for 0.5 h. The interaction between NLRP3 with ASC (C), NEK7 (D) or PKR (E) were analyzed by immunoprecipitation and Western blotting assay. The percentage of ASC speck positive cells are expressed as the mean ± SD of three separate experiments. * indicates a significant difference at the level of p < 0.05.





F240B Inhibits NO, COX-2, and IL-6 Expression

To investigate whether F240B also inhibits the traditional inflammatory response independent of the NLRP3 inflammasome, the effect of F240B on the expression levels of NO, IL-6, TNF-α and COX-2 in LPS-activated J774A.1 macrophages was studied. We found that F240B inhibited LPS-induced COX-2 (Figure 9A), NO (Figure 9B) and IL-6 (Figure 9C) expression in a dose-dependent manner; however, LPS-induced TNF-α expression was not affected by F240B (Figure 9D). These results indicate that F240B not only inhibits the NLRP3 inflammasome but also reduces the traditional inflammatory response in macrophages.




Figure 9 | F240B inhibits NO, COX-2 and IL-6 expression. RAW264.7 macrophages were incubated with F240B for 0.5 h followed by incubated with 1 µg/ml LPS for 24 h. The levels of COX-2 (A) in the cell lysates were measured by Western blotting, and the levels of NO (B), IL-6 (C) and TNF-α (D) in the supernatants were measured by ELISA. The data are expressed as the mean ± SD of three separate experiments. ** and *** indicate a significant difference at the level of p < 0.01 and p < 0.001, respectively, compared to LPS.





F240B Inhibits the NLRP3 Inflammasome and Inflammation in a Mouse Model of Gouty Inflammation

We investigated the in vivo anti-inflammatory activity of F240B using an NLRP3 inflammasome-associated MSU crystal-induced mouse peritonitis model (18). We found that intraperitoneal injection of MSU crystals increased neutrophil recruitment in the peritoneum, and this effect was significantly reduced by intraperitoneal injection of F240B (20 mg/kg body weight) and colchicine (1 mg/kg body weight) (Figure 10A). MSU crystal injection also increased the levels of IL-1β and active caspase-1 in the peritoneal lavage fluid, and these effects were reduced by F240B and colchicine (Figure 10B). In addition, F240B also reduced the levels of IL-6 and MCP-1 in the peritoneal lavage fluid of MSU crystal-injected mice (Figure 10C). These results indicate that F240B limits NLRP3 inflammasome activation and inflammation in vivo.




Figure 10 | F240B inhibits the NLRP3 inflammasome and inflammation in a mouse model of gouty inflammation. (A) Neutrophil and peritoneal lavage cells influx were quantified by Gr-1 and CD45 staining and cell count, respectively. (B, C) The expression levels of IL-1β, active caspase-1, IL-6 and MCP-1 in the peritoneal lavage fluids were measured by ELISA. The ELISA data expressed as mean ± SD of three separate experiments. *, ** and *** indicate a significant difference at the level of p < 0.05, p < 0.01 and p < 0.001, respectively, compared to MSU crystal-injected mice. ### indicates a significant difference at the level of p < 0.001 compared to control mice.






Discussion

Autophagy is a catabolic cellular homeostatic process that is conserved across mammalian cell types. This self-destructive process is intended to ward off intracellular misfolded proteins and damaged organelles to maintain genome stability and energy balance in the cells. Autophagy is a cell survival mechanism that fights cellular stress, which otherwise results in cell death (19). Studies have shown that autophagy deficiency leads to extensive cellular stress and genome damage (20) and is a crucial bactericidal mechanism that drives bacteria-containing phagosomes to lysosomes for degradation (21). Thus autophagy plays important roles in the immune response. Earlier studies have shown that autophagy is controlled by a broad range of proteins encoded by autophagy-related genes, such as LC3, which is a common marker used for monitoring autophagosomes (12). Accumulating evidence has demonstrated that autophagy negatively regulates NLRP3 inflammasome activation (22). In this study, the autophagy-inducing ability of F240B was demonstrated by analyzing the autophagic degradation of p62, accumulation of LC3-II, LC3 speck formation and formation of acidic vesicular organelles (Figure 1). Autophagy inhibits the NLRP3 inflammasome by removing damaged mitochondria, which produces activation signals, including mitochondrial ROS and oxidized mitochondrial DNA (16, 23). We found that F240B inhibited the NLRP3 inflammasome by preserving mitochondrial integrity in an autophagy-dependent manner (Figure 7). Autophagy also inhibits the NLRP3 inflammasome by promoting the degradation of the inflammasome components NLRP3 and proIL-1β (13, 14). Although F240B did not inhibit NLRP3 expression, it significantly inhibited proIL-1β expression (Figure 5A). Notably, F240B-mediated proIL-1β downregulation was reversed by LC3 knockout (Figure 5F), indicating that autophagy promotes the degradation of proIL-1β in F240B-treated cells. It has been demonstrated that a low level of ROS positive regulate the priming signal of the NLRP3 inflammasome and promote NLRP3 inflammasome activation; however, Erttmann and Gekara demonstrated that a high level of ROS release by Streptococcus pneumonia increased the oxidative levels of the inflammasome components ASC and caspases and inhibited the NLRP3 inflammasome (24). These results may partially explain why F240B inhibited the NLRP3 inflammasome, but increased ROS production in LPS-activated macrophages (Figure 5D).

In the NLRP3 inflammasome, the adaptor protein ASC plays a key role in NLRP3 inflammasome assembly by interacting with NLRP3 via an N-terminal pyrin domain and recruiting procaspase-1 via a C-terminal caspase recruitment domain (25). Upon activation, ASC bridges NLRP3 and caspase-1 to form ternary inflammasome complexes, and oligomerization of ASC into filaments and the formation of an ASC speck is a critical step in NLRP3 inflammasome activation (17, 26). Thus, disruption of inflammasome complex assembly by targeting ASC is a novel strategy to inhibit the NLRP3 inflammasome (27). In our current study, we demonstrated that F240B inhibited ASC oligomerization and speck formation; however, F240B did not affect the interaction between ASC and NLRP3 (Figure 8). These results suggest that F240B binds to the amino acid residues in ASC, which is critical for ASC polymerization and fibril extension, but does not bind to the site that recruits NLRP3 (28). In addition, two NLRP3 binding proteins, NEK7 and PKR, have been shown to positively regulate the activation of the NLRP3 inflammasome (29, 30). NEK7 acts downstream of potassium efflux to specifically regulate NLRP3 inflammasome activation, as NEK7 knockout results in reduced caspase-1 activation and IL-1β release in NLRP3-activated macrophages but not in NLRC4- or AIM2-activated macrophages (29). Unlike NEK7, PKR broadly regulates inflammasome activation by physically interacting with NLRP3, NLRP1, NLRC4 and AIM2 (30). However, in this study, we found that the NLRP3-NEK7 and NLRP3-PKR interactions were unaltered by the presence of F240B (Figure 8). The molecular mechanism by which F240B interrupts ASC oligomerization is a wide platform that remains to be investigated.

Over the past decade, NLRP3 inﬂammasome has become a promising molecular target in the fight against inflammatory diseases (1). Research efforts have focused on understanding the pathogenic roles of the NLRP3 inflammasome in metabolic syndromes, cardiovascular diseases and neurologic disorders (31). In our current study we demonstrated that F240B inhibits NLRP3 inflammasome in macrophages. Although we demonstrated that F240B ameliorates MSU crystal-induced peritonitis in a mouse model (Figure 10), the limitation of this study is the lack of pathophysiological relevant evaluation for F240B. It is better to confirm the in vivo anti-inflammatory activity of F240B using NLRP3-associated disease models, such as subcutaneous air pouch inflammation model (27) or gout inflammation model by injecting MSU crystals in joints (32). Another imitation of this study is only using single dose of F240B to evaluate the anti-inflammatory in vivo. Although F240B (IC50 < 1 µM) is more effective to inhibit NLRP3 inflammasome than its analogue 4-HAB (IC50 ~20 µM) in macrophages, without comparison of the in vivo dose-dependent inhibition of F240B we cannot conclude that F240B has more effective anti-inflammatory effects than 4-HAB, and more detailed investigation is need.

In summary, we have synthesized a new polyenylpyrrole derivative F240B and demonstrated that it is a potential anti-inflammatory agent that inhibits the activation of NLRP3 inflammasome by inducing autophagy in macrophages (Figure 11). We further demonstrated that F240B exerts in vivo anti-inflammatory activity in a mouse model of uric acid crystal-induced peritonitis, which is an NLRP3 inflammasome-associated disorder (33). As abnormal activation of the NLRP3 inflammasome leads to a broad range of inflammatory disorders, F240B has the potential to ameliorate NLRP3-associated diseases, including chronic kidney disease (34–36), inflammatory bowel disease (37) and neurodegenerative disorders (38). However, to assess the therapeutic potential of F240B, in vitro safety pharmacology studies and the in vitro and in vivo pharmacokinetics of F240B should be addressed.




Figure 11 | Overview of the putative mechanisms by which F240B inhibited the NLRP3 inflammasome.
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Cytokines activate or inhibit immune cell behavior and are thus integral to all immune responses. IL-1α and IL-1β are powerful apical cytokines that instigate multiple downstream processes to affect both innate and adaptive immunity. Multiple studies show that IL-1β is typically activated in macrophages after inflammasome sensing of infection or danger, leading to caspase-1 processing of IL-1β and its release. However, many alternative mechanisms activate IL-1α and IL-1β in atypical cell types, and IL-1 function is also important for homeostatic processes that maintain a physiological state. This review focuses on the less studied, yet arguably more interesting biology of IL-1. We detail the production by, and effects of IL-1 on specific innate and adaptive immune cells, report how IL-1 is required for barrier function at multiple sites, and discuss how perturbation of IL-1 pathways can drive disease. Thus, although IL-1 is primarily studied for driving inflammation after release from macrophages, it is clear that it has a multifaceted role that extends far beyond this, with various unconventional effects of IL-1 vital for health. However, much is still unknown, and a detailed understanding of cell-type and context-dependent actions of IL-1 is required to truly understand this enigmatic cytokine, and safely deploy therapeutics for the betterment of human health.
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Part 1—IL-1 Is Activated by Proteolysis

IL-1α and IL-1β are the most studied members of the IL-1 superfamily, and although both ligate the same receptor (IL-1R1), and therefore induce identical downstream signaling, activation pathways of the two cytokines differ. Both IL-1α and IL-1β are expressed as proforms that require proteolytic processing for maximum cytokine activity (1), with removal of the N-terminus (N-term) leading to unmasking of key residues and/or a conformational change that enables the signature C-terminal beta-trefoil motif to interact with the receptor. The study of IL-1 activation has historically focused on processing of IL-1β by caspase-1 (casp-1) (2) and IL-1α by calpain (3). However, as summarized in Figure 1A, pro-IL-1 processing and activation can be mediated by caspases other than casp-1 and a range of other tissue and/or cell-type specific proteases. Together, this allows IL-1 activation to be controlled in specialized environments across the body (1). This review focuses on alternative modes of IL-1 activation and the more unconventional effects IL-1 can have in health and disease. Throughout the review use of the term “IL-1” relates to effects that can be driven by either IL-1α or IL-1β, or where experiments could not determine the form responsible (e.g. use of an Il1r1 knockout), whilst use of “IL-1α” or “IL-1β” refers to processes that were driven by a specific form.




Figure 1 | IL-1 is activated after proteolysis and has a variety of cell-specific roles that maintain homeostasis. (A) Pro-IL-1α/β is activated after cleavage by a diverse range of proteases. Active IL-1 binds to its signalling receptor IL-1R1 and elicits downstream signalling. IL-1 signalling is inhibited by binding to soluble or cell surface decoy receptor IL-1R2, or by competition from the IL-1 receptor antagonist (IL-1RA) for IL-1R1. (B–E) The production and response to IL-1 by specific cell types is important for the maintenance of cell function and homeostasis. (F, G) Dysregulation of IL-1 signalling can exacerbate or drive development of disease.




IL-1 Activation via Canonical NLRP3 Inflammasomes

Typical IL-1β activation is mediated by casp-1 cleavage after inflammasome formation. Activation of inflammasomes is extensively reviewed elsewhere (1, 4). Briefly, inflammasomes are intracellular multiprotein complexes that assemble in response to pathogen-associated molecular patterns (PAMPs) (e.g. bacterial LPS, viral dsRNA) or danger-associated molecular patterns (DAMPs) (e.g. uric acid crystals, ATP), as well as other environmental factors (5). The NOD-, LRR-, and pyrin domain-containing protein 3 (NLRP3) inflammasome is the best studied and unique in its ability to form in response to a wide range of stimuli. Canonical activation occurs after the sensing of factors by NLRP3, causing assembly of NLRP3, ASC and casp-1 into a complex that results in the activation of casp-1. Active casp-1 cleaves pro-IL-1β and pro-IL-18 to active cytokines and cleaves Gasdermin D (GSDMD) to a form able to generate pores in the plasma membrane, both releasing cytokines and inducing pyroptotic cell death by loss of plasma membrane integrity (6, 7). Furthermore, IL-1α is also able to be released from cells via GSDMD pores (8), but it is unclear if proteolytic processing of pro-IL-1α is required prior to release.



Non-Canonical Activation of NLRP3 Inflammasomes

Non-canonical inflammasome activation typically occurs in response to intracellular bacteria or internalized LPS. Depending on the cell type, non-canonical activation of inflammasomes occurs via a one- or two-step process. Macrophages require two-steps, with an initial engagement of a pathogen recognition receptor by PAMPs (e.g. LPS binding to toll-like receptor 4 (TLR4)) leading to NF-κB-mediated upregulation of inflammasome components (e.g. NLRP3 and pro-casp-1) and type I interferon (IFN) signaling-mediated upregulation of pro-casp-5 (in humans) or casp-11 (in mice), complementing the constitutively expressed human pro-casp-4. In the second step, these non-canonical caspases bind to intracellular LPS via the Lipid A domain, leading to their activation (9–11) and the subsequent cleavage of GSDMD. The now active N-term of GSDMD forms pores in the plasma membrane, to drive pyroptosis, and in turn triggers NLRP3 inflammasome activation (4, 12). In the event of infection with cytosol-invading bacteria such as Salmonella typhimurium or Shigella flexneri, where the Lipid A moiety is not accessible, interferon-induced guanylate-binding proteins (GBPs) are critical for LPS recognition and activation of non-canonical caspases, due to their association with the vacuole containing the phagocytosed pathogen. The GBPs coating the vacuole either recruit the caspase to the vacuole to create a platform for LPS detection and casp-4 activation (13), or mediate vacuolar rupture that exposes LPS to the cytosol (14). GBP1 initiates the formation of the platform, followed by GBP2, GBP4 and GBP3, eventually controlling casp-4 recruitment and activation (15). In contrast, non-canonical inflammasome activation in human monocytes occurs in a single step, with internalized free LPS directly activating ready-made casp-4/5 (16), negating the need for IFN signaling.

Recent developments identified an alternative pathway of non-canonical inflammasome activation involving caspase-8 (casp-8). Casp-8 is best known for transmitting pro-apoptotic signals downstream of death receptor signaling during extrinsic apoptosis (17). However, casp-8 is also able to promote both the upregulation of pro-IL-1β and its activation by direct processing at the same site targeted by casp-1 (18, 19). This occurs in dendritic cells (DCs) exposed to fungi, with Dectin-1 signaling causing formation of a non-canonical casp-8 inflammasome that upregulates and matures IL-1β (20). Similarly, bacterial infection inside macrophages also induces casp-8-dependent IL-1β secretion (21, 22). However, as casp-8 can also mediate casp-1 activation (21, 22), it is likely that pro-IL-1β is processed by both casp-1 and casp-8. Stimulation of DCs and macrophages with cellular stressors (e.g. chemotherapeutics) also causes direct cleavage of pro-IL-1β by casp-8, and casp-8-mediated NLRP3 inflammasome activation (23). However, casp-8 can also induce IL-1β maturation completely independent of casp-1. In DCs where casp-1 proteolytic activity is inhibited by casp-1 mutation, resulting in no GSDMD activation or pyroptosis, casp-8 is recruited to the NLRP3 inflammasome, which enhances casp-8 activity and drives IL-1β release, albeit in a delayed fashion due to either reduced processing or release (24). Casp-8 can also mediate IL-1β release completely independent of the NLRP3 inflammasome after engagement of DC Fas with Fas ligand (FasL) on invariant natural killer (NK) T cells (25). Finally, casp-8 can mediate an alternative form of NLRP3-dependent cell death coined incomplete pyroptosis, which is driven by gasdermin E pores in the absence of casp-1/11 (26). Although activation of these non-canonical pathways is often accompanied by pyroptosis and IL-1α release via GSDMD (4) or GSDME (26) pores, the exact mechanism for IL-1α release remains unclear.



IL-1α Activation by Proteolysis

The historic view is that IL-1α does not require proteolytic cleavage for full activity. However, these conclusions were drawn from studies that did not directly compare the activity of pro- and cleaved IL-1α (27), or used recombinant forms of IL-1α that were likely denatured during the purification process (i.e. by using HPLC) (28). Further work has shown that mature IL-1α has much higher cytokine activity than pro-IL-1α (29–31), with the calpain cleaved form having a ~50-fold higher affinity for IL-1R1 than the pro-form (30). In addition, cleavage of pro-IL-1α is regulated by its binding to a cytosolic form of the decoy receptor IL-1R2, which prevents calpain cleavage. However, after inflammasome activation casp-1 cleaves IL-1R2, which releases pro-IL-1α and allows calpain cleavage to the mature form (30).

Pro-IL-1α can also be cleaved by granzyme B (a cytotoxic T and NK cell protease), neutrophil elastase and mast-cell chymase, which confers bioactivity similar to calpain and up to a ~10-fold increase in activity over pro-IL-1α (29). This was found to be important in persistent inflammatory lung conditions such as cystic fibrosis, as patient bronchoalveolar lavage fluids could process IL-1α to a mature form. Interestingly, neutrophil elastase and mast cell chymase can also cleave IL-1β, IL-18, and IL-33 (32–34), perhaps revealing historic processes that could activate the ancestral IL-1 ligand before gene duplications formed the IL-1 family (35).

Thrombin, the key protease of coagulation, is also able to directly cleave and activate pro-IL-1α (36). Pro-IL-1α is cleaved by thrombin at a (K)PRS motif that is highly conserved across disparate mammalian species, suggesting functional importance. IL-1α cytokine activity after cleavage by either thrombin or calpain is equivalent, suggesting that removal of the N-term is critical for IL-1α activity, as is seen for IL-1β. The co-localization of tissue factor (TF) (a thrombin activator) and pro-IL-1α in the epidermis means that following injury thrombin generated during hemostasis can rapidly activate IL-1α, leading to inflammation and recruitment of immune cells that can safeguard against potential infection.

In addition to responding to intracellular LPS, casp-5 and -11 can also directly process and activate IL-1α (31). Again, pro-IL-1α cleavage occurs at an Asp residue that is highly conserved between different species, and this processing partially controls the release of mature IL-1α from macrophages after both canonical and non-canonical inflammasome activation (31). Importantly, CASP5 expression is increased in senescent human fibroblasts, and release of IL-1α, which drives the senescence-associated secretory phenotype (SASP), and SASP factors (e.g. IL-6/8, monocyte chemoattractant protein-1) is reduced without casp-5 (31). Furthermore, in an in vivo model of hepatocyte senescence, reducing casp-11 in senescent cells leads to their accumulation, which is caused by a reduced SASP failing to recruit immune cells. Together this suggests that casp-5/11 plays a key role in regulating IL-1α activation and release in both myeloid and senescent cells.

All the proteases described above cleave pro-IL-1α within the same target region located between the N-term propiece and the C-term cytokine domain. Together, this means that cleavage of IL-1α by any protease results in an active cytokine that only differs by a few amino acids and has comparable biologically activity. IL-1α activation can therefore be affected in a broad range of scenarios, allowing it to act as a versatile universal danger signal.




Part 2—IL-1 Production and Responses by Specific Cell Types

IL-1 was historically studied under many names, including leukocyte endogenous mediator, hematopoietin 1, endogenous pyrogen, lymphocyte activating factor, catabolin and osteoclast activating factor (37)—underscoring the pleiotropic effects of this widely expressed cytokine. In multi-cellular organisms cells exist in specialized niches that require distinct environmental cues to maintain homeostasis and functionality, much of which is controlled by soluble signaling factors such as cytokines and growth factors. Both IL-1α and IL-1β are active at very low concentrations, are tightly regulated and have important roles that extend beyond typical inflammation. Cell type-specific examples of both IL-1α and IL-1β production and response are discussed in this section.


IL-1 Performs Key Roles in Controlling Innate Immune Cell Function

IL-1 signaling is vital for effective innate immunity, with most innate immune cells able to produce IL-1 and almost all mesenchymal/tissue cells able to respond to it (38). Innate responses typically occur after sensing of DAMPs or PAMPs by tissue resident immune cells (e.g. macrophages), which leads to upregulation of pro-IL-1α/β and other cytokines (e.g. TNFα). If the insult is severe enough, leaked factors such as ATP drive inflammasome activation and large-scale release of mature IL-1α/β. Importantly, as pro-IL-1α is constitutively expressed by many tissue cells, necrosis can release fully active IL-1α that may instigate a low level responses able to resolve an insult before full inflammasome activation and potential collateral tissue damage. IL-1-mediated processes important for innate responses include cytokine secretion, upregulation of adhesion, MHC and/or co-stimulatory molecules and induction of vascular leakage, ultimately leading to the recruitment, activation and instruction of immune cells (39).


Neutrophils

Neutrophils are the most abundant white blood cell in the circulation. They are rapidly recruited to sites of injury or infection where they phagocytose microbes and undergo degranulation to release bactericidal reactive oxygen species and proteases (40). Because of a short life span (~23–38 h), neutrophils require continuous replacement and robust mechanisms to control circulating numbers (41). Granulopoiesis and release of mature neutrophils from the bone marrow can be driven by IL-17 from Th17 cells (42), via granulocyte-colony stimulating factor. As Th17 differentiation is regulated by IL-1 (43) and Th17 cells produce IL-17 after exposure to IL-1 and IL-23, this gives IL-1 an indirect role in granulopoiesis (Figure 1B) (44, 45). More generally, infection and inflammation trigger neutrophilia via IL-1-induced proliferation of hematopoietic stem cells, a process known as emergency granulopoiesis (46).

IL-1 does not directly recruit neutrophils (47), rather it causes recruitment to sites of inflammation by upregulating neutrophil chemoattractants such as CXC- and CCL- chemokines in other cell types (48). For example, IL-1-dependent production of the chemokine IL-8 (CXCL8) occurs in endothelial cells (49), fibroblasts, and keratinocytes (50). IL-1 can also induce production of neutrophil chemotactic lipids including leukotriene B4 (51) and platelet activating factor (52). Recruitment of mature neutrophils to sites of infection or injury can also be driven by Th17 cell IL-17, which induces release of the neutrophil chemokines CXCL1, CXCL2, CXCL5, and CXCL8 from local endothelial and epithelial cells (53). Th17 cells also directly recruit neutrophils by production of CXCL8 (54). After administration of hydrocarbon oils to the peritoneal cavity, locally released IL-1α drives production of CXCL5 that recruits neutrophils (55).

IL-1 also drives calcium-dependent degranulation of neutrophils (56), with the exteriorized proteases (e.g. cathepsin G, elastase, and proteinase 3) subsequently able to cleave and activate multiple IL-1 family members (e.g. IL-1α, IL-1β, IL-33, IL-36) (57, 58). Indeed, it has been suggested that neutrophil proteases may be more effective at processing IL-1 family members than directly killing microbes (58), suggesting the ancestral purpose of these proteases was to activate cytokines. Proteinase 3 can also process IL-1β inside neutrophils lacking NF-κB signaling (59), which could serve as a host defense mechanism against pathogens able to evade NF-κB dependent innate immunity (60). Activated neutrophils release a meshwork of chromatin and proteases that form extracellular fibers, known as neutrophil extracellular traps (NETs), which trap and kill bacteria (61). Formation of NETs often leads to a lytic form of cell death called NETosis, but NETs can be released without cell death, known as vital NETosis (62). Interestingly, NET extrusion and NETosis are dependent on GSDMD pore formation that occurs during non-canonical inflammasome activation by intracellular LPS or bacteria (63, 64). NET formation also occurs in response to exogenous IL-1 (65, 66). In atherosclerotic plaques, cholesterol efflux-driven NLRP3 inflammasome activation in myeloid cells induces subsequent IL-1R1-dependent neutrophil accumulation and NET formation (67). Conversely, NET formation can also elicit IL-1 signaling, with the NET-associated proteases elastase and cathepsin G able to cleave and activate IL-1α (68, 69). Indeed, in diabetic wounds NET overproduction triggers macrophage NLRP3 inflammasome activation and IL-1β release, which sustains inflammation and impairs healing (70).

Finally, myelopoiesis following myocardial infarction is driven by neutrophil-derived IL-1β. Neutrophils recruited to the infarcted tissue release the alarmins S100A8 and S100A9 that bind to TLR4 on naïve neutrophils and induce NLRP3 inflammasome-dependent IL-1β secretion, which subsequently drives IL-1R1-dependent granulopoiesis in the bone marrow (71). Together, IL-1 signaling is either directly or indirectly capable of inducing neutrophil production, recruitment, degranulation, and NETosis. In turn, neutrophil proteases are able to activate IL-1 family members, which could act as a means to rapidly amplify inflammation at sites of injury or infection.



Macrophages

The main functions of a macrophage are to phagocytose cell debris and foreign bodies and release cytokines that orchestrate immune responses. Phagocytosis is fundamental for host defense, as it combines microbial killing with innate immune activation and the presentation of antigens to T cells. Macrophage phagosome maturation depends on progressive acidification, which activates pH-dependent proteases (e.g. cathepsins) that degrade the contents (72). Interestingly, mechanisms for macrophage cytokine release and phagocytosis overlap, with gram-positive bacteria within phagosomes inducing NLRP3 inflammasome activation. This leads to active casp-1 accumulation on phagosomes, where it controls acidification via the NADPH oxidase NOX2 (73, 74). To evade digestion in the phagosome, Staphylococcus aureus has evolved a mechanism that allows it to sequester mitochondria away from phagosomes, thereby preventing mitochondrial reactive oxygen species generation, local casp-1 activation, and subsequent phagosome acidification (75).

Macrophages can produce IL-1 in a variety of ways, as detailed above. However, macrophages appear unique in their ability to present IL-1α on the cell surface (Figure 1C) (76, 77). Cell surface (csIL-1α) is induced de-novo after TLR ligation and associates with the membrane via IL-1R2 and a glycosylphosphatidylinositol (GPI)-anchored protein, with trafficking to the membrane specifically inhibited by IFNγ (77). Because csIL-1α is the less active pro-form tethered via the N-term (77), it is both activated and released after cleavage, for example by thrombin (36), permitting wider ranging effects. However, because IL-33 causes macrophage activation and differentiation and IL-33 signaling via ST2 needs IL-1 receptor accessory protein (IL-1AcP) as a co-receptor (78, 79), this signaling complex likely sequesters IL-1AcP away from any IL-1R1 and reduces the potential for IL-1 signaling by macrophages.

Macrophages change phenotype in response to the microenvironment, typically becoming polarized to M1 (classically activated) or M2 (alternatively activated) subtypes. NLRP3 and IL-1β expression is reduced in M2 cells (80), and inhibition of NLRP3 inflammasome activation drives M2 polarization (81, 82). In keeping with this, NLRP3 inflammasome activation in Treponema pallidum infected macrophages induces M1 polarization and IL-1β release (83). In contrast, NLRP3 activation can also cause M2 polarization via upregulation of IL-4 in an inflammasome-independent process (84). Together, although NLRP3-controlled M1/M2 polarization is clearly important, the exact picture is yet to be elucidated.



Platelets

Platelets are key for hemostasis in response to vascular injury, but also form pathogenic thrombi. Activated platelets change shape, aggregate, degranulate, and upregulate receptors (85), but also release bioactive molecules that cause inflammation and modulate immune responses. Activation of platelets increases cell surface IL-1α (86, 87), which can be cleaved and released from the surface by thrombin (36). During stroke or brain injury, IL-1α released from activated platelets is important for driving cerebrovascular inflammation via activation of the brain endothelium, which enhances adhesion molecule and CXCL1 expression (Figure 1D) (88). Platelet microparticle-associated IL-1β also promotes platelet-neutrophil aggregation in injured lung microvasculature during sickle cell disease (89). Additionally, platelets are able to license NLRP3 inflammasome activation and IL-1 production in innate immune cells, particularly monocytes. This licensing is via an unknown soluble platelet factor, independent of contact, and is not IL-1 or an inflammasome component (90). Platelets also express IL-1R1, and treatment with exogenous IL-1β can activate platelets and enhance adhesion to substrates (91). Platelets can also respond to the IL-1β they release in an autocrine signaling loop after LPS stimulation (92).

Platelet count and thrombopoiesis are both tightly regulated. Normal thrombopoiesis occurs after thrombopoietin induces caspase activation in megakaryocytes, causing compartmentalized apoptosis and pro-platelet formation (93, 94). However, emergency thrombopoiesis also occurs after acute platelet loss, with IL-1α signaling causing alternative platelet production via megakaryocyte rupture (95). Indeed, mice with thrombin-resistant pro-IL-1α do not rapidly recover platelet count after platelet depletion, suggesting thrombin activation of IL-1α is the critical mechanism for this form of emergency thrombopoiesis (36). Platelets are at the interplay of hemostasis and inflammation and together it is clear that their role in host defense goes much deeper than their ability to cross link fibrin during hemostasis.




IL-1 Is Vital for Adaptive Immunity

An appreciation of the effects of IL-1 on the adaptive immune system dates to the 1970s, when IL-1 was originally named lymphocyte activating factor) to account for its lymphoproliferative activity (96–98). Indeed, T cell expansion under the influence of either IL-1α or IL-1β is demonstrated for a variety of T helper (Th) cell subsets such as Th1 (99, 100), Th2 (100, 101), and Th17 (100), in a process that is antigen and/or T cell receptor (TCR)-dependent. These observations are partly explained by a pro-survival role of IL-1 on the cells (100); however, other studies show no pro-survival effects of IL-1 downstream signaling on CD4 T cells (102). Similar observations were noted with Granzyme B+ CD8+ T cells, where IL-1β regulates expansion and effector function (103). IL-1α also drives Th cell differentiation, in particular Th17, but also synergizes with TNF to enable IL-12-driven Th1 differentiation (99). Th17 lineage commitment in both human (104, 105) and mouse systems (43) is conferred by IL-1-driven upregulation of the transcription factor Rorc (106). Production of signature cytokines by the majority of CD4 effector T cells is also augmented by other IL-1 family members (e.g. IL-18, IL-33 and IL-36), with Th9 (107, 108) and Th17 (106) cells directly responding to IL-1, which bypasses the requirement for TCR engagement and CD28 co-stimulation (100). Indeed, the tri-fold effects of IL-1 on T cell proliferation, differentiation and cytokine secretion in the absence of TCR stimulation is suggestive of the negative effects dysregulated IL-1 might have on adaptive immunity (as summarized in Figure 2A). This is further compounded by the inability of Tregs to effectively suppress IL-1-driven T cell proliferation and cytokine production (102). Thus, IL-1-driven activation of effector T cells with reduced Treg suppression could breach tolerance and drive autoimmunity.




Figure 2 | IL-1 influences adaptive immunity by multiple mechanisms, with dysregulation leading to disease. (A) IL-1 can shape T cell responses either by direct binding to T cell IL-1R1 or indirectly via IL-1-primed DCs. (B) Amplified B cell responses are driven by IL-1-activated Tfh cells. (C) Maturation, activation and cytokine secretion by DCs is directly driven by IL-1 signalling. (D) Uncontrolled IL-1 amplifies T cell responses and can break self-tolerance to drive autoimmunity, while its non-immunological role in tissue damage and remodelling can exacerbate these conditions.




Direct Effects of IL-1 on T Cells

It is not totally clear whether the effects of IL-1 on T cells are direct or indirect. Direct regulation implies expression of IL-1 receptor 1 (IL-1R1) on T cells, and although some evidence supports this it is not currently conclusive. Competitive binding experiments using radiolabeled IL-1 demonstrates that Th2 cells, but not Th1, bind IL-1 (109), which is supported by flow cytometry for IL-1R1 expression on murine Th2 cells (110). However, circulating human Th17 precursor cells (CCR6+ CD161+ CD4+) do not express Il1r1 mRNA (111), and a subset of Th2 cells with the ability to express IL-17 (CRTH2+ CD4+) contain very low levels of IL-1R1 protein (112). In contrast, bona fide Th17 cells show clear Il1r1 transcription (43) and expression of functional IL-1R1 on the cell surface (106). Furthermore, the presence of IL-1R1 on naive or memory CD4 T cells isolated from human blood determines Th17 fate and subsequent secretion of IL-17, with or without TCR triggering (113). Importantly, formation of an active IL-1 signaling complex requires IL-1R accessory protein (IL-1RAcP), and therefore the expression pattern of this co-receptor in conjunction with IL-1R1 is required to determine which T cells respond to IL-1 (114, 115). CD4 and CD8 T cells express cell surface IL-1RAcP, with higher abundance on regulatory CD4+ CD127low CD25hi cells that also express high levels of forkhead box P3 (FoxP3) (116). IL-1RAcP is also stably expressed on Th2 cells, where it acts as a co-receptor for ST2 that mediates T helper type 2 reactions in response to IL-33 (117, 118), suggesting that Th2 cells would respond to IL-1 if IL-1R1 is co-expressed.

T follicular helper (Tfh) cells also express IL-1R1 transcript and protein, and functionally respond to IL-1 (119), suggesting they must also express IL-1RAcP. Tfh cells provide growth and differentiation signals (i.e. IL-4, IL-21 and ICOS) to germinal center (GC) B cells, which drives affinity maturation, somatic hypermutation and long-lived humoral immunity (Figure 2B) (120–122). Indeed, administration of IL-1β during immunization substitutes for adjuvant-induced Tfh expansion and cytokine release (specifically IL-4 and IL-21). Moreover, IL-1β augments adjuvant-driven immunization by enhancing antigen-specific antibody production. In contrast, IL-1RA (Anakinra) inhibits these responses, showing the importance of IL-1 signaling in Tfh cells (119). The need of IL-1β for a productive GC and antibody response after immunization (123) suggests that driving IL-1-dependent Tfh-mediated B cell activation might be beneficial for enhancing vaccine efficacy, either by direct IL-1 administration or by using agents that induce or release IL-1 (e.g. alum and necrotic cell death, respectively). However, GC activation has to be tightly regulated, because loss of control could breach B cell tolerance and allow self-reactive clones to escape the GC, ultimately causing systemic autoimmune disease (124, 125).

Tregs maintain immune homeostasis by suppressing unwanted immune responses via multiple mechanisms (126, 127), including regulation of IL-1 availability via expression of IL-1 antagonists. Within the GC, Treg subtypes can restrain humoral responses by inhibiting secretion of the B cell activating cytokines IL-4 and IL-21 from activated Tfh (128, 129). T follicular regulatory (Tfr) cells in particular express high levels of IL-1R2 and IL-1RA, which suppresses IL-1-driven GC activation by inhibiting Tfh activation and secretion of IL-4 and IL-21 (119). Thus, in cases of IL-1-mediated GC dysregulation, IL-1 antagonists may be useful in controlling these responses and restoring protective immunity. However, non-physiological upregulation of IL-1R2 represents a maladaptive mechanism utilized by Tregs infiltrating colorectal, non-small cell lung or breast cancers that are more aggressive with poor prognosis (130, 131). Supported by evidence showing that DC-derived IL-1β-dependent priming of CD8+ T cells augments their tumoricidal properties and that Nlrp3-/- or Casp-1-/- DCs sub-optimally prime T cells (132), these data suggest that IL-1β (or potentially IL-1α) depletion from the tumor microenvironment could confer immunosuppression and poor tumor control, and thus IL-1R2 expression on intra-tumoral Tregs could be utilized as a prognostic marker.



Indirect Effects of IL-1 on T Cells via Dendritic Cell Activation

In addition to the direct effects of IL-1 on T cells, their function can also be indirectly influenced by interaction with IL-1-primed DCs (Figure 2C). Both IL-1α or IL-1β-pulsed DCs enhance T cell-dependent cytokine secretion from CD4 and CD8 T cells, with IFN-γ secretion being consistently augmented (133–135). Although IL-1β is not as strong an inducer of DC maturation as LPS, it still potently upregulates activation markers (e.g. CD40, CD80 and CD83) and induces secretion of pro-inflammatory mediators (e.g. CXCL8 and CXCL12) (133). In contrast, IL-1β induces minimal secretion of the major polarizing cytokine IL-12p70, but in combination with CD40L both expression of Il12b and release of IL-12p70 is increased (134, 136). In addition, antigen endocytosis, which is diminished during DC maturation, is decreased by IL-1β to a similar degree as LPS (137). What is clear is that the role of IL-1 on adaptive immunity is multifaceted and cannot be summarized in a single conclusion. A multitude of normal immune responses depend on IL-1 signaling, including T cell proliferation, expansion and differentiation, as well as humoral responses to T cell-dependent antigens. Moreover, IL-1 synergizes with CD40L to potentiate activation and maturation of DCs, and the subsequent adaptive immune response. Together, these processes are critical for host defense, and dysregulation of the equilibrium leads to either an ineffective adaptive reaction or an overwrought maladaptive response that drives autoimmune pathology.




IL-1 Is Important for Maintenance of Epithelial Barriers

Epithelial cells form a highly specialized physical barrier against the external environment, and thus are exposed to a myriad of PAMPs, damage-associated molecular patterns (DAMPs), and other environmental factors that induce inflammation. Although inflammasomes are primarily studied in myeloid cells they are also essential for barrier defense in non-myeloid cells, including specialized epithelial cells. Indeed, IL-1 is constitutively expressed in many epithelial cells, where it helps defend against pathogens and injury (Figure 1E) (138). However, loss of control can lead to inappropriate activation, chronic inflammation and disease (139).


Keratinocytes

Keratinocytes secrete pro-IL-1α that can be processed by thrombin activated during hemostasis after wounding. This connection between the coagulation and immune systems allows rapid IL-1α activation and immune cell recruitment that can safeguard against potential infection after breach of the epidermal barrier (36). In response to UVB irradiation (140) or analogs of viral double stranded RNA (141) keratinocytes activate the NLRP3 inflammasome and secrete IL-1β. The IL-1 released from keratinocytes after viral infection induces expression of anti-viral interferon-stimulated genes in local fibroblasts and endothelial cells. However, this is not observed in mouse models, suggesting human skin has an alternative IL-1-driven anti-viral system to prevent viruses that can evade detection by pattern recognition receptors (142).



Gastrointestinal Epithelium

The gastrointestinal tract epithelium is highly specialized throughout its length and must respond appropriately to its local environment to maintain homeostasis. In the stomach, IL-1-mediated reduction of gastric acid production (143–145) and prostaglandin synthesis (146) by parietal epithelial cells inhibits neutrophil infiltration, which protects the gastric lining from non-steroidal anti-inflammatory drug-induced gastropathy (146) and ulceration (147). In the duodenum, IL-1 signaling causes epithelial goblet cells to increase mucus secretion (148, 149), and IL-1 can also confer protection to disrupted mucosal layers during Helicobacter pylori infection (150). In contrast, elevated IL-1 signaling can also contribute to gut epithelium dysfunction by increasing tight junction permeability (151, 152) and inhibiting effective absorption (153–155). Finally, IL-1 signaling in colonic epithelial cells plays a direct pro-tumorigenic role by regulating the early proliferation and survival of colorectal cancer cells, independent of inflammation (156).



Respiratory Epithelium

The respiratory epithelium comprises basal, ciliated, and secretory epithelial cells responsible for homeostatic regulation of lung fluid, clearance of inhaled agents, recruitment of immune cells, and regulation of airway smooth muscle function (157). Epithelial IL-1 signaling regulates mucin secretion and airway surface liquid metabolism, resulting in enhanced mucociliary clearance during inflammation (158). In cystic fibrosis, where CFTR-mediated fluid secretion is impaired, IL-1 drives secretion of epithelial mucin, but not fluid, causing mucus hyperconcentration (159). IL-1 and TNFα also promote the regeneration of alveolar epithelial cells by stimulating proliferation of type 2 epithelial progenitor cells (160). Indeed, IL-1 and TNFα released during influenza infection promotes repair of damaged alveoli (161).



Endothelial Cells

Endothelial cells are critical for blood vessel formation, coagulation, regulation of vascular tone, and inflammation (162). Heme from ruptured red blood cells can activate the NLRP3 inflammasome and cause IL-1β release from endothelial cells, and thus inflammation can occur in response to sterile hemolysis (163). Endothelial cells activated by IL-1 express TF on their surface, which initiates the coagulation cascade (69, 164, 165). IL-1 also causes endothelial cells to reduce tight junction integrity (166–168) and increase expression of adhesion molecules, such as ICAM (169) and PECAM1 (170), facilitating diapedesis of leukocytes. In contrast, IL-1 reduces transcellular diapedesis through endothelial cells (167). Finally, IL-1 also acts as a potent proangiogenic signal via endothelial cell-derived vascular endothelial growth factor (VEGF) (171). For example, during tumorigenesis, IL-1 from recruited myeloid cells causes endothelial cells to upregulate VEGF and other proangiogenic factors, which promotes an inflammatory microenvironment that supports tumor angiogenesis (172, 173). In these models IL-1 inhibition restricted tumor growth and angiogenesis (174). Together, IL-1 signaling is essential to many specialized epithelial cell processes and is vital for effective barrier defense; however, dysregulation can lead to excessive inflammation and tumorigenesis.





Part 3—Alternative Roles of IL-1 in Health and Disease

Immune responses are necessary for the maintenance of homeostasis; for example, to maintain an environment that is inhospitable for invading pathogens (e.g. mucous membranes), or in contrast, training the immune system to tolerate bacteria (e.g. gut microbiota). However, balance is everything, with loss of homeostasis leading to chronic inflammation and/or inappropriate adaptive immunity, which both exacerbates existing disease and drives emergence of new pathology. IL-1 signaling is central to many immune responses, and thus blocking IL-1 therapeutically is important in a wide spectrum of diseases (175). This section focuses on some of the more unconventional effects of IL-1 in health and disease.


IL-1 Signaling Is Important During Wounding and Thrombosis

Skin wounding occurs when the epidermal barrier is disrupted by cutting, excessive force, chemicals, or extreme temperature. Wounding triggers a series of events critical to the healing process: hemostasis, inflammation, proliferation, and remodeling (176). Initially, hemostasis is activated after vessel wall injury to allow local thrombus formation that stymies blood loss (177). Subsequent inflammation at the wound site is integral for removal of damaged tissue and recruitment of immune cells that coordinate repair (176).

Epidermal IL-1α colocalizes with TF, a potent thrombin activator. Thus, epidermal injury results in generation of active thrombin, which cleaves and activates pro-IL-1α (36). Indeed, genetically modified mice with thrombin-resistant pro-IL-1α recruit fewer neutrophils and macrophages to the granulation tissue under the wound and show delayed healing (36). Furthermore, excisional wounds in Nlrp3-/- and Casp1-/- mice contain less IL-1β and TNFα, recruit fewer neutrophils and macrophages, and also show delayed healing that can be partially rescued by addition of exogenous IL-1β (178). In keeping with this, application of the NLRP3 activator ATP accelerates wound closure in wild type mice (179). Staphylococcus aureus infection of wounds upregulates keratinocyte IL-1 that drives neutrophil recruitment via IL-1R1 signaling (180), while NLRP3 activation is also seen after sterile burn injuries, with Nlrp3-/- mice showing reduced macrophage infiltration and impaired healing after chemical burns (181). In contrast, excessive IL-1 can lead to chronic non-resolving wounds (Figure 1F). For example, sustained NLRP3 activation and elevated IL-1β is found in non-healing diabetic wounds (182), with inflammasome inhibition improving healing via increased angiogenesis and reduced inflammatory macrophages (182, 183). Additionally, excessive neutrophil NETs cause NLRP3-dependent IL-1β release from macrophages (70), with NET digestion reducing inflammasome activation and macrophage infiltration, leading to diabetic wound healing (70). IL-1 signaling also promotes fibrosis in the wound, with IL-1 inhibition reducing scarring and improving healing in deep tissue (184) and diabetic wounds (185). Together, this shows that while IL-1 signaling in the wound is necessary for effective wound healing, it must be tightly regulated to prevent pathological chronic inflammation and/or scarring.

Hemostasis is essential to prevent injury-related blood loss; however pathological thrombosis occurs when anticoagulant mechanisms are unable to limit excessive activation of the hemostatic pathway, leading to vessel occlusion and downstream ischemia. Excessive IL-1 signaling can cause thrombosis (Figure 1F), with the CANTOS study finding that IL-1β inhibition with Canakinumab reduces secondary atherothrombotic events in patients with residual inflammatory risk, which was likely due to modulation of procoagulant factors and reduced leukocyte recruitment to the plaque (186). Additionally, increased NLRP3-dependent IL-1β maturation and venous thrombosis is seen in mice deficient for the vasculoprotective enzyme CD39, which is reversed by IL-1 inhibition (187). Thrombosis relies on the interplay between blood cells, plasma proteins and the vessel wall. Neutrophils drive thrombosis by producing TF and NETs, which act as scaffolds for thrombus stabilization (188, 189), which can induce coagulopathy during sepsis (190), acute respiratory distress syndrome (ARDS) (191), and coronary artery thrombosis (192). ST-elevation myocardial infarction (STEMI) patients with elevated inflammatory markers (e.g. hsCRP) have increased circulating IL-1β and NET-associated TF, while mouse models of thrombosis have reduced NET-associated TF and delayed thrombotic occlusion when IL-1β is blocked (193). Similarly, IL-1β or NLRP3 inhibition attenuates NET-associated thrombosis in mouse models of breast cancer, supporting IL-1β as the driver of this mechanism (194). Additionally, as NET-associated proteases can activate IL-1α, this can also promote IL-1R1-dependent TF expression on the endothelial cell surface (69). Macrophages can also release TF after inflammasome activation by bacteria during sepsis, with GSDMD-dependent pyroptosis and pore formation allowing externalization of TF that triggers systemic coagulation and lethality (195, 196). Overall, wounding is a complex mechanism that requires rapid, tightly controlled, hemostasis and inflammation for effective healing. IL-1 is widely expressed in the epidermis and the vessel wall and can be activated by many proteases, and is therefore integral to the wounding response.



Innate Immune Training Can Be Mediated by IL-1β

Trained immunity refers to a response in innate immune cells after encountering a pathogen that is more adaptive-like and confers a degree of protection against secondary exposure to an un-related infection (197). Establishment of trained immunity is mostly driven by epigenetic remodeling and metabolic changes that occur after the first exposure (198, 199). Because the epigenetic imprinting is locus-specific and allows access to transcription factors, it can alter cell identity and prime specific functions. Similarly, changes in cell metabolism also establish new cell functions (199). However, cell metabolism can affect epigenetic reprogramming that further alters the cells metabolic status, and thus these processes are inter-dependent. IL-1 family agonists are implicated in trained innate immunity, with macrophage-derived IL-18 playing a non-redundant role in training NK cells’ anti-tumor activity via secretion of IFN-γ (200–202). Moreover, IL-1β participates in induction of trained immunity in response to Bacille Calmette-Guerin (BCG) vaccination, where increased IL-1β and TNFα from peripheral monocytes correlates with enriched histone H3K4 tri-methylation at Il6, Tnf, and Tlr4 promoters after in vitro re-stimulation with M. tuberculosis, heat-killed S. aureus or C. albicans (203).

Epigenetic changes after training via cytokines can be mediated by altered metabolism that leads to accumulation of metabolic products such as glucose, lactate (204), succinate, itaconate (205), mevalonate (206) and fumarate (207). In particular, the transition from oxidative phosphorylation to aerobic glycolysis is a determining step towards trained immunity, and is associated with H3K4me3 and H3K27Ac modifications in the presence of glucose, lactate (204) and mevalonate (206). Interestingly, mevalonate accumulation in patients with hyper IgD syndrome (HIDS) that lack mevalonate kinase is associated with increased IL-1β production by LPS-stimulated monocytes (206). Similarly, glycolysis-driven accumulation of succinate in response to LPS induces macrophage IL-1β expression, which occurs via HIF-1α binding to the Il1b promoter (208).

Trained immunity is also established at a systemic/central level after exposure of bone marrow hemopoietic stem and progenitor cells (HSPCs) to pathogen-derived products, such as β-glucan, BCG, or Western diet (WD) feeding. β-glucan induces bone marrow IL-1β production that acts on HSPCs, leading to preferential myelopoiesis and metabolism that favors glycolysis and cholesterol synthesis (209). BCG vaccination also causes HSPCs to skew toward myelopoiesis and epigenetic reprogramming of macrophages, such that they upregulate Ifng, Tnf, and Il1b upon re-stimulation with M. tuberculosis (210). Indeed, BCG vaccination increases circulating IL-1β, which inversely correlates with viremia after a secondary yellow fever vaccination (211). Together, this suggests that IL-1β contributes to both training process and direct anti-mycobacterial response. Interestingly, diet can also drive trained immunity, with WD fed mice exhibiting myelopoiesis skewed towards the monocytic lineage and upregulation of genes associated with hematopoiesis, metabolism, immune cell differentiation and leukocyte activation. This WD-dependent reprogramming was long lasting (4 weeks) and was dependent on NLRP3 (212).

However, despite beneficial effects of trained immunity on host defense, the long-lasting reprogramming of innate immune cells can become maladaptive and contribute to pathology. Human monocytes trained ex vivo with oxidized low density lipoprotein (oxLDL) or β-glucan produce pro-atherogenic cytokines and increase foam cell formation upon re-stimulation (213). Furthermore, chronic systemic exposure to IL-1 can lead to haematopoietic stem cell exhaustion that compromises blood cell homeostasis and reduces the ability to endure replicative challenges such as transplantation (214). Under such circumstances metabolites such as itaconate, which limits aerobic glycolysis and induces anti-inflammatory and anti-oxidative programs (215–217), might be utilized to counteract innate training and re-instate immune tolerance (205).

In the brain, microglia are able to undergo priming in response to injury similar to immune training seen in macrophages in the peripheral immune system (218). IL-1 is constitutively expressed at very low levels in the normal brain but appears to have a role in some physiological processes, including regulation of sleep and synaptic plasticity (219, 220). Following neurotoxic injury, upregulation of IL-1α and IL-1β occurs rapidly in the brain (219), and facilitates recruitment of leukocytes across the blood brain barrier (221). Microglia are able to retain memory of an inflammatory state via histone H3 modifications, which may contribute to hyper-reactive IL-1 expression in response to subsequent inflammatory stimuli, which is seen in many neurodegenerative pathologies (218).



Autoimmunity Can Be Driven by Aberrant IL-1 Signaling

Although IL-1 is critical for host defense, it can also contribute to autoimmune disease via its ability to amplify T cell responses, shift the balance for immune tolerance and its direct action on non-immune cells that induces inflammation and tissue damage (102, 222) (Figure 2D). Indeed, each of the above mechanisms, either alone or in combination, underlie the pathophysiology of common autoimmune diseases.


Amplification of T Cell Response in IL-17-Producing T Cells

IL-17-producing Th17 and γδ T cells are causal of several mouse autoimmune syndromes, such as experimental autoimmune encephalomyelitis (EAE) and collagen-induced arthritis (44, 223, 224). IL-17 production in these cell types is stimulated by IL-1, suggesting that excess IL-1 would exacerbate these conditions. Indeed, both Il1r1-/- and Il1a/b-/- mice are resistant to the development of EAE due to lower Th17 cell proliferation, less IL-17 and lower self-reactive T cell activation, leading to less autoantibodies (44, 225). Similarly, IL-1β and IL-23-treated γδ T cells drive EAE by increased secretion of IL-17 directly into the brain milieu and by indirect augmentation of IL-17 production by αβ T cells (223).

As demonstrated in the Deficiency of Interleukin-1 Receptor antagonist (DIRA) syndrome, IL-1 antagonism is critical for the amelioration of IL-17-driven diseases. DIRA is an autoinflammatory condition associated with hyperactivation of IL-1 signaling due to loss-of-function mutations in IL-1RA, with severe manifestations in skin and bone. As such, DIRA is very responsive to IL-1 blockade by administration of recombinant IL-1RA (Anakinra) (226). Furthermore, IL-1 antagonists (i.e. IL-1RA and SIGIRR) delay onset and reduce severity of mouse EAE (225, 227). Interestingly, classic drugs used to manage multiple sclerosis (MS) (i.e. IFNβ) and its clinical relapse (i.e. steroids) associate with increased systemic levels of IL-1RA and IL-1R2 (228–230). In addition, monitoring the IL-1 to IL-1RA ratio in cerebrospinal fluid and/or lesions in MS patients may predict susceptibility of relapse-onset MS, hinting towards the use of IL-1 as a biomarker (231).

In keeping, loss of NLRP3 inflammasome components (i.e. NLRP3, ASC, caspases-1 or -11) confers some protection from EAE (232–235). However, inflammasome-independent IL-1β production has also been demonstrated as a result of trans-cellular interactions between effector CD4 T cells and DCs. Thus, CD4 T cell-derived TNF induces DC expression of pro-IL-1β, which is subsequently activated by casp-8 after T cell FasL ligation of DC Fas, leading to IL-1β release and induction of EAE (236).



Stability of Tregs and Break of Self-Tolerance

Tregs are critical for maintenance of peripheral tolerance through their ability to suppress inappropriate activation of effector T cells. Foxp3 is essential for the suppressive functions of Tregs, and thus its expression maintains physiological T cell responses. Foxp3 expression can be reduced in highly inflammatory tissue microenvironments, especially in the presence of IL-1 and IL-6, which can convert Tregs into effector T cells that produce IFN-γ and IL-17 (237–239). Indeed, this confirms observations that IL-1β reduces susceptibility of CD4 effector/memory T cells to Treg suppression due to expansion of IFN-γ producing effector CD25+ cells (240). This is more pronounced in the autoimmune-prone NOD mice, where splenocyte IL-1β production is enhanced and IL-1β neutralization restores Treg suppression and normalizes IFN-γ secretion, altogether suggesting that breach of tolerance can be driven by IL-1β (240).




The Action of IL-1 on Non-Immune Cells Contributes to Autoimmunity

Besides its direct immunomodulatory effects, IL-1 can also act on non-immune cells to either alter their function or direct them towards apoptosis, thus contributing to the progression of several autoimmune and metabolic syndromes. Tissue damaging effects of IL-1 have been identified in the development of Type 1 and Type 2 Diabetes Mellitus (T1/T2DM) as well as rheumatoid arthritis (RA), while in systemic sclerosis (SSc) IL-1 has been shown to mediate pathological tissue remodeling.


IL-1-Mediated β-Cell Apoptosis in Metabolic Syndromes

Pancreatic inflammation and β-cell deregulation and loss are determining factors in the pathogenesis of both T1/T2DM (241, 242), and IL-1 can interfere with all these processes. Pancreatic β-cells express high levels or IL-1R1 and respond to IL-1 by upregulating inflammatory cytokines and chemokines (243, 244), which in turn recruit macrophages (245) and T cells (246). In addition, IL-1β has direct cytotoxic effects on β-cells (247) via canonical NF-κB activation and upregulation of Fas, in response to glucose, ultimately contributing to insulin resistance and development of T2DM (248). This IL-1β-mediated glucotoxicity is also relevant to T1DM, where islet resident macrophages secrete IL-1β upon stimulation with LPS and TNF (249), leading to β-cell production of cytotoxic molecules (e.g. inducible nitric oxide synthase) (250). In addition, β-cell apoptosis can also be triggered by IL-1β and IFN-γ activation of the non-canonical NF-κB pathway (251). Indeed, glucotoxicity and cell loss is abrogated by IL-1RA, improving β-cell secretory function and glycemic control (248, 252).



IL-1-Dependent Degradation of Bone and Cartilage in Rheumatoid Arthritis

RA is characterized by progressive destruction of the articular joints due to IL-1β-dependent degradation of both bone and cartilage (253). BALB/c mice lacking IL-1RA spontaneously develop an inflammatory arthropathy that shares features with human RA, such as inflammatory cell infiltrates, fibrin clots, bone erosion, increased IL-1β in the affected joints and autoantibodies in serum (254). IL-1 signaling in synovial cells and chondrocytes causes upregulation and secretion of matrix metalloproteinases that degrade cartilage (255–257). In addition, IL-1 and TNF, when in the presence of T cell-derived RANKL, exert pro-osteoclastogenic effects that result in bone erosion and further joint damage (258), suggesting that IL-1 could be a druggable target for ameliorating symptoms and impeding disease progression. Indeed, neutralization of IL-1 with antibodies or natural antagonists (i.e. IL-1RA or IL-1R2) diminish local inflammation and protect the joint from bone erosion, which led to the approval of Anakinra (IL-1RA) as an effective therapeutic for management of RA (259–261).



IL-1 Regulates Fibroblast Differentiation in Systemic Sclerosis

SSc is an idiopathic autoimmune syndrome that exhibits fibrosis in the skin and other organs like the heart and lungs, due to fibroblast activation and deposition of extracellular matrix (262). IL-1α and IL-1β regulate IL-6 and PDGF-A expression on SSc fibroblasts, promoting collagen deposition and proliferation (263, 264) and differentiation into myofibroblasts (265–267). In addition, inflammasome activation in fibroblasts leading to IL-1β production acts in an autocrine manner to trigger expression of mIR-155, which in turn regulates collagen deposition in SSc (268–270).




IL-1 Signaling May Be Important in the Pathogenesis of COVID-19

The novel coronavirus SARS-CoV-2 is the causative agent of the acute respiratory disease COVID-19, which has caused a global pandemic (271). Symptoms of COVID-19 range from mild to severe, with viral pneumonia leading to ARDS, sepsis/disseminated intravascular coagulation (DIC) and/or multi-organ failure identified as the major causes of death (272). A key stage of the virus lifecycle is release of newly replicated virons (273), which escape via the host cell’s secretory pathways or by cell lysis (274). Egress of coronaviruses depends on the coronavirus envelope (E) protein, which acts as a viroporin that forms pores in the plasma membrane, causing lysis and subsequent release of DAMPs (275–277). For example, respiratory syncytial virus-infected cells release IL-1α that activates neighboring cells to promote leukocyte recruitment (278) and interferon-mediated anti-viral mechanisms (Figure 1G) (142). However, excessive cell lysis and DAMP release can trigger an over-the-top innate immune response and overt production of cytokines, known as a cytokine storm, which can spill over into the circulation and cause sepsis (279). Severe SARS-CoV-2 infection causes a systemic cytokine storm and ARDS, with accompanying thrombosis (271, 280, 281). IL-1 inhibition improves pathologies associated with cytokine storms, including sepsis and DIC (282–284), and thus maybe beneficial for treating COVID-19. Indeed, Anakinra (IL-1RA) appears to dampen markers of systemic inflammation and improve ARDS in COVID-19 patients. Importantly, Anakinra has a short half-life (3h) that allows rapid discontinuation of treatment if needed, in contrast to Canakinumab (half-life 26 d) (284, 285). At the time of writing there were 15 registered clinical trials examining IL-1 blockade by Anakinra for COVID-19. However, patient selection, dosing, and outcome measures are not harmonized between studies (286), and only 11 were randomized control trials. Finally, the multi-center RECOVERY trial has recently shown that the corticosteroid dexamethasone reduces deaths by one-third in ventilated COVID-19 patients (287), reinforcing the use of anti-inflammatory agents. Interestingly, dexamethasone is long known to profoundly inhibit IL-1 production (288, 289), again signifying a likely role for this apical cytokine in human health and disease. Together, there is existing evidence that blockade of inflammatory pathways, including IL-1, is beneficial for reducing symptoms of cytokine storm in COVID-19. Further clinical trials will be essential to determine the full extent of this benefit.
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Objectives

The underlying mechanism of the inflammatory response against Brucellosis caused by Brucella remains poorly understood. This study aimed to determine the role of long non-coding RNAs (lncRNAs) in regulating of inflammatory and anti-Brucella responses.



Materials and methods

Microarray analysis was performed to detect differentially expressed lncRNAs in THP-1 cells infected with an S2308 Brucella strain. The candidate lncRNAs were screened using bioinformatic analysis and siRNAs; bioinformatic prediction and luciferase reporter assay were also conducted, while inflammatory responses was assessed using RT‐qPCR, western blot, immunofluorescence, ELISA, HE, and immunohistochemistry.



Results

The lncRNA Gm28309 was identified to be involved in regulating inflammation induced by Brucella. Gm28309, localized in the cytoplasm, was down-expressed in RAW264.7 cells infected with S2308. Overexpression of Gm28309 or inhibition of miR-3068-5p repressed p65 phosphorylation and reduced NLRP3 inflammasome and IL-1β and IL-18 secretion. Mechanistically, Gm28309 acted as a ceRNA of miR-3068-5p to activate NF-κB pathway by targeting κB-Ras2, an inhibitor of NF-κB signaling. Moreover, the number of intracellular Brucella was higher when Gm28309 was overexpressed or when miR-3068-5p or p65 was inhibited. However, these effects were reversed by the miR-3068-5p mimic.



Conclusions

Our study demonstrates, for the first time, that LncRNAs are involved in regulating immune responses during Brucella infection, and Gm28309, an lncRNA, plays a crucial role in activating NF-κB/NLRP3 inflammasome signaling pathway.
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Introduction

The Gram-negative facultative intracellular bacteria Brucella spp. (B. spp.) cause brucellosis, a systemic infectious zoonotic disease. In animals (1), brucellosis leads to abortion, infertility, and lameness, causing serious economic losses. While in humans, (2) B. spp. causes symptoms such as undulant fever, endocarditis, arthritis, and osteomyelitis. Brucellosis poses a a serious threat for both livestock and human since B. spp. can be transmitted from animals to humansthrough various infection sources, including meat, unpasteurized milk, animal byproducts from infected animals, which lead to economic loss (3) and are public health concerns (4).

It has been reported that the interactions between macrophage cells and Brucella alters the macrophage gene expression profile (5). Thus, the investigation of transcriptional and post-transcriptional changes in macrophages may help to further elucidate the anti-Brucella immune mechanisms. Although Brucella possesses immune subversion mechanisms (6) to evade recognition by toll-like receptors (TLRs) and the immune system activation (7), more than 90% of internalized Brucella are eliminated by the innate immune response (8), indicating that the non-specific inflammatory response against pathogens plays a critical role in controlling Brucella infection. Nucleotide-binding oligomerization domain-like receptors (NLRs) are innate cytosolic receptors that can recognize different pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs) (9). NLRP3 is the best-characterized inflammasome primarily induced by TLR activation, cytokine stimulation, and other signaling molecules (10). A recent study has demonstrated that Brucella ligands activate NLRP3 inflammasomes, leading to infection control (11). The activation of the NLRP3 inflammasome is regulated at the transcriptional level through the NF-κB pathway (12), which induces the synthesis of the pro-inflammatory interleukin pro-IL-1β and increases NLRP3 expression (13).

Non-coding RNAs (ncRNAs), including long non-coding RNAs (lncRNAs) and microRNAs (miRNAs), regulate various innate and adaptive immune processes (14). lncRNAs are defined as transcripts longer than 200 nucleotides lacking an obvious open reading frame (15). Recently, lncRNAs have been shown to regulate gene expression in various physiological and pathological immune processes (16), through a variety of mechanisms, such as behaving as RNA-binding proteins (RBPs), function as decoys, and microRNA sponges. For instance, the lncRNA, Neat1, stabilizes caspase-1 form and increases inflammasomes assembly by binding to pro-caspase-1 (17); NKILA, an NF-κB-interacting lncRNA, inhibits NF-κB activity to regulate the activation-induced cell death of T cell (18). The most well-studied ncRNAs are miRNAs, which during immune response, typically target mRNA transcripts for inflammasome complexes components to regulate inflammation (19). For example, the microRNA miR-223-3p directly targets two components of the NLRP3 inflammasome, namely, caspase-1, and caspase-8 (20), the miR-145a-5p activates the NLRP3 inflammasome by targeting CD137 and NFATc1 (21). Despite these discoveries, a comprehensive view of the role of ncRNAs in the regulation of host–Brucella interactions is currently lacking. Furthermore, the lncRNAs-mediated molecular mechanisms underlying the innate immune response against Brucella is largely unknown.



Materials and Methods


Bacterial Strains and Plasmids

Brucella abortus wild-type strain 2308 (S2308) (The Center of Chinese Disease Prevention and Control, Beijing, China) was cultured in tryptic soy broth (TSB) or tryptic soy ager (TSA) (Difco, MI, USA) at 37°C in 5% CO2 incubator, the Brucella strain was manipulated in a biosafety level 3 laboratory. Escherichia coli DH5α (The Center of Chinese Disease Prevention and Control, Beijing, China) was cultured in Luria-Bertani medium, when appropriate, 100 μg/mL of ampicillin or kanamycin was added to the culture medium. pcDNA3.1 (Youbio,Wuhan, China) and pGL3 plasmid (Promega, Beijing, China), and other constructed plasmids were extracted using Endotoxin-free plasmid extraction kit (TianGen, Beijing, China) for cells transfection.



Cells Culture and Infection

RAW 264.7 and THP-1 cell lines were purchased from Cell Resource Center(Beijing, China) and incubated in the incubator under 37°C and 5% CO2 conditions. RAW 264.7 cells were cultured in DMEM (Hyclone) supplemented with 10% fetal bovine serum (Gibco). Prior to infection, RAW 264.7 were seeded to proper culture plates at a density of 105 cells/mL in complete culture medium without penicillin and streptomycin. THP-1 cells were cultured in RPMI-1640 medium (Hyclone) containing 10% fetal bovine serum (Gibco); THP-1 monocytes were differentiated into macrophages with 200 nM PMA (Beyotime, Shanghai, China) for 24 h. All cells were infected with S2308 strain at a MOI of 50. Culture plates were centrifuged at 350 × g for 5 min at room temperature and incubated at 37°C for 60 min. After washing twice with PBS, the infected cells were incubated for an additional 45 min in the presence of 50 μg/mL of gentamicin to kill extracellular bacteria. Then, the cultures were placed in fresh DMEM containing 25 μg/mL of gentamicin (defined as time zero) and incubated at 37°C.



Animal Experiments

The animal experiments were performed according to published methods (22), six-week-old female BALB/c mice (n = 20 per group) were inoculated intraperitoneally either with 200 μL of PBS alone or containing 1×106 CFU of S2308. Every week until 4 weeks post-inoculation, mice (n = 5 per time point per group) were euthanized and their liver and spleen were removed aseptically and used for histopathological observation and immunohistochemistry experiments, the animal experiments were manipulated in a biosafety level 3 laboratory.



Microarray Analysis of lncRNA and mRNA Expression

Three biological replicates samples of THP-1 cells infected by S2308 at 4 and 24 h were lysed with Trizol reagent (Thermo Fisher Scientific) to extract the total RNA. Microarray hybridization was then conducted according to the standard Arraystar protocols with minor modifications using the Human LncRNA Microarray V3.0 (Arraystar, Rockville, MD, USA). The Agilent Array platform was used for the microarray analysis. Acquired array images were analyzed using the Agilent Feature Extraction software (version 11.0.1.1, Agilent Technologies). Quantile normalization and further data processing were performed using the Agilent GeneSpring GX v11.5 software package (Agilent Technologies). Differentially expressed lncRNAs and mRNAs were identified by performing a Volcano Plot filtering and a Fold Change filtering. Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Omnibus (GO) analysis were used to investigate the possible functions of these lncRNAs. The microarray experiment was performed by Capitalbio Technology, Beijing, China.



Cells Transfection

All plasmids and siRNAs (20 uM/uL) were transfected using the Advanced DNA RNA Transfection Reagent™ (ZETA LIFE, USA) according to the manufacturer’s protocol. Briefly, cells were planted on the cell culture plate one day in advance, the cell confluence degree was up to 60–80% at the time of transfection, plasmid or siRNA was directly mixed with transfection reagent according to 1:1 relationship, then mixed by blowing into a pipette for 10–15 times. Following incubation at room temperature for 10–15 min, the complex was added to the cell culture plates, mix gently, and incubated in the CO2 incubator for 24 h. All the siRNAs were designed by Gene Pharma (Shanghai, China), transfection efficiency was measured using qRT-PCR. Details are listed in Supplementary Table 1.



Construction of Vectors

We amplified, using PCR, the full-length sequence of Gm23809 and cloned it into the pcDNA3.1 expression vector to obtain a stable Gm23809 overexpression plasmid [Gm23809 (+)]. The wild-type and mutant fragment of Gm28309 were subcloned into the pGL3 plasmid, and the resulting plasmids were referred to as Gm28309-WT and Gm28309-Mut. Likewise, the 3′ UTR sequence of κB-Ras2 mRNA containing either the predicted wild type miR-3068-5p binding site or its mutated form was cloned into the pGL3 plasmid (κB-Ras2-WT and κB-Ras2-Mut, respectively).



Immunofluorescence Analysis

The cells were fixed with 4% paraformaldehyde for 30 min at room temperature, following permeabilization with 0.1% Triton X-100 and blocking with 1% BSA in PBS, cells were incubated with Goat polyclonal to NLRP3 (ab4207, 1:100) overnight at 4°C. Cells were then washed three times with PBS, and incubated with dylight488 for fluorescent labeling of Donkey anti-goat IgG-488 (Thermo Fisher Scientific) for an additional hour at 37°C. Finally, images were observed using confocal microscope (Carl Zeiss 510, German) and analyzed using LAS AF Lite (Leica).



Total, Cytoplasmic, and Nuclear RNA Extraction and Preparation

Cytoplasmic and nuclear RNA fractions were prepared according to published methods (23), with some modifications (24). First, the PBS used in this experiment was supplemented with DEPC, then, cells were collected, washed twice with ice-cold PBS and centrifuged at 1000g for 5 min. The supernatant was removed and the cell pellet was resuspended in 0.3% v/v NP-40-PBS by gently pipetting, and the pellets were placed in ice for 10 min prior to being centrifuged at 1000 × g for an additional 5 min. Then, the supernatant was collected separately as the cytoplasmic fraction, and the pellet was washed twice in ice-cold 0.1% NP-40-PBS, centrifuged at 1000 × g for 5 min, and kept as the nucleus fraction. For both fractions, RNA was extracted using Trizol reagent (Thermo Fisher Scientifific), following the manufacturer’s protocol. The RNAs were analyzed using qRT-PCR with primer pairs for Gm23809, Actin as cytoplasm control and U1 as nucleus control. Total RNA and miRNA extraction methods are showed in Supplementary materials and methods, all the primer pairs used in study are listed in Supplementary Table 1.



Proteins Extraction and Western Blot

RAW264.7 cells were collected after 24 h of S2308 infection. Cells were lysed in PIPA buffer (Beyotime, Shanghai, China) supplemented with protease and phosphatase inhibitor cocktail (Pierce, Thermo Fisher Scientifific) for 30 min on ice. Lysates were centrifuged at 14,000 × g for 30 min and the supernatant was kept as protein extract. The protein content in the extracts was quantified using the BCA protein assay kit (Thermo Fisher Scientific). An equal amount about 15 μg of proteins were separated by 12% SDS-PAGE. The integrated density of protein bands was quantified by Image Lab 3.0 software (Bio-Rad, CA, USA) and normalized against β-actin, used as an internal control. Western blotting was performed using the following primary antibodies (Abcam) and dilutions: rabbit polyclonal anti-TGF-β (ab215715, 1:1,000), rabbit polyclonal anti-Pro-caspase-1 (ab179515, 1:1,000), rabbit polyclonal anti-p65 (ab32536, 1:1,000), and rabbit polyclonal anti-NLRP3 (ab214185, 1:1,000). The primary antibody rabbit polyclonal anti-phospho-p65 (3033T, 1:1,000) was acquired from Cell Signaling Technology, and rabbit polyclonal anti-κB-Ras2 (DF2508, 1:1,000) antibody was obtained from Affinity. The quantitive graph of relative protein expression levels of all proteins were analyzed using image J and showed in Supplementary Figures, and β-actin was used as the loading control.



Bioinformatics Analysis of Gm28309 and Prediction of the Target Gene For miR-3068-5p

Gene information for HOXA10-HOXA9 (Human) and Gm28309 (Mouse) was retrieved from UCSC and Ensembl. The orthologues of human lncRNA HOXA10-HOXA9 in mice were found in a previously published method (25) using the LongMan (http://lncrna.smu.edu.cn) database. The potential connection between Gm28309 and miRNAs were discovered using the LncBase v.2 (http://carolina.imis.athena-innovation.gr/diana_tools/web/index), while the correlation between miR-3068-5p and inflammation genes was screened using the miRDB database (http://www.mirdb.org/index.html).



Luciferase Reporter Assay

The wild-type and mutant fragment of Gm28309 were subcloned into the pGL3 plasmid, the resulting plasmids were called Gm28309-WT and Gm28309-Mut. Likewise, the 3′ UTR sequence of κB-Ras2 mRNA containing either the predicted wild type miR-3068-5p binding site or its mutated form was cloned into the pGL3 plasmid (κB-Ras2-WT and κB-Ras2-Mut, respectively). miR-3068-5p mimic, inhibitor or negative control were purchased from Gene Pharma (Shanghai, China).

Cells were co-transfected with the appropriate plasmid and oligomers using the Advanced DNA RNA Transfection Reagent™ (ZETA LIFE, USA). Luciferase activity was measured 48 h of transfection using the dual-luciferase reporter assay system (Promega, Madison, WI, USA).



Interleukins Detection by ELISA

Culture supernatants were harvested from RAW 264.7 infected with S2308 for 24 h, at an MOI of 100:1 in triplicate wells. Moreover, serum samples were obtained from immunized mice 1, 2, 3, and 4 weeks post-immunization as described previously (26). The presence of IL-1β and IL-18 in samples was detected using an ELISA kit (molbio), according to the manufacturer’s instructions.



Immunohistochemistry (IHC)

Briefly, paraffin-embedded tissues were sliced into 4 μm-thick slices, dewaxed and rehydrated using ethanol at gradual concentrations. Subsequently, antigen retrieval was performed by using the Target Retrieval Solution (Dako, Denmark), according to the manufacturer’s instructions. Sections were treated with 0.3% hydrogen peroxide and then probed with primary antibodies (Abcam) and dilutions overnight:Rabbit polyclonal anti-NLRP3 (ab214185, 1:500), rabbit polyclonal anti-Caspase-1 (ab138483, 1:100), and rabbit monoclonal anti-TGF-β (ab169771, 1:500) and then incubated with secondary antibodies goat anti-rabbit IgG (1:1,000). A 3,39-diaminobenzidine (DAB) substrate kit (Vector Laboratories) was used to detect the proteins.



Statistical Analysis

Statistical analyses were performed using GraphPad Prism 5 software, one-tailed or t-test was used to determine the differences, the data were expressed as mean values ± standard deviation (SD). *p < 0.05, **p < 0.01, and ***p < 0.001 were considered statistically significant. Each treatment was repeated at least three times.




Results


Brucella Infection-Induced Inflammatory Response In Vitro and Vivo

The innate immune system is essential for detection and elimination of bacterial pathogens, inflammatory response caused by Brucella controls infection and be a protective effect in host, inflammasome NLRP3 complex was activated during Brucella infection (11). To study inflammatory response of Brucella infection in vitro, macrophages were infected by S2308 at different time and NLRP3 and Pro-caspase-1 were detected at mRNA (Figures 1A, B) and protein levels (Figure 1C), our results showed that inflammasome NLRP3 and Pro-caspase-1 were significantly increased, especially at 24 h of infection. Furthermore, in the study in vivo, mice were infected with B. abortus 2308 strain by intraperitoneal injection (dose 1×106 cells). In parallel, the control group was injected with the same volume of PBS solution. Peripheral blood was collected weekly until 4 weeks following injection. We then measured the levels of the IL-1β, IL-18 inflammatory interleukins, and TGF-β in the serum using ELISA and found a significant increase in all the examined time points compared with the control group (Figures 1D–F). Histopathological examination of the liver tissues of the infected mice revealed nuclei dissolution, cell necrosis, and a small number of cells undergoing fatty degeneration. The examination of spleen tissues revealed the presence of endothelial cells in nodules and local tissue congestion (Figure 1G). Furthermore, IHC assay showed that NLRP3, Caspase-1, and TGF-β were significantly higher in the infected group (Figure 1H). The results demonstrated inflammatory response were activated during Brucella infection in vivo and vitro.




Figure 1 | Brucella infection-induces an inflammatory response in vitro and vivo. (A, B) The mRNA expression of NLRP3 and Pro-caspase-1 in RAW264.7 cells infected with at 4, 12, 24, and 48 h of S2308 infection using qRT-PCR. (C) Protein expression of NLRP3 and Pro-caspase-1 assessed by western blotting. (D–F) Expression levels of IL-1β, IL-18 and TGF-β in the blood serum of mice infected by S2308, as detected by ELISA. (G) Representative H&E-stained liver and spleen issues of Brucella-infected mice. Bar, 80 µm. (H) Representative immunohistochemistry of NLRP3 and caspase-1 levels in liver and spleen of Brucella-infected mice. Bar 100µm. Data are shown as mean ± SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, one-tailed t-test. ns, not significant.





Differentially Expressed lncRNAs Involved in Inflammatory Responses in THP-1 Cells Infected With Brucella S2308

To evaluate which lncRNAs are differentially expressed during Brucella infection, the total RNA of three biological replicates was extracted from THP-1 cells infected with S2308 at 4 h and 24 h. The lncRNAs were analyzed by microarray, using the Human long non-coding RNA (lncRNA) V 3.0 gene chip. lncRNAs expression change more than two-fold in all the three biological replicates were selected to further study. Compared to the uninfected group (PBS), there were 54 differentially expressed lncRNAs (46 upregulated and 8 downregulated) after 4 h following infection, and 235 differentially expressed lncRNAs (171 upregulated and 64 downregulated) 24 h following infection. The heatmap of partial differentially expressed lncRNAs is shown in Figure 2A. We further verify the expressions of partial lncRNAs in THP-1 cells infected by S2308 both 4 and 24 h using qRT-PCR, showing that the same tendency with RNA-seq (Supplementary Figure 1A). As the expression of lncRNA after 24 h following infection mimics more closely the physiological changes caused by Brucella (27), all the subsequent analyses were performed on the 24 h dataset. The lncRNAs target genes enriched in pathways associated with inflammation and immune response in host were screened out using Gene Omnibus (GO) (Figure 2B) and Kyoto Encyclopedia of Genes and Genomes (KEGG) (supplementary Figure 2B). To investigate the possible functions of these lncRNAs, we perform a prediction of potential targets using co-expression analysis, a lncRNA-mRNA correlation network was constructed (Figure 2C). lncRNAs can act as regulators in innate immunity and antimicrobial defense (28). Therefore, we determined whether the differentially expressed lncRNAs induced by Brucella infection could be inflammatory response and antimicrobial defense regulators. To do this, we primarily focused on lncRNAs enriched in the NOD-like receptor signaling pathway and the transforming growth factor β (TGF-β) signaling pathway according to GO and KEGG pathway analysis. The lncRNA-mRNA correlation network for these two pathways is shown in Figure 2D. There were 19 differentially expressed lncRNAs associated with the NOD-like receptor signaling pathway and 23 lncRNAs involved in the TGF-β signaling pathway. We then identified 6 lncRNAs, all of which were involved in inflammation (Figure 2E): Of the 6 identified lncRNAs, 2 were upregulated, and 4 were downregulated. The expression of these lncRNAs in THP-1 cells was further validated using qRT-PCR (Figure 2F).




Figure 2 | Identification of differentially expressed lncRNAs involved in inflammatory responses in THP-1 cells infected by S2308. (A) Partial heatmap showing differentially expressed lncRNAs in THP-1 cells infected by S2308 at 4 and 24 h. (B) KEGG enrichment analysis for differentially expressed lncRNAs in THP-1 cells infected by S2308 for 24 h. (C) Constructed lncRNA-mRNA correlation network according to the prediction of potential targets using co-expression analysis. (D) lncRNAs involved NOD-like receptor pathway and TGF-β signaling pathway. (E) Relative expression of the 42 lncRNAs involved in the NOD-like receptor pathway and TGF-beta signaling pathway in THP-1 cells infected by S2308 for 24 h. (F) Expression levels of the six lncRNAs involved in inflammation in THP-1 cells infected with S2308 for 24 h, as detected using qRT-PCR and microarray analysis.





Decrease of the lncRNA P33714 Expression Promotes the Secretion of Pro-Inflammatory Cytokines in THP-1 Cells Infected by S2308

To characterize the role of the six candidate lncRNAs involved in inflammation, we designed three siRNAs for each lncRNA and transfected them into THP-1 cells to detect the expression of the target lncRNA (Supplementary Table 1). siRNAs efficiency was screened using qRT-PCR and the most efficient siRNA for each lncRNA (Supplementary Table 2) was used for subsequent experiments. The selected siRNAs were transfected into THP-1 cells for 24 h, which were subsequently infected by S2308 for 24 h. Laser confocal results shown that the expression of NLRP3 inflammasome in THP-1 cells was higher in P3852-siRNA, P30159-siRNA, and P33714-siRNA than other groups (Figure 3A). Further, the expression of pro-inflammatory interleukin IL-1β decreased significantly upon the knock-down of P3852, P662, P30159, and P16218, but not P33714 (Figure 3B). Conversely, IL-18 levels were lower upon knock-down of P662 but higher upon knock-down of P16218, P12873, and P33714 (Figure 3C). We found that knock-down of P33714 could inhibit Brucella intracellular survival (Figure 3D), and that the expression of TGF-β was lower for all the knock-downs (Figure 3E). Collectively when P33714 was knocked-down, IL-1β and IL-18 increased and the number of surviving Brucella in THP-1 cells decreased. Based on these results, we focused on the lncRNA P33714 (NR_037940.1), which is a readthrough of the HOXA10-HOXA9 genes. P33714 is located on chromosome 7p15.2 (from nucleotide 27162438 to 27180261). It consists of 2198 nucleotides and 3 exons. A platform created by Jie Lin (25) contains the orthologs of human and mouse lncRNAs annotated in GENCODE, which allows us to search for the orthologous lncRNA of P33714.In this way, we found the P33714 ortholog in mice, called Gm28309 (Ensembl Gene ID: ENSMUSG00000099521.1). Gm28309 is located on chromosome 2 (from nucleotide 74,683,446 to 74,694,194), and is a 623 transcript forward strand with 3 exons (Figure 3F). P33714 and Gm28309 expression levels decreased in THP-1 and RAW264.7 cells infected by S2308, respectively. Although they showed a different kinetic expression at 24 h post-infection they showed the same reduced expression levels (Figure 3G). Therefore, we suspected that Gm28309 may be involved in the activation of inflammation in host cells in response to Brucella infection.




Figure 3 | Downregulation of lncRNA P33714 promotes secretion of pro-inflammatory interleukins in THP-1 cells infected by S2308. (A) The protein expression of NLRP3 inflammasome by immunofluorescent staining in THP-1 cells transfected with siRNAs of six candidate lncRNAs involved in inflammation. Bar, 450 µm. (B, C, E) Detection, using ELISA of IL-1β, IL-18, and TGF-β secretion in the supernatant of THP-1 cells transfected with the indicated siRNA and infected with S2308 for 24 h. (D) The number of Brucella intracellular survivors in THP-1 cells transfected with siRNAs of six candidate lncRNAs involved in inflammation. (F) Gene structure of the HOXA10-HOXA9 (human) and Gm28309 (mice) transcripts. (G) Expression of Gm28309 and p33714 detected using qRT-PCR in THP-1 and RAW264.7 cells infected with S2308 at the indicated time point (4, 8, 12, and 24 h). Data are shown as mean ± SD (n = 3). *p < 0.05, **p < 0.01,***p < 0.001, one-tailed t-test. ns, not significant.





Gm28309 Overexpression Negatively Regulates the Production of NLRP3 Inflammasome in RAW 264.7 Cells Infected by S2308

Among all the NLR inflammasome complexes, the NLRP3 inflammasome is the best-characterized and is a crucial signaling node controlling the maturation of two proinflammatory interleukins belonging to the (IL)-1 family: IL-1β and IL-18 (9). To further characterize the role of P33714 in inflammation, we overexpressed Gm28309 in RAW264.7 cells and detected, using qRT-PCR, the expression levels of NLRP3 inflammasome components, such as NLRP3 and Caspase-1 in RAW264.7 cells overexpressing Gm28309. Results showed that the expression plasmid for Gm28309 (Gm28309(+) significantly increased Gm28309 expression levels when transfected into RAW264.7 cells, compared with mock-transfected cells and cells transfected with an empty pCDNA3.1 (Figure 4A). Overexpression of Gm28309 reduced the formation of the NLRP3 inflammasome, decreasing both the mRNA (Figures 4B, C) and protein (Figure 4D) levels of NLRP3 and pro-caspase-1. Furthermore, mRNA levels of factors activated by the NLRP3 inflammasome (IL-1β and IL-18) were significantly decreased in Gm28309 overexpressed cells, but higher in S2308 infection group (Figures 4E, F), as well as protein secretion levels detected using ELISA (Figures 4G, H). In addition, we observed an increase in TGF-β expression upon S2308 infection, which was attenuated in cells overexpressing Gm28309 (Figures 4D, I). Collectively, our results indicate that Gm28309 expression was decreased in RAW264.7 infected by S2308 whereas overexpression of Gm28309 reduces the production of the NLRP3 inflammasome.




Figure 4 | Gm28309 overexpression negatively regulates the production of NLRP3 inflammasome in RAW 264.7 cells infected by S2308. (A) Expression of Gm28309 in RAW264.7 cells transfected with the overexpressed plasmid Gm28309-pcDNA3.1, as detected using qRT-PCR. (B, C, E, F, I). The relative expression of NLRP3, Pro-caspase-1, IL-1β, IL-18, and TGF-β when overexpressed Gm28309 in RAW264.7 cells, as detected using qRT-PCR. (D) expression of NLRP3, Pro-caspase-1, and TGF-β as detected using western blotting when overexpressed Gm28309 in RAW264.7 cells. (G, H) IL-1β and IL-18 levels in the supernatants in RAW264.7 cells transfected with the overexpressed plasmid Gm28309-pcDNA3.1 as detected usjing ELISA. Data shown are mean ± SD (n = 3). *p < 0.05, **p < 0.01,***p < 0.001, one-tailed t-test. ns, not significant.





Gm28309 Sequesters miR-3068-5p to Activate the NF-κB Signaling Pathway

lncRNAs can perform various functions depending on their subcellular location (29). If in nucleus, they are primarily involved in transcription and chromatin remodeling, while in the cytoplasm, they participate in gene regulation by forming complexes with specific proteins (30). We analyzed the cellular localization of Gm28309 by performing qRT-PCR of RAW264.7 subcellular fractions. We found that Gm28309 is preferentially localized in the cytoplasm rather than in the nucleus (Figure 5A), suggesting a potential role for Gm28309 as a competing endogenous RNA (ceRNA). We speculated that Gm28309 might target factors involved in the NF-κB pathway, a well‐known inflammation-associated signaling pathway (12). Hence, we performed bioinformatics analysis and we detected a potential targets: miR-3068-5p whose target is κB-Ras2 (Figure 5B). κB-Ras2 (NKIRAS2) is an IκBβ-interacting protein that could inhibit NF-κB activation (31), Moreover, κB-Ras2 knock-out mice show an enhanced IκBβ-dependent inflammatory response (32). Site-directed mutation at site was used to construct the mutant forms of Gm28309 and κB-Ras2 (Figure 5B), and the wild-type or mutant forms of Gm28309 and κB-Ras2 were cloned to pGL3 plasmid respectively. The result of luciferase assays showed a decrease of luciferase activity in the presence of miR-3068-5p overexpression, while their mutant forms were not affected (Figures 5C, D). Moreover, qRT-PCR results showed that, in RAW264.7 cells infected with S2308, the decreased expression of Gm28309 is accompanied by an increased expression of miR-3068-5p and the NF-κB p65 subunit; in contrast, Gm28309 overexpression decreased levels of miR-3068-5p and p65 levels (Figures 5E, F), but increased expression of κB-Ras2 (Figures 5G, H). Furthermore, when we treated RAW264.7 cells with an miR-3068-5p inhibitor, we observed a decrease in p65 phosphorylation levels (Figures 4F, H) but a significant increase in κB-Ras2 (Figures 5G, H), compared with that in cells infected by S2308. These results indicated that, in normal conditions, Gm28309 act as a ceRNA by binding miR-3068-p5 molecules, preventing κB-Ras2 mRNA degradation and ultimately the suppression of the NF-κB pathway. Upon Brucella infection, the decreased levels of Gm28309 enable the degradation of κB-Ras2 mRNA by releasing miR-3068-p5 and the activation of the NF-κB pathway.




Figure 5 | Gm28309 sponges miR-3068-5p to repress the NF-κB signaling pathway. (A) Subcellular localization of Gm28309 as determined using qRT-PCR on subcellular fractions. (B) Predicted Gm28309 binding and mutant sites on miR-3068-5p and κB-Ras2. (C, D) Luciferase reporter assays of Gm28309 and κB-Ras2 in response to miR-3068-p5 or its mimic. (E–G) Expression of miR-3068-5p,p65 and κB-Ras2 in RAW264.7 cells treated with miR-3068-p5 mimic, inhibitor or overexpressed Gm28309 as detected using qRT-PCR. (H) Expression of κB-Ras2, p65 and its phosphorylation form in RAW264.7 cells treated with in RAW264.7 cells treated with miR-3068-p5 mimic, inhibitor or overexpressed Gm28309, as determined western blotting on the NF-κB signaling pathway. Data are shown as mean ± SD (n = 3). *p < 0.05, **p < 0.01,***p < 0.001, one-tailed t-test (ordinary one way ANOVA).





Brucella Activates the NLRP3 Inflammasome Through the Gm28309–miR3068-5p–NF-κB Regulatory Axis In Vitro

We further explored the relationship between miR-3068-5p and NF-κB/NLRP3 inflammasome signaling pathway using a specific small-molecule p65 inhibitor, JSH-23. Data showed that the overexpression of miR-3068-5p could significantly increase the expression of p65 and components of the NLRP3 inflammasome, as determined using qRT-PCR (Figures 6 A–C) and western blot (Figure 6D). However, cells treated with 300 μM-specific p65 inhibitor JSH-23 for 24 h (33) was observed a decrease in the expression of p65 and components of the NLRP3 inflammasome. Moreover, we found that the expression of the NLRP3 inflammasome was higher when miR-3068-5p was overexpressed in the presence of the p65 inhibitor both at the mRNA level (Figures 6B, C) and the protein levels (Figure 6D), as well as the secretion of IL-1β and IL-18 (Figures 6E–H). Furthermore, the number of intracellular Brucella was higher when p65 was inhibited (Figure 6I). Therefore, our results demonstrated that Gm28309 has an important role in the NF-κB/NLRP3 inflammasome pathway through its binding to miR-3068-5p.




Figure 6 | Brucella activated NLRP3 inflammasome by Gm28309–miR3068-5p –NF-κB regulatory axis in vitro. (A–E) Expression levels of p65, NLRP3 inflammasome, IL-1β, and IL-18 in RAW264.7 cells transfected with either a miR-3068 inhibitor or its mimic, with or without the specific p65 inhibitor JSH-23, as determined using qRT-PCR. (F, G) detection of IL-1β and IL-18 from supernatants of the cell treated as in (A–E), as detected using ELISA. (H) NLRP3 inflammasome and p65 protein levels, as detected using western blot. (I) The number of Brucella intracellular survivors. Data are shown as mean ± SD (n = 3). *p < 0.05, **p < 0.01,***p < 0.001, one-tailed t-test. ns, not significant.






Discussion

In this study, we found that the expression profiles of lncRNA and mRNA in macrophages infected with B. abortus for 4 and 24 h were significantly altered compared to normal cells. This observation was consistent with what has been previously in human macrophages infected by Mycobacterium tuberculosis (34) and Listeria monocytogenes (35). Moreover, it is worth noting that more lncRNAs were differentially expressed after 24 h of infection compared to 4 h of infection (235 vs. 54, respectively). These results are consistent with the idea that Brucella, which is an intracellular pathogen, use the IV secretion system (T4SS) to deliver bacterial effectors that modulate of the expression of lncRNAs and mRNAs, to alter host functions (36), thereby escaping neutralization and replicate in the Brucella containing vacuole (BCV) (37).

Recognition of Brucella PAMPs by different TLRs (38) triggers a signaling cascade to activate NF-κB factors (39), as well as the NLRP3 inflammasome, to control the initial response against Brucella (40). The activation of NF-κB is has previously been reported to be correlated with an effective inflammatory response to B. abortus infections (41). The role of lncRNAs and miRNAs during the pathogenesis of Brucella infection remains poorly understood. In this study, we identified a lncRNA, P33714, as a regulator of the inflammatory response. The expression of P33714 and its murine ortholog Gm28309 expression is decreased in THP-1 and RAW264.7 cells infected by S2308. Moreover, we discovered that Gm28309 negatively regulates the production of NLRP3 inflammasome in RAW 264.7 cells. Collectively, our results suggest a key role for lncRNA Gm28309 in the control of the host response against Brucella infection.

It has previously been reported that the expression of miRNAs is significantly altered in RAW264.7 macrophage cells (42), CD4+ T cells (43), and CD8+ T cells (44) upon Brucella infection. We found that Gm28309 was primarily localized in the cytoplasm, suggesting a role as a miRNA sponge. Bioinformatics analysis revealed that Gm28309 has predicted binding sites for miR-3068-5p and κB-Ras2. κB-Ras2 is an indirect inhibitor of the NF-κB transcription factor through its binding to IκB proteins. The binding between κB-Ras2 and IκB decrease IκB rate of degradation, blocking NF-κB activation (32). Mechanically, our results suggest a model in which Gm28309 acts as a ceRNA to sequester miR-3068-5p, blocking the degradation of κB-Ras2, which in turn inhibits the NF-κB pathway (Figure 7).




Figure 7 | Schematic representation of the proposed model of Gm28309 role in inflammation response. The recognition of Brucella by TLRs located on the host cell membrane repressed the expression of lncRNA Gm28309. The decrease of Gm28309 has two effects, both resulting in the activation of the NF-κB pathway: On one side, expression of TGF-β is promoted, leading to a cascade of TAK1 and IKK kinases promoting p65 phosphorylation. On the other side, miR-3068-5p, which is normally sponged by Gm28309, is released in the cytoplasm, where it targets κB-Ras2 for degradation, thereby inducing p65 phosphorylation. The activation of the NF-κB pathway promotes the assembly of the NLRP3 inflammasome and the secretion of IL-1β and IL-18 to intracellular bacterial infection.



TGF-β is a pleiotropic cytokine that is involved in osteoarthritis (45). Inhibition of TGF-β signaling protects adult knee joints in mice against the development of osteoarthritis (46). Interestingly, arthritis is the classical brucellosis symptom, both in humans and animals (47). Consistent with this, our data showed that the expression of TGF-β was higher following Brucella infection, both in vivo and in vitro. We found that TGF-β is decreased while Gm28309 was overexpressed during Brucella infection, therefore, the downregulation of Gm28309 upon Brucella recognition by TLRs promotes the production of TGF-β to activate the NF-κB signaling and trigger the inflammatory response (Figure 7). Further investigations are warranted to elucidate the molecular mechanism underlying Gm28309 negative regulation of TGF-β expression.

Collectively, our results suggest a model in which the recognition of Brucella by TLRs located on the host cell membrane represses the expression of lncRNA Gm28309. The decrease of Gm28309 has two effects, both resulting in the activation of the NF-κB pathway: On one side, expression of TGF-β is promoted, leading to a cascade of TAK1 and IKK kinases promoting p65 phosphorylation; while on the other, miR-3068-5p, which is normally sponged by Gm28309, is released into the cytoplasm, where it targets κB-Ras2 for degradation, thereby inducing p65 phosphorylation. The activation of the NF-κB pathway promotes the assembly of the NLRP3 inflammasome and the secretion of IL-1β and IL-18 to intracellular bacterial infection (Figure 7) (48). Future studies need to investigate in the future the role of lncRNA-mediated regulation of transcription factors, RNA-RNA interactions, and post-transcriptional regulatory networks on the modulation of the host defense against pathogens immune subversion mechanisms.
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Objective

To explore the role of the Nlrp3 inflammasome activation in the development of hemolytic uremic syndrome (HUS) induced by Stx2 and evaluate the efficacy of small molecule Nlrp3 inhibitors in preventing the HUS.



Methods

Peritoneal macrophages (PMs) isolated from wild-type (WT) C57BL/6J mice and gene knockout mice (Nlrc4-/-, Aim2-/-, and Nlrp3-/-) were treated with Stx2 in vitro and their IL-1β releases were measured. WT mice and Nlrp3-/- mice were also treated with Stx2 in vivo by injection, and the biochemical indices (serum IL-1β, creatinine [CRE] and blood urea nitrogen [BUN]), renal injury, and animal survival were compared. To evaluate the effect of the Nlrp3 inhibitors in preventing HUS, WT mice were pretreated with different Nlrp3 inhibitors (MCC950, CY-09, Oridonin) before Stx2 treatment, and their biochemical indices and survival were compared with the WT mice without inhibitor pretreatment.



Results

When PMs were stimulated by Stx2 in vitro, IL-1β release in Nlrp3-/- PMs was significantly lower compared to the other PMs. The Nlrp3-/- mice treated by Stx2 in vivo, showed lower levels of the biochemical indices, alleviated renal injuries, and increased survival rate. When the WT mice were pretreated with the Nlrp3 inhibitors, both the biochemical indices and survival were significantly improved compared to those without inhibitor pretreatment, with Oridonin being most potent.



Conclusion

Nlrp3 inflammasome activation plays a vital role in the HUS development when mice are challenged by Stx2, and Oridonin is effective in preventing HUS.
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Introduction

Escherichia coli (E. coli) O157: H7 and E. coli O104: H4 pose a serious concern worldwide because they can injure intestinal mucosa and erythrocytes leading to hemorrhagic enteritis and hemolytic uremic syndrome (HUS) in humans or animals (1, 2). In 1993, 501 people were infected with E. coli O157: H7 from eating contaminated beef in the United States, which resulted in 45 people developing HUS, and three children died (3). In 1996, consumption of E. coli O157: H7 contaminated-radish seedlings caused hemorrhagic enteritis epidemic in Osaka, Japan (4). O157: H7 outbreaks also occurred in China with more than 20,000 infections, 195 HUSs, and 177 deaths in 1999 (5). An outbreak of E. coli O104: H4 in northern Germany in 2011 also led to more than 3222 infections and 32 deaths (6).

Acute HUS often manifests as hemolytic anemia, thrombocytopenia, and acute renal failure. The death or end-stage renal disease occurred with a pooled incidence of 12% and 25% of survivors demonstrated long-term renal sequelae (7). Several studies have shown that Shiga toxin (Stx) is the key virulence factor in developing acute HUS (2, 8, 9). Both Stx1 and Stx2 are cytotoxic to Vero cell (10) and they share a common conserved structure consisting of one biologically active A subunit associated with five identical B subunits that allow binding of the toxin to the globotriaosylceramide (Gb3) receptor. When being transferred into the cytoplasm, subunit A has RNA N-glycosidase activity and inhibits protein synthesis by removing an adenine nucleotide from 28 S rRNA of the 60S large subunit of the ribosome (11, 12). Although the ability of Stx1 to bind to receptor Gb3 is stronger than that of Stx2, several studies have revealed that Stx2 has stronger toxicity than Stx1 (13). The toxicity of Stx2 to human renal microvascular endothelial cells is 1,000 times stronger than that of Stx1 (14). Some studies have also shown that, compared with Stx1, Stx2 has a stronger correlation with hemorrhagic enteritis or HUS (15). Stx1 mainly targeted the lungs, while the Stx2 primarily targeted the kidneys (16). Therefore, most of the studies are mainly focused on Stx2 and Stx2-targeted drugs, such as neutralizing antibodies and small molecule inhibitors when exploring the mechanism and therapeutic strategy.

It was reported that serum levels of pro-inflammatory cytokines such as IL-1β and TNF-α were significantly higher in HUS patients than in non-HUS patients, which suggested the critical role of the inflammatory response in HUS development (17, 18). Lee et al. demonstrated that Stx2 triggered the release of pro-inflammatory cytokines via Nlrp3 inflammasome activation and promoted caspase-8/3-dependent apoptosis in THP-1 cells (19). The increased levels of IL-1β and TNF-α, two pro-inflammatory cytokines, may be associated with disease severity. Ikeda M et al. has successfully established a mouse HUS model using Stx2 along with lipopolysaccharide (LPS) (17). Notably, the intraperitoneal (i.p.) administration of Stx2 alone failed to induce HUS development in a mouse model unless it is used in combination with LPS to induce the inflammatory response (17).

The inflammasomes play an essential role in the development of many diseases. Among them, the Nlrp3 inflammasome has been the one most thoroughly studied. Nlrp3 is an intracellular pattern recognition receptor that can be activated by sensing stimulus events from various pathogens to host signals. Activation of Nlrp3 results in cleavage of precursors of IL-1β and IL-18 into their mature forms and triggering of cell pyroptosis (20). The Nlrp3 inflammasome activation is associated with many diseases, including diseases of kidney, liver, lung, and central nervous system, and metabolic disorders such as diabetes type 2, atherosclerosis, obesity, gout (21). Platnich et al. suggest that Stx2/LPS compounds activate the production of mitochondrial reactive oxygen species (ROS), the upstream event of Nlrp3 inflammasome, thereby promoting pro-inflammatory cytokine maturation and pyroptosis via Nlrp3 inflammasome activation (22). Up to date, there is no evidence supporting that activation of Nlrp3 inflammasome contributes to the development of the Stx2/LPS-induced HUS in the in vivo condition. Therefore, we conducted the current study to test our hypothesis that Stx2/LPS induces the HUS by activating the Nlrp3 inflammasome.

Small molecule Nlrp3 inhibitors, such as MCC950, CY-09 and Oridonin, have shown the potential therapeutic effects in many Nlrp3-associated diseases. Five such inhibitors (MCC950, CY-09, OLT1177, Tranilast and Oridonin) have been shown to have good therapeutic potential by directly targeting the Nlrp3 proteins themselves, and specifically inhibiting Nlrp3 activation and thereby reducing IL-1β production (23). However, it is unknown whether these inhibitors have a therapeutic effect on Stx2/LPS-induced HUS. Here, using the Stx2/LPS-induced HUS mouse model, we tested whether the activation of the Nlrp3 inflammasome contributes to the development of Stx2/LPS-induced HUS and evaluated the therapeutic effect of specific Nlrp3 inhibitors in preventing HUS caused by Stx2 as a step of identifying new candidate drugs.



Material and Methods


Animal Welfare

All animal procedures were performed according to the protocols approved by the Laboratory Animal Welfare and Ethics Committee of the National Institute for Communicable Disease Control and Prevention, Chinese Center for Disease Prevention and Control. All procedures were performed in the Biosafety Level II laboratory and Animal Biosafety Level II laboratory.



Preparation and Identification of Stx2 and Subunit B of Stx2

In this study, peritoneal macrophages (PMs) or mice were treated with holotoxin Stx2 or its negative control subunit B (Stx2B). The gene sequences of Stx2 and Stx2B were cloned into the expression plasmid pET32a after optimization of genetic codon to construct plasmid pET32a-Stx2 and pET32a-Stx2B respectively. These plasmids were then transferred into E. coli BL-21 (DE3) to express the proteins of Stx2 and Stx2B. The bacteria were cultured with 0.75mM Isopropyl β-D-Thiogalactoside (IPTG) at 37°C for 4 h and the cultures were collected by centrifugation at 12,000 rpm for 5 min. The resulting pellets were lysed by ultrasonication. The supernatant of the culture lysate was collected by centrifugation at 10,000 rpm, 4°C for 10 min. The two recombinant proteins of Stx2 and Stx2B with His-label were purified by protein purification instrument and two-step Ni column. The two recombinant proteins were analyzed by Western-blotting. Endotoxin was removed using De-toxi-Gel (Pierce Biotechnology) according to the manufacturer’s instructions. BCA kit was used to measure protein concentration (Figure S1 in supplementary appendix). The same batches of recombinant Stx2 toxin and Stx2B protein were used throughout all the subsequent experiments in this study. The cytotoxicity of purified Stx2 and Stx2B was assessed using Vero cells (24).



In Vitro Experiments


Cell Culture and Reagents

Mouse bone-marrow-derived macrophages (BMDMs) isolated from the wild-type (WT) C57BL/6J mice (female, eight weeks of age) and the genetically deficient mice were cultured as previously described (25). PMs were collected from peritoneal lavage according to the procedure reported by Kumagai (26). The purity of the macrophages was assessed by flow cytometry using the F4/80 antibody and shown to be over 90%. The differentiation of the THP-1 human monocytic cell line was achieved after incubation for 48 h in the presence of 10 nM phorbol myristate acetate (PMA, P8139, Sigma). All cultured cells were grown in RPMI 1640 at a maximum density of 1×106 cells/ml.



Cytokine and Cytotoxicity Detection

PMs from the WT or genetically deficient mice (Nlrc4-/-, Aim2-/- and Nlrp3-/-) were pretreated with 100 ng/ml LPS for 4 h for priming. Stx2 was incubated with the primed PMs in 24-well plates at a concentration of 2 µg/ml for 16 h after LPS was washed off with PBS. At the indicated time points, lactate dehydrogenase (LDH) activity in the culture supernatants as an indicator of the cytotoxicity of Stx2 was measured with a Cytotox96 Kit (Promega, Madison, WI) according to the manufacturer’s instructions. IL-1β and TNF-α in cell-free supernatants were quantified by ELISA kits according to the manufacturer’s protocols (BD Biosciences, San Jose, CA).



Western Blotting Analysis

The cultured supernatants and cell lysates were collected at the indicated time points after Stx2 treatment, and protein in the cell-free supernatants was concentrated using the methanol-chloroform precipitation method (27). The cell pellets were lysed with the RIPA Lysis buffer (89901, Thermo) supplemented with a 1:50 diluted protease inhibitor cocktail tablet (EDTA-free protease inhibitor cocktail tablet, Roche). Such prepared samples were then mixed with the equal volume of 2× SDS-loading buffer and detected for pro-IL-1β/IL-1β and pro-caspase-1/caspase-1 by immunoblotting. β-Actin was used as the positive control. Immobilized proteins were incubated with primary antibodies against IL-1β (sc-52012; 1:1,000), caspase-1 (AG-20B-0042; 1:1,000), and β-actin (4967S; 1:1,000), and followed by incubation with the secondary antibodies (IRDye 800-labeled anti-rabbit IgG; 611-132-002; 1:10,000 (Santa Cruz Biotechnology). The protein levels were detected using an Odyssey Infrared Imaging System (LI-COR, Lincoln, NE).



Blocking Nlrp3 Activation In Vitro

In the in vitro inhibiting experiment, LPS-primed PMs were pre-incubated with the following inhibitors: KCl (50 mM, PB0440, Sangon Biotech) to block K+ efflux, ATP receptor P2X7R inhibitor oxidized ATP (oATP, 500 μM, A6779, Sigma-Aldrich), cathepsin B inhibitor CA-074Me (10 μM, C5857, Calbiochem), Nlrp3 inhibitors including MCC950 (10 μM, S7809, Selleckchem), CY-09 (5 μM, S5774, Selleckchem) and Oridomin (20 μM, S2335, Selleckchem), and Caspase-1 inhibitor Z-YVAD-FMK (10 μM, A3707, Alexis Biochemicals), at the indicated concentrations for 1 h. Then, LPS-primed PMs were treated with the Stx2 for 16 h in vitro. All supernatants were collected and detected for IL-1β by ELISA and LDH with Cytotox 96 Kit.



In Vivo Experiments


Mice

All mice used in our experiments are based on a C57BL/6J genetic background, and all experiments were conducted with age- and gender-matched mice (8–10 weeks old, female). C57BL/6J wild-type (WT) mice were obtained from Beijing Vital River Laboratory Animal Technology Co. Ltd. To determine whether NLRP3 inflammasome is specifically required in the process of Stx2-induced IL-1β release in vitro and HUS development in vivo, we used Nlrp3-deficient (Nlrp3-/-), Aim2-deficient (Aim2-/-), and Nlrc4-deficient (Nlrc4-/-) mice in this study. provided Nlrp3-/- mice were provided by Warren Strober at NIH, and Aim2-/-and Nlrc4-/- mice were by Meng Guangxun at Institute Pasteur of Shanghai, Chinese Academy of Sciences (28–31). Only female mice at eight weeks of age were used in all the experiments.




Establishment of the Stx2/LPS-Induced Hemolytic Uremic Syndrome Mouse Model

To establish mouse HUS models, we followed the methods described by Ikeda et al. (17). Briefly, C57BL/6J mice were injected with Stx2 and LPS to induce HUS model. Mice in Stx2/LPS group as HUS model were injected intraperitoneally (i.p.) with 100 μl of Stx2 (2 µg/ml) on day 1 and 100 μl Stx2 (2 µg/ml) together with LPS (100 µg/ml) on day 2. The six mice in Stx2B/LPS group were injected i.p. with 100 μl of Stx2B (2 µg/ml) on day 1 and 100 μl of Stx2B (2 µg/ml) and LPS (100 µg/ml) on day 2. The different control group mice in PBS group, LPS group, Stx2 group or Stx2B group were injected i.p. with 100 μl of PBS, LPS (100 µg/ml), Stx2 (2 µg/ml) or Stx2B (2 µg/ml) on day 1 and day 2, respectively. Mice were sacrificed, and sera were harvested on day 4 post-injection (pi) for detection of serum creatinine (CRE) and blood urea nitrogen (BUN) with an automatic biochemical analyzer. Serum IL-1β was quantified by ELISA. Kidneys were harvested for histopathological and electron-microscopic examinations. Survival of mice was monitored daily up to 10 days pi.



Role of Inflammasomes in Developing Hemolytic Uremic Syndrome In Vivo

A total of three groups of mice (six mice per group) were used to examine renal function changes in Stx2/LPS treatment. Group 1 (the WT-PBS group) WT mice were injected i.p. with PBS as the negative control; Group 2 (the WT-Stx2/LPS group) WT mice were injected i.p. with Stx2 plus LPS according to the HUS inducement procedure as the positive control; Group 3 (the Nlrp3-/–Stx2/LPS group) Nlrp3 deficient mice were treated the same way as the WT-Stx2/LPS group. Sera were harvested on day 4 pi to detect serum CRE, BUN with an automatic biochemical analyzer and IL-1β with ELISA kit (R&D, USA). Kidneys were harvested for histopathological and electron-microscopic examination as detailed in 1.4.5 and 1.4.6). (Figure 1A)




Figure 1 | The in vivo experiment schedule. To explore the role of the Nlrp3 inflammasome in the development of hemolytic uremic syndrome (HUS) induced by Stx2, two in vivo experiments were performed and each experiment included three groups of mice. There were six mice per group in experiment 1 and 10 mice per group in experiment 2 (A); To confirm whether the Nlrp3 inhibitors protect the host from HUS, two in vivo experiments were performed and each experiment included five groups of mice. There were six mice per group in experiment 1 and 10 mice per group in experiment 2 (B).



Another three groups of mice (10 mice per group) were treated as above and were observed daily for survival up to 10 days pi. (Figure 1A)



Evaluation of the Role of Nlrp3 Inhibitors in Preventing Hemolytic Uremic Syndrome In Vivo

Eight-week-old C57BL/6J WT mice were randomly divided into five groups (six mice per group) and treated as follows. The mock group (negative control) mice were injected i.p. with DMSO on day 0 and day 1, and then with PBS injection on day 1 (2 h after DMSO treatment) and day 2. The HUS model group was injected i.p. with DMSO on day 0 and day 1, and then with Stx2 injection on day 1 (2 h after DMSO treatment) and Stx2 plus LPS on day 2. The three treatment groups were injected i.p. with the Nlrp3 inhibitors diluted in DMSO (50 mg/kg MCC950, 25 mg/kg CY-09; 10 mg/kg Oridonin) on day 0 and day1, and then with Stx2 injection on day 1 (2 h post these inhibitor treatments) and Stx2 plus LPS on day 2 (Figure 1B).

These mice were sacrificed and sera were collected on day 4 pi for detecting serum CRE, BUN with an automatic biochemical analyzer and IL-1βwith ELISA kit (R&D, USA) (Figure 1B).

The other five groups of mice (10 mice per group) were treated as above and were observed daily for survival up to 10 days pi (Figure 1B).



Histopathological Examination

On day 4 after Stx2/LPS treatment, the kidneys were harvested and cut into blocks of approximately 1 to 2 mm3. The tissue blocks were then fixed in 4% formaldehyde, embedded in paraffin, and sectioned. The sections were stained with hematoxylin-eosin and examined for histopathology in a light microscope.

The kidney injury was scored based on inflammatory cell infiltration and renal tubular injury on a score scaled from 0 to 8 for severity (15, 32). Clinical pathological scoring criteria were used as follows: Inflammatory cell infiltration: 0, no inflammatory cell infiltration; 1, a few small focal inflammatory cell infiltration; 2, scattered focal inflammatory cell infiltration; 3, sizeable inflammatory cell infiltration; 4, diffuse inflammatory cell infiltration.

Tubular injury: 0, normal tubules; 1, less than 25% tubules injured; 2, 25%–49% tubules injured; 3, 50%–74% tubules injured; 4, more than 75% tubules injured.

Multiple (no less than 30) consecutive non-overlapping visual fields under ×100 magnification were examined. The final score was obtained from the average of all visual field scores, which were determined blindly by a clinically experienced pathologist.



Electron Microscopy

The ultra-thin sections were stained with uranyl acetate and lead citrate. Photomicrographs were taken at ×6,000 magnification and ×8,000 magnification using a transmission electron microscope (EM) (JEOL-1230, Peabody, MA) in the Laboratory of Electron Microscopy, Peking University First Hospital. At least four glomeruli from each of three mice were examined per group.




Statistical Analysis

All continuous variables were presented as means ± standard deviation. The univariate analysis of variance (ANOVA) test was used to compare the means of different groups, and the Bonferroni test or Dunnett test, if appropriate, was used for multiple comparisons if their variance homogeneity was assumed. Otherwise, Kruskal-Wallis test was used and the pairwise comparisons also performed if appropriate. The survivals of different groups were plotted with the Kaplan–Meier method, and their multiple comparisons were performed using the log-rank method (pairwise comparison over strata). A αvalue of <0.05 was considered significantly. All statistical analyses were conducted using SPSS 21.0 (SPSS Inc., Chicago, IL).




Results


Identification of Recombinant Stx2 Toxin and Subunit B

The recombinant Stx2 and Stx2B were identified by SDS-PAGE and Western blotting (Figures S1A–D). The purity of the recombinant proteins was 85%. After 24 h, the Vero cells treated with Stx2 became swollen and round. Most cells died and decomposed within 48 h. The results showed that Stx2 had a dose-dependent cytotoxic effect on Vero cells, and the CD50 of Vero cells for Stx2 was determined to be 10 ng/ml (Figure S1E). In contrast, the recombinant Stx2B did not cause cytotoxicity at any dose, which was consistent with the study by Marcato’s et al. (33) (Figure S1E).



In Vitro Experiments


The Recombinant Stx2 Holotoxin Containing Enzymatically Functional a Unit Is Required for Activation of Caspase-1 and Release of IL-1β and Lactate Dehydrogenase

To determine the kinetics of IL-1β secretion induced by Stx2 in PMs, PMs were treated with different doses of Stx2 at different time points. The results showed that PMs treated with 2 µg/ml of Stx2 for 16 h produced the highest level of IL-1β, which was used in the following in vitro experiments under optimal conditions (Figures 2A, B). To confirm whether the enzymatic A unit of Stx2 is essential to induce IL-1β release, we treated PMs with equal doses of Stx2 holotoxin and the recombinant subunit B of Stx2 (Stx2B) lacking enzymatic activity for 16 h. The results revealed that Stx2 treatment for 16 h induced significantly higher levels of IL-1β compared with the Stx2B treatment in LPS-primed PMs but not in non-primed PMs (Figure 2C). Compared with Stx2B, Stx2 induced a significantly higher IL-1β and LDH release but not TNF in PMs, BMDMs, and THP-1 cells (Figures S2A–C). To confirm whether Stx2 could activate caspase-1 and induce IL-1β in PMs, we measured the amount of IL-1β (p17) and its immature precursor pro-IL-1β (p31), and the amount of caspase-1 (p20) and its immature precursor pro-caspase-1 (p45) in both supernatants and cell lysates using Western blotting. The results showed that Stx2 induced larger amount of mature IL-1β in the supernatants than subunit B; however, Stx2 and Stx2B induced similar levels of biologically inactive pro-IL-1β in cell lysates. Furthermore, the secretion of the subunit (p20) of caspase-1 was evident in the supernatants of PMs infected with Stx2 or positive control but not in negative control cells or those treated with the Stx2B (Figures 2D and S4A). Collectively, these data indicate that enzymatically functional Stx2 is required for caspase-1 activation to release the pro-inflammatory cytokine IL-1β.




Figure 2 | Stx2 triggered IL-1β release in vitro. Peritoneal macrophages (PMs) from mice were primed with lipopolysaccharide (LPS) for 4 h before Stx2 treatment (LPS-primed PMs) and were incubated with Stx2 at different doses. The supernatants were harvested for IL-1β detection by ELISA (A). LPS-primed PMs (1 × 106 cells/ml) were treated with Stx2 at different time points. The supernatants were harvested at different time points after Stx2 treatment for the IL-1β detection by ELISA (B). PMs (1×106 cells/ml) were treated with Stx2 (2 μg/ml, 10 μl/well) and Stx2B (2 μg/mL, 10 μl/well) for 16 h with LPS priming in advance or without LPS priming. PBS and LPS plus ATP were used as the negative control and positive control, respectively. The supernatants were collected for IL-1β detection by ELISA (C). Immunoblotting was performed. The culture supernatants were measured for IL-1β p17 and caspase-1 p20; the cell lysates were analyzed for pro-IL-1β p31 and pro-caspase-1 p45 (D). The data in panels (A–C) are shown as mean ± standard deviation from three independent experiments. The data in panel (D) are obtained from one of two independent experiments. The univariate ANOVA test was used to compare the means of different groups and the Dunnett test was used for their multiple comparison (A). The Kruskal-Wallis test was done to compare the means of different groups with the pairwise comparisons performed (B, C). *p < 0.05, **p < 0.01.





Stx2 Triggers IL-1β and Lactate Dehydrogenase Release Via the Nlrp3 Inflammasome Pathway

To verify the role of inflammasomes in the process of Stx2-induced IL-1β release and cytotoxicity, we treated LPS-primed PMs isolated from WT, Nlrp3-/-, Nlrc4-/- and Aim2-/- mice with an equal amount of Stx2 and Stx2B, then examined the release of IL-1β and LDH. We found that Stx2-induced IL-1β and LDH release were significantly reduced in PMs from Nlrp3-/- mice compared with those from WT mice (IL-1β 588.71 ± 206.57 pg/ml vs 2033.28 ± 842.46 pg/ml, p=0.025; LDH 12.84 ± 2.33% vs 25.27 ± 8.13%, p=0.033). IL-1β and LDH release in PM from WT mice were comparable to those from Nlrc4-/- and Aim2-/- mice. These results suggest that Nlrp3 inflammasome activation may be required in Stx2-induced IL-1β production (Figures 3A, C).




Figure 3 | The Stx2-induced IL-1β secretion requires the Nlrp3 inflammasome activation in vitro. The Stx2-triggered pro-inflammatory cytokine secretion and lactate dehydrogenase (LDH) leakage were compared among peritoneal macrophages (PMs) derived from wild-type (WT) C57BL/6J or deficient mice (Nlrc4-/-, Aim2-/-, Nlrp3-/-). PMs were primed with LPS for 4 h, followed by Stx2 or Stx2B treatment for 16 h. The supernatants were harvested and assayed for IL-1β (A), TNF-α (B), and LDH (C). The culture supernatant and cell lysates were also harvested to examine the expression of IL-1β (p17), caspase-1 (p20), and their precursors (pro-IL-1β p31, pro-caspase-1 p45) using immunoblotting (D). The data in panels (A) to (C) are the means ± standard deviations from three independent experiments. The data in panel (D) are obtained from one of two independent experiments. The univariate ANOVA test was used to compare the means of different groups and the Dunnett test was used for their multiple comparisons (A–C). *p < 0.05, no significance (ns), p > = 0.05.



We also found that TNF-α secretions from all different types of PMs were comparable, suggesting that Nlrp3 inflammasome was dispensable for the production of TNF-α in response to Stx2 (Figure 3B).

Consistent with the ELISA results, Stx2 induced higher levels of active and mature IL-1β (p17) and caspase-1 (p20) release in the PMs from WT, Nlrc4-/- and Aim2-/- mice, but not from the Nlrp3-/-mice when determined by Western blotting. However, Stx2 induced similar levels of biologically inactive pro-IL-1β and pro-caspase-1 in cell lysates from various cells (Figures 3D and S4B). Given that Stx2 did not significantly affect the levels of pro-IL-1β in various cells and it induced less IL-1β release in PMs of Nlrp3-/- but not PMs from WT, Nlrc4-/- and Aim2-/- mice, we concluded that the Nlrp3 inflammasome is required in the process of Stx2-induced IL-1β release.



Inhibitors Reduce Stx2-Mediated IL-1β Release In Vitro

To explore the effects of the inhibitors targeting the Nlrp3 inflammasome pathway to block Stx2-mediated IL-1β release, we pretreated primed-PMs with different inhibitors before Stx2 induction (detailed in Methods section). We found that all these inhibitors could significantly reduce IL-1β release compared to the vehicle control group (p<0.05) with greatest inhibitory effects being observed in cells pretreated with oATP and Oridonin (p<0.01) (Figure 4A). LDH release was not significantly attenuated when cells were pretreated with these inhibitors except for MCC950 (Figure 4B).




Figure 4 | Inhibitors reduce Stx2-Mediated IL-1β release in vitro. Primed peritoneal macrophages (PMs) were treated with Stx2 (2 μg/ml, 10 μl/well) for 16 h in the absence (PBS) or presence of the K+ efflux blocker (KCl, 50 mM), ATP receptor inhibitor (oxidized ATP, oATP, 500 μM), cathepsin B inhibitor (CA-074Me, 10 μM), Nlrp3 inhibitors (MCC950, 20 μM; CY-09, 5 μM; Oridonin, 20 μM), and caspase-1 inhibitor (Z-YVAD-FMK, 10 μM). IL-1β in the supernatants was measured by ELISA (A), and LDH was assayed using a Cytotox96 Kit (B). The results are represented as the means ± standard deviations of three independent experiments. The univariate ANOVA test was used to compare the means of different groups and the Dunnett test was used for their multiple comparisons (A, B). *p < 0.05; **p < 0.01.






In Vivo Experiments


Recombinant Stx2 Holotoxin Together With Lipopolysaccharide Can Induce Hemolytic Uremic Syndrome Mouse Models

Only the mice injected i.p. with Stx2/LPS developed HUS symptoms on day 4 pi as determined by serum CRE and BUN. Serum CRE and BUN were significantly higher in mice treated with Stx2/LPS compared with those treated with PBS, LPS, Stx2, Stx2B, and Stx2B/LPS (Figures S3A, B). The serum levels of IL-1β in mice treated with Stx2/LPS were also significantly higher than those seen in Stx2B/LPS and PBS groups (Figure S3C). The mice treated with Stx2/LPS began to die on day 3 pi, and all mice died within days 6 pi. The survival rate of mice in the Stx2/LPS group was significantly lower than in the PBS and Stx2B/LPS group (0% vs 100%, p<0.001; 0% vs 90%, p<0.001) (Figure S3D).



Nlrp3 Inflammasome Activation Contributes to the Development of Stx2-Induced Renal Injuries In Vivo

To confirm the role of Nlrp3 inflammasome in the development of Stx2-induced HUS in vivo, we investigated whether Nlrp3 was critical in the pathogenic progress of the kidney using the Stx2-induced HUS mouse model. WT mice treated with Stx2/LPS had significantly higher levels of creatinine (CRE), blood urea nitrogen (BUN), and IL-1β in serum compared with WT mice treated with PBS. However, the levels of CRE, BUN, and IL-1β in serum were significantly alleviated in Nlrp3-deficient mice compared with WT mice treated with Stx2/LPS, indicating the involvement of the Nlrp3 pathway in the kidney injuries induced by Stx2/LPS (Figures 5A–C). We further observed that WT mice treated with Stx2/LPS all died within 6 days pi and all WT mice treated with PBS survived. The survival within 10 day pi of the Nlrp3-/- mice was improved to a certain extent compared with the WT mice after the challenge of Stx2/LPS (20% vs 0%, p<0.001) (Figure 5D).




Figure 5 | Stx2-mediated IL-1β release requires Nlrp3 inflammasome activation in vivo. Three groups of eight-week-old mice (6 mice per group) were chosen to examine renal function changes after Stx2/LPS treatment. Group 1 (WT-PBS group) C57BL/6J WT mice were injected i.p. with PBS as the negative control. Group 2 (WT-Stx2/LPS group) C57BL/6J WT mice were injected i.p. with Stx2 plus lipopolysaccharide (LPS) according to the hemolytic uremic syndrome (HUS) inducement procedure as the positive control, Group 3 (Nlrp3-/–Stx2/LPS group) Nlrp3-/- mice were treated as group 2 was. Sera were harvested on day 4 after injection for detecting serum CRE (A), BUN (B), and serum IL-1β via ELISA kit (C). The other similar three groups of mice (treated the same way as above with 10 mice per group) were monitored survival every day up to 6 days after injection (D). The data in panels (A–C) are the mean ± standard deviation from three independent experiments. The data in panels (D) are obtained from one of two independent experiments. The univariate ANOVA test was used to compare the means of different groups and the Bonferroni test was used for their multiple comparison (A–C). The survivals of different groups of mice were plotted with the Kaplan–Meier method, and their multiple comparisons were performed using the log-rank method (pairwise comparison over strata) (D). *p < 0.05, **p < 0.01.



Histopathological examination of the kidney showed that more infiltration of multifocal inflammatory cells (mainly neutrophils), small abscess, pyonephrosis, renal tubular deterioration and atrophy, lumen dilatation, and leucocytes casts in WT mice treated with Stx2/LPS (WT-Stx2/LPS group) (Figure 6B), while there was almost no abnormal findings in the mice from the WT-PBS group (Figure 6A) and the Nlrp3-/- -Stx2/LPS group (Figure 6C). The pathological score of WT mice treated with Stx2/LPS (5.87 ± 1.98) was significantly higher than that of Nlrp3-/- mice (2.00 ± 1.48, p = 0.001) and WT mice treated with PBS (0.33 ± 0.40, p <0.001) (Figure 6D). The EM results showed swollen glomerular endothelial cells which blocked the capillary lumen, and erythrocyte sedimentation in the capillary lumen and foot process fusion in visceral epithelial cells in WT mice treated with Stx2/LPS (Figure 6F). There was no swelling of endothelial cells in the glomeruli, and less erythrocyte sedimentation in capillary lumen occurred in Nlrp3-/- mice (Figure 6G). Taken together, these data confirmed that the activation of the Nlrp3 pathway contributed to the development of HUS induced by Stx2/LPS.




Figure 6 | Renal histopathological and glomerular ultrastructural findings in mice 4 days after the challenge. Renal histopathological examination (H-E staining, 100×) are shown in panel (A–D), six mice per group. (A) Wild-type (WT)-PBS group (WT mice treated with PBS only). No abnormal findings were observed. (B) The WT-Stx2/lipopolysaccharide (LPS) group (WT mice treated by Stx2/LPS). Renal multifocal inflammatory cell (mainly neutrophils) infiltration (black arrow), a small abscess, pyonephrosis (yellow arrow). (C) Nlrp3-/- -Stx2/LPS group (Nlrp3-/- mice treated by Stx2/LPS). Most of the mice showed almost normal renal histopathological findings, and only two mice had mild inflammatory cell infiltration. (D) Renal histopathological scores of the above three groups of mice were also presented. Panels (E–G) are the representative transmission electron micrographs of glomeruli from the above three groups of mice. (E) The WT-PBS group, normal. (F) The WT-Stx2/LPS group, neutrophil infiltration (red arrow), endothelial cell swelling, capillary lumen stenosis (blue arrow). (G) The Nlrp3-/- -Stx2/LPS group, erythrocyte deposition in a capillary lumen in individual mice (green arrow). E, endothelial cell; P, podocyte; R, Red blood cell. Bar = 5 µm, Magnification of ×6,000 in panel (A); Bars = 2 µm, Magnifications of ×8,000 in panel (B) through (F). The univariate ANOVA test was used to compare the means of different groups and the Bonferroni test was used for their multiple comparisons (D). *p < 0.05, **p < 0.01.





Treatment With Small Molecule Nlrp3 Inhibitors Can Effectively Protect Wild-Type Mice From Renal Injuries on Stx2/Lipopolysaccharide Intraperitoneal Injection

Compared with the mock PBS-WT group, the mice in Stx2/LPS group as HUS model had a significantly higher level of serum CRE (69.47 ± 12.74 µmol/ml vs 14.63 ± 4.89 µmol/ml, p<0.001), BUN (67.07 ± 20.80 mmol/ml vs 13.24 ± 7.17mmol/ml, p=0.001) and IL-1β (257.13 ± 108.18 pg/ml vs 24.86 ± 34.55 pg/ml, p<0.001) (Figures 7A–C). Compared with the HUS mice in Stx2/LPS group, the levels of serum CRE in Oridonin group, MCC950 group, and CY09 group were all significantly decreased (p<0.01 for Oridonin; p<0.05 for MCC950, p<0.01 for CY09) (Figure 7A). Similarly, the serum BUN levels in Stx2/LPS group were also significantly higher than those in Oridonin group, MCC950 group, and CY09 group (p<0.01 for Oridonin; p<0.05 for MCC950, p<0.05 for CY09) (Figure 7B). Serum IL-1β in Stx2/LPS group were also significantly higher than those in Oridonin group, MCC950 group, and CY09 group (p<0.01 for Oridonin; p<0.05 for MCC950, p<0.05 for CY09) (Figure 7C). All 10 mice in Stx2/LPS group died within 6 day pi. Compared with the HUS mice in Stx2/LPS group, the mice pretreated with Oridonin, MCC950 and CY-09 were all protected by postponing the death (P=0.02 for MCC950, p=0.002 for CY09, p<0.001 for Oridonin) although there is not difference in survival rate among them at day 10 pi (Figure 7D). While the NLRP3 inhibitors could not protect all HUS mice from eventual death, they could provide partial protection by postponing the death and attenuating inflammation and kidney damage.




Figure 7 | Nlrp3 inhibitors reduce serum IL-1β level and protect renal function in mouse hemolytic uremic syndrome (HUS) models. Eight-week-old C57BL/6J wild-type (WT) mice were randomly divided into five groups, six mice per group. Group 1 (mock group as a negative control) mice were injected i.p. with PBS. Group 2 (Stx2/LPS group as a positive control, namely HUS model group) mice were injected i.p. with Stx2 plus LPS according to the HUS inducement procedure. Group 3 (the MCC950+Stx2/LPS group), group 4 (the CY-09+Stx2/LPS group), and group 5 (Oridonin+ Stx2/LPS group) mice were injected i.p. with three kinds of Nlrp3 inhibitors (MCC950, CY-09, and Oridonin, respectively) before Stx2/LPS treatment. Sera were harvested on day 4 after Stx2/LPS injection for detecting serum CRE (A), BUN (B), and serum IL-1β (C). The other five groups of mice (treated as above but 10 mice per group) were adopted to monitor their survival every day up to 6 days after Stx2/LPS injection (D). The data in panel (A–C) are the means ± standard deviation from three independent experiments. The data in panel (D) are obtained from one of two independent experiments. The univariate ANOVA test was used to compare the means of different groups and the Dunnett test was used for their multiple comparison (A). The Kruskal-Wallis test was done to compare the means of different groups with the pairwise comparisons performed (B, C). The survivals of different groups of mice were plotted with the Kaplan–Meier method, and their multiple comparisons were performed using the log-rank method (pairwise comparison over strata) (D). *p < 0.05, **p < 0.01.







Discussion

Shiga toxin-producing Escherichia coli (STEC) can cause severe HUS, which leads to renal failure and high mortality rates. The key issue in treatment of the STEC infection is reducing renal damage in HUS patients. Stx2 is considered to play an essential role in the development of HUS during STEC infections (8). It has been reported that the subunit B of Stx2 can bind to GB3 receptors on the endothelial cell membrane of glomerular capillary. Then, the subunit A of Stx2 can be transferred into the targeted cells and inhibit protein synthesis through 3’ end of 28 S ribosomal RNA of the 60 S large subunits of ribosome (33, 34). The mouse HUS model was successfully established by Ikeda et al. in 2004 using recombinant Stx2 toxins (17). However, Ikeda et al. observed that the mouse HUS model could not be induced by Stx2 alone unless along with LPS [17]. It is known that systemic inflammation contributes to HUS outcome but the pathogenesis of HUS induced by stx2 is not fully elucidated. Platnich et al. reported that Stx2 could activate the Nlrp3 inflammasome in THP-1 macrophages and increase IL-1β and TNF-α secretion (22). We thus speculated that the Nlrp3 inflammasome activation may play a critical role in the pathogenesis of HUS induced by Stx2. If our hypothesis is confirmed, it would have a promising potential for using Nlrp3 inflammasome inhibitors to treat HUS induced by STEC.

In this study, we observed that the PMs of Nlrp3-/- mice produced significantly less IL-1β than PMs of WT mice in response to Stx2/LPS stimulation in the in vitro experiments. This result confirms that Stx2 could activate Nlrp3 inflammasome and it is consistent with Platnich’s study (22). To further explore the role of Nlrp3 inflammasome activation in HUS development in vivo, we induced a mouse HUS model using Stx2/LPS according to Ikeda’s report using both WT and Nlrp3-/-mice. We observed that some of the Nlrp3-/- mice could be protected from HUS, and their 10-day survival rate was improved significantly compared with WT mice. The kidney pathological examination showed that the kidney of the Nlrp3-/-mice was less damaged compared with WT mice, which presented obvious renal pathological injuries (massive inflammatory cell infiltration, renal pelvis abscess, tubular deterioration and necrosis). EM scanning of glomeruli revealed that the glomerular ultrastructures of the Nlrp3-/- mice were almost normal. In contrast, WT mice were seriously injured (mainly manifested as endothelial cell swelling and podocyte fusion), indicating that the deficiency of the Nlrp3 inflammasome attenuated substantial damage in the kidney. Therefore, our findings provided evidence supporting that the Nlrp3 inflammasome activation induced by Stx2 contributes to the development of HUS, and suggesting that the Nlrp3 inflammasome can be the potential target for HUS therapy.

In line with this, several previous studies have indicated that the Nlrp3 inflammasome activation plays an important role in the pathogenesis of acute kidney injury (35–37). These authors found that Nlrp3 inflammasomes were activated in renal immune cells and renal intrinsic cells (e.g. podocytes, endothelial cells and tubular epithelial cells) in acute kidney injure mouse models, and the inflammasome activation induced by the initial renal injure resulted in leukocyte recruitment (especial via IL-1 and IL-18 release), which in turn promoted and amplified the initial renal injure. Van Setten PA et al. (38) also reported that Stx2 could activate Nlrp3 inflammasome and release IL-1β, and IL-1β could in turn upregulate the expression of the Gb3 receptors on cell membranes of target organs such as the kidney, thus improving the sensitivity of the host to the depurination toxicity of Stx2. The above-mentioned studies were in agreement with our findings in the current study. However, the question remains to be answered is how the Nlrp3 inflammasome activation induced by Stx2 further causes HUS, by increasing the renal sensitivity to the Stx2 subunit A via upregulating the expression of Gb3 receptor on renal cell membrane, or by excessive inflammatory response via recruiting leukocytes to the renal local tissue. This calls for future studies to determine.

To investigate the therapeutic effects of the available inhibitors of Nlrp3 inflammasome activation, we first found that IL-1β secretion was significantly decreased if WT PMs were pretreated with any of three types of Nlrp3 inhibitors before Stx2/LPS treatment in vitro. These results confirmed the inhibitory effect of these small molecule inhibitors on the activation of Nlrp3 inflammasome activation in vitro. Furthermore, we examined the effect of these small molecule inhibitors (39–41) on preventing mouse HUS development in vivo experiments. The results showed that the 6-day survival rate of the mice pretreated with these inhibitors was higher compared to the positive control group pretreated with DMSO without inhibitors. Among these small molecule inhibitors, Oridonin presented the best protecting effect. The serum IL-1β of the Oridonin group was significantly reduced compared to that of the positive control group, indicating that the activation of the Nlrp3 inflammasome pathway was blocked effectively by Oridonin. The serum CRE and BUN levels in the Oridonin group mice were also significantly lower than those of the positive control group, indicating that pretreatment of Oridonin could attenuate the renal injures in the development of HUS. Our study confirm that Oridonin contributes to protecting mice from developing HUS when they are challenged with Stx2/LPS by inhibiting the activation of Nlrp3 inflammasome. Given that Oridonin is an approved drug with reasonable safety, it may act as adjunctive treatment for HUS.

In conclusion, the activation of the Nlrp3 inflammasome induced by Stx2 plays a critical role in the development of HUS. Oridonin, a small molecule inhibitor targeting Nlrp3 inflammasome, can specifically suppress the activation of Nlrp3 inflammasome, alleviate renal injures and improve animal survival in HUS development. Nlrp3 inhibitors may be a promising adjunctive drug for the prevention and treatment of HUS.
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Inflammasomes are cytoplasmic inflammatory signaling protein complexes that detect microbial materials, sterile inflammatory insults, and certain host-derived elements. Inflammasomes, once activated, promote caspase-1–mediated maturation and secretion of pro-inflammatory cytokines, interleukin (IL)-1β and IL-18, leading to pyroptosis. Current advances in inflammasome research support their involvement in the development of chronic inflammatory disorders in contrast to their role in regulating innate immunity. Cannabis (marijuana) is a natural product obtained from the Cannabis sativa plant, and pharmacologically active ingredients of the plant are referred to as cannabinoids. Cannabinoids and cannabis extracts have recently emerged as promising novel drugs for chronic medical conditions. Growing evidence indicates the potent anti-inflammatory potential of cannabinoids, especially Δ9-tetrahydrocannabinol (Δ9-THC), cannabidiol (CBD), and synthetic cannabinoids; however, the mechanisms remain unclear. Several attempts have been made to decipher the role of cannabinoids in modulating inflammasome signaling in the etiology of chronic inflammatory diseases. In this review, we discuss recently published evidence on the effect of cannabinoids on inflammasome signaling. We also discuss the contribution of various cannabinoids in human diseases concerning inflammasome regulation. Lastly, in the milieu of coronavirus disease-2019 (COVID-19) pandemic, we confer available evidence linking inflammasome activation to the pathophysiology of COVID-19 suggesting overall, the importance of cannabinoids as possible drugs to target inflammasome activation in or to support the treatment of a variety of human disorders including COVID-19.
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Introduction

Animals, from lower vertebrates, such as hagfish, to higher ones, such as mammals, use innate, adaptive immune responses to protect themselves from external pathogens and injuries (1, 2). An innate immune response is the first event upon any hazard where external microbes are sensed by a group of diverse germline-encoded receptors. These receptors-pattern recognition receptors (PRRs)-recognize conserved microbial structures called pathogen-associated molecular patterns (PAMPs) (3). Innate immune cells can also mount an infection-independent immune response by sensing endogenous substances released from host tissue damage: damage (or danger)-associated molecular patterns (DAMPs) (4). This type of DAMP-mediated inflammatory response is often called “sterile inflammation” due to no pathogen involvement (5). Overall, both PAMPs and DAMPs can stimulate an initial immune response by activating different types of PRRs, including toll-like receptors (TLRs), nucleotide-binding domain (NBD) and leucine-rich-repeat-(LRR)-containing or simply nucleotide-binding and oligomerization domain (NOD)-like receptors (NLRs), retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs), C-type lectin receptors (CLRs), and several cytosolic DNA sensor-like receptors absent in melanoma 2 (AIM2)-like receptors (ALRs) (4, 6). These PRRs are expressed by immune cells (macrophages, dendritic cells, etc.) and non-immune cells (endothelial cells, fibroblasts, etc.) and are present in various subcellular compartments (3, 4). Among all PRRs, the NLR family is the most extensively described in the literature due to numerous known sterile and pathogenic activators (7). NLRs and ALRs form a multimeric complex known as the “inflammasome” following the detection of respective PAMPs and/or DAMPs.

TLR-induced priming is often required to activate and assemble the inflammasome (8). Once formed and activated at the cellular level, canonical inflammasomes activate caspase-1 by autoproteolysis, resulting in proteolytic maturation of IL-1β and IL-18, which in turn leads to respective cell death by pyroptosis. Non-canonical inflammasome activation by bacterial pathogens leads to caspase-11 activation and the subsequent hyper-activation of innate immunity in mice (9). Nevertheless, IL-1β and IL-18 are crucial pro-inflammatory cytokines implicated in a variety of human disorders, such as aging, lung cancer, cardiovascular diseases, gout, etc (10, 11). Besides pyroptosis, inflammasomes may be involved in eicosanoid synthesis, phagosome maturation, glycolysis, lipid metabolism, and autophagy in a cytokine- and pyroptosis-independent manner (12).

Cannabis sativa (C. sativa) has been cultivated for centuries around the world for many purposes, and it is the most frequently used illegal plant. “Marijuana” is the term used to describe cannabis varieties that contain more than 0.3% Δ9-THC by dry weight, while “hemp” is used for varieties with lower than 0.3% Δ9-THC. C. sativa is a versatile plant that provides food, feed, shelter, and medicine. Since ancient times, various cannabis preparations have been used in both traditional and professional medicine. Although cannabis can be beneficial in treating various human diseases (13), evidence-based medical conditions for which cannabis can be usefully prescribed are chronic pain, nausea and vomiting after chemotherapy, seizures in Lennox-Gastaut and Dravet syndrome, and spasticity (14, 15). On the other hand, a recent study suggests that newly prescribed cannabinoid use (either nabilone or dronabinol) among older adults with the chronic obstructive pulmonary disorder (COPD) was associated with higher rates of adverse events. Although further research is needed to confirm the same, the physicians should weigh benefits against risks while prescribing new cannabinoids to older COPD patients (16). At least 554 compounds, including 113 phytocannabinoids and 120 terpenes, have been identified in C. sativa (13). Terpenes in cannabis give the plant a characteristic odor based on percentages of various volatile aromatic compounds. Terpenes are believed to be partially responsible for the “entourage effect,” with minor cannabinoids and other molecules such as phenolic compounds having additional effects. To date, no clear evidence has emerged for the role of any molecule or their combination in the entourage effect. In fact, recent experiments have demonstrated that terpenes do not add to the activation of cannabinoid receptors triggered by cannabinoids (17, 18). It remains to be shown, however, whether they can contribute to the entourage effect through interaction with other receptors.

Several publications have demonstrated the potent anti-inflammatory effect of cannabinoids (19). Their mechanisms of action include activating cannabinoid and other receptors, inhibiting cytokines and cell proliferation, inducing apoptosis, and so on (19–21). Inflammation occurs when innate immune cells detect pathogens, injury, or danger signals via PRRs on cell membranes and in cytosols. Activated PRRs then form inflammasomes, triggering signaling cascades leading to the recruitment of leukocytes to the injury site (22). Under normal conditions, acute inflammatory events characterized by the influx of neutrophils at the injured tissue are crucial parts of innate immunity. However, dysregulated acute inflammation, sterile inflammation, and recurrent acute inflammatory insults result in chronic inflammation. Chronic inflammation has been implicated in the pathophysiology of a variety of diseases. Inflammasomes are activated during microbial invasion, tissue injury, and sterile inflammation, which all lead to cell death. Cell death can also result in the secretion of another round of inflammasome activators, such as uric acid and ATP, which both activate inflammasomes in a paracrine manner. These signaling cascades eventually give rise to chronic inflammatory disorders, such as cardiovascular disease, cancer, metabolic disorders, autoimmune disorders, and neurodegenerative disorders (23). Besides, recent developments in inflammasome research suggest that the anti-inflammatory action of cannabinoids is mediated in part by modulating inflammasome assembly and function. Hence, our goals in this review are to cover all published research on the action of cannabinoids on the inflammasome to propose the future therapeutic potential of cannabis in chronic inflammatory disorders.



CANNABINOIDS Signaling

The first documented evidence of the medicinal use of C. sativa showed that its extracts were already in use around 5,000 years ago in ancient China to alleviate pain (24). Three types of cannabinoids exist: endocannabinoids produced by the human body; phytocannabinoids produced naturally by C. sativa; and synthetic cannabinoids synthesized under laboratory conditions. After the discovery of Δ9-THC (25), extensive research efforts were carried out to understand the pharmacological effects of cannabis. Eventually, two members of the G-protein coupled receptor (GPCR) family, the cannabinoid receptors CB1R and CB2R, were successfully cloned from rat cerebral cortex and rat spleen, respectively (26, 27). Many cannabinoids were demonstrated to bind these receptors, albeit with different efficiencies. Cannabinoids were also shown to bind to receptors other than CB1R and CB2R, as reviewed by our group elsewhere (28). All three types of cannabinoids exert their biological actions by binding to these receptors, and each cannabinoid may bind different combinations of receptors at a given time.

The endocannabinoid system (ECS) comprises of two endocannabinoids (anandamide and 2-arachidonoylglycerol), cannabinoid receptors (CB1 and CB2), and enzymes that metabolize endocannabinoids (29). Anandamide (AEA) (30) and 2-arachidonylglycerol (2-AG) (31) are the two most important endocannabinoids, although other arachidonic acid derivatives may produce similar effects (28). Both AEA and 2-AG are produced from postsynaptic terminals owing to increased intracellular Ca2+ influx (24, 32). Once produced, AEA and majorly 2-AG travel in a retrograde fashion due to their high lipophilicity to activate CB1 receptors in presynaptic terminals. The activation of CB1R inhibits neurotransmitter release via the reduction of Ca2+ inflow and inhibition of cyclic adenosine monophosphate (cAMP). However, AEA activates the intracellular transient receptor potential cation channel subfamily V member 1 (TRPV1) receptor, inhibits L-type Ca2+ channels, and inhibits 2-AG biosynthesis (24). The major role of ECS in the body is to maintain homeostasis, and it is involved in the regulation of a variety of processes, including immune, digestive, neurological, metabolic, and reproductive functions (29, 33). Variations in the ECS are pathophysiological and depend on cell and tissue type, age, and sex, and fluctuations in the function of ECS components are associated with the onset of many disorders, such as neurodegenerative, gastrointestinal, chronic inflammatory, cardiovascular, reproductive, circulatory, and metabolic disorders, including cancers (24, 34, 35).

The human CB1R and CB2R crystal structures reveal that both the intramembrane and the extracellular surface of the receptor play significant role in the ligand binding, depending on the type of ligand, unlike other lipid-stimulated GPCRs (36, 37). The extracellular-facing lid over intracellular binding pocket with its acidic residues facing outside disfavors interactions with lipophilic ligands in the extracellular space, which gain entrance to the binding pocket via an intramembrane “tunnel” (37). CB1 and CB2 receptors share only 44% of the homology of the protein sequence in humans, and CB1 receptors are highly conserved among mammals in contrast to CB2 (38). Overall, CB1R is the most extensively expressed GPCR in the central nervous system (CNS) and the peripheral nervous system (PNS), whereas CB2R is highly expressed in peripheral immune cells. However, the functional CB1Rs are also expressed in several non-neuronal peripheral tissues including heart, intestines, and liver (39). Additionally, the functional CB2 receptors are also expressed in microglia and resident macrophages in the CNS under neuroinflammatory conditions (40, 41). CB2R expression was confirmed in the neurons, as well, governing synaptic plasticity (42). Both receptors are coupled to the Gi/o family of G-proteins to inhibit cAMP production by reducing adenylyl cyclase activity, leading to lower protein kinase A (PKA) activity and the phosphorylation of mitogen-activated protein kinase (MAPK) activity (p38, c-Jun N-terminal kinase (JNK), and p42/44). They also can activate phosphatidylinositol-3-kinase-protein kinase B (PI3K-AKT), ceramide production, and the expression of various genes (24, 41, 43, 44). Interestingly, CB1 and CB2 receptors interact with Gs proteins as well to induce cAMP production under specific circumstances (45, 46). CB1 receptor activation specifically stimulates G-protein-gated inwardly rectifying potassium (GIRK) channels and inhibits voltage-gated (N-type) Ca2+ channels. Both receptors exhibit constitutive activity suggestive of G-protein activation in the absence of agonists (42). Lastly, CB1 and CB2 receptors also signal via β-arrestin and a few other biased, cell-, and ligand-specific cannabinoid receptor–mediated signal transduction mechanisms (47).

AEA is a highly specific partial agonist of CB1R with negligible or weak partial agonist activity at CB2R, whereas 2-AG is a full agonist at both CB1 and CB2 receptors. Δ9-THC has the highest affinity toward CB1R and CB2R among all phytocannabinoids (48). CBD is a weak antagonist at CB1 and an inverse agonist at CB2 receptors (49), although a meta-analysis study revealed that CBD mostly acts indirectly through other signaling pathways (50). CBD acts as an agonist at adenosine receptors and 5-HT1A receptors, and it increases AEA levels to elicit TRPV1 channel activation (50). Other minor cannabinoids also bind to cannabinoid and other receptors, as reviewed by our group elsewhere (28). By modulating intracellular cAMP levels and thereby PKA activity, cannabinoids regulate the phosphorylation of a plethora of downstream proteins, resulting in major changes in cellular activities. MAPK activation is an important pathway by which cannabinoids regulate the expression of various genes. Changes in the extracellular and intracellular ions and activation of ion channels contribute to crucial downstream cellular effects (44). Due to the possibility of binding to different receptors at a given time, including CB1R and CB2R, along with different respective agonist/antagonist/inverse agonist potentials at those receptors, cannabinoids exhibit complexity in their mechanisms of action and downstream signaling transduction pathways.



Cannabinoids in Inflammation

Cannabinoids and cannabinoid-like compounds have proven potent anti-inflammatory and immunomodulatory properties (19, 21, 35, 51, 52). In general, cannabinoids work by inducing apoptosis, preventing cell proliferation, reducing cytokine production, and enhancing T-regulatory cells (Tregs) to produce anti-inflammatory effects (19). Interestingly, cannabinoids may change the balance between the response involving T-helper 1 (Th-1) and Th-2 cells, inhibiting the expression of Th-1–induced cytokines and stimulating the expression of Th-2–induced cytokines (53). More than 350 patents have been filed on cannabinoids in the treatment of inflammation (54). Ajulemic acid (anabasum), a novel selective CB2R agonist, is currently undergoing phase II and phase III clinical trials owing to its potent anti-inflammatory effect on neutrophil migration in response to ultraviolet (UV)‐killed E. coli‐triggered dermal inflammation in humans. Notably, ajulemic acid removed the pathogenic bacteria that caused the inflammation and promoted the biosynthesis of special pro‐resolution lipid mediators to boost the body’s innate immunity (55, 56). The data from recently concluded RESOLVE-1 phase III trial of anabasum for the treatment of systemic sclerosis failed to provide any efficacy in the primary or secondary end points (Corbus Pharmaceuticals Press Release Sept 8, 2020). However, the additional post-hoc analyses released by Corbus recently showed that anabasum treatment was associated with a benefit in the lung function (forced vital capacity) in subjects on established background of immunosuppressant therapies (Corbus Pharmaceuticals Press Release Nov 9, 2020). Overall, anabasum was able to improve the lung function in patients with systemic sclerosis although was not effective in improving the actual end points of the clinical trial (NCT03398837).

CBD is the most abundant non-psychoactive cannabinoid of C. sativa and hence has been extensively studied for its anti-inflammatory properties. CBD is currently undergoing clinical trials for its effectiveness in schizophrenia (57), refractory epileptic encephalopathy (58), and tuberous sclerosis (59, 60). In addition to CB1, CB2, TRPV1, and adenosine receptors, the activation of GPR55, inhibition of fatty acid amide hydrolase (FAAH), stimulation of peroxisome proliferator-activated receptor-gamma (PPAR-γ), and heterodimerization of CB2/5HT1A are also involved in mediating the anti-inflammatory effects of CBD (20, 61, 62). Subsequently, CBD was also found to extensively inhibit the production of pro-inflammatory cytokines, such as IL-1α, IL-1β, IL-6, and tissue necrosis factor α (TNF-α), etc., in pre-clinical in vitro and in vivo models of inflammation and cancer (20). The anti-inflammatory activity of CBD was paralleled by the modulation of downstream gene expression, reduction in lipid peroxidation, Ca2+ homeostasis, and reduction of oxidative stress (61, 63, 64). However, Δ9-THC mediates its anti-inflammatory actions mainly via CB2 receptor activation, decreased production of cytokines, inhibition of Th-1, promotion of Th-2 cells, induction of apoptosis, and downregulation of cell proliferation (35, 52). Cannabichromene (CBC) has been reported to inhibit the expression and activity of TRPV1-4 channels (65). Cannabigerol (CBG) has exhibited protective properties in a murine model of inflammatory bowel disease (IBD) by regulating cytokine (IL-1β, IL-10, and interferon-γ) levels and inhibiting inducible nitric oxide synthase (iNOS) expression (66). Cannabinol (CBN), like CBD and THC, is shown to inhibit pro-inflammatory cytokine production (67). Cannabidiolic acid (CBDA) has been demonstrated to be a selective inhibitor of cyclooxygenase-2 (COX-2), and it likely plays an essential role in the reduction of inflammation (68). Data on other minor cannabinoids are limited at this point.



Inflammasome Signaling

The “inflammasome” is the name given to the high molecular weight scaffold formed by an assembly of different proteins. This scaffold mostly consists of three parts (1): a sensor protein, (2) typically the adaptor protein ASC (an apoptosis-associated, speck-like protein containing a C-terminal caspase recruitment domain [CARD]), and (3) the effector protein caspase-1 (cysteine protease) (12, 69). Sensor proteins are six NLRs (NLRP1, NLRP3, NLRP6, NLRP7, NLRP12, and NLRC4) or two ALRs (AIM2 and interferon-gamma inducible protein 16 (IFI-16) or pyrin (PYD). The NLR family contains the central nucleotide-binding and oligomerization (NACHT) domain flanked by C-terminal leucine-rich repeats (LRRs) and N-terminal CARD or PYD domains. LRRs specifically govern the ligand sensing for each NLR and autoregulation, whereas CARD or PYD domains regulate the protein-protein interactions required for downstream signaling cascades. The NACHT domain is shared by all NLRs and regulates NLR activation via adenosine 5′-triphosphate (ATP)-induced oligomerization (69). ASC is required for certain PRRs, NLRP3, AIM2, and PYD to recruit caspase-1, and NLRs such as NLRP1 and NLRC4 contain CARD and hence directly recruit caspase-1. Although other PRRs might not need ASC for caspase-1 recruitment, downstream cytokine processing depends on ASC in the complex (70) (Figure 1).




Figure 1 | Inflammasome assembly and activation pathways. An inflammasome consists of three proteins: sensor, adaptor, and effector. Please note that NLRP3 and NLRC4 require NIMA (Never in Mitosis Gene A)-related Kinase 7 (NEK7) and NLR family apoptosis inhibitory protein (NAIP), respectively, for activation. Canonical inflammasome activation results in the formation of active caspase-1 (activation) by removing caspase activation and recruitment domain (CARD; processing). Active caspase-1 cleaves gasdermin D (GSDMD) and pro-interleukins into the N-terminal of GSDMD and mature interleukins, respectively. The N-terminal of GSDMD forms pores within the cell membrane, allowing mature IL-1β and IL-18 release along with changes in ion fluxes. Such caspase-1-dependent formation of plasma membrane pores releasing inflammatory intracellular materials resulting in cell lysis is termed pyroptosis. Alternatively, in non-canonical inflammasome activation, gram-negative bacteria release lipopolysaccharides (LPS) that activate caspase-4 and -5 in humans and caspase-11 in mice, which results in pyroptosis via several mechanisms. Firstly, GSDMD-mediated pyroptosis occurs as explained above and, secondly, activation of caspases leads to the release of IL-1α and high-mobility group box protein 1 (HMGB1) via unknown mechanisms, which results in pyroptosis. Caspase-4, -5, and -11 activation by LPS also indirectly activates the NLRP3 inflammasome, culminating in the maturation of IL-1β and IL-18 via activating caspase-1. Abbreviations: Nucleotide-binding domain (NBD) and leucine-rich-repeat-(LRR)-containing receptors (NLRs); Absent in melanoma 2 (AIM2)-like receptors (ALRs); pyrin domain (PYD); Caspase activation and recruitment domain (CARD); Nucleotide-binding and oligomerization or NAIP, CIITA, HET-E and TP1 (NACHT) domain; Apoptosis-associated speck-like protein containing CARD (ASC); Interferon-gamma inducible protein 16 (IFI-16); Function-to-find domain (FIIND); Coiled-coil (CC); Bacterial type III secretion system (T3SS); Hematopoietic interferon-inducible nuclear protein with 200 amino acids (HIN-200).



Inflammasome amplification is regulated by ASC via three mechanisms: first, sensors nucleate ASC, forming oligomers and ASC nucleates caspase-1 such that the sensor, adaptor, and enzyme are always present at cumulative concentrations; second, cytokines formed by caspase-1 infiltrate immune cells, lowering their activation; third, “ASC specks” released after pyroptosis can be engulfed by neighboring cells, forming an inflammasome in recipient cells (70, 71). These ASC specks are formed by phosphorylated-ASC and are crucial to inflammasome activity (72) (Figure 2). After the oligomerization of sensor proteins, inactive zymogen caspase-1 attaches itself to the scaffold and is activated by self-proteolysis into an active enzyme. Mouse caspase-1, -11, and -12 and human caspase-1, -4, and -5 are pro-inflammatory (73). Once activated, caspase-1 cleaves pro-IL-1β and pro-IL-18 and initiates their secretion, leading to an inflammatory form of cell death, pyroptosis. Pyroptosis consists of a formation of cell-membrane pores followed by cell swelling, osmotic lysis, and the release of intracellular debris (70, 74). Inflammatory caspase–dependent pyroptosis is carried out by the protein gasdermin D (GSDMD). Caspase-1, -4, -5, and -11 recognize and cleave to the same site in GSDMD, releasing its N-terminus, which signifies the autoinhibitory function of the C-terminus (75, 76). The N-terminus is the active form of GSDMD that forms pores, causing pyroptosis. Inflammasomes with caspase-1 as an effector are termed “canonical inflammasomes,” and caspase-11-mediated inflammasome activation is termed “non-canonical” (77). Nonetheless, activating the inflammasome works on an all-or-nothing principle (78), and multiple inflammasome sensors can orchestrate an inflammation response against a single pathogen inside a single host cell (79). In this review, we briefly discuss the most widely described inflammasomes in the literature (Figure 1).




Figure 2 | ASC specks and inflammasome activation amplification. 1. Initial signal (bacterial toxins, PAMPs, DAMPs, ds-DNA, etc.) leads to the assembly of the inflammasome. 2. ASC specks (oligomers) are formed such that the sensor, the adaptor, and the caspase-1 are always present at increasing concentrations. 3. The cell undergoes pyroptosis, resulting in cell lysis and the release of inflammatory cytokines and ASC specks. 4. The released ASC specks can be engulfed by adjacent immune cells, leading to the transduction of the upstream signal from one cell to the other. 5. The process of inflammasome assembly, activation, and pyroptosis repeats in the recipient immune cells, leading to amplification of inflammasome activation.




The NLRP1

It is the first PRR to be discovered that forms an inflammasome scaffold to mediate caspase-1–induced pyroptosis (80). Mice have three orthologs of NLRP1 (NLRP1a–c), whereas humans have a single gene coding for NLRP1. Murine orthologs have the CARD domain and lack the PYD domain, thus recruiting caspase-1 without ASC. In contrast, human NLRP1 has the N-terminal PYD domain, and NLRP1 is vital during host defense against anthrax (81). Mice lacking NLRP1 activation were more prone to the toxin due to aberrant host defense (82). In humans, macrophages induce apoptosis, not pyroptosis, in response to anthrax due to the absence of the Nlrp1b gene. Hence, NLRP1 is activated via binding to muramyl dipeptide (MDP) in the presence of the MDP sensor in humans (83). Single-nucleotide polymorphisms in the Nlrp1 gene in humans are also associated with congenital toxoplasmosis, proving their importance in Toxoplasma infection as well (70).



The NLRP3

The most widely studied inflammasome with respect to several human disorders is formed by NLRP3. It contains three domains—LRR, NACHT, and PYD—to bind ASC. The formation of the NLRP3 inflammasome is extensively studied in macrophages, where it is a two-step process: priming and activation (23, 84). PAMPs/DAMPs and cytokines induce non-transcriptional priming via post-translational changes (e.g., deubiquitination) and nuclear factor kappa B (NF-κB) activation via TLR4-induced transcriptional priming, leading to higher NLRP3 expression. The phosphorylation of ASC is also mandatory for NLRP3 scaffold formation. Non-transcriptional priming lasts a short (10–30 min) to intermediate time (30 min–1 h), while transcriptional priming lasts longer (>3 h) (23). TLR-mediated MyD88/IL-1 receptor-associated kinase 1 (IRAK1) regulates non-transcriptional NLRP3 priming, where NLRP3 expression does not change but priming is enough to secrete cleaved caspase-1 (85). A second signal is required for the activation step of NLRP3 and the formation of the NLRP3 signaling complex. A variety of “second signals” activate NLRP3, including potassium (K+) efflux, cathepsin release from lysosomal rupture, mitochondrial ROS and DNA, cardiolipin, calcium signaling, Na+, and Cl- efflux, among others (23, 84). A newly identified NLRP3 binding partner, NEK7 (NIMA-related kinase 7), forms a NLRP3 inflammasome after K+ efflux (86). Many particulate substances, such as amyloid β (Aβ) (87), silica, alum, monosodium urate, etc., can cause lysosomal destabilization to activate NLRP3 inflammasome (88). Autophagy and related proteins inhibit the mitochondrial DNA release into cytosol, regulating NLRP3 activation (89). The dysregulation of the NLRP3 inflammasome is involved in the pathogenesis of a variety of human disorders, and a better understanding of NLRP3 activation would help identify drug targets for NLRP3-related diseases.



The NLRC4

NLRC4 [also called ice protease-activating factor (IPAF)] contains the CARD domain to directly recruit caspase-1 to the inflammasome. The ASC is not needed for NLRC4-mediated pyroptosis but essential for amplifying the response and IL-1β release (10, 90). NLRC4 requires NLR-family apoptosis inhibitory proteins (NAIPs) to interact with bacterial pathogens upstream for its activation. NAIPs and their binding to NLRC4 have been reviewed in-depth elsewhere (91). After NAIPs bind to bacteria, NLRC4-NAIP-complexes are formed, leading to their activation. Besides pyroptosis, NLRC4 causes an actin polymerization response against Salmonella, highlighting the non-conventional role of NLRC4 inflammasome activation (92).



The AIM2

It is a cytosolic DNA sensor from the ALR family characterized by a hematopoietic interferon-inducible nuclear protein with a 200-amino-acid (HIN-200) domain. AIM2 is activated by binding to double-stranded DNA (dsDNA) of a minimum 250–300 bp in a non-sequence-specific manner via the HIN200 domain (93). In the absence of cytosolic dsDNA, HIN200 binds to AIM2 PYD as an autoinhibition. The AIM2 PYD domain is displaced after dsDNA binding, forming the PYD-PYD interaction of ASC (84). The AIM2 inflammasome plays an incomparable role in host defense against bacteria, Listeria, and DNA viruses, as the impaired secretion of cytokines has been observed in macrophages lacking AIM2 (94). Interestingly, a recent report documented the requirement of AIM2 inflammasome surveillance of DNA damage for normal brain maturation and function. AIM2 contributes to the cell death of genetically compromised CNS cells and shapes overall behavior in mice (95). The dysfunction of AIM2 is linked to various human conditions.



The Non-Canonical Inflammasome

Recent advances have identified a complex innate immune response phenomenon in which inflammasomes cleave caspase-11 in mice, termed “non-canonical inflammasome activation” (9). However, caspase-11 activation itself may stimulate the caspase-1–mediated release of canonical interleukins, as shown by the inhibition of the secretion of IL-1β and IL-18 under lipopolysaccharide (LPS) treatment in caspase-11-knockout mice (9). Additionally, caspase-11 is required for host defense against gram-negative bacterial infections since it detects specific acylated lipid A present in the LPS of this bacterial population (96). Caspase-11 is not activated in gram-positive bacterial infections, and caspase-11 activation results in the secretion of IL-1α and specific high-mobility group box-1 (HMGB1), triggering direct pyroptosis (77). TLR4 activation by LPS as a priming step is also dispensable in non-canonical signaling transduction, as HMGB1 promotes TLR4 signaling (97). It has been predicted that a caspase-11-bound pannexin-1–dependent decrease of intracellular K+ might activate the NLRP3 inflammasome (70), but further research is needed to understand whether the drop in intracellular K+ is sufficient to activate inflammasomes and/or whether other possible mechanisms are involved.




Inflammasomes in Chronic Inflammatory Disorders

Inflammasomes are critical regulators of theoretically all chronic inflammatory disorders. Irregular signaling by inflammasomes inflicts perturbations on innate immune cells, eventually affecting adaptive immunity and being involved in the pathogenesis of acute and chronic inflammatory disorders. We discuss a few representative data that link various inflammasomes and the development of inflammatory diseases (Table 1).


Table 1 | Role of major Inflammasomes in the representative chronic inflammatory disorders along with known cannabinoid effect.






Role of NLRP1

Genomic studies of NLRP1 have identified mutations associated with autoinflammatory diseases in humans, including systemic sclerosis, Crohn’s disease, Addison’s disease, rheumatoid arthritis, type-1 diabetes, and vitiligo (70, 98). NLRP1 is the most highly expressed inflammasome in human skin, and gain-of-function NLRP1 mutations cause chronic skin inflammation and skin cancer. These mutations result in the higher self-oligomerization of NLRP1, disrupting the PYD-LRR interaction crucial in keeping NLRP1 dormant under physiological situations (100). Genetic variations in NLRP1 are also positively associated with a higher susceptibility to psoriasis (101). Interestingly, higher NLRP1 expression is correlated to dry skin–induced chronic itch in a sex- and age-dependent manner in mice (168). NLRP1 has recently been implicated in the pathophysiology of IBD by restricting the beneficial butyrate-producing Clostridiales in the gut of the dextran sulphate sodium (DSS)-induced colitis murine model of IBD (107). Single-nucleotide polymorphisms in NLRP1 are associated with an increased risk of developing type-1 diabetes and systemic lupus erythematosus (SLE) in Brazilian population cohorts (113). Patients with aortic occlusive disease (AOD) have exhibited higher mRNA expression of NLRP1 than healthy individuals (153).



Role of NLRP3

NLRP3 has been considered the gold standard of inflammasome signaling, as many NLRP3 inhibitors are under investigation in clinical trials for coronary artery disease (169) and gout (170); more than 50 clinical studies are currently underway to elucidate the role of NLRP3 in various diseases. Cryopyrin‐associated periodic syndrome (CAPS) is a well-documented autosomal‐dominant autoinflammatory disorder caused by gain-of-function mutations in NLRP3 in pediatric patients that lead to increased plasma IL-1β levels (171, 172). An enormous amount of data shows that NLRP3 is involved in the pathophysiology of Alzheimer’s, stroke and cardiovascular diseases, asthma, gout, IBD, non-alcoholic fatty liver disease, non-alcoholic steatohepatitis, multiple sclerosis, rheumatoid arthritis, myelodysplastic syndrome, obesity-induced inflammation or insulin resistance, type-1 diabetes, oxalate-induced nephropathy, graft-versus-host disease, and silicosis (109). Inflammaging is a condition marked by higher-than-normal levels of inflammatory markers in the blood, indicating a high risk of frailty. A major mechanism of inflammaging is abnormal NLRP3 inflammasome activation (173). In type-2 diabetes patients, NLRP3 inflammasome activation is higher in myeloid cells, and NLRP3 inflammasome inhibitors might be clinically useful in treating ischemic stroke concomitant with diabetes (126, 174). The activation of NLRP3 is involved in renal disorders, such as chronic kidney disease (CKD), diabetic nephropathy (DN), and acute kidney injury (AKI), by both canonical and non-canonical pathways (175). The NLR family (NLRP1, NLRP3, NLRC4, NLRP6, and NLRP12) and their binding partners have mixed roles in the pathogenesis of a variety of cancers (162). The serum levels of alpha-synuclein (α-synuclein) and caspase-1 are lower in Parkinson’s disease (PD) patients than in healthy individuals. Cleaved α-synuclein from caspase-1 enzymatic activity can form aggregates (176). Lower levels of caspase-1 and α-synuclein in PD patients’ serum are indicative of cell aggregate formation by both. Additionally, α-synuclein itself can activate the NLRP3 inflammasome, raising cytokine levels in PD patients (177). The field of targeting NLRP3 is continuously evolving and holds immense potential for the future of anti-inflammatory drug therapy.



Role of NLRC4

Mutations in NLRC4 are associated with various autoimmune disorders. Three gain-of-function mutations (V341A, T337S, and H443P) in humans are linked to constitutive NLRC4 activation with recurrent macrophage activation syndrome (178, 179). NLRC4 activation primarily in neutrophils is enough to induce severe systemic autoinflammatory disease (180). Significant upregulation in mRNA and the protein levels of NLRC4 and NLRP3 has been found in urinary tract–infected female patients (181). Lastly, aberrant activation of NLRC4 is evident in non-alcoholic fatty liver disease (182), memory impairment in Alzheimer-like disease (146), myocardial infarction (159), and coronary stenosis (154). A genome-wide association study discovered that genetic variations in NLRC4 play vital roles in determining IL-18 levels in acute coronary syndrome patients (161).



Role of AIM2

Circulating cell-free mitochondrial DNA (ccf-mtDNA) has been detected in the serum and plasma samples of type-2 diabetes patients. Research has shown that ccf-mtDNA-mediated AIM2 inflammation activation might be one of the contributing mechanisms of chronic inflammation in diabetic patients (130). AIM2 inflammasome is hyper-activated in type-2 diabetic mice with myocardial infarction (159). Blocking AIM2 expression improves cardiac function in a streptozotocin-induced diabetic rat model by preventing caspase-1–mediated cell signaling (131). Interestingly, AIM2 expression is higher in the kidney sections of patients with DN or hypertensive sclerosis than in healthy volunteers (183). The kidneys of mice with CKD have exhibited a higher expression of AIM2 mRNA, whereas AIM2-knockout mice kidneys have shown decreased maturation of IL-1β and IL-18 (184). AIM2 expression is positively associated with the severity of SLE in human patients and mice. Inhibition of the apoptotic DNA-induced macrophagic AIM2 activation is a key in AIM2 gene silencing–ameliorated SLE symptoms in mice (117). Furthermore, AIM2 expression is upregulated in oral, cervical, and lung cancer and downregulated in colorectal and small bowel cancer (166). AIM2 expression is protective in rheumatoid arthritis patients, leading to higher IL-1β release in the absence of AIM2 (185).




Cannabinoids, Inflammasomes, and Human Diseases

So far, we have discussed the anti-inflammatory potential of various cannabinoids and the close association of inflammasomes with chronic inflammatory disorders. Several studies in the last few decades have suggested the potential of cannabinoids to modulate the inflammasome pathway. Below, we discuss research publications that established a mechanistic link between cannabinoids and inflammasome-related human diseases (Tables 2 and 3).


Table 2 | Effects of cannabinoids on inflammasome proteins.




Table 3 | Effects of cannabinoids on inflammasomes.




Tetrahydrocannabinol (THC) and Analogs

The first reports on the effect of Δ9 THC on IL-1β (186) and caspase-1 (187) were published in the 1990s. Δ9 THC has been found to reduce the levels of pro-IL-1β and inflammasome-induced caspase-1 activation in human astrocyte-monocyte co-culture in vitro (188). In these cells, Δ9 THC inhibited caspase-1 activity, as shown by a reduction in IL-1β levels at a concentration as low as 0.5 μM. The authors confirmed that the CB2R activation-mediated induction of autophagy was the best possible mechanism by which Δ9 THC was inhibiting inflammasome activation, as both Δ9 THC and JWH-015 (selective CB2 agonists) showed similar results (188). Δ8 THC, an isomer of Δ9 THC, was reported to induce cell death via a caspase-1–dependent pathway in mouse macrophages, activating CB2R followed by the activation of p38 MAPK (192). The effect of Δ9 THC on reducing IL-1β mRNA and protein levels was comparable to ajulemic acid, a novel CB2 agonist, in monocytes isolated from patients with inflammatory arthritis (189). In another study, Δ9 THC was able to reduce IL-1β and NF-κB levels via CB2R activation in a human osteosarcoma cell line after LPS stimulation (190). Δ9-tetrahydrocannabivarin (THCV) was also shown to inhibit IL-1β levels in LPS-challenged murine macrophages (193). Feeding Δ9 THC mixed with sesame oil orally to rats with chemically induced rheumatoid arthritis (RA) for 21 days significantly reduced IL-1β concentration to baseline, suggesting the possible inhibition of inflammasomes as a promising target in RA (191). Although Δ9 THC displayed a significant effect on the inflammasome pathway, direct action on inflammasome sensor proteins has not yet been reported. It has been pointed out that a Ca2+ channel, TRPV2, is activated by Δ9 THC in myeloid cells and that TRPV2 stimulation leads to NLRP3 inflammasome activation, but no studies have confirmed this (210).



Cannabidiol (CBD)

The first report on the direct effect of CBD on the inflammasome came in 2016 from a group of Italian researchers (194). They treated human gingival mesenchymal stem cells (hGMSCs) for 24 h with CBD (5 μM) and performed gene expression analysis and immunocytochemistry. They discovered that CBD-treated hGMSCs suppressed NLRP3, caspase-1, and IL-18 at the gene and protein levels and inhibited NF-κB. As NF-κB is involved in the priming of the NLRP3 inflammasome, the CBD treatment–induced inactive state of the NLRP3 inflammasome in hGMSCs (194) suggested that CBD-treated gingival stem cells were more immunocompetent, avoiding the risk of inflammatory reactions and promoting survival. Mice fed with a high-fat, high-cholesterol diet (HFC) for 8 weeks showed significantly higher expressions of NLRP3 inflammasome pathway proteins (NLRP3, ASC, IL-1β, and caspase-1) in the liver; these proteins were significantly attenuated by simultaneous treatment with CBD (5 mg/kg/day for 8 weeks). Similarly, the phosphorylation of NF-κB was significantly reduced in the liver of CBD-treated HFC mice compared to the non-treated group, corroborating the role of NF-κB in priming the NLRP3 inflammasome. To further confirm the role of the inflammasome in liver inflammation, the authors studied the effect of CBD on an LPS + ATP treated mouse macrophage cell line, confirming with in vivo data that the expressions of NLRP3, ASC, IL-1β, NF-κB, and caspase-1 were lower in CBD-treated cells (195). Mouse microglial cells treated with LPS to simulate neuroinflammatory conditions exhibited a robust activation of pro-inflammatory cytokine repertoire, and CBD (1–10 μM) was able to suppress the secretion of IL-1β and inhibit the NF-κB signaling pathway (196). A similar reduction in the secretion of IL-1β by CBD (10 μM) was also reported by another independent report (197). In the in vitro skin inflammation model, human keratinocytes were treated with ultraviolet (UV) rays A and B (UVA and UVB) and treated with CBD (1 μM) for 24 h. CBD inhibited protein-protein interaction between nuclear factor erythroid 2-related factor 2 (Nrf2) and NF-κB in UVA- and UVB-treated skin cells. CBD increased NRF2 expression, leading to decreased ROS, which in turn may have partially suppressed NLRP3 inflammasome activation by reducing NF-κB levels (208). Aβ-induced neurotoxicity (198) and the severity of inflammatory colitis (199) were significantly suppressed by CBD treatment in mice partly due to inhibiting the expression and release of IL-1β. A significant reduction of IL-1β by CBD treatment in a murine viral model of multiple sclerosis was also shown, suggesting its role in combating inflammation in multiple sclerosis (200). Recently, CBD was shown to inhibit NLRP3 inflammasome by reducing K+ efflux by binding to the P2X7 receptor in human monocytes (209). Remarkably, the fact that only CBD (non-psychoactive), not THC (psychoactive), was found to inhibit NF-κB signaling (197), coupled with the direct proven inhibitory action of CBD on inflammasomes (195) and downstream proteins, indicates the incomparable potential of CBD as an inflammasome-inhibitory drug target.



Synthetic Cannabinoids

Synthetic cannabinoids often act by modulating the action of endocannabinoids on CB1 and CB2 receptors to exert their anti-inflammatory effects. Endocannabinoids mediate insulin resistance by activating peripheral CB1R. Beta-cell failure in Zucker diabetic fatty (ZDF) rats was not associated with CB1R in beta cells; but rather, macrophages infiltrating the pancreas activated the NLRP3 inflammasome machinery. Macrophage-specific knockdown and/or peripheral blocking of CB1R via the non-CNS-penetrant CB1R inverse agonist JD5037 improved the pathology of type-2 diabetes and re-established normoglycemia by reducing the expression of cardinal NLRP3 inflammasome proteins (201). However, CB1R has detrimental effects on beta-cell function, and its activation promotes islet inflammation under pathological insults. Beta-cell-specific CB1R gene knockout increased insulin secretion and cAMP levels in islets. High-fat/high-sugar-induced inflammation was attenuated significantly by the absence of CB1R in beta cells via the reduction of ROS and suppression of NLRP3 inflammasome activation (211). Contrary to the protective role of CB2R in diabetic inflammation, in a mouse model of experimental autoimmune encephalomyelitis (EAE) (an experimental model for human multiple sclerosis), CB2R mRNA and NLRP3 protein expressions were significantly higher with unchanged CB1R mRNA expression (212). The authors did not study the protein expression of CB1R and CB2R in this report, but using the same multiple sclerosis model, another group of researchers showed an exacerbated NLRP3 inflammasome response in CB2R knockout mice and amelioration of the response in wild-type mice by selective CB2R activation by HU‐308 (202). It was discovered that CB2R activation by HU‐308 induces autophagy in mouse microglial cells, inhibiting NLRP3 activation. The discrepancy in the results may be due to the use of only female mice and not analyzing cannabinoid receptors at the protein level (212). An antagonist of peripheral CB1R, AJ5012, prevents adipose tissue inflammation in leptin receptor–deficient and diet-induced obese (DIO) mice by inhibiting NLRP3 inflammasome signaling. Reductions in the protein expressions of caspase-1, IL-1β, and NLRP3, along with caspase-1 activity, were noticed in the presence of AJ5012 in DIO mice. AEA-induced increases in the expressions of NLRP3, CB1R, and IL-1β in murine macrophage cells were also significantly attenuated by AJ5012 (203, 213). These data indicate the critical role of the NLRP3 inflammasome in adipose tissue inflammation via peripheral CB1R signaling. Rimonabant, a selective CB1R antagonist, inhibits the development of atherosclerosis in low-density lipoprotein (LDL) receptor–deficient mice, partially by reducing IL-1β–mediated pro-inflammatory gene expression (204). Myocardial infarction (MI) is a major cardiovascular event with a high mortality rate in post-MI heart failure. A selective CB2R agonist, JWH-133, improved heart function in a surgically induced MI mice model. JWH-133 treatment reduced serum IL-1β and IL-1β mRNA expressions even at a 1 mg/kg concentration. The administration of JWH-133 at a 10 mg/kg dose significantly diminished the priming and activation of the NLRP3 inflammasome, as shown by levels of inflammasome protein expression (205). Electroacupuncture (EA) attenuated inflammatory pain induced by complete Freund’s adjuvant (CFA) in rats by blocking NLRP3 activation in skin macrophages. This effect was largely attributed to CB2R, as CB2R-knockout mice exhibited a loss of EA effects on pain. In rat macrophagic cell lines, CFA- and LPS+ATP–induced NLRP3 activation was significantly inhibited by the selective CB2R agonist AM1241 (206). In freshly isolated mice macrophages, the CB2R selective agonist HU-308 significantly blocked the expression of NLRP3 inflammasome assembly proteins in an LPS/DSS-induced in vitro colitis model (207). Selective inhibitors of CB1R and activators of CB2R have shown tremendous potential in alleviating inflammatory disorders partly by affecting NLRP3 inflammasome assembly and activation.

Terpenoids and flavonoids are abundantly present in cannabis extracts, and both molecule groups exhibit anti-inflammatory activities. Many terpenoids and flavonoids are inflammasome inhibitors in general and are reviewed extensively elsewhere (214–217), a subject beyond the scope of this review.




Relevance to The Coronavirus Disease 2019 (COVID-19) PANDEMIC

The ongoing COVID-19 outbreak is a global pandemic caused by a novel coronavirus named “severe acute respiratory syndrome coronavirus 2” (SARS-CoV-2). The angiotensin-converting enzyme 2 (ACE2), a metallopeptidase, is a known functional receptor for coronaviruses, and their surface spike glycoproteins (S) bind physically to ACE2 (218–220). A high expression of ACE2 is correlated to innate and acquired immune response, cytokine secretion, and enhanced inflammatory response in COVID-19 patients. A clinical study in Wuhan pointed out that the levels of IL-1β, IL-10, and IL-8 were significantly higher in critically ill patients with SARS-CoV-2 infection, indicating a cytokine-mediated inflammatory response (221). Recently, it was established that the SARS-CoV open reading frame (ORF)-8b activates the NLRP3 inflammasome affecting innate immunity (222) and SARS-CoV viroporin 3a protein independently activates NLRP3 inflammasome in macrophages isolated from adult mice (223). Very recently published reviews strongly suggest that SARS-CoV-2 could directly activate NLRP3 inflammasome and NLRP3 activation could be a potential drug target in the treatment of COVID-19 (224, 225). In our laboratory, we established several novel high-CBD C. sativa extracts that significantly inhibited the expression of ACE2, entry point of the SARS-CoV-2 (226). The reason for choosing high-CBD cannabis extracts was to avoid psychoactive side-effects of Δ9-THC and to avoid CB1 agonism-mediated pathologic changes observed in the pulmonary tissues (227). Therefore, with the established evidence suggesting the role of cannabinoids as key regulators of inflammasome signaling, the vital cannabinoid moieties (CBD and THC) might be beneficial in alleviating the inflammatory aspects of COVID-19 by blocking inflammasome signaling.



Conclusions and Clinical Relevance

Inflammation is a crucial phenomenon in understanding the pathophysiology of a variety of inflammatory disorders, and many anti-inflammatory antibodies are important treatment options for moderate-severe inflammatory diseases. The contribution of inflammasomes in the regulation of human disorders has been emphasized in research within the last few decades. However, no inflammasome-targeted therapy is currently approved for human use.

Cannabis has been shown to possess anti-inflammatory effects owing to its constituents, cannabinoids and terpenoids. New evidence is accumulating on the potential inhibitory action of cannabinoids on NLRP3 and other inflammasomes leading to their potent anti-inflammatory effects. On the other hand, cannabinoids with CB1 receptor agonist activity exhibit pro-inflammatory effects by inflammasome activation via CB1 agonism. The summarized reports here showed in vitro and in vivo data on cannabinoids modulating inflammasome activity and proving beneficial in reducing the pathogenicity of chronic inflammatory diseases. Cannabinoids also target crucial proteins involved in the inflammasome signaling, including NF-κB, IL-1β, etc.

The exact molecular mechanisms by which cannabinoids modulate inflammasome signaling have not been investigated completely, nevertheless, the current evidence supports their importance as promising therapeutic targets to regulate inflammasome signaling (Figure 3). Targeted inhibition of inflammasome by cannabinoids may prove beneficial over the global inhibition of cytokines, which increases the chances of infection as a side effect. Overall, cannabinoids hold a great promise as additional therapeutics to support the current treatment of chronic inflammatory diseases, along with COVID-19, however it should be weighed against pro-inflammatory actions mediated by CB1-agonism. Hence, cannabinoids with CB1 receptor antagonist and CB2 receptor agonist activity, for instance cannabidiol, should be considered for future research.




Figure 3 | The known molecular pathways of inhibition of Caspase-1, IL-1β, and NLRP3 by cannabinoids. Along with NLRP3 activation, cannabidiol (CBD), synthetic cannabinoids, and Δ9-tetrahydrocannabinol (THC) and its analogs inhibit caspase-1, IL-1β, and IL-18 via different mechanisms independent of inflammasome activation. Notably, only CBD and synthetic cannabinoids, not THC and its analogs, have been reported to have a direct inhibitory action on NLRP3 activation.
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Nlrp3 inflammasome plays a pleiotropic role in hematopoietic cells. On the one hand, physiological activation of this intracellular protein complex is crucial to maintaining normal hematopoiesis and the trafficking of hematopoietic stem progenitor cells (HSPCs). On the other hand, its hyperactivation may lead to cell death by pyroptosis, and prolonged activity is associated with sterile inflammation of the BM and, as a consequence, with the HSPCs aging and origination of myelodysplasia and leukemia. Thus, we need to understand better this protein complex’s actions to define the boundaries of its safety window and study the transition from being beneficial to being detrimental. As demonstrated, the Nlrp3 inflammasome is expressed and active both in HSPCs and in the non-hematopoietic cells that are constituents of the bone marrow (BM) microenvironment. Importantly, the Nlrp3 inflammasome responds to mediators of purinergic signaling, and while extracellular adenosine triphosphate (eATP) activates this protein complex, its metabolite extracellular adenosine (eAdo) has the opposite effect. In this review, we will discuss and focus on the physiological consequences of the balance between eATP and eAdo in regulating the trafficking of HSPCs in an Nlrp3 inflammasome-dependent manner, as seen during pharmacological mobilization from BM into peripheral blood (PB) and in the reverse mechanism of homing from PB to BM and engraftment. We propose that both mediators of purinergic signaling and the Nlrp3 inflammasome itself may become important therapeutic targets in optimizing the trafficking of HSPCs in clinical settings.
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Introduction

NLR family pyrin domain-containing protein 3 (NLRP3) is a component of the innate immune system that functions as a pattern-recognition receptor (PRR) that recognizes both endogenous danger-associated molecular patterns (DAMPs), such as extracellular ATP (eATP), and certain pathogen-associated molecular patterns (PAMPs) (1–4). The responsiveness of Nlrp3 inflammasome to eATP makes this PRR unique among other cytoplasmic receptors from this family, including other members of the NOD-like receptor family, such as NOD1 and NOD2, as well as RIG-I-like receptors (5, 6).

The Nlrp3 inflammasome was initially found to be expressed in macrophages involved in triggering the immune response (7–9). However, recent results indicate that the Nlrp3 inflammasome is also expressed in other cell types, including hematopoietic stem/progenitor cells (HSPCs) (10–14). This should not be surprising, as macrophages originate later in the differentiation pathway from these stem cells. For many years, Nlrp3 inflammasomes’ role was associated with several pathologies, such as dominantly inherited auto-inflammatory diseases known as a cryopyrin-associated periodic syndrome or familial Mediterranean fever (15, 16). Moreover, the Nlrp3 inflammasome has been related to the pathogenesis of type 2 diabetes, multiple sclerosis, gout, hemorrhagic stroke, neuroinflammation, Alzheimer’s and Parkinson’s diseases, as well as atherosclerosis and even cancerogenesis (17–23). Also, as described in a recent elegant report, Nlrp3 inflammasome is activated in aged HSPCs due to mitochondrial stress contributing to the aging of these cells (10). The same group also reported that an acetylation switch of the Nlrp3 inflammasome regulates aging-associated chronic inflammation and insulin resistance (24). Finally, it is essential to pinpoint that hyperactivation of Nlrp3 inflammasome in hematopoietic cells may lead to cell damage and death in the mechanism of pyroptosis (25–27).

Recently, however, there have been additional biological functions proposed for the Nlrp3 inflammasome that are the main topic of this review, including involvement in regulating the normal trafficking of HSPCs during pharmacological mobilization, in which these cells egress from bone marrow (BM) into peripheral blood (PB), and in homing and engraftment to BM after transplantation (13, 14, 28). These hematopoietic effects were observed both directly in HSPCs and in non-hematopoietic cells in the BM microenvironment. Moreover, Nlrp3 inflammasome has been implicated in maintaining the pool of HSPCs in BM (29). This, however, requires further more detailed studies.

Based on these effects, accumulating evidence indicates that there are two sides to activation of Nlrp3 inflammasome in hematopoietic cells, a “good” side and a “bad” side. On the one hand, Nlrp3 inflammasome is vital in regulating physiological processes, such as the trafficking of HSPCs (30, 31), and on the other hand, if hyperactivated can contribute to adverse consequences leading to cell pyroptosis (25, 32). The Nlrp3 inflammasome is also involved in certain other hematological pathologies, including i) myelodysplastic syndrome, ii) myeloproliferative neoplasms, iii) leukemia, iv) graft-versus-host disease (GvHD) after transplantation, and v) cytokine storms as a complication of CAR-T cell therapy or COVID19 infection (24, 28, 33–39). The pleiotropic role of Nlrp3 inflammasome in hematopoiesis has been a subject of several excellent reviews (40–46). In this review, however, we will focus on the “good side” of the Nlrp3 inflammasome as a new positive regulator of stem cell trafficking and homeostasis of the BM microenvironment.

Based on those mentioned above, we need to better understand the actions of this intracellular protein complex to define the boundaries of the safety window and shed more light on the transition of the Nlrp3 inflammasome from being beneficial to detrimental.



Mobilization of Hematopoietic Stem/Progenitor Cells from Bone Marrow Into Peripheral Blood and Their Homing and Engraftment After Transplantation to the Bone Marrow Microenvironment

HSPCs are tireless travelers as they migrate during embryogenesis, changing their micro-environmental locations to where hematopoiesis is active at a given age of development. This developmental migration begins from the yolk sac and aorta–gonad–mesonephros region, continues through a period of active hematopoiesis in the fetal liver, and finally reaches the developing BM (47–51). Nevertheless, throughout adult life, some percentage of HSPCs is detectable circulating in PB, on the way to finding new niches in other areas of BM or being “homeless” and awaiting elimination from the circulation.

HSPCs are retained in BM niches by the interaction of the α-chemokine stromal-derived factor 1 (SDF-1) and vascular adhesion molecule 1 (VCAM-1), expressed by cells in BM hematopoietic niches, with the CXCR4 receptor and the very late antigen 4 (VLA-4) integrin receptor, respectively, expressed on the surface of HSPCs (52–54). If HSPCs undergo symmetric division in stem cell niches, two new HSPCs are created, and as expected, one of them should leave the niche in order to find an available and supportive microenvironment. This could be a potential mechanism that maintains a constant number of HSPCs in areas of the BM where active hematopoiesis occurs. Despite the identification of some intracellular determinants that characterize cells undergoing symmetric versus asymmetric division, further studies are needed to elucidate at molecular level decisions made by dividing HSPCs and a role of the hematopoietic niche in these processes (55).

The number of these cells circulating in PB increases significantly during infections, tissue/organ damage, stress situations, and even after strenuous exercise (56). The forced egress of HSPCs from BM into PB is called mobilization, and a particular example is a pharmacological mobilization, which occurs after administration of pro-mobilizing drugs, such as the cytokine granulocyte-colony stimulating factor (G-CSF) or the small-molecule antagonist of the CXCR4 receptor (AMD3100). Pharmacological mobilization is a procedure employed in the clinic to enrich the PB for HSPCs, and these are subsequently harvested by leukapheresis for therapeutic applications (54, 57–60). The reverse mechanism, in which HSPCs, after being infused into PB during hematopoietic transplantation, migrate from PB to BM to reach stem cell niches, is called homing (61). This process is followed by engraftment and expansion of the transplanted cells.

Several years of intensive research have been dedicated to elucidating these phenomena at the cellular and molecular levels, and several complementary and redundant pathways have been proposed (62, 63). In this review, however, we will follow the accumulating evidence that both pharmacological mobilization and conditioning for hematopoietic transplantation by myeloablative chemo- or radiotherapy induce a state of sterile inflammation in the BM microenvironment (64). The former treatment stimulates the egress of HSPCs from BM into PB, while the latter treatment orchestrates HSPC homing to, and engraftment in, BM niches. An important role is played here by activation of innate immunity, including its cellular arm (involving monocytes, macrophages, granulocytes, and dendritic cells) and its humoral arm (involving the complement cascade [ComC] and soluble, circulating pattern-recognition receptors [PRRs]). Intracellularly, the Nlrp3 inflammasome is a crucial element of the innate immune system, which operates in cells belonging to the cellular arm of innate immunity (3) and, as recently demonstrated, is also expressed in HSPCs (12, 13, 30).

The Nlrp3 inflammasome is an important sensor of pathological changes that occur in the body and, as a PRR, responds to both endogenous danger-associated molecular pattern molecules (DAMPs) and pathogen-associated molecular pattern molecules (PAMPs) (1, 6, 65–67). It is important to emphasize that the Nlrp3 inflammasome has, among all intracellular PRRs or NOD-like receptors (NLRs), the unique property of being activated by extracellular adenosine triphosphate (eATP) that by engaging P2X7 and P2X4 purinergic receptors, induces K+ efflux and mitochondrial damage with mitochondrial reactive oxygen species (mtROS) release that activates Nlrp3 inflammasome (68–70). This makes the Nlrp3 inflammasome a crucial link between purinergic signaling and innate immunity responses (71, 72).

In addition to eATP, which is the central mediator of purinergic signaling and operates through P2X purinergic receptors, the Nlrp3 inflammasome can also be activated after stimulation by ComC cleavage fragments (the anaphylatoxins C3a and C5a and the non-lytic C5b-C9 membrane attack complex [MAC]), stromal-derived factor 1 (SDF-1), sphingosine-1-phosphate (S1P), or prostaglandin E2 (PGE2) (73–77). Interestingly, all these listed factors play an important role in the trafficking of HSPCs, which again supports the tight connection between Nlrp3 inflammasome activity and HSPC mobilization and homing. Another important indication is the fact that endotoxins, including liposaccharide (LPS), which on the one hand, potent inducers of HSPCs mobilization, on the other activate Nlrp3 inflammasome. As demonstrated in an elegant paper from Dr. Fibbe’s group, mice depleted of Gram-negative intestinal bacteria by metronidazole treatment or exposed to ploymyxin B in drinking water that binds and eliminates free LPS are poor mobilizers of HSPCs (78). Therefore, since these bacteria are a source of circulating LPS, which is crucial for the expression and basic priming of Nlrp3 inflammasome in cells, it further supports the role of this protein complex in HSPC mobilization (13). As reported, LPS may activate Nlrp3 inflammasome directly after binding to Toll-like receptor 4 (TLR4) via alternative pathway (79, 80).


The Involvement of the NOD-Like Receptor Family Pyrin Domain-Containing Protein 3 Inflammasome in the Pharmacological Mobilization of Hematopoietic Stem/Progenitor Cells

It is known that eATP is a chemoattractant for HSPCs (72). Moreover, as demonstrated recently, the Nlrp3 inflammasome is an important intracellular sensor that activates migration of HSPCs in response to significant chemoattractant for these cells, including stroma derived factor-1 (SDF-1), sphingosine-1 phosphate (S1P), and eATP (11, 12). To illustrate this, mice that are deficient in Nlrp3 (Nlrp3-KO mice) are poor mobilizers of HSPCs in response to commonly employed pro-mobilizing agents, such as G-CSF and AMD3100 (Figure 1). A similar effect is observed in normal mice exposed to a specific Nlrp3 inflammasome inhibitor, the small molecule MCC950 (12). At the cellular level, HSPCs from Nlrp3-KO mice also show attenuated migration in response to S1P, which is a major chemoattractant present in PB that is responsible for chemoattraction of these cells from the BM microenvironment into circulating blood (12). We propose that pro-mobilizing agents stimulate BM innate immunity cells to release eATP, which occurs in a pannexin-1-channel-dependent manner (12). eATP subsequently activates two crucial receptors from the P2X family (P2X7 and P2X4), which are highly expressed on the surface of HSPCs. eATP acts by engaging these two receptors to activate Nlrp3 inflammasomes. In fact, mice with a defect in the release of eATP into the extracellular space, due to blockade of the pannexin 1 channel with a specific blocking peptide, are poor mobilizers, as are P2X7-KO and P2X4-KO mice (81, 82). These interactions revealed an important pathway involving the release of eATP via the pannexin 1 channel, activation of the P2X7 and P2X4 receptors, and Nlrp3 inflammasome activation to stimulate migration of HSPCs. Activation of Nlrp3 inflammasomes in HSPCs and innate immunity cells also leads to the release of other mediators that activate the ComC. We previously reported that ComC cleavage fragments ensure optimal egress of HSPCs into PB (74, 75, 83). The molecular event that occurs after activation of the Nlrp3 inflammasome in HSPCs and promotes and regulates their migration will be discussed later in this review.




Figure 1 | The impact of Nrlp3 KO on the mobilization of murine HSPCs. Mononuclear cells (MNCs) were isolated from WT and Nrlp3–/– mice after 3 days of G-CSF (A) or AMD3100 (B) mobilization. The numbers of WBCs, SKL (Sca-1+/c-kit+/Lin−) cells, and CFU-GM clonogenic progenitors were evaluated in PB. Results from two independent experiments are pooled together. *p ≤ 0.01.





The Involvement of NOD-Like Receptor Family Pyrin Domain-Containing Protein 3 Inflammasomes in Homing and Engraftment of Hematopoietic Stem/Progenitor Cells After Transplantation

Hematopoietic transplantation is preceded by myeloablative conditioning of BM, a pre-transplantation procedure to empty hematopoietic niches and provide space for newly transplanted cells. Myeloablation is performed by employing chemo- or radiotherapy, and the HSPCs that are subsequently infused into the circulation during hematopoietic transplantation sense a homing gradient of BM chemoattractants that promote their navigation to BM hematopoietic niches (61). Here again, as we recently reported, Nlrp3 inflammasome expressed in migrating HSPCs and in cellular components activated in the BM microenvironment plays an important role. Specifically, perturbation of Nlrp3 inflammasome expression directly in HSPCs by the small-molecule inhibitor MCC950 impaired homing and engraftment of these cells after transplantation into control (normal) mice (30). This result has been subsequently reproduced with BM cells from Nlrp3-KO animals (30). This decrease in homing of transplanted HSPCs corresponded to decreased migration of these cells in in vitro assays in response to a gradient of the major chemoattractant expressed in the BM microenvironment, SDF-1. In parallel, we also found that Nlrp3 inflammasome expressed in non-hematopoietic cells in the BM microenvironment is also involved in promoting the homing of HSPCs (30). Specifically, as part of the sterile inflammation response in mice due to myeloablative conditioning for transplantation by lethal irradiation, the expression of Nlrp3 inflammasome is upregulated in BM stromal cells (30). In addition, Nlrp3 inflammasome is involved in the upregulation of SDF-1 in response to lethal irradiation. Activated Nlrp3 inflammasome through DAMPs secreted from cells also promotes activation of the ComC, which facilitates engraftment. Accordingly, as mentioned earlier, we have reported that mice that are deficient in the release of ComC cleavage fragments engraft poorly with HSPCs (84–86).

Therefore, as discussed above, Nlrp3 inflammasome is associated with the innate immune response and the state of BM sterile inflammation to promote optimal pharmacological mobilization and enhance homing and engraftment of HSPCs after myeloablative treatment (87, 88).




The Molecular Events Involved in Nod-Like Receptor Family Pyrin Domain-Containing Protein 3 Inflammasome Activation in Migrating Hematopoietic Stem/Progenitor Cells

The migration of cells in response to gradients of chemoattractants is based on cell polarization, which results in the accumulation of a specific set of receptors and intracellular signaling molecules at the leading and receding surfaces of the cell. Mathematical modeling suggests that these coordinated chemotactic processes require the assembly of cell migration-stimulating receptors and signaling molecules at the front surface and cell migration-inhibiting receptors and factors at the back surface of the migrating cell (89). This model has been well established for the involvement of autocrine/paracrine-secreted eATP in migrating neutrophils in response to a C5a gradient (90), and we have invoked it in the context of HSPC migration (Figure 2).




Figure 2 | Cell migration-promoting mechanisms at the leading surface/edge and the negative-feedback mechanism at the retracting surface/edge of migrating HSPCs. We propose that in response to BM chemoattractants, HSPCs activate Nox2, which is a membrane lipid raft-associated enzyme and a source of ROS [1]. ROS activates the Nlrp3 inflammasome [2], which releases ATP into the extracellular space surrounding HSPCs [3]. In a positive-feedback mechanism, extracellular ATP (eATP) activates the Nlrp3 inflammasome and membrane lipid raft formation so that cells more robustly respond to BM chemoattractants [4]. In a negative-feedback mechanism, eATP is converted by the cell surface-expressed ectonucleotodases (CD39 and CD73) into extracellular adenosine (eAdo), which via the P1 receptors (A2a, A2b) activates heme oxygenase 1 (HO-1) [5], a negative regulator of the Nlrp3 inflammasome [6].



Based on our published results, the Nlrp3 inflammasome has emerged as a central orchestrator of HSPC trafficking and the purinergic signaling pathway, involving eATP signaling via the P2X7 and P2X4 receptors, and seems to be an initiating event during the mobilization of HSPCs. In this process, eATP is released initially from activated and stressed innate immunity cells exposed to pro-mobilizing agents and released in an autocrine-dependent manner from the activated HSPCs themselves. It is also released from cells in the BM microenvironment damaged by myeloablative conditioning for transplantation. Figure 2 shows the molecular events that lead to the migration of HSPCs: from initial activation to amplification, and to maintaining intracellular Nlrp3 activity, as well as decreasing its activation.

The most important BM-homing chemoattractant is SDF-1 (91–93); however, it is also supported by stromal-derived S1P and eATP, which are released in response to myeloablative treatment (94, 95). These factors, as depicted in Figure 2, force (via a cell membrane-expressed nicotinamide adenine dinucleotide phosphate oxidase [NADPH oxidase] isoform known as NOX2) the release of reactive oxygen species (ROS), which activate Nlrp3 inflammasome (5, 96, 97). In fact, there are two sources of ROS: i) cell membrane-derived and ii) mitochondria-derived ROS, which both strongly activate Nlrp3 inflammasome. As a result of this activation, cells may release several DAMPs, including eATP, that potentiate its activation in an autocrine-dependent manner. Another DAMP, high mobility group box 1 (HMGB1), may activate the classical pathway of the ComC after binding to C1q (98). In fact, we observed this phenomenon in mice injected with HMGB1 protein (12). Hyperactivation of Nlrp3 inflammasomes in innate immunity cells may lead to pyroptosis, the release of proteolytic enzymes from these cells, changes in membrane lipid composition, and leakage of ROS. All this together changes the hematopoietic microenvironment and, together with the release of HMGB1 protein, potentiates activation of the ComC. As mentioned above, ComC cleavage fragments, such as the anaphylatoxins C3a and C5a as well as the non-lytic C5b-C9 complex (MAC), may, in turn, activate the Nlrp3 inflammasome. In addition to DAMPs, active forms of interleukin-1β and interleukin-18 are also released from innate immunity cells and HSPCs, which again may employ an autocrine positive feedback loop to activate the Nlrp3 inflammasome (99). Nlrp3 inflammasome may also be triggered by mitochondrial DNA (mtDNA). It has been nicely demonstrated, for example, that Nlrp3 inflammasome may be activated by monosodium urate-induced mtDNA in Toll-like receptor 9 (TLR9) - dependent manner (100). mtDNA may also drive Nlrp3 inflammasome-dependent aging (101).

Nevertheless, the most important autocrine effector stimulating Nlrp3 inflammasome-dependent migration of HSPCs is eATP, which promotes the formation of membrane lipid rafts that include the CXCR4 receptor for SDF-1 at the leading surface of migrating cells (Figure 2). When embedded in membrane lipid rafts in this manner, the CXCR4 receptor responds much more strongly to an SDF-1 gradient (102). A defect in the release of eATP from cells, as seen after pannexin 1 channel blockade, leads to impaired membrane lipid raft formation and reduced migration of HSPCs in response to an SDF-1 gradient (30). A similar effect is achieved by depletion of eATP by pretreatment with apyrase, an enzyme that degrades in extracellular space autocrine-secreted eATP (82).

As depicted in Figures 2 and 3, this Nlrp3-mediated mechanism regulating migration of HSPCs is attenuated by the eATP metabolite extracellular adenosine (eAdo). To explain this finding, eATP is processed by two HSPC surface-expressed ectonucleotidases, CD39 and CD73, to eAdo, which, by engaging specific eAdo signaling receptors at the retracting surface, inhibits the migration of cells (82). To support this eAdo has been already reported to inhibit migration of granulocytes and lymphocytes (104, 105). Our results indicate that HSPCs highly express two out of four members of the family of eAdo receptors, namely A2a and A2b. We are currently investigating which of these two receptors is involved in the inhibitory effects on eAdo migration. We already know that this effect is mediated by the upregulation of intracellular heme oxygenase 1 (HO-1) (106). This anti-inflammatory enzyme is a well-known inhibitor of the Nlrp3 inflammasome and, as we reported, an inhibitor of cell migration (103). Specifically, we reported that HO-1 activators decrease migration of HSPCs, inhibit membrane lipid raft formation at the leading surface of migrating cells, and negatively affect the homing and engraftment of HSPCs (107). These results were subsequently reproduced using HSPCs from HO-1-KO animals.




Figure 3 | Opposing positive-negative (“Yin–Yang”) effects of eATP and eAdo on stem cell trafficking. While eATP promotes cell migration by activating the Nlrp3 inflammasome, eAdo-induced intracellular heme oxygenase 1 (HO-1) inhibits the Nlrp3 inflammasome and stem cell trafficking. A similar negative effect may have inducible nitric oxide synthetase (iNOS) (103).





Potential Strategies to Positively Modulate Nod-Like Receptor Family Pyrin Domain-Containing Protein 3 Inflammasome Expression For Hematopoietic Transplantations

Based on the aforementioned, the Nlrp3 inflammasome may become an important target to enhance mobilization, homing, and engraftment of HSPCs. Figure 3 delineates the involvement of the Nlrp3 inflammasome in HSPC trafficking in response to the SDF-1 gradient and shows the effects of positive (eATP) and negative (eAdo) purinergic signaling mediators. There are several potential strategies to increase the normal expression of Nlrp3 inflammasome in HSPCs and in the BM microenvironment that will be briefly presented below.


To Optimize Potential Strategies to Positively Modulate Nod-Like Receptor Family Pyrin Domain-Containing Protein 3 Inflammasome Expression for Hematopoietic Transplantations Inflammasome Activity During Mobilization of Hematopoietic Stem/Progenitor Cells

There is a need to optimize currently available HSPC mobilization strategies, as a significant percentage of patients are deemed poor mobilizers (62, 108, 109). As mentioned above, mice that are depleted of Gram-negative intestinal bacteria are poor mobilizers (78). This can be explained by the fact that LPS absorbed from the gastrointestinal tract is crucial for the priming of Nlrp3 inflammasomes at the cellular level. This effect is mediated at the transcriptional level by Toll-like receptor 4 (TLR4) in an NFκ-B-dependent manner and by TLR4-mediated phosphorylation of Nlrp3 components (68, 110, 111). Activation of Nlrp3 inflammasomes can be achieved by in vivo administration of potent nontoxic activators of the P2X7 and P2X4 receptors, such as 2′(3′)-O-(4-benzoylbenzoyl) adenosine 5′-triphosphate (BzATP), a more potent agonist of the P2X7 receptor than eATP; and ivermectin, a potent agonist of the P2X4 receptor (112, 113). Another strategy is to take advantage of nigericin, which is an antibiotic derived from Streptomyces hygroscopicus and is a known potent activator of the Nlrp3 inflammasome by inducing K+ efflux, which is a crucial signal for activation of this protein complex (114). Our preliminary results indicate that nigericin at nontoxic doses promotes mobilization of HSPCs (12). Moreover, taking into account the adverse effects of eAdo on the egress of HSPCs from their niches, we can employ the eAdo receptor-blocking agents MSX-2/MSX-3 or PSB-603 or inhibitors of eAdo-induced endogenous heme oxygenase 1 (HO-1). These experimental strategies are ready to be tested in large-animal models.



To Optimize Nod-Like Receptor Family Pyrin Domain-Containing Protein 3 Inflammasome Expression for Hematopoietic Transplantations Inflammasome Expression in Transplanted Hematopoietic Stem/Progenitor Cells

Delayed engraftment of HSPCs, or even failure to engraft, is still a significant problem, mainly if the number of HSPCs is limited (e.g., availability of only a single umbilical cord blood unit, poor mobilizers, poor BM harvest) (109, 115). Therefore, strategies to enhance the homing of transplanted HSPCs by manipulating ex vivo their seeding efficiency potential in BM is a significant clinical problem. This can be solved by enhancing lipid raft formation in HSPCs after ex vivo exposure of these cells to eATP (30). As depicted in Figure 2, the migration of cells in a gradient of chemoattractant is based on cell polarization, which results in the accumulation of a specific set of migration-promoting receptors and intracellular signaling molecules associated with membrane lipid rafts at the leading surface and receptors that negatively affect this process at the receding surface of the cell. Our preliminary results indicate that the Nlrp3 inflammasome plays an important role in increasing chemotactic responsiveness in the migration of HSPCs in an SDF-1 gradient because, as reported previously, HSPCs from Nlrp3-KO mice show i) defective migration in response to SDF-1, S1P, and eATP gradients and ii) engraft more poorly than syngeneic WT cells after transplantation (30). This impaired migration, homing, and engraftment depends on decreased autocrine secretion of eATP on the leading surface and defective formation of membrane lipid rafts. Based on this finding, we may try to increase the responsiveness of HSPCs to homing gradients by stimulating the Nlrp3 inflammasome by ex vivo activation of the P2X4 and P2X7 receptors on the surface of HSPCs by employing (as mentioned in a previous section) BzATP, a potent nontoxic agonist of these receptors, and ivermectin, a potent agonist of P2X4. The Nlrp3 inflammasome can also be activated directly with nigericin (80). Another strategy would be to inhibit eATP conversion to migration-inhibiting eAdo by blocking CD39 and CD73 on the surface of HSPCs ex vivo before transplantation. eATP is metabolized to eAdo, which, as we demonstrated, has a negative effect on the migration of HSPCs (82). Therefore, HSPCs could be exposed ex vivo to the small-molecule inhibitors ARL67156 and AMPCP of CD39 and CD73, respectively. We could also employ, as mentioned above, inhibitors of the eAdo receptors. Moreover, our recent research indicates that the Nlrp3 inflammasome could also be activated in HSPCs by exposure to prostaglandin E2 (PGE2). In fact, PGE2 is currently employed in the clinic to facilitate homing and engraftment of HSPCs (116, 117). Figure 4 delineates that SDF-1/LL-37 induced lipid raft formation containing CXCR4 homing receptor occurs in wild type murine HSPCs cells, but it does not occur in HSPCs cells isolated from Nlrp3-inflammasome-KO mice or cells exposed to apyrase (30). This latter result with apyrase confirms an autocrine role of eATP released in Nlrp3-inflammasome-dependent manner in promoting lipid raft formation, as shown in Figure 2.




Figure 4 | Confocal analysis of membrane lipid rafts in purified murine SKL cells. Representative images of SKL cells sorted from WT BM, stimulated with SDF-1 (50 ng/ml) and LL-37 (2.5 μg/ml); stained with cholera toxin subunit B (a lipid raft marker) conjugated with FITC and rat anti-mouse CXCR4, followed by anti-rat Alexa Fluor 594; and evaluated by confocal microscopy for the formation of membrane lipid rafts. Lipid rafts were formed in SKL cells (upper panel) but not in SKL cells isolated from Nlrp3-KO (middle panel) or cells exposed to apyrase (50 U/ml) lower panel. Representative pictures are shown.





To Optimize Activation of the Nod-Like Receptor Family Pyrin Domain-Containing Protein 3 Inflammasome Expression for Hematopoietic Transplantations Inflammasome in Myeloablated Bone Marrow of the Transplantation recipient

Delayed engraftment of HSPCs, or even failure to engraft, could also be a result of defective homing properties of the BM microenvironment. There are several strategies possible to enhance homing and engraftment of transplanted HSPCs by modulating the BM microenvironment in transplantation recipients by improving the biological effectiveness of the eATP–Nlrp3 inflammasome axis and inhibiting the negative effects of eAdo. Again, one can consider employing nontoxic doses of small-molecule inhibitors of the CD39 and CD73 enzymes (ARL67156 and AMPCP, respectively), as these enzymes are involved in the generation of eAdo in the extracellular space, and inhibitors of the A2a and A2b P1 receptors for eAdo (ANR94 and PSB 603, respectively). In recently published work, it has been demonstrated that proper expression of Nlrp3 inflammasome in BM microenvironment is also involved in facilitating mobilization and homing as well as engraftment of HSPCs (30). This has been confirmed in normal chimeric mice transplanted with BMMNC from Nlrp3-KO and Nlrp3-KO animals bearing control BMMMNC. We are currently trying to address in more detail the role of the Nlrp3-KO microenvironment in these defects.




The Potential Role of the Nod-Like Receptor Family Pyrin Domain-Containing Protein 3 Inflammasome Expression for Hematopoietic Transplantations Inflammasome In Ex Vivo and In Vivo Expansion of Hematopoietic Stem/Progenitor Cells

Expansion of HSPCs ex vivo is important for enriching hematopoietic grafts for these cells or, after transplantation in vivo, speeding repopulation of myeloablated BM with transplanted cells. It has been proposed that Nlrp3 inflammasome-mediated glucose influx into HSPCs in the developing vertebrate embryo expands murine early-development CD41+ HSPCs in vivo, and this effect depends on Nlrp3 inflammasome activation and IL-1β release and is suppressed in IL-1β-KO cells (29). Moreover, as stated, the loss of Nlrp3 inflammasome components prevents the proliferation of embryonic HSPCs (29). Interestingly, positive expansion results were obtained with human iPSC-derived hemogenic cells in the presence of Nlrp3 inflammasome activators. This expansion resulted in a significant increase in multilineage hematopoietic colony formation and strongly suggests that the Nlrp3 inflammasome may indeed regulate the expansion of early-development HSPCs (13, 29). These provocative findings, however, require further study to assess whether, in addition to embryonic HSPCs and iPSC-derived hemogenic cells, the Nlrp3 inflammasome may also expand postnatal normal murine and human HSPCs. Based on the aforementioned, stimulation of Nlrp3 inflammasome activity may become an adjuvant strategy to improve ex vivo expansion of HSPCs. In support of this possibility, our recent results indicate that Nlrp3-KO mice have ~20% fewer Sca-1+Kit+Lin– (SKL) HSPCs in the BM than do WT animals (28). Another question is how expansion could be affected by the eATP metabolite eAdo. Somewhat surprisingly, in a zebrafish embryo model, eAdo has been proposed as a positive regulator of hematopoiesis (118). This potential discrepancy between zebrafish and human could be explained by developmental age and species differences, as, in our hands, eAdo affects proliferation of neither murine nor human HSPCs.

The role of Nlrp3 inflammasomes on proliferation and development of HSPCs needs to be better addressed in models of stress-induced hematopoiesis. The question is whether Nlrp3 inflammasome-KO animals will display a defect in hematopoietic recovery from sublethal irradiation. Moreover, if any defects are seen, would they depend on Nlrp3 inflammasome expression in HSPCs or in the BM hematopoietic microenvironment? To address these questions, we are currently performing the appropriate experiments.



Conclusions

The Nlrp3 inflammasome has become a “rising star” in the study of normal and pathological hematopoiesis, as it has pleiotropic effects in hematopoietic cells. The physiological activation of this intracellular protein complex is crucial to maintaining normal hematopoiesis and normal trafficking of HSPCs, and its hyperactivation leads to cell death by pyroptosis. In this review, we summarized the emerging role of the Nlrp3 inflammasome in connecting purinergic signaling and the responses of innate immunity to direct mobilization, homing, and engraftment of transplanted HSPCs. Potential approaches have also been proposed that are based on the modulation of Nlrp3 inflammasome activity, and that could positively affect outcomes of hematopoietic transplantations. What was not discussed in this review is the fact that prolonged hyperactivation of the Nlrp3 inflammasome is involved in sterile inflammation of BM, which may contribute to certain hematological pathologies, including myelodysplastic syndrome, myeloproliferative neoplasms, leukemia, the onset of graft-versus-host disease (GvHD) after transplantation, and the induction of cytokine storms, as seen as a complication in CAR-T cell therapy or COVID19 infection (reviewed in reference 13). Therefore, more research is needed to define the boundaries of the safety window and to study the transition of Nlrp3 inflammasomes from being beneficial to a detrimental modulator of the hematopoietic system.
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Inflammation is a host protection mechanism that eliminates invasive pathogens from the body. However, chronic inflammation, which occurs repeatedly and continuously over a long period, can directly damage tissues and cause various inflammatory and autoimmune diseases. Pattern recognition receptors (PRRs) respond to exogenous infectious agents called pathogen-associated molecular patterns and endogenous danger signals called danger-associated molecular patterns. Among PRRs, recent advancements in studies of the NOD-, LRR- and pyrin domain-containing protein 3 (NLRP3) inflammasome have established its significant contribution to the pathology of various inflammatory diseases, including metabolic disorders, immune diseases, cardiovascular diseases, and cancer. The regulation of NLRP3 activation is now considered to be important for the development of potential therapeutic strategies. To this end, there is a need to elucidate the regulatory mechanism of NLRP3 inflammasome activation by multiple signaling pathways, post-translational modifications, and cellular organelles. In this review, we discuss the intracellular signaling events, post-translational modifications, small molecules, and phytochemicals participating in the regulation of NLRP3 inflammasome activation. Understanding how intracellular events and small molecule inhibitors regulate NLRP3 inflammasome activation will provide crucial information for elucidating the associated host defense mechanism and the development of efficient therapeutic strategies for chronic diseases.
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Activation of the NLRP3 Inflammasome

NLRP3 is an intracellular sensor in the NLRP3 inflammasome that recognizes the widest range of pathogen-associated molecular patterns (PAMPs) and danger-associated molecular patterns (DAMPs) among NLRP family members. NLRP3 has three domains: an amino-terminal pyrin domain (PYD) that binds to ASC, a NACHT domain with ATPase activity, and an LRR domain that induces autorepression by folding back onto the NACHT domain (1). The ATPase activity of the NACHT domain in particular has been studied as a therapeutic target for NLRP3-related diseases (1).

ASC is an adapter protein that acts as a bridge between NLRP3 and caspase-1. ASC is a bipartite complex consisting of a PYD domain that interacts with NLRP3 and a CARD domain that interacts with caspase-1. The PYD domain of ASC is also required for its self-association as well as its interaction with NLRP3 (2).

Caspase-1 is a cysteine ​​protease that is synthesized as a zymogen and is capable of processing members of the interleukin-1 (IL-1) family, such as IL-1β and IL-18 (3). Full-length caspase-1 has three domains: an amino-terminal CARD, a central large catalytic domain (p20) and a carboxy-terminal small catalytic subunit domain (p10) (4). Caspase-1 clusters on the ASC and is self-cleaving at the linker between p20 and p10, resulting in a complex of p33 (including CARD and p20) and p10. Caspase-1 remains bound to ASC and exhibits proteolytic activity, while additional processing between CARD and p20 releases p20 and p10 from the ASC (5). The released p20–p10 heterotetramer is unstable in the cell and terminates its protease activity (6).

Canonical NLRP3 inflammasome activation requires a priming step. The priming step triggers upregulation of NLRP3 and IL-1β gene as well as post-translational licensing of NLRP3 inflammasome. Priming is initiated by Toll-like receptor (TLR) activation and cytokines such as TNF and IL-1β. Through this process, NF-κB, a transcription factor, is activated and transcriptionally upregulates NLRP3 and pro IL-1β. Moreover, priming sets up NLRP3 to form inflammasome assembly (7) or rescues from degradation (8) by licensing the proteins to form the correct morphology for self-oligomerization and interaction with ASC, through various post-translational modifications (PTM) to NLRP3. PTMs include ubiquitylation, deubiquitination, phosphorylation, and sumoylation of NLRP3 (7). The PTMs of NLRP3 occur during processes such as priming, activation, and resolution. Thus, priming signals regulate NLRP3 inflammasome activation through transcription-dependent pathways and PTMs.

After priming, NLRP3 responds to activating stimuli and assembles the NLRP3 inflammasome complex. These stimuli are derived from PAMPs during pathogen infections or DAMPs released from damaged host cells and include bacterial or viral pathogens, fungi, ATP, pore-forming toxins, crystalline substances, nucleic acids, and hyaluronan. The mechanisms of NLRP3 inflammasome activation that occur in response to various stimuli include the efflux of potassium, the secretion of cathepsin into the cytoplasm following lysosome degradation, the translocation of NLRP3 to the mitochondria, the production of free radicals in the mitochondria, and the secretion of mitochondrial DNA or cardiolipin. Once stimulated, NLRP3 is oligomerized by homotypic interactions in the NACHT domains (9). Subsequently, oligomerized NLRP3 recruits ASC through PYD-PYD interactions and creates multiple helical ASC filaments that combine with ASC speck, a single macromolecule (10). Assembled ASC recruits caspase-1 through CARD-CARD interactions and activates caspase-1 through its self-cleavage (6). Then, the activated NLRP3 inflammasome hydrolyzes inactive pro-caspase-1 to activate caspase-1, and active caspase-1 then induces the production and secretion of inflammasome-specific cytokines such as IL-1β and IL-18 while simultaneously inducing pyroptosis, which is inflammatory cell death (11).

Pyroptosis is an inflammatory form of lytic programmed cell death that is activated by NLRP3 inflammasomes. Interestingly, a recent study showed that GSDMD is a crucial mediator of pyroptosis (12). The amino-terminal cell death domain of GSDMD (GSDMDN-term) possesses a central short linker region and a carboxy-terminal autoinhibition domain (13). Caspase-1 cleaves and releases GSDMD from the carboxyl terminus to overcome intramolecular inhibition, after which GSDMDN-term combines with phosphatidylinositol phosphates and phosphatidylserine in the inner leaflet of the cell membrane and oligomerizes. This oligomer is then inserted into the plasma membrane to form 10-14 nm pores containing 16 symmetrical protomers for cell killing (14, 15). Additionally, GSDMDN-term exhibits bactericidal activities by combining with cardiolipin, which is present in the internal and external bacterial membranes (14, 16). Cardiolipin is also present on the internal and external mitochondrial membranes following NLRP3 activation (17). However, it is unclear whether GSDMDN-term penetrates the mitochondria to combine with mitochondrial cardiolipin.

Full activation of the NLRP3 inflammasome is accomplished by a well-concerted mechanism which includes the priming step and the activation step (Figure 1). The priming is an essential prerequisite to induce expression of NLRP3 and pro-form of IL-1β and IL-18 while the activation step involves an inflammasome assembly in an organized fashion to make pro-caspase-1 activated. The combination of these two events is expected to commonly take place when the host is exposed to PAMPs and DAMPs since PAMPs and DAMPs can activate both priming and activation steps.




Figure 1 | NLRP3 inflammasome pathway. Two steps are required for NLRP3 inflammasome activation. The first step is priming, which is triggered by microbial molecules or endogenous cytokines and is required to induce the expression of pro-interleukin-1β (IL-1β), pro-IL-18, and NLRP3 via the activation of the transcription factor nuclear factor-κB (NF-κB). The second step is NLRP3 inflammasome activation, which includes canonical and noncanonical activation pathways and is induced by a number of PAMPs and DAMPs. The canonical activation pathway involves stimulation-mediated activation signals such as ion fluxes, lysosome rupture, mitochondrial dysfunction, Golgi apparatus disassembly, metabolic stress, and ER stress. Activation of the inflammasome causes caspase-1 activation, leading to the maturation and release of IL-1β/IL-18 and pyroptosis. The noncanonical activation pathway is mediated by human caspase-4, human caspase-5, and mouse caspase-11, indirectly promoting the production of pro-IL-1β or pro-IL-18. Receptor-interacting protein kinase 1 (RIPK1), FAS-associated death domain protein (FADD), and caspase-8 are involved in this pathway by regulating NF-κB activation, leading to NLRP3 inflammasome activation.





Noncanonical and Alternative Pathways for NLRP3 Inflammasome Activation

Recently, caspase-4 and -5 in human and caspase-11 in mouse have been shown to indirectly promote pro-IL-1β or pro-IL-18 activation by inducing NLRP3 inflammasome activation as a noncanonical NLRP3 activation pathway (18, 19). The noncanonical pathway is initiated by direct binding of these caspases to intracellular LPS (iLPS) produced by Gram-negative bacteria, independent of TLR4, the conventional LPS receptor (20). Caspase-11 induces extracellular release of ATP, which in turn activates P2X7 receptor and induces K+ efflux, leading the activation of NLRP3 inflammasome and production of mature IL-1β (21). In addition, activated caspase-4, -5, and -11 cleave gasdermin D (GSDMD), resulting in pyroptosis (13, 16). Caspase-4, -5, and -11 initiate pyroptosis similarly to caspase-1, but they do not directly cleave pro-IL-1β or pro-IL-18 (22).

Caspase-8, the apical activator caspase, provides an alternative pathway of the NLRP3 inflammasome activation, culminating in IL-1β and IL-18 maturation as well as cell death (23, 24). Notably, caspase-8-dependent NLRP3 activation is a species-specific pathway that is present in human and porcine peripheral blood mononuclear cells (PBMCs), but not murine cells (25). TLR4 stimulation by PAMPs and/or DAMPs activates RIPK1-FADD-caspase-8 signaling, which can directly trigger canonical NLRP3 oligomerization and inflammasome assembly as well as facilitate NF-κB transcription (25). In addition, RIPK1-FADD-caspase-8 signaling is involved in TLR3 priming for activation of NLRP3 inflammasome (26). Blockade of TGF-β activated kinase-1 (TAK1) by the Yersinia bacteria leads to cleavage of GSDMD RIPK1- and caspase-8-dependently, promoting the NLRP3 inflammasome activation and IL-1β secretion as well as cell death (27). In contrast, a negative role of caspase-8 in regulation of NLRP3 inflammasome was reported (28). Caspase-8-deficient dendritic cells showed higher production of IL-1β with enhanced activation of NLRP3 inflammasome, which is dependent on the functions of RIPK1 and RIPK3 (28). Although the exact role of caspase-8 in the regulation of NLRP3 inflammasome and inflammatory processes remains to be determined, the studies suggest the possible link between NLRP3 inflammasome, apoptosis, and inflammation mediated by caspase-8.

Considering complexity of in vivo inflammatory processes, noncanonical and alternative pathways for the NLRP3 inflammasome activation in addition to canonical pathway may play differential roles in the pathology of inflammatory diseases in different context.



Intracellular Events Regulating NLRP3 Inflammasome Activation


Ion Fluxes

Most NLRP3 stimuli, including ATP, nigericin, and particulate matter induce K+ efflux (29). The P2X7 receptor, which belongs to the P2X subfamily of ligand-gated ion channels with purine P2 receptors, can be activated by high concentrations of extracellular ATP, leading to the,NLRP3 inflammasome activation (30). The P2X7 receptor plays an important role in mediating the innate immune response by regulating the expression of pro-inflammatory cytokines of the IL-1 family (31). After ATP stimulation, P2X7 promotes Ca2+ and Na+ influx and coordinates with the K+ channel, two-pore domain weakly inward rectifying K+ channel 2 (TWIK2), which mediates K+ efflux (32). Lowering cytoplasmic K+ concentration was sufficient to activate the NLRP3 inflammasome (33). Active caspase-11 led to a decrease of intracellular potassium K+ levels, resulting in the activation of the NLRP3 inflammasome, suggesting the link between noncanonical and canonical NLRP3 activation pathways (33). K+ efflux is also suggested as the mechanism for which cytopathogenic RNA viruses such as vesicular stomatitis virus (VSV) or encephalomyocarditis virus (EMCV) induce activation of the NLRP3 inflammasome (34). These cytopathogenic viruses triggered a lytic cell death, which led to K+ efflux (34).

Na+ influx plays a regulatory role in NLRP3 inflammasome activation, possibly by regulating stimulus-induced K+ efflux. Combination of K+ efflux with Na+ influx is considered necessary for activation of the NLRP3 inflammasome induced by crystalline and lysosomal destabilization (35). Overactivation of the epithelial Na+ channel, ENaC, aggravated NLRP3 inflammasome activation by enhancing Na+ influx and subsequently K+ efflux, culminating in the exacerbated inflammatory responses in cystic fibrosis (36). High salt treatment increased production of IL-1β in monocytes and dendritic cells while treatment with an ENaC inhibitor, amiloride, blocked IL-1β production in these cells (37). Similarly, high salt diet to mice induced increased expression of NLRP3 and pro‐IL-1β in monocytes and dendritic cells whereas treatment with amiloride, an ENaC inhibitor, to mice fed high salt diet showed less expression of NLRP3 and pro‐IL-1β, suggesting an ENaC-dependent activation of NLRP3 inflammasome in response to high salt (37).

The importance of chloride efflux in regulation of NLRP3 inflammasome activation has been noted and the involvement of the volume regulated anion channel (VRAC) was reported (38, 39). Knockout of LRRC8A, a subunit of VRAC, in macrophages resulted in significant impairment of ASC oligomerization, caspase-1 cleavage, and IL-1β processing induced by hypotonicity, showing the critical role of VRAC in the regulation of NLRP3 inflammasome activation (40). Chloride intracellular channels (CLICs) have been reported to regulate NLRP3 inflammasome activation (41). A nonsteroidal anti-inflammatory agent inhibited chloride leakage through VRAC to prevent NLRP3 inflammasome activation (42) and CLIC was suggested to function as a VRAC activator (43). Various Cl- channel inhibitors, including 4,4’-diisothiocyano-2,2’stilbene-disulfonic acid (DIDS) (43), 5-nitro-(3-phenylpropylamino) benzoic acid (NPPB) (38), flufenamic acid, mefenamic acid (42), and indanyloxyacetic acid 94 (IAA94) (43), block the NLRP3 inflammasome but cannot block the NLRC4 or AIM2 inflammasomes. CLICs translocate to the plasma membrane and promote NLRP3-NEK7 interactions, triggering Cl- flux as a downstream event of mitochondrial dysfunction that regulates NLRP3 inflammasome activation (43). Cl- efflux can induce ASC speck formation but does not induce NLRP3 inflammasome activation without K+ efflux (44). Further studies are needed to elucidate how Cl- flux coordinates with other ionic events to trigger NLRP3 inflammasome activation.



Lysosomal Destabilization

The phagocytosis of particulates causes lysosomal rupture, releasing particulates into the cytoplasm. Lysosomal destabilization was first revealed as a pathway mediating the activation of NLRP3 inflammasome by amyloid β, a pathogenic misfolded protein expressed in Alzheimer’s disease (45). The accumulation of crystals such as β-amyloid, monosodium urate (MSU), silica, and asbestos, in the cell destabilizes phagosomes and leads to the release of various components, including proteases, lipases, cathepsins, and Ca 2+ in the cytosol, leading to K+ efflux and the induction of NLRP3 assembly and activation (46). In addition, in Prion disease, the prion protein (PrP) misfolds induced lysosome destabilization and NLRP3 inflammasome activation (47). Lysosome rupture and the release of lysosomal hydrolases, especially cathepsin B, have been shown to be essential for albumin-induced tubulointerstitial inflammation (TI) and fibrosis, suggesting that lysosomal damage is involved in the pathogenesis of chronic kidney disease through NLRP3 inflammasome activation (48). Anti-cancer chemotherapeutic agents such as gemcitabine and 5-fluorouracil, induced activation of the NLRP3 inflammasome, which was dependent on lysosomal permeabilization and the release of cathepsin B, while this activation in myeloid-derived suppressor cells blunted their anticancer efficacy (49). In addition to cathepsin B, multiple cathepsins such as cathepsin L, C, S, and X had been shown to promote both pro-IL-1β synthesis and NLRP3 activation in compensatory and independent manners (50, 51). Lysosome destabilization is linked to ion flux in the process of NLRP3 inflammasome activation (29). The lysosome-destabilizing agonist, Leu-Leu-O-methyl ester (LLME), induced lysosome membrane permeabilization, which correlated with K+ efflux and NLRP3 inflammasome activation in murine dendritic cells (52). However, extensive lysosome destabilization attenuated NLRP3 inflammasome activation with increase of Ca2+ influx, while it potentiated necrosis in murine bone marrow-derived dendritic cells (53).

Lysosomal destabilization-induced activation of the NLRP3 inflammasome is the feature of particulate matter and crystalline, elucidating the pathological mechanisms of the relevant inflammatory diseases, including amyloid β with Alzheimer’s disease, monosodium urate with gout, cholesterol crystalline with atherosclerosis, silica with silicosis, and asbestos with asbestosis.



Mitochondrial Dysfunction

Cardiolipin (1,3-bis(sn-3’-phosphatidyl)-sn-glycerol), a phospholipid constituent of the inner mitochondria membrane, links the mitochondria to the NLRP3 inflammasome activation (17). During mitochondrial stress, cardiolipin is exposed to the outer membrane, where it serves as a binding site during autophagy and apoptosis (54). Cardiolipin independently interacts with NLRP3 and full-length caspase-1, of which event is essential for inflammasome activation. MAVS is a mitochondrial protein that is necessary for the post-stimulus activation of the NLRP3 inflammasome by functioning as an adaptor protein in RNA-sensing pathways associated with RNA virus infections (55, 56). MAVS promotes NLRP3 inflammasome activation by recruiting NLRP3 to the mitochondrial outer membrane (55). Although MAVS is necessary for the RNA virus infection-mediated activation of the NLRP3 inflammasome, it may be dispensable for NLRP3 activation by other stimuli. Mitofusin 2 (Mfn 2), which is present in the outer mitochondrial membrane, endoplasmic reticulum, and contact sites of mitochondria-associated membrane, has been reported to be an essential factor for NLRP3 activation during RNA virus infection (57). During viral infection, Mfn2 forms a complex with MAVS and aids in the localization of NLRP3 in the mitochondria (57).

Reactive oxygen species (ROS) production was involved in the activation of NLRP3 inflammasome induced by ATP, MSU crystal, silica, and asbestos, suggesting mitochondrial ROS as a critical mediator for the NLRP3 inflammasome activation (58). Caspase-1 activation and IL-1β production in lipopolysaccharide (LPS)- and ATP-treated macrophages are dependent on mtROS generation and mitochondrial membrane permeability transition (59). The translocation of mitochondrial DNA (mtDNA) to cytosol was correlated with the activation of caspase-1 activation in LPS- and ATP-treated macrophages (59). Furthermore, oxidized mtDNA released during programmed cell death induced by NLRP3 activators such as ATP, bound to and activated the NLRP3 inflammasome (60). The de novo synthesis of mtDNA was induced by TLR signals accompanied with an expression of CMPK2, an enzyme that provides deoxyribonucleotides for mtDNA synthesis (61). CMPK2-dependent mtDNA synthesis resulted in the production of oxidized mtDNA fragments was required for NLRP3 inflammasome activation (61). The role of mtDNA-mediated activation of NLRP3 inflammasome in the development of inflammatory diseases is reported with Type 1 Diabetes (62).

These suggest mitochondria as central regulators of NLRP3 inflammasome activation induced by cellular stress, infections, and the NLRP3 activators, accompanying with mitochondrial dysfunction to promote the activation of NLRP3 inflammasome.



Golgi Apparatus Disassembly

NLRP3 stimuli have been shown to promote the disassembly of the trans-Golgi network into vesicles called the dispersed trans-Golgi network (dTGN) using a cellular reconstitution system. The phospholipid phosphatidylinositol-4-phosphate of dTGN recruits NLRP3 and promotes its aggregation, which is essential for downstream ASC oligomerization and caspase-1 activation (63). The K+ efflux-dependent stimulus (i.e., nigericin) and K+ efflux-independent stimulus (i.e., imiquimod) aid in the formation of dTGN and cause NLRP3 aggregation. However, K+ efflux, is only necessary for the recruitment of NLRP3 and not for dTGN formation (64), indicating that the K+ efflux-dependent and mitochondria-dependent activation of NLRP3 are two separate pathways that converge at the Golgi disassembly stage.



Metabolic Stress

Glucose phosphorylation, the first step in glycolysis, is mediated by hexokinase. During bacterial infection, the decomposition of the bacterial cell wall component peptidoglycan in lysosomes releases N-acetylglucosamine (GlcNAc). Hexokinase, which is located on the mitochondrial membrane, then combines with GlcNAc and promotes its relocalization in the cytosol. This GlcNAc-induced hexokinase relocalization promotes NLRP3 inflammasome activation regardless of K+ efflux (65). Although chemical disruption of glycolysis activates the NLRP3 inflammasome following priming (66), the interpretation of such observations is complicated, as the inhibition of glycolysis during priming results in the inhibition of LPS-induced gene transcription of IL-1β (67).

Saturated fatty acid such as palmitate induced IL-1β secretion in LPS-treated primary macrophages, suggesting the activation of NLRP3 inflammasome by saturated fatty acids, of which mechanism involves the lysosomal rupture and cathepsin B release (68). Saturated fatty acids-induced activation of the NLRP3 inflammasome was mediated by intracellular crystallization accompanied with subsequent lysosomal dysfunction (69). Similarly, oxidized low-density lipoprotein that is recognized by scavenger receptor CD36, causes crystallization to induce the NLRP3 inflammasome activation (70). Oxidized phosphatidylcholine induced activation of the NLRP3 inflammasome mediated by miROS production and mitochondrial destabilization (71). In contrast, unsaturated fatty acids such as oleate and linoleate blocked IL-1β secretion induced by saturated fatty acids, or NLRP3 inducers such as nigericin, alum, and MSU in human monocytes/macrophages (72).

These show the link between the NLRP3 inflammasome and metabolic diseases, suggesting how the metabolic dysfunction leads to augmented inflammation. The activation of the NLRP3 inflammasome by metabolic stress involves a variety of cellular stress pathways including ROS production, ion fluxes, mitochondrial dysfunction, and lysosomal destabilization. The intracellular events involved in the activation of the NLRP3 inflammasome are interconnected and well-correlated to accomplish full activation of the NLRP3 inflammasome.

Collectively, despite of efforts to elucidate the upstream events during NLRP3 activation, a single unifying model has not been proposed, with the evidence obtained to date involving pharmacological inhibition rather than genetic approaches. Thus, it is difficult to analyze the indirect or off-target effects associated with NLRP3 activation. For example, it is difficult to ascertain whether mitochondrial dysfunction and mitochondria-derived ROS (mtROS) are the decisive factors for NLRP3 activation because other events such as ion flux changes and small organ damage, occur simultaneously. The intracellular signaling events may be interconnected or converge to further downstream steps to maximize NLRP3 inflammasome activation.




PTM Regulation of the NLRP3 Inflammasome

Emerging roles have been identified for many intracellular molecules in regulating NLRP3 inflammasome activation. Some of the proteins promote NLRP3 inflammasome activation by binding to the inflammasome components to promote their PTMs, such as phosphorylation, sumoylation, and ubiquitination, while some prevent NLRP3 inflammasome activation via PTM. To manipulate the NLRP3 inflammasome for therapeutic purposes, identifying the intracellular proteins regulating PTM of the NLRP3 inflammasome and understanding their mechanisms of action is of crucial importance (Figure 2).




Figure 2 | Post-translational regulation of the NLRP3 inflammasome activation. A schematic diagram of the intracellular proteins that positively and negatively regulate NLRP3 inflammasome activity.




Regulators of Phosphorylation

Phosphorylation of NLRP3 at Ser198 by JNK1 is an essential prerequisite event that occurs during the priming step, inducing the self-association of NLRP3 to promote active inflammasome assembly (73). Phosphorylation by JNK1 promotes NLRP3 deubiquitination, while S194A mutation or JNK inhibition interferes with the interaction of NLRP3 with BRCC3 and disrupts NLRP3 deubiquitination (73).

Protein kinase D (PKD) is required for NLRP3 inflammasome activation. PKD phosphorylates human Ser295 (mouse Ser291) in the NACHT domain of NLRP3 at the Golgi to free NLRP3 from mitochondria-associated endoplasmic reticulum membranes (MAMs), resulting in the recruitment of ASC to NLRP3 (74). Blockade of PKD activity led to the suppression of NLRP3 inflammasome activity in macrophages (74).

NIMA-related kinase 7 (NEK7) is a serine-threonine kinase that may be a crucial component for NLRP3 inflammasome activation. NEK7 interacts with NLRP3 to create ASC specks and induce oligomerization as an essential complex for caspase-1 activation (75). NEK7 can directly bind to NLRP3 protein, leading to NLRP3 inflammasome assembly due to K+ efflux. Moreover, chloride intracellular channel (CLIC)-dependent Cl- efflux can promote NEK7-NLRP3 interactions and subsequent ASC oligomerization (43). However, it remains unclear how intracellular Cl- efflux regulates the NEK7-NLRP3 interaction.

Syk and JNK are responsible for the phosphorylation of ASC in macrophages, with Tyr144 being a putative phosphorylation site (76). Interestingly, Syk has a cell type-specific role in NLRP3 inflammasome activation, as is not essential for this process in dendritic cells (76). The phosphorylation of Tyr144 in mouse ASC was shown to be required for ASC speck formation and caspase-1 activation in NLRP3 inflammasome activation but dispensable for the interaction of ASC with NLRP3 (76).

Protein kinase A (PKA) activation by prostaglandin E2 via the PGE2 receptor E-prostanoid 4 (EP4) leads to inhibitory phosphorylation of NLRP3 at Ser295 in human NLRP3, resulting in the suppression of ATPase activity of NLRP3 (77). In addition, PKA activation by bile acids through the TGR5 bile acid receptor leads to the phosphorylation of mouse NLRP3 at Ser 291, culminating in NLRP3 and ubiquitination the blockade of NLRP3 inflammasome activation (78).

Protein phosphatase (PP2A) participates in NLRP3 activation by dephosphorylating NLRP3 at Ser5 (79). Ser5 is located in the NLRP3 PYD-ASC PYD interaction motif, and its phosphorylation disrupts the association of NLRP3 and ASC (79). However, the kinase that phosphorylates Ser5 of NLRP3 has not been identified.

Protein tyrosine phosphatase nonreceptor type 22 (PTPN22) is required for NLRP3 inflammasome activation since PTPN22 knockdown results in decreased IL-1β secretion (80). PTPN22 promotes NLRP3 inflammasome activation by dephosphorylating Tyr861 in human NLRP3 (80). A Y861C mutation in NLRP3 has been reported in patients with chronic infantile neurologic cutaneous and articular syndrome (CINCA), and the Y861F mutation in NLRP3 has been shown to enhance NLRP3 inflammasome activation compared to wild-type NLRP3 (80).

Src homology 2 (SH2) domain-containing tyrosine phosphatase-2 (SHP2, encoded by the gene PTPN11) is a negative regulator of the NLRP3 inflammasome (81). SHP2 deficiency was shown to lead to excessive NLRP3 inflammasome activation in macrophages and aggravated peritonitis symptoms in a mouse model (81). SHP2 translocates to the mitochondria in response to NLRP3 inflammasome stimulators and binds to and dephosphorylates adenine nucleotide translocase 1 (ANT1), which plays a role in controlling mitochondrial permeability transition. SHP2 prevents the collapse of mitochondrial membrane potential and the subsequent release of mitochondrial DNA and reactive oxygen species, thereby suppressing hyperactivation of the NLRP3 inflammasome (81).

Bruton’s tyrosine kinase (BTK) has been reported to be a positive regulator of the NLRP3 inflammasome (82), as BTK inhibitors and dysfunctional BTK mutants inhibit NLRP3 inflammasome activation in macrophages, and BTK directly interacts with ASC and NLRP3, promoting ASC aggregation (82). The FDA-approved BTK inhibitor ibrutinib was shown to protect against ischemic brain injury by reducing mature IL-1β and caspase-1 activation in infiltrating macrophages and neutrophils in the infarcted area of the ischemic brain (82). Another study showed that a BTK inhibitor or BTK deficiency can impair NLRP3 inflammasome activation (83). BTK is associated with NLRP3 and ASC and promotes ASC speck formation and caspase-1 cleavage (83), with the BTK inhibitor ibrutinib shown to be effective in blocking IL-1β secretion in immune cells derived from Muckle-Wells syndrome patients (83). In contrast, a recent study showed a negative role of BTK in regulating NLRP3 inflammasome activity (84), with BTK deficiency enhancing NLRP3 inflammasome activity in macrophages (84). BTK binds to NLRP3 during the priming step of inflammasome activation, preventing NLRP3 inflammasome assembly induced by NLRP3 activators during the activation phase of inflammasome activation (84). BTK was shown to block PP2A-mediated dephosphorylation of Ser5 in the pyrin domain of NLRP3 to inhibit the NLRP3 inflammasome (84). However, the exact role of BTK in NLRP3 inflammasome regulation and whether BTK has different roles in different contexts needs to be further examined.

TGF-β activated kinase-1 (TAK1) has been suggested to function as a negative regulator to prevent spontaneous NLRP3 activation (85). TAK1 deficiency was shown to lead to spontaneous NLRP3 inflammasome activation in macrophages, suggesting that TAK1 maintains NLRP3 inflammasome quiescence (85).

p21-activated kinase 1 (PAK1) is involved in caspase-1 activation induced by Helicobacter pylori LPS (86) by phosphorylating Ser376 in the p10 subunit of caspase-1 (86).



Regulators of Sumoylation

NLRP3 was conjugated with SUMO-2/-3 and sumoylated at basal state, mediated by interaction between MAPL (also known as MUL1), a SUMO E3 ligase, and NLRP3 (87). Activating signals such as nigericin reduced sumoylated NLRP3, possibly by disrupting NLRP3-MAPL interaction (87). The SUMO E2 ligase, UBC9 interacted with the SUMO consensus motif surrounding K689 of NLRP3 (87). Deficiency of sentrin-specific protease 6 (SENP6) and SENP7, which are SUMO de-conjugating enzymes, reduced NLRP3 inflammasome activation (87). In contrast, SUMO1-catalyzed sumoylation of NLRP3 Lys204 promoted inflammasome activation whereas SENP3, a deSUMOylase, induced NLRP3 deSUMOylation to attenuate inflammasome activation (88). The precise role of sumoylation by different enzymes and at different activation steps needs to be further elucidated.



Regulators of Ubiquitination

Pellino2, an E3 ubiquitin ligase, is required for NLRP3-induced ASC oligomerization and mature IL-1β production (89). LPS induces the interaction of Pellino2 with NLRP3 and Pellino2 FHA, and RING domains facilitate NLRP3 activation by promoting the K63-linked ubiquitination of NLRP3 during the priming step (89). Pellino2-deficient mice and myeloid cells show impaired NLRP3 activation in response to Toll-like receptor priming, NLRP3 stimuli and bacterial challenge (89).

BRCA1-BRCA2 containing complex subunit 3 (BRCC3) plays a role in NLRP3 inflammasome via deubiquitination of the LRR domain of NLRP3 by directly binding to ubiquinated NLRP3 (90). Furthermore, BRCC3 knockdown was shown to reduce the ATP-induced secretion of mature IL-1β by in macrophages (91).

Deficiency of tumor necrosis factor alpha-induced protein 3 (TNFAIP3, also known as A20), a deubiquitinating enzyme, was observed to enhance NLRP3 inflammasome-mediated caspase-1 activation, pyroptosis, and IL-1β secretion in macrophages, while activation of the NLRC4 and AIM2 inflammasomes was not affected (92).

The E3 ubiquitin ligase TRIM31 plays a negative regulatory role in NLRP3 inflammasome activation (93). TRIM31 directly binds to NLRP3, promoting the K48-linked polyubiquitination and proteasomal degradation of NLRP3 (93). Furthermore, TRIM31 deficiency enhances IL-1β secretion in vivo and aggravates alum-induced peritonitis in mice (93).

FBXL2 interacts with Trp73 in NLRP3 and targets Lys689 in NLRP3 for ubiquitin ligation, leading to the degradation of NLRP3 and a reduction in IL-1β and IL-18 secretion in human inflammatory cells (8).

The E3 ubiquitin ligase MARCH7 is involved in the ubiquitination and degradation of NLRP3 in neurotransmitter dopamine-treated macrophages (94). Dopamine negatively regulates the NLRP3 inflammasome via cyclic adenosine monophosphate (cAMP), which binds to NLRP3 and promotes its K48-linked polyubiquitination and degradation through MARCH7 activity (94). In addition, it was demonstrated that the LRR domain of NLRP3 is a key region for MARCH7-mediated ubiquitination and degradation (94).

Ariadne homolog 2 (ARIH2), an E3 ligase, interacts with the NACHT domain of NLRP3, leading to the K48- and K63-linked ubiquitination of NLRP3 and downregulation of NLRP3 inflammasome activation (95). ARIH2 deficiency results in increased NLRP3 inflammasome activation and IL-1β production, while ARIH2 overexpression inhibits NLRP3 inflammasome activation (95).

TNFR-associated factor 3 (TRAF3) is a direct E3 ubiquitin ligase for ASC (96), with ASC ubiquitination at Lys174 being crucial for speck formation and NLRP3 inflammasome activation. TRAF3 deficiency results in impaired ASC ubiquitination and cytosolic aggregate formation, resulting in decreased inflammasome responses during RNA virus infection (96).

HOIL-1L is a component of the linear ubiquitination assembly complex (LUBAC), which consists of HOIL-1L, HOIP, and Sharpin. ASC is linearly ubiquitinated by LUBAC, and HOIL-1L is required for ASC foci formation and NLRP3/ASC inflammasome assembly (97). Furthermore, HOIL-1L-deficient macrophages were observed to be impaired in mature IL-1β secretion upon NLRP3 activation stimuli (97).

Inhibitors of apoptosis proteins (IAPs), such as cIAP1 and cIAP2, have E3 ubiquitin ligase activity. cIAP1 and cIAP2 interact directly with caspase-1 and are required for inflammasome assembly and caspase-1 activation, which is mediated by the K63-linked polyubiquitination of caspase-1 (98).

Collectively, PTMs of the NLRP3 inflammasome show that the NLRP3 inflammasome activity is regulated by various signaling components in a complex and elaborated fashion. It needs to be further elucidated that how each PAMP or DAMP modulates the activity of PTM-related signaling molecules and what the interactions between different PTMs are.




Small Molecules and Phytochemicals Regulating the NLRP3 Inflammasome Activation

The NLRP3 inflammasome plays a pivotal role in development and progress of many common inflammatory diseases (99). The NLRP3 inflammasome has been implicated in the pathogenesis of metabolic disorders such as type 2 diabetes (100), atherosclerosis (101), obesity (102), and gout (103). In addition, the role of NLRP3 is noted to contribute to the pathology of central nervous system diseases including Alzheimer’s disease (104) and Parkinson’s disease (105). Abnormal activation of the NLRP3 inflammasome is associated with intestinal cancer and auto-inflammatory diseases such as keratitis/conjunctivitis (106, 107). Therefore, the discovery of pharmacological inhibitors targeting NLRP3 inflammasome components provides a novel strategy for the development of potential therapeutics in a wide range of human diseases (Table 1).


Table 1 | Small molecules and phytochemicals regulating the NLRP3 inflammasome activation.




Synthetic Small Molecules

Among the synthetic small molecules, CY-09 (108), MCC950 (109), and OLT1177 (110) bind directly to the NATCH domain of NLRP3 and block NLRP3 ATPase activity. CY-09 is a CFTR (inh)-172 (C172) analog that inhibits cystic fibrosis transmembrane conduction regulator (CFTR) channels by directly interacting with the NLRP3 Walker A motif of NLRP3 NACHT domain and disrupting ATP binding to NLRP3 (108). CY-09 has shown excellent prophylactic and therapeutic properties in mouse models of gout, type 2 diabetes, and Cryopyrin-associated periodic syndrome (CAPS) (108). MCC950 inhibits both canonical and noncanonical NLRP3, but not AIM2, NLRC4 or NLRP1 activation, in mouse macrophages, human monocyte derived macrophages, and human peripheral blood mononuclear cells (111). MCC950 treatment was effective to attenuate inflammatory symptoms of NLRP3-related diseases including experimental autoimmune encephalomyelitis and CAPS (111). MCC950 directly binds to the Walker B motif in the NLRP3 NACHT domain, inhibiting ATPase activity and NLRP3 inflammasome formation (109). OLT1177 is an active β-sulfonylnitrile compound that has passed phase 1 clinical trials for the treatment of degenerative arthritis and is currently being evaluated in phase 2 clinical trials (112). OLT1177 has been shown to block both standard and nonstandard NLRP3 inflammasome activation and ATPase activity by directly binding to NLRP3 (110). Bay 11-7082 binds to NLRP3 through alkylation of cysteine residues in the NLRP3 ATPase region, thereby blocking NLRP3 inflammasome function in addition to its inhibition of the kinase activity of IKKβ (113). 3,4-Methylenedioxy-β-nitrostyrene directly binds to NACHT and LRR domains of NLRP3, blocking its ATPase activity (114). Tranilast, a tryptophan metabolite analog, binds to NACHT domain of NLRP3, preventing NLRP3-NLRP3 interaction and alleviating the symptoms of gouty arthritis, cryopyrin-associated autoinflammatory syndromes, and type 2 diabetes (115). In addition, tranilast increases K63-linked ubiquitination of NLRP3 (116).

Glyburide (99, 117) inhibits NLRP3 inflammasome activity. The small molecule 16673-34-0 (118), an intermediate substrate produced during the synthesis of glyburide and the low-molecular-weight JC124 (119), generated during the structural optimization of glyburide, alleviates the side effects of glyburide.

VX-740 (Pralnacasan) (120) and its analog VX-765 (121) are peptidomimetic inhibitors of caspase-1 and inhibit the proinflammatory cytokines IL-1β and IL-18.

G5 (3,5-bis[(4-Nitrophenyl)methylene]-1,1-dioxide,tetrahydro-4H-thiopyran-4-one), a small molecule inhibitor of deubiquitination, inhibits NLRP3 inflammasome activation induced by ATP and nigericin in LPS-primed macrophages (91). G5 promotes ubiquitination of NLRP3 NACHT and LRR domains with mixed K63 and K48 ubiquitin chains, resulting in the blockade of NLRP3 inflammasome activation (91).

As excessive NLRP3 inflammasome activation has been shown to be closely associated with the pathophysiology of a wide array of disorders, synthetic small molecules that directly or indirectly inhibit the NLRP3 inflammasome have been suggested as promising therapeutic agents (Table 1). The specificity of the target sites with high potency would be the critical prerequisite requirement to develop the new NLRP3 inflammasome inhibitors.



Phytochemicals

Phytochemicals are substances synthesized by medicinal plants and extracted for therapeutic purposes (Katz and Baltz, 2016). Plants are a preferred therapeutic substance because they are easily accessible and cost-effective, and there are many investigations on phytochemicals that modulate the inflammatory response by regulating specific NLRP3 inflammasome components. Phytochemicals that directly or indirectly regulate the NLRP3 inflammasome include β-carotene (122), caffeic acid phenethyl ester (CAPE) (123), sulforaphane (128), celastrol (124, 125), epigallocatechin-3-gallate (EGCG) (126), and licochalcone A (127).

β-Carotene binds directly to pyrin domain (PYD) of NLRP3 (122). Molecular modeling and mutation study showed that β‐carotene interacted with Ala69, Val72, Trp73, Tyr84, and Glu91 in the hydrophobic groove of H5 and H6 (122). β-Carotene inhibits ATP, MSU crystals, and nigericin-induced NLRP3 inflammasome activation in macrophages. In addition, β-carotene was shown to decrease IL-1β secretion by human synovial cells isolated from gout patients, demonstrating the potential inhibitory effect of β-carotene on human gout (122).

CAPE directly binds to PYD of ASC, leading to the disruption of the NLRP3-ASC association as demonstrated by SPR analysis and pull-down experiment (123). In a murine gouty arthritis model, the oral administration of CAPE was shown to attenuate inflammatory symptoms by inhibiting MSU crystal-induced caspase-1 activation and IL-1β production in air pouch exudate and foot tissue (123). To our best knowledge, CAPE is the only phytochemical known to bind directly to ASC.

Sulforaphane (SFN) regulated upstream signaling pathways of AMP-activated protein kinase-autophagy axis to suppress the NLRP3 inflammasome activation. SFN induced autophagosome formation and p62 degradation in hepatocytes, whereas it inhibited the activation of mammalian target of rapamycin (mTOR), a negative regulator of autophagy, suggesting that SFN promotes autophagy in hepatocytes (128). SFN induced phosphorylation of AMP-activated protein kinase and consequent activation of autophagy, resulting in inhibition of the NLRP3 inflammasome in the liver. Oral administration with SFN prevented non-alcoholic fatty liver disease symptoms in mice fed high fat diet by inhibiting the NLRP3 inflammasome in the liver (128). In addition, SFN can effectively alleviate acute gouty inflammation by inhibiting NLRP3 inflammasome activation induced by MSU crystals in in macrophages (129). The inhibition of NLRP3 inflammasome activation by SFN is independent of the reactive oxygen species pathway in macrophages (129). These show that the regulation of autophagy can be used as a beneficial strategy to prevent the NLRP3 inflammasome activation.

There are phytochemicals affecting intracellular events of the NLRP3 inflammasome, including K+ efflux, mitochondrial ROS production, and mitochondrial DNA release. Celastrol suppresses the K+ efflux induced by ATP and nigericin in primary macrophages, resulting in suppression of the NLRP3 inflammasome (124, 125). Celastrol pretreatment reduced the ability of ATP-stimulated macrophages to promote cancer cell migration and invasion (124, 125). The inhibitory effects of licochalcone A and EGCG were mediated through the regulation of mitochondrial dysfunction. Licochalcone A blocked mitochondrial ROS generation induced by Propionibacterium acnes (P. acnes) and rotenone in mouse primary macrophages (127). Similarly, EGCG prevented production of ROS induced by NLRP3 activators such as MSU, ATP, and nigericin and suppressed de novo synthesis of mitochondrial DNAs induced by MSU in primary mouse macrophages (126). The specific target molecules or mechanisms by which these phytochemicals modulate mitochondrial function remain to be further investigated.

There are a few phytochemicals directly binding to the NLRP3 inflammasome components while others work indirectly by modulating upstream signaling pathways of the NLRP3 inflammasome (Table 1). Elucidating the exact action mechanism by which the phytochemicals exert the inhibitory activity would provide an important information on specific targets to be regulated and drug discovery strategies for novel pharmacological inhibitors.




Conclusion

With the lifespan improvements made possible by modern medical developments, the occurrence of metabolic and age-related diseases is increasing. Previous studies have demonstrated that the NLRP3 inflammasome is a key mediator in the development of various metabolic diseases and host inflammatory responses. The discoveries of NLRP3 inflammasome modulators, such as NEK7 and GSDMD, demonstrate significant advances in this field.

The PTM regulation of the NLRP3 inflammasome components can be potential targets for the development of specific drugs or inhibitors of the NLRP3 inflammasome. However, unidentified PTM sites of NLRP3 and PTM-related enzymes remain, and the correlations and interactions between the various types of PTMs of the NLRP3 inflammasome components require further investigation. As research on NLRP3 activation becomes more important, the targeting of NLRP3 as a therapeutic strategy for many diseases is rapidly progressing. The current treatment for NLRP3-related pathologies is to indirectly or directly inhibit the activation of the NLRP3 inflammasome using pharmacological inhibitors. NLRP3 inhibitors function as effective therapeutic agents for many inflammatory disorders by inhibiting the pro-inflammatory cytokines IL-1β and IL-18 and maintaining cellular homeostasis.

In summary, understanding how intracellular proteins, PTMs, and small molecule inhibitors regulate the NLRP3 inflammasome activation will provide crucial information for elucidating the host defense mechanisms in response to pathogen and tissue damage and in constructing effective therapeutic strategies for chronic diseases.
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Introduction

Dysregulation of NLRP3 inflammasome complex formation can promote chronic inflammation by increased release of IL-1β. However, the effect of NLRP3 complex formation on tumor progression remains controversial. Therefore, we sought to determine the effect of NLRP3 modulation on the growth of the different types of cancer cells, derived from lung, breast, and prostate cancers as well as neuroblastoma and glioblastoma in-vitro.



Method

The effect of Caspase 1 inhibitor (VX765) and combination of LPS/Nigericin on NLRP3 inflammasome activity was analyzed in A549 (lung cancer), MCF-7 (breast cancer), PC3 (prostate cancer), SH-SY5Y (neuroblastoma), and U138MG (glioblastoma) cells. Human fibroblasts were used as control cells. The effect of VX765 and LPS/Nigericin on NLRP3 expression was analyzed using western blot, while IL-1β and IL-18 secretion was detected by ELISA. Tumor cell viability and progression were determined using Annexin V, cell proliferation assay, LDH assay, sphere formation assay, transmission electron microscopy, and a multiplex cytokine assay. Also, angiogenesis was investigated by a tube formation assay. VEGF and MMPs secretion were detected by ELISA and a multiplex assay, respectively. Statistical analysis was done using one-way ANOVA with Tukey’s analyses and Kruskal–Wallis one-way analysis of variance.



Results

LPS/Nigericin increased NRLP3 protein expression as well as IL-1β and IL-18 secretion in PC3 and U138MG cells compared to A549, MCF7, SH-SY5Y cells, and fibroblasts. In contrast, MIF expression was commonly found upregulated in A549, PC3, SH-SY5Y, and U138MG cells and fibroblasts after Nigericin treatment. Nigericin and a combination of LPS/Nigericin decreased the cell viability and proliferation. Also, LPS/Nigericin significantly increased tumorsphere size in PC3 and U138MG cells. In contrast, the sphere size was reduced in MCF7 and SH-SY5Y cells treated with LPS/Nigericin, while no effect was detected in A549 cells. VX765 increased secretion of CCL24 in A549, MCF7, PC3, and fibroblasts as well as CCL11 and CCL26 in SH-SY5Y cells. Also, VX765 significantly increased the production of VEGF and MMPs and stimulated angiogenesis in all tumor cell lines.



Discussion

Our data suggest that NLRP3 activation using Nigericin could be a novel therapeutic approach to control the growth of tumors producing a low level of IL-1β and IL-18.
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Introductıon

A chronic inflammatory microenvironment is one of the predisposing factors that can stimulate malignant transformation (1). The tumor microenvironment contains diverse inflammatory constituents, leukocytes, pro-inflammation cytokines and tumor cells (2), which can promote angiogenesis, tumor growth and metastasis (2). The inflammasome, an intracellular oligomeric protein complex, plays a key role in the regulation of inflammation (3). Inflammasomes are activated in response to pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs) released from infected cells, damaged tissues and tumors (4). PAMPs and DAMPs bind to Toll-like receptors (TLR) and trigger the expression of pro-inflammatory IL-1β and IL-18 cytokines (5). The most characterized inflammasome, Nucleotide-binding domain Leucine-rich Repeat (NLR) and Pyrin domain containing receptor 3 (NLRP3), is tightly regulated in resting cells (6). However, altered expression of NLRP3 was found in several pathological conditions, including cancer (6).

NLRP3 requires two signals: priming and activation (7). Binding of PAMPs and DAMPs to TLRs prime the cells and activate NLRP3 and Pro-Caspase 1 transcription (6, 8). Danger associated ligands such as pore formation and potassium (K+) efflux (9, 10), lysosomal destabilization/rupture (11, 12) and mitochondrial reactive oxygen species release (ROS) (13) provide the second signal promoting the assembly of an adaptor, apoptosis-associated speck-like protein containing a CARD (ASC) and Pro-Caspase 1 to form a functional inflammasome complex (14, 15). The inflammasome then cleaves the Caspase 1 which, subsequently releases active IL-1β and IL-18 (16).

The role of inflammasomes was extensively investigated in macrophages and dendritic cells (17). However, recently it was demonstrated that NLRP3 activation is not an exclusive feature of immune cells, and it was also detected in tumor cells (18–21), while its role in tumorigenesis remains controversial. Some reports indicate that aberrant activation of inflammasomes promotes carcinogenesis and maintains the malignant microenvironment in breast cancer, fibrosarcoma, gastric carcinoma, and lung metastasis (22–24). In contrast, the anti-cancer effect of inflammasomes via induction of pyroptosis and activation of the immune response was shown to protect against colorectal cancer (25).

Recently, multiple inhibitors and activators of the NLRP3 inflammasome pathway were investigated as potential therapeutics for inflammasome-linked diseases (26, 27). However, the efficacy of inflammasome targeting treatment in cancers remains unclear, due to the conflicting results obtained using tumor cells. The anti-tumor activity of several compounds targeting NLRP3 inflammasomes was studied, including Nigericin and VX-765. Nigericin, a microbial toxin, activates NLRP3 by inducing K+ efflux leading to the caspase-1 release and IL-1β secretion (28, 29). The anti-tumor effect of Nigericin was demonstrated in several carcinomas (30–34), however, it remains unknown whether the anti-tumor effect of Nigericin is linked to NLPR3. VX765 can block the caspase-1 ability to proteolytically cleave pro-IL-1β and pro-IL-1 (26, 35). Although recent studies demonstrated the potential therapeutic efficacy of VX765, its effect on tumor cells is largely unknown (26, 35, 36).

Therefore, in this study, we sought to investigate in vitro effects of Nigericin and VX765 on multiple tumor cell types derived from a variety of cancers, including lung, breast, prostate, as well as neuroblastoma and glioblastoma. We found that tumors demonstrate different levels of NLRP3 inflammasome activation and IL-1β and IL-18 secretion. In tumor cell lines where NLRP3 activation and, IL-1β and IL-18 secretion are low, Nigericin demonstrated an anti-tumor effect. In contrast, in tumor cell lines where NLRP3 activation and, IL-1β and IL-18 secretion are high, although Nigericin triggers initial tumor cell death, cells recover and tumors remain active.



Methods


Cell Lines

Cell lines, A549 (non-small-cell lung cancer cell line), MCF7 (breast adenocarcinoma cell line), PC3 (prostatic small-cell-carcinoma cell line), and SH-SY5Y (neuroblastoma cell line) were purchased from the American Type Culture Collection (ATCC; Rockville, USA). U138MG, a glioblastoma cell line was kindly provided by Prof. Dr. Berrin Tunca (Uludag University of Turkey). Cells were maintained in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS, Atlanta Biologicals), 2 mM L-glutamine, 25 U/ml penicillin, and 25 μg/ml streptomycin. All cell lines were grown at 37°C in a humidified chamber supplemented with 5% CO2.



Primary Cell Isolation and Maintenance

Primary fibroblast cells were isolated from human healthy skin biopsies which were collected after the cosmetic surgery. Skin fragments were crushed into small pieces (1–2 mm) and incubated in DMEM Low Glucose Medium (PanEco, Moscow, Russia), supplemented with 10% FBS (HYCLONE, Utah, USA), 50 U/ml of penicillin, 50 µg/ml of streptomycin (PanEco, Moscow, Russia), and 2 mM L-glutamine for seven days in a 5% CO2 humidified incubator at 37°C. On day 7, the culture medium was replaced, and cells were cultured for 16–21 days. Cells in their 4th passage were used in the experiments.

HUVECs were isolated from umbilical cord vein as described previously [45–46]. Briefly, the umbilical vein was washed with Dulbecco’s phosphate-buffered saline (DPBS) (PanEco, Moscow, Russia). The umbilical vein was subjected to enzymatic dissociation using 0.25% trypsin–EDTA (PanEco, Moscow, Russia) for 20 min and detached endothelial cells were collected. Collected cells were stained with anti-CD31 (PECAM-1) (SC-13537), anti-CD105 (Endoglin) (sc-18838), and anti-CD146 (MelCam) (sc-18837 PE) (all from Santa Cruz Biotechnology, CA) and analyzed using flow cytometry on FACS Aria III (Becton, Dickinson and Company, Becton Drive Franklin Lakes, NJ) to investigate their identity. Primary HUVEC cells were cultured in the standard medium supplemented with, 1% of nonessential amino acids (Gibco, Life Technologies, MA, USA), 5 U/ml of heparin and 10 mg/L Endothelial cell growth supplement (Sigma, St. Louis, USA), 10 ng/ml FGF2, 10 ng/ml vascular endothelial growth factor (GenScript, NJ, USA), 10 ng/ml epithelial growth factor (GenScript, NJ, USA), 10 ng/ml insulin-like growth factor (GenScript, NJ, USA). Cells were maintained in a 5% CO2 humidified incubator at 37°C and used up to the 4th passage.



Ethics Statement

This study was done in accordance with the recommendations of the Biomedicine Ethics Expert Committee of Kazan (Volga region) Federal University, the Republic of Tatarstan, Russian Federation with written informed consent from all subjects. All subjects gave written informed consent in accordance with the Declaration of Helsinki. Human tissue sample collection was approved by the local Ethical Committee of Kazan (Volga region) Federal University based on article 20 of the Federal Legislation on “Health Protection of Citizens of the Russian Federation” № 323-FL, 21.11.2011. Signed informed consent was obtained from each donor.



Western Blot

Total protein extracts were prepared using Sodium dodecyl sulfate (SDS) reducing buffer (Biorad, CA, USA), separated on 8–12% gradient SDS polyacrylamide gels and transferred on Polyvinylidene difluoride (PVDF) membranes (Biorad, CA, USA). Membranes were blocked [Tris-buffered saline (TBS), 0.1% Tween 20, 5% BSA] for 1 h followed by overnight incubation with the monoclonal rabbit anti-human NLRP3 (1:300, Invitrogen, IL, USA) antibody at 4°C. Membranes were washed with TBS and 0.1% Tween 20 and incubated for 1 h at room temperature with anti-rabbit IgG (1:1,000, Santa Cruz Biotechnology, Germany) and mouse anti-human Actin Beta-HRP conjugated (1:1,000, Sigma) antibodies. Western blot results were visualized using Clarity Western ECL reagents (Biorad, CA, USA) and a ChemiDoc XRS + (Biorad, CA, USA). Protein levels were quantified using NIH ImageJ software version 1.52a.



Enzyme-Linked Immunosorbent Assay

Levels of IL-1β, IL-18, and VEGF were measured using commercially available ELISAs (VECTOR-BEST, Novosibirsk, Russia). Each ELISA analysis was done in triplicate. To quantify IL-1β, IL-18, and VEGF levels, the absorbance of samples at 490 and 680 nm were measured using TECAN Infinite 200 Pro fluorimeter (Grödig, Austria). The 680 nm absorbance (background signal from the instrument) value was subtracted from the 490 nm absorbance value.



Annexin V Analysis

Cell viability was assessed using APC Annexin V Apoptosis Detection Kit with Propidium Iodide (Sony Biotechnology, USA) according to manufacturer’s protocol. Stained cells were immediately analyzed by flow cytometry using BD FACSAria III (BD Biosciences, USA) and data processed with FlowJo software package (FlowJo LLC, USA).



Real-Time Cell Proliferation Assay

The xCELLigence biosensor cell analysis system (ACEA Biosciences, USA) was used for the real-time monitoring of cell proliferation. Cells (5 × 103) were seeded in each well of E-plate 16 (ACEA Biosciences, USA) for 24 h and used to determine the cell index every 15 min.



Lactate Dehydrogenase Assay

Cells (2 × 104 cells/well) were plated in 96‐well plates and incubated overnight (37°C, CO2). The medium was removed, and cells were incubated with fresh medium containing VX765, lipopolysaccharide (LPS) and Nigericin for 24 h. Medium (50 μl) was collected and used for the LDH assays. Untreated cells were treated with the lysis solution for 45 min and used as a positive control to determine the maximum LDH release. The culture medium was used as a negative control. LDH released by cells into the medium was determined using the Pierce™ LDH cytotoxicity assay kit (Thermo Scientific, Pierce Biotechnology, Rockford, IL, USA) according to the manufacturer’s instructions. To quantify LDH activity, the absorbance of samples at 490 and 680 nm was measured using TECAN Infinite 200 Pro fluorometer (Grödig, Austria). The 680 nm absorbance (background signal from the instrument) value was subtracted from the 490 nm absorbance value. The cytotoxicity (%) was calculated by (test sample − negative control)/(positive control − negative control) × 100.



Sphere Formation Assay

Plates (24 well) were pre-coated with 250 μl of Matrigel (BD Biosciences, Franklin Lakes, NJ, USA) and incubated at 37°C for 30 min. Tumor cells (1 × 104) were seeded onto the Matrigel-coated plate and maintained in the culture medium (5% CO2, 37°C). After 5 days, tumorspheres were analyzed using a Zeiss Observer Z1 inverted microscope (Göttingen, Germany). The size of spheres was measured using Axiovision Rel 4.5 software (Göttingen, Germany).



JC-1 Staining to Detect Mitochondrial Membrane Potential (Δψm)

Cell monolayers were washed with PBS and incubated with 8 µM of JC-1 solution at 37°C for 20 min. The supernatant was removed; cell monolayers were washed twice with PBS and incubated in medium for 24 h in 5% CO2 before analyzing by flow cytometry using a BD FACSAria III (BD Biosciences, USA). Data were processed using FlowJo software package (FlowJo LLC, USA). The excitation wavelength was 490 nm at which the JC-1 monomer was detected, and the emitting wavelength was set to 530 nm, at which the JC-1 polymer was detected.



Cytokine Assay

The Bio-Plex Pro™ Human Chemokine Panel, 40-Plex and Bio-Plex Pro™ Human MMP Panel, 9-Plex were used to analyze samples according to the manufacturer’s recommendations. Fifty microliters of sample were used for determining cytokine concentration and data was analyzed using a Luminex 200 analyzer with MasterPlex CT control software and MasterPlex QT analysis software (MiraiBio division of Hitachi Software San Francisco, CA, USA).



Transmission Electron Microscopy

Transmission electron microscopy (TEM) was done using 0.3x106 cells following a standard protocol. Briefly, cells were fixed in a 2.5% phosphate-buffered glutaraldehyde solution (Merck, Kenilworth, NJ, USA) at 4˚C for 24 h. Cells were then washed (2x PBS) and fixed with 1% OsO4 (Electron Microscopy Sciences, Hatfield, USA) at room temperature for 1 h, dehydrated using an ethanol gradient, and embedded in EPON (Electron Microscopy Sciences, Hatfield, USA). Ultrathin sections (0,1 µm) were contrasted with uranyl acetate and lead citrate and examined using a transmission electron microscope (Hitachi HT7700, Tokyo, Japan).



Endothelial Cell Tube Formation Assay

96-well plates were pre-coated with 50 μl of growth factor-reduced Matrigel (BD Biosciences, Franklin Lakes, NJ, USA) and incubated at 37°C for 30 min. HUVECs (2 × 104) were seeded in the Matrigel-coated wells and incubated with cell-free supernatants derived from VX765, LPS and Nigericin treated cells. VEGF (10 ng/ml) was used as a positive control. Tube morphology was analyzed at 24 h and two wells per group were counted. Tube numbers and branch length were measured and analyzed using NIH ImageJ software version 1.52a.



Statistical Analyses

Statistical analysis was done using the IDE RStudio for the R (version 3.6.0) software (RStudio, Boston, MA, USA). One-way ANOVA with Tukey’s post hoc analysis was utilized to evaluate the findings of ELISA, Annexin V, JC1, and sphere formation assays, where the data were parametric. The Kruskal–Wallis one-way analysis of variance for comparisons between individual experimental groups was utilized for statistical analysis of the LDH, Multiplex analyses and Tube formation assays, where the data were nonparametric. Data are presented as mean ± SE. Significance was established at a value of p <0.05.




Results


Analysis of NLRP3 Activation and Inhibition After Nigericin and VX765 Treatment

NLRP3 activation requires two signals: priming with lipopolysaccharide (LPS) followed by activation, using Nigericin or ATP (37). Therefore, to activate NLRP3 we treated all cancer cells and fibroblasts with LPS, followed by Nigericin. Nigericin and combination of LPS with Nigericin (LPS/Nigericin) increased NLRP3 protein expression in all tumor cell lines as compared to untreated tumor cells and in Nigericin and LPS/Nigericin treated fibroblasts as compared to untreated fibroblasts (Figures 1A–C and Supplementary Figures 1A–C). Additionally, production IL-1β and IL-18 and their levels in culture medium were increased in cells treated with the combination of LPS/Nigericin (Figures 1D–F, Supplementary Figures 1D–F). These data confirm that LPS/Nigericin induces the formation of NLRP3 inflammasome complex in all tumor cell lines and the fibroblasts. After LPS/Nigericin treatment, the IL-1β production was higher in U138MG (23.10 pg/ml cytosol vs 14.02 pg/ml medium) (Figure 1D) and PC3 (42.34 pg/ml cytosol vs 9.95 pg/ml medium) (Supplementary Figure 1D) cells compared to untreated controls. In addition, after LPS/Nigericin treatment, IL-1β production was higher in U138MG and PC3 cells compared to LPS/Nigericin treated Fibroblasts (p <0.001 and p <0.001). In fibroblasts, the IL-1β production was 9.16 pg/ml cytosol vs 14.26 pg/ml medium after LPS/Nigericin treatment (Figure 1F, Table 1). In contrast, IL-1β production and secretion were the lowest in SH-SY5Y cells incubated with LPS/Nigericin (IL-1β: 3.77 pg/ml cytosol vs 10.93 pg/ml medium) (Figure 1E). IL-1β production in SH-SY5Y cells was significantly lower than in fibroblasts (IL-1β: 9.16 pg/ml cytosol vs 14.26 pg/ml medium) (p <0.001 and p <0.001). Additionally, although, IL-1β secretion was induced in LPS/Nigericin treated MCF7 (11.89 pg/ml cytosol vs 7.85 pg/ml medium) (Supplementary Figure 1E) and A549 cells (9.36 pg/ml cytosol vs 7.67 pg/ml medium) (Supplementary Figure 1F), when compared to untreated MCF7 and A549 cells, the production of IL-1β was lower than in LPS/Nigericin treated U138MG and PC3 cells.




Figure 1 | Effect of NLRP3 modulation in U138MG and SH-SY5Y cells, where one of the highest and one of the lowest NLRP3 expression was observed and in Fibroblasts: Nigericin (20 µM, Invivogen) treatment for 24 h with and without 3 h pre-incubation with LPS (1 µg/ml, Sigma, St. Louis, USA) was used to activate the NLRP3 inflammasome. To inhibit Caspase 1, cells were treated with VX765 (20 µM, Invivogen). (A–C) NLRP3 protein expression was demonstrated by western blot. (D–F) IL-1β and IL-18 levels were quantified, from inside the cells and in the medium representing levels secreted from the cells, by ELISA. the cells by ELISA. U, Untreated; V, VX765; L, LPS; N, Nigericin; LN, LPS/Nigericin. *p < 0.05, n = 3.




Table 1 | Summary of the significantly altered cytokines in tumor cells and fibroblasts following NLRP3 modulation (compared to untreated controls) (p < 0.05, full data available in Supplementary Table 4).



Similar to IL-1β, IL-18 production and secretion were increased in all tumor cell lines treated with LPS/Nigericin compared to untreated control (Table 1). IL-18 production was higher in PC3 cells (13.83 pg/ml cytosol vs 11.40 pg/ml medium) (Supplementary Figure 1D) compared to LPS/Nigericin treated fibroblasts (10.96 pg/ml cytosol vs 7.10 pg/ml medium) (p <0.001 and p <0.001). In contrast, LPS/Nigericin leaded lower IL-18 production and release in SH-SY5Y (7.26 pg/ml cytosol vs 7.81 pg/ml medium) (Figure 1E), MCF7 (7.29 pg/ml cytosol vs 6.88 pg/ml medium) (Supplementary Figure 1E) and A549 cells (10.39 pg/ml cytosol vs 5.52 pg/ml medium) (Supplementary Figure 1F) compared to similarly treated fibroblasts (p < 0.001). Interestingly, there were no statistically significant differences in IL-18 production in U138MG (8.57 pg/ml cytosol vs 7.80 pg/ml medium) (Figure 1D), SH-SY5Y cells (7.26 pg/ml cytosol vs 7.81 pg/ml medium), and fibroblasts (10.96 pg/ml cytosol vs 7.10 pg/ml medium) after LPS/Nigericin treatment (Figure 1F, Table 1). Collectively, our findings demonstrate that IL-1β production is a more robust indicator than IL-18, of NLRP3 activation across the panel of cells investigated here. The NLRP3 activation ability and IL-1β, IL-18 secretions were also confirmed after treatment with LPS/ATP in PC3 (one of the high NLRP3 expressed cell lines) and MCF7 (one of the low NLRP3 expressed cell lines) cells. After LPS/ATP treatment, the expression levels of NLRP3 were similar to that of cells after LPS/Nigericin treatment (Supplementary Figure 2).

VX765 as a single agent did not significantly affect NLRP3 protein expression (Figures 1A–C, Supplementary Figures 1A–C) in any cell lines. When cells were treated with VX765, the effect of LPS/Nigericin on IL-1β and IL-18 release was significantly reduced in most of the cell lines investigated (p < 0.05; Figures 1D–F, Supplementary Figures 1D–F, Supplementary Table 1). As an inflammasome inhibitor, the effect of VX765 was confirmed by another NLRP3 inhibitor, Glybenclamide in PC3 and MCF7 cells (Supplementary Figure 2). These data suggest that VX765 did not affect on NLRP3 expression but has an indirect mechanism of action of inflammasome inhibition, potentially via hindering Caspase 1 activity whereas Glybenclamide directly suppressed NLRP3 expression.



Nigericin Inhibits, While VX765 Stimulates Tumor Cell Viability and Proliferation

The effect of Caspase 1 inhibition and NLRP3 activation on cell viability was demonstrated using Annexin-V-FITC/PI assay. Cells demonstrate both, Annexin V and PI when non-apoptotic programmed cell deaths is induced (38). Tumor cell lines and fibroblasts were treated with VX765, LPS, Nigericin and LPS/Nigericin. VX765 had a limited effect on the percentage of Annexin V and PI positive cells in all cell lines (p > 0.05, Figure 2, Supplementary Figure 3, Supplementary Table 2). LPS decreased the percentage of PC3 and SH-SY5Y cells positive for Annexin V and PI compared to untreated controls (PC3 and SH-SY5Y: p < 0.05, Figures 2A, B), while the number of Annexin V and PI positive A549, MCF7 and U138MG cells were not affected (A549, MCF7, and U138MG: p > 0.05, Supplementary Figures 2A, B). LPS increased the percentage of fibroblasts positive for Annexin V & PI compared to untreated controls (p = 0.013, Figure 2C).




Figure 2 | Effect of NLRP3 inhibition and stimulation on cell viability and proliferation of PC3, SH-SY5Y cells, and Fibroblasts. Nigericin (20 µM), treatment for 24 h with and without 3 h pre-incubation with LPS (1 µg/ml), was used to activate the NLRP3 inflammasome. To inhibit Caspase 1, cells were treated with VX765 (20 µM). (A–C) Expression of Annexin V (D, F, H) LDH cytotoxicity assay and (E, G, I) a real-time cell proliferation assay. U, Untreated; V, VX765; L, LPS; N, Nigericin; LN, LPS/Nigericin. *p < 0.05, n = 3.



Treatment with Nigericin alone significantly increased the percentage of Annexin V and PI positive cells in all cell lines compared to untreated controls except MCF7 and fibroblasts (p < 0.05). (Figure 2, Supplementary Figure 2). Similarly, LPS/Nigericin significantly increased the percentage of Annexin V and PI positive cells in all cell lines (p < 0.001, Figure 2, Supplementary Figure 3, Supplementary Table 2). The effect of Nigericin and LPS/Nigericin on PC3 cells, where NLRP3 expression was the highest, and SH-SY5Y, where NLRP3 activation was the lowest is shown in Figures 2A, B. The percentage of Annexin V & PI positive cells after Nigericin and LPS/Nigericin treatments were significantly higher in PC3 cells compared to fibroblasts (p < 0.001 and p < 0.001). In addition, although the percentage of Annexin V & PI cells in Nigericin and LPS/Nigericin treated SH-SY5Y cells was higher than in fibroblasts (p < 0.001 and p < 0.001), it was significantly lower than in equivalently treated PC3 cells (p < 0.001 and p < 0.001). In U138MG cells, where Nigericin and LPS/Nigericin induced one of the highest NLRP3 expressions, the percentage of Annexin V & PI cells was significantly higher than in equivalently treated fibroblasts (p < 0.001 and p < 0.001). Similarly, in MCF7 and in A549 cells, where Nigericin and LPS/Nigericin induced low inflammasome expression, the percentage of Annexin V & PI cells was significantly higher compared to equivalently treated fibroblasts. It should be noted that the percentage of Annexin V & PI cells in MCF7 and A549 cells was lower than in equivalently treated PC3 and U138MG cells. The effect of Nigericin and LPS/Nigericin on U138MG, MCF7, and A549 cell vitality is shown in Supplementary Figures 3 A–C. The effect of NLRP3 stimulation and inhibition on tumor cell viability was also confirmed by activating NLRP3 by LPS/ATP and suppressing NLRP3 using glibenclamide. Similar to LPS/Nigericin, after LPS/ATP treatment the cell death increased as compared to untreated tumors whereas glibenclamide decreased the rate of LPS/ATP mediated cell death (Supplementary Figure 4).

Next, LDH levels were analyzed to determine plasma membrane integrity in cells after modulation of NLRP3 activity. Nigericin triggered the highest level of LDH release in all cell lines compared to untreated controls (p < 0.001). Nigericin caused the highest release of LDH in PC3 (47.87% increase, Figure 2D) and U138MG (36.64% increase, Supplementary Figure 3D) compared to investigated cell lines. Also, the release of LDH was lower in MCF7 (25.08% increase, Supplementary Figure 3F) and A549 cells (13.22% increase, Supplementary Figure 3H) compared to investigated cell lines. Although the LDH release in SH-SY5Y cells was 3.50% greater than in untreated control (Figure 2H), it was still the lowest compared to all cell lines (Figures 2D, F, H; Supplementary Figures 3D, F, H, Supplementary Table 3). Additionally, LPS/Nigericin significantly increased LDH release in all cell lines investigated (p < 0.001). However, the impact of LPS/Nigericin on LDH release was lower than Nigericin treatment alone in all cell lines.

To determine whether NLRP3 could affect the tumor proliferation, cells were treated with VX765, LPS, Nigericin and LPS/Nigericin before real-time monitoring of cell division using the xCELLigence biosensor for 24 h. VX765 and LPS did not affect cell proliferation compared to untreated controls in all investigated cells. In contrast, Nigericin and LPS/Nigericin substantially inhibited cell proliferation in all tumor cell lines. The effect of NLRP3 modulation of cell proliferation in PC3 cells, where inflammasome expression was the highest, and in SH-SY5Y, with the lowest NLRP3 expressions upon after Nigericin and LPS/Nigericin treatment, are shown in Figures 2E, G. Additionally, the effect of NLRP3 modulation on cell proliferation in U138MG, MCF7 and A549 cells is shown in Supplementary Figures 3E, G, I. Interestingly, the proliferation pattern of fibroblasts did not change after treatment with Nigericin or LPS/Nigericin and it remained similar to that in untreated controls (Figure 2I). It appears that the effect of NLRP3 activation on tumor growth depends on the stimulus. While LPS did not significantly affect the cell viability and proliferation, adding the second stimulus, Nigericin, induced cell death.

The tumorsphere formation assay was used to assess stem cell-like characteristics of cancer cell lines after modulation of the NLRP3 inflammasome. Similar to our findings of cell viability and proliferation, VX765 and LPS did not affect the tumorsphere size (Figure 3). In contrast, while Nigericin and LPS/Nigericin consistently decreased cell proliferation and increased cell death in tumor cell monolayers, they had different effects on tumorsphere size across the cell lines investigated. In MCF7 and SH-SY5Y cells, Nigericin and LPS/Nigericin treatments significantly decreased sphere sizes compared to untreated controls (P < 0.001, Figure 3). However, in PC3 and U138MG cells, Nigericin did not affect tumor size, while LPS/Nigericin significantly increased the sphere sizes compared to untreated controls (P < 0.001, Figure 3). Nigericin and LPS/Nigericin did not affect the sphere size in A549 cells compared to untreated controls (Figure 3). Collectively, our data suggest that high activation of NLRP3 by LPS/Nigericin results in the growth of tumorsphere whereas low NLRP3 activation by LPS/Nigericin results in a reduction of tumorsphere size.




Figure 3 | Effect of NLRP3 modulation on sphere formation of tumor cell lines. Nigericin (20 µM) treatment for 24 h with and without 3 h pre-incubation with LPS (1 µg/ml) was used to activate the NLRP3 inflammasome. To inhibit Caspase 1, cells were treated with VX765 (20 µM). U, Untreated; V, VX765; L, LPS; N, Nigericin; LN, LPS/Nigericin. *p < 0.05, n = 3.





VX765 Increases the Release of CCL24, While Nigericin Increases MIF Production

Cell culture medium was collected 24 h after treatment with VX765, LPS, Nigericin and LPS/Nigericin and used to analyze cytokine release patterns. Additionally, to determine whether these cytokine patterns differ from those induced during apoptosis, the culture medium was collected from cells treated with Camptothecin (6 µM for 24 h), an apoptosis inducing agent. VX765, LPS, Nigericin and LPS/Nigericin significantly modified cytokine production by tumor cells and fibroblasts (Figure 4 and Table 1). CCL24 release was commonly identified in A549, MCF7 and fibroblasts treated with VX765 compared to untreated controls (Supplementary Tables 4A, B, F). Interestingly, the effect of VX765 treatment differed in neuronal tumors where elevated levels of CCL11 and CCL26 were found in SH-SY5Y compared to untreated controls (Supplementary Table 4D), and no changes in cytokine levels were detected in VX765 treated U138MG cells compared to controls (Supplementary Table 4E). When NLRP3 was activated, it appears that LPS and Nigericin upregulated different cytokines in tumor cells (Figure 4, Table 1). While LPS increased the levels of multiple cytokines, Nigericin uniquely increased MIF levels in A549, PC3, SH-SY5Y, U138MG, and fibroblasts compared to untreated controls (Supplementary Tables 4A, C–F). Interestingly, a statistically significant increase in MIF levels was only found in SH-SY5Y cells when treated with LPS/Nigericin compared Camptothecin treated controls (p = 0.008, Supplementary Table 4D). Although not statistically significant, MIF expression was higher in A549, U138MG and fibroblasts treated with LPS/Nigericin compared to Camptothecin treated controls (Supplementary Tables 4A, E, and F). The exception was MCF7 cells, where Nigericin stimulated CXCL8 and CCL13 compared to untreated and Camptothecin treated controls without affecting MIF levels (Supplementary Table 4B).




Figure 4 | Cytokine release patterns in A549, MCF7, PC3, SH-SY5Y, U138MG cells, and fibroblasts after NLRP3 modulation. Nigericin (20 µM), treatment for 24 h with and without 3 h pre-incubation with LPS (1 µg/ml) was used to activate the NLRP3 inflammasome. To inhibit Caspase 1, cells were treated with VX765 (20 µM). Camptothecin (6 µM, Sigma) treatment of cells for 24 h was used to induce apoptosis. U, Untreated; V, VX765; L, LPS; N, Nigericin; LN, LPS/Nigericin. N = 3.



Although the cytokine pattern did not change in cells treated with Caspase 1 inhibitor compared to untreated controls, the concentration of cytokines secreted differed significantly between cells treated with VX765 and LPS/Nigericin. Treatment with VX765 significantly increased the level of cytokines mediating angiogenesis (Table 2) compared to LPS/Nigericin in A549 and SH-SY5Y cells. In PC3 cells, although VX765 did not affect the release of most cytokines, CCL24 secretion was significantly higher compared to the LPS/Nigericin treated group (p < 0.05). In contrast, the level of angiogenic cytokines (Table 2) was significantly lower in VX765 treated cells than LPS/Nigericin treated PC3 cells. Similarly, the level of these angiogenic cytokines (Table 2) in VX765 treated MCF7 and U138MG was lower than LPS/Nigericin treated cells. Interestingly, VX765 did not affect the release of cytokines in fibroblasts. Cytokines significantly altered by VX765 compare to LPS/Nigericin treated cells are summarized in Table 2 (Figure 4, Supplementary Tables 4A–F).


Table 2 | Cytokine secretion was significantly altered by VX765 treatment compared to LPS/Nigericin treatment (p < 0.05).



We found that, when the NLRP3 inflammasome is activated, two groups of tumor cells could be identified based on LDH release and IL1β secretion. IL1β secretion was highest in PC3 cells and it was one of the lowest in A549 cells. Additionally, in contrast to other tumor types, A549 the levels of multiple secreted cytokines were decreased after LPS/Nigericin treatment compared to untreated controls (Table 1). Therefore, we sought to determine the structural differences between these two cell lines after inflammasome modulation using TEM. Human fibroblast cells were used as a normal cell control. Interestingly, VX765 did not affect the amount or shape of the ER in PC3 cells compared to controls, suggesting a lack of functional activity of this organelle (Figures 5A, D). In contrast, VX765 increased the granulation of ER in A549 cells, which could indicate that the organelle is functionally active (52) (Figures 5B, E). In fibroblasts, VX765 increased the granulation of ER. In addition, VX756 caused the ER cisternae to become expanded, branched, and irregular in shape which could indicate the over synthesis of proteins (53) (Figures 5C, F). The structures of the Golgi apparatus were similar in PC3, A549, and fibroblast cells with developed cistern stacks after VX765 treatment suggesting a considerable increase in protein export (54).




Figure 5 | The effect of NLRP3 inflammasome modulation on cell morphology in A549, PC3, and human fibroblast cells. Nigericin (20 µM, Invivogen) treatment for 24 h with and without 3 h pre-incubation with LPS (1 µg/ml, Sigma, St. Louis, USA) was used to activate the NLRP3 inflammasome. To inhibit Caspase 1, cells were treated with VX765 (20 µM, Invivogen). (A) In untreated PC3 cells, small vacuoles were found in the cytoplasm, some of them contain electron-dense material. The cytoplasm is electron-dense containing many free ribosomes. (B) In untreated A549 cells, ER appears as narrow, elongated, rough tanks with a large number of free ribosomes. Also, oval-shaped mitochondria with clear cristae and an average electron density matrix are visualized. (C) In untreated fibroblasts, free ribosomes and polyribosomes were found in the cytoplasm. The shape of mitochondria was elongated with a condensed matrix and a large number of cristae. VX765 treatment: (D) significantly affected the ultrastructure of PC3 cells; increased numbers of large membrane-bound vacuoles were found in the cytoplasm, where some of them were merged or contained multi-vesicular aggregates. There was no visible difference in the ultrastructure of mitochondria between VX765 treated and untreated PC3 cell mitochondria. Cristae were slightly clearer compared to untreated cells. (E) In A549 cells, increased numbers of free ribosomes and granularization of ER were detected. Mitochondria were slightly enlarged and the outer membrane of mitochondria and their cristae became clear. (F) in fibroblasts, increased numbers of organelles, granularization of ER and changes to the ER structure to an expanded, branched, and irregular shape was identified. There were few free ribosomes and many polyribosomes. Additionally, the Golgi apparatus was expanded with a large number of vesicles. Mitochondria displayed a round or oval shape with condensed matrix and lacked distinct cristae. LPS treatment: (G) In PC3 cells, an increased number of organelles was identified. ER cisternae were expanded. The Golgi apparatus developed cistern stacks. Functional activity of mitochondria was increased: the ultrastructure of mitochondria was changed: the length of the mitochondria was considerably elongated, the matrix became electron-dense, and some of the cristae were visible. (H) In A549 cells, after LPS treatment; ER cisternae were expanded, had an irregular shape and formed a network. (I) In fibroblasts, similar to the effect of VX765; after LPS treatment protein synthesis and export were considerably increased; where ER cisternae were greatly expanded which had an irregular shape and formed a network. Additionally, the Golgi apparatus was visualized with well-developed cisternae stacks and a large number of vesicles in the cytoplasm. These vesicles were also detected near the cytoplasmic membrane of the cells; some of them were involved in exocytosis. After Nigericin or combined LPS and Nigericin treatments: (J, M, K, N). PC3 and A549 cells showed signs of lytic cell death such as nuclear condensation, numerous round transparent vacuoles in the cytoplasm, pore formation in the cell membrane, cell swelling and bursting. The morphology of the mitochondria was significantly changed as compared to control where: the shape of the organelle was toroidal; the matrix became electron-dense with few elongated cristae or, the absence of cristae. (L). Different from the tumor cell lines, in Fibroblasts, Nigericin treatment did not cause death cell morphology. Nigericin affected the nucleus structure where the integrity of the karyolemma appeared slightly destroyed. Mitochondria were round or oval, with clear cristae. The cytoplasm contained few free ribosomes and many polyribosomes. (O). After combined LPS and Nigericin treatment fibroblasts demonstrated a lytic cell death morphology including nuclear condensation, large electron-transparent vacuoles and pore formation in the cell membrane, cell swelling and bursting.



Inflammasome activation caused similar ultrastructural changes in ER in PC3, A549 and human fibroblasts cells. After the inflammasome priming with LPS, ER cisternae were expanded in PC3, A549 and human fibroblast cells (Figures 5G–I). However, the ultrastructure of the Golgi apparatus was different between PC3 and A549 cells. Unlike in PC3 cells, the Golgi apparatus was poorly developed and weakly visualized in A549 cells, which could indicate impaired protein export (Figure 5H). When only Nigericin or LPS/Nigericin was used, ultrastructural signs of non-apoptotic, lytic cell death were identified by TEM in both tumor cell lines. These included nuclear condensation, presence of the multiple rounds electrically transparent vacuoles in the cytoplasm, pore formation in the cell membrane, cell swelling and bursting (Figures 5J, K, M, N). In fibroblasts, LPS/Nigericin produced the ultrastructural signs of cell death similar to that in tumor cell lines. However, when used alone Nigericin had a limited effect on human fibroblasts, where few free ribosomes and many polyribosomes were identified in the cytoplasm by TEM suggesting that cells are alive rather than dead (Figure 5L).



The Effect of Targeting NLRP3 Inflammasome on Mitochondria Structure and Function

The effect of VX765, LPS, Nigericin, and LPS/Nigericin on mitochondria structure in A549, PC3, and human fibroblasts was analyzed using TEM. In untreated A549 and PC3 tumor cells, the mitochondrial cristae were poorly defined (Figures 5A, B). While VX765 did not affect the ultrastructure of mitochondria in PC3 cells (Figure 5D), in A549 cells, the outer membrane and cristae became clearer compared to untreated controls (Figure 5E). This could indicate more active ATP synthesis (55–57). In fibroblasts, after VX765 treatment, mitochondria had a condensed matrix lacking distinct cristae compared to untreated controls, suggesting increased mitochondrial activity (55) (Figures 5C, F). These data suggest that blocking Caspase 1 function, which is an NLRP3 product, does not affect the mitochondrial activity and tumor cell growth in PC3 cells. In contrast, caspase 1 inhibition induces mitochondrial activity in A549 cells and human fibroblasts.

The matrix of mitochondria was electron-dense in LPS treated PC3 cells, although the majority of cristae were condensed, more of them were clearly visible compared to untreated controls, indicating increased mitochondrial activity (56, 58) (Figure 5G). Similarly, in A549 cells and human fibroblasts, some cristae were clearly visible, indicating active ATP synthesis (59) (Figures 5H, I). In contrast, cristae were poorly visualized in Nigericin-treated PC3 and A549 cells, suggesting decreased mitochondrial function (60) (Figures 5J, K). LPS/Nigericin treatment resulted in poor visualization of cristae in PC3 and A549 cell lines, indicating reduced mitochondrial function (56) (Figures 5M, N). Unlike in tumor cells, Nigericin and LPS/Nigericin produced better-defined cristae in fibroblast mitochondria compared to untreated controls, suggesting an increased mitochondrial function (56) (Figure 5L).

The modulation of NLRP3 activity on mitochondrial function was also confirmed by measuring the mitochondrial membrane potential (Δψm) using flow cytometry analysis of JC-1 staining. The effect of NLRP3 modulation on Δψm in A549, MCF7 and PC3 cell lines derived from epithelial tumors and fibroblasts is shown in Figure 6. Δψm changes induced by NLRP3 modulation in SH-SY5Y and U138MG cell lines, derived from neuronal tumors are shown in Supplementary Figure 5. Statistical analysis of Δψm changes after VX765, LPS, Nigericin and LPS&Nigericin treatments of all cell lines is summarized in Supplementary Table 5. In PC3 and MCF7 cell lines as well as human fibroblasts, VX765 slightly decreased the right-shift of the green fluorescence indicating a reduction of the Δψm. In contrast, there were no changes in the right-shift of the green fluorescence in VX765 treated A549 cells, suggesting a lack of effect on Δψm. (Figure 6, Supplementary Table 5). Interestingly, in neuronal tumors, U138MG and SH-SY5Y, VX765 increased the right-shift of the green fluorescence indicating an increased Δψm, compared to untreated controls (Supplementary Figure 5, Supplementary Table 5). LPS slightly decreased the Δψm in all tumor cells; however, in human fibroblasts, LPS increased Δψm compared to untreated controls (Figure 6, Supplementary Table 5). Nigericin and LPS/Nigericin treatment increased Δψm in all tumor cells compared to untreated cells (Figure 6, Supplementary Figure 5, Supplementary Table 5). In contrast, Nigericin and LPS/Nigericin treatment decreased Δψm in human fibroblasts compared to untreated controls (Figure 6, Supplementary Table 5). These data indicate that independent of the first stimulus, the second stimulus increases the mitochondria membrane potential and triggers mitochondrial dysregulation, which could cause tumor cell death. Interestingly, NLRP3 activation-induced cell death of fibroblasts requires both the first and second stimuli.




Figure 6 | The effect of NLRP3 inflammasome modulation on Δψm in tumor cell lines and human fibroblasts. Nigericin (20 µM, Invivogen) treatment for 24 h with and without 3 h pre-incubation with LPS (1 µg/ml, Sigma, St. Louis, USA) was used to activate the NLRP3 inflammasome. To inhibit Caspase 1, cells were treated with VX765 (20 µM, Invivogen). U, Untreated; V, VX765; L, LPS; N, Nigericin; LN, LPS/Nigericin. *P < 0.001, **P < 0.05.





Suppressing Caspase 1 Activity with VX765 Stimulates Angiogenesis

Tumor growth is supported by neovasculogenesis, which is regulated by cytokines released from tumors (61). Therefore, we sought to determine whether modulation of NLRP3 activity could induce endothelial cell tube formation in vitro, indicating activation of angiogenesis (62). Supernatants of tumors were collected at 24 h and used for the HUVEC tube formation assay. HUVECs were maintained in a culture medium from each tumor cell line after NLRP3 modulation. In addition, the level of proangiogenic VEGF and Matrix metalloproteinases (MMPs) in tumor cells conditioned culture medium was analyzed. We found that in all tumor cell lines, the level of VEGF and MMP13 in culture medium was significantly higher after treatment with VX765 compared to Nigericin and LPS/Nigericin and untreated controls (p < 0.05) (Figure 7, Supplementary Figures 6, 7, Supplementary Tables 6, 7). Additionally, VX765 increased the release of MMP2, MMP7, and MMP10 in A549 cells, while the secretion of MMP7, MMP10, and MMP12 was increased only in PC3 cells (Figure 7, Supplementary Figure 6, Supplementary Tables 6 and 7). The level of several MMPs, including MMP2, MMP3, MMP7, MMP10, and MMP12 was significantly higher in U138MG conditioned culture medium (p < 0.05) (Figure 7, Supplementary Figure 7, Supplementary Tables 6 and 7). In fibroblasts, VX765 increased the release of VEGF, MMP2, MMP3, MMP10, and MMP12 compared to untreated controls, while MMP3 secretion was below the detection level (Supplementary Figure 6, Supplementary Tables 6 and 7). Consistent with the VEGF and MMPs data, VX765 culture medium induced the assembly of tubular structures by the HUVECs compared to that in controls, and Nigericin or LPS/Nigericin treated groups (p < 0.05) (Figure 7, Supplementary Figures 6 and 7, Supplementary Tables 6 and 7).




Figure 7 | The effects of releasing cytokines from PC3 cells after inhibition or stimulation of the NLRP3 inflammasome on the HUVEC tube formation. Nigericin (20 µM) treatment for 24 h with and without 3 h pre-incubation with LPS (1 µg/ml) was used to activate the NLRP3 inflammasome. To inhibit Caspase 1, cells were treated with VX765 (20 µM). U, Untreated; V, VX765; L, LPS; N, Nigericin; LN, LPS/Nigericin. *p<0.05, n=3.



With exception of SH-SY5Y cells, the release of VEGF was significantly decreased in Nigericin and LPS/Nigericin treated conditioned culture medium from all tumor types (A549, MCF7, PC3, and U138MG) and fibroblasts compared to VX765 and untreated controls. Accordingly, HUVECs maintained in medium conditioned by cells treated with Nigericin and LPS/Nigericin formed fewer tubular structures compared to VX765 treated conditioned cell culture medium. The difference in tube formation between HUVECs treated with conditioned culture medium from each tumor cell line was not significant (p < 0.05). The effect of conditioned culture medium from PC3 cells, expressing the highest NLRP3 level upon treatment with LPS/Nigericin, on HUVECs tube formation is shown in Figure 7. The effect of culture medium from A549 and MCF7 cells as well as fibroblasts is shown in Supplementary Figure 6. Also, the effect of culture medium from neuronal tumor cells, U138MG and SH-SY5Y, on HUVEC tube formation is shown in Supplementary Figure 7. Statistical analysis of HUVEC tube formation after incubation with conditioned culture medium from VX765, LPS, Nigericin, and LPS/Nigericin treated cell lines is shown in Supplementary Table 8.




Dıscussıon

The main product of the NLRP3 inflammasome is active caspase 1, which is produced by cleavage of the Pro-Caspase 1 (63). Caspase 1 releases the functional IL-1β, which is a pleiotropic cytokine inducing fever, activating and recruiting immune cells into the inflamed tissue (64). In this study, we investigated the effect of an inducer of the NLRP3 inflammasome, Nigericin and an inhibitor of Caspase 1, VX765, on tumor progression in a panel of cancer cells, including A549 (lung cancer), MCF7 (breast cancer), PC3 (prostate cancer), SH-SY5Y (neuroblastoma) and U138MG (glioblastoma) cell lines. We also used fibroblasts as a non-malignant cell control.


The Effect of NLRP3 Activation With Nigericin

NLRP3 complex formation requires two stimuli: priming (LPS) and activation (Nigericin) (37). LPS binds to pattern recognition receptors (PRRs) leading to the nuclear translocation of nuclear factor-κB (NF-κB) and increased transcription of IL1-β and IL-18 (65). However, a second stimulus is required to initiate the functional inflammasome formation (66). Therefore, we analyzed the effect of LPS and Nigericin on NLRP3 activation individually and in combination. Interestingly, our results revealed that priming of tumor cells with LPS increased the release of IL1-β and IL-18 without the requirement for the second stimulus (Nigericin). In contrast, priming of fibroblasts with LPS alone failed to release IL1-β and IL-18 without treatment with Nigericin as a second stimulus. In addition to potassium efflux, NLRP3 can be activated by various stimuli, such as ATP, toxins, reactive oxygen species (ROS), hypoxia, and mitochondrial dysfunction (67, 68). Therefore, our results suggest that LPS could activate NLRP3 and cause the release of IL1-β and IL-18 without a second stimulus provided by Nigericin. In tumor cells there could be other second stimuli already present, negating the requirement for Nigericin. Such stimuli could include oncogene-induced ROS (69).

Nigericin without LPS priming also activated NLRP3 evidenced by increased IL1-β and IL-18 expression. It was recently shown that TLRs, FAS-associated death domain protein and IL-1R ligands can act as the NLRP3 priming stimuli (37, 70, 71). Tarassishin and colleagues demonstrated that, in glioblastoma cells, the priming signal can be provided by IL-1 which can be produced by tumor cells in large quantities (72). Interestingly, after combined LPS/Nigericin treatment, tumor cells demonstrated two distinct patterns of NLRP3 inflammasome activation. While the release of IL-1β and IL-18 was higher in PC3 and U138MG cells compared to controls, these cytokines levels were lower in A549, MCF7 and SH-SY5Y cells. Microenvironment (73), redox balance (74, 75) and osmolarity (76) of cells may influence the release of IL-1β from different tumor types (77). However, little is known about the mechanism of IL-1β release upon LPS/Nigericin treatment. Our data suggest that NLRP3 activation through LPS/Nigericin treatment leads to a high level of IL-1β and IL-18 secretion in prostate cancer and glioblastoma cell lines compared to cell lines derived from lung cancer, breast cancer, and neuroblastoma.

Nigericin decreased cell viability and proliferation in all tumor cell lines investigated, both as monolayers and in sphere culture. Nigericin increases the efflux of K+ and increases the intracellular Ca2+ concentration (78). According to Katsnelson and colleagues, this rapid decrease in cytosolic K+ is a sufficient stimulus for initiation of the NLRP3 inflammasome cascade, independent of cytosolic Ca2+ levels (78). However, high intracellular Ca2+ can trigger apoptotic and non-apoptotic programmed cell death via caspase cascades (79). In our study, Nigericin and LPS/Nigericin increased the released LDH in tumor cells compared to controls, suggesting induction of non-apoptotic cell death. Although we suggest non-apoptotic cell death, we could not exclude pyroptosis, an inflammatory programmed cell death (80). Pyroptosis is characterized by rapidly formed membrane pores, membrane rupture, cell swelling and release of intracellular content into the extracellular space, including cytosolic proteins such as LDH (81). Opened membrane pores in pyroptotic cells permit both, Annexin V and impermanent dyes such as Propidium Iodide (PI), to enter the cell and localize in the inner membrane [39]. Therefore, in contrast to apoptosis, pyroptotic cells appear positive for both, Annexin V and PI. Supporting pyroptosis as the mechanism of cell death we identified that Nigericin and LPS/Nigericin treated tumor cells, were Annexin V and PI positive.

Additionally, Nigericin increased Δψm in all tumor cell lines investigated in this study. The apoptotic effect of elevated Δψm was demonstrated by Vander Heiden MG and colleagues (82); however, Heerdt and colleagues also showed that Nigericin induced Δψm is not associated with increased mitochondria-associated cytochrome-c release (83). Additionally, disrupted Δψm and reactive oxygen species were linked to pyroptosis in macrophages (84). Further support that pyroptosis was the mechanism of cell death, we found signs of oncolytic cell death in cells treated with Nigericin and LPS/Nigericin in TEM. It appears that pyroptosis in this context is a unique form of cell death induced in tumor cells as we found no decrease in cell viability and proliferation of non-tumor cells, fibroblasts. Moreover, the effect of Nigericin on mitochondria was also different in tumors compared with fibroblasts, where the reduction of Δψm in fibroblasts and mitochondrial damage was negligible. These data suggest that tumor cells are more susceptible to Nigericin induced pyroptosis compared to fibroblasts.

Interestingly, while combined LPS/Nigericin treatment reduced cell proliferation in all tumor cell line monolayers, its effect on tumorsphere formation was less uniform. While combined LPS/Nigericin treatment reduced sphere formation in MCF7 and SH-SY5Y cell lines, which also had the lowest release of IL-1β, in PC3 and U138MG cells, where the release of IL-1β was the highest, treatment increased the size of tumorspheres. It was previously demonstrated that IL-1β may promote tumor growth and invasion through activation of cancer stem cell self-renewal (85). Although monolayers are useful tools for functional tests, cell-cell and cell-extracellular environment interactions which are responsible for cell differentiation, proliferation, vitality, responsiveness to stimuli and drug metabolism cannot be represented in monolayers as they would be in the tumor mass (86). Due to disturbances in interactions with the microenvironment, tumor cell lines growing adherently can lose their polarity. It results in changes in the response of those cells to various cellular signaling events which may include to stimulation of the NLRP3 inflammasome. On the other hand, spheres more likely mimic the physical and biochemical features of a solid tumor mass due to the proper cell-cell and cell-environment interactions (87). In sphere models, cell proliferation depends on many factors such as the location of cells, presence of initiating cancer stem cells and the level of hypoxia (86). In our study, after LPS/Nigericin treatment, the growth pattern of PC3 and U138MG cells were different in monolayer and spheres. It may be caused by pathophysiological differences between tumorspheres due to the level of inflammasome induced hypoxia which can trigger cancer stem cell self-renewal in U138MG and PC3 spheres (88). Studies demonstrated that IL-1β induced hypoxia in glioblastoma and modulates the tumor progression by interacting directly with the tumor cells (89). Our data suggest that the effect of Nigericin on tumor survival will depend on the balance between pyroptosis and survival associated with IL-1β release. Interestingly, pyroptosis could disrupt cell integrity and release the intracellular content including IL-1β (90). Therefore, we suggest that pyroptosis could modify the tumor microenvironment establishing a chronic inflammatory milieu by releasing pro-inflammatory cytokines (91, 92). This pro-inflammatory tumor microenvironment could also be supported by LPS, which is the priming signal in inflammasome formation (93). LPS, as a PAMP, can activate tumor-associated macrophages and trigger the release of inflammatory cytokines including TNFα, IFNγ, IL-2, and IL-4 (94–96). Additionally, LPS can stimulate IL-6 production by tumor fibroblasts (97). Our data demonstrated that LPS induced the secreted of IL-6, as well as 31 cytokines in fibroblasts. Interestingly, in contrast to fibroblasts, fewer cytokines had increased secretion; secretion of only one cytokine in A549 and MCF7 cells, 5 cytokines in SH-SY5Y cells significantly increased after LPS treatment as compared to untreated cells. In addition, LPS did not affect the cytokine secretion pattern of PC3 and U138MG cells compared to untreated control. We did not identify a common pattern of cytokine secretion changes in five different tumor cell lines induced by LPS treatment. We propose that the differences in the level of NLRP3 activation in tumor cell lines are related to variations in the inflammatory nature of the individual tumor types, where pro-inflammatory cytokines produced by the tumor could act as priming agents, instead of LPS (72, 98–100).

In contrast to LPS (where no common cytokine could be identified activated in tumor cells line), Nigericin treatment revealed MIF as the most consistently upregulated cytokine in tumor cells, except for MCF7 cells. It appears that MIF could function as positive feedback to potentiate Nigericin activation of NLRP3, as this cytokine regulates inflammasome assembly and activation (101). It also was shown that MIF is required for the NLRP3–vimentin interaction, which is essential for IL-1β and IL-18 secretion (101). Our data demonstrate that MIF production could be involved in NLRP3 activation in tumor cells treated with Nigericin. Interestingly, Nigericin did not induce the production of MIF in MCF7 breast cancer cells; instead, these cells produced CXCL8 and CCL13. Nigericin can mimic the P2X7 receptor and trigger the second stage of NLRP3 inflammasome activation (9). It was demonstrated that P2X7 receptors were involved in the production of CXCL8 in human bronchial epithelial cells (102). Additionally, the release of CXCL8 was observed together with IL-1β in cigarette smoker-associated chronic obstructive pulmonary disease (COPD) patients (102). It was reported that IL-1β induces CXCL8 via NLRP3 (102). Therefore, we suggest that Nigericin may also lead to the production of CXCL8 in MCF7 cells. However, the role of CCL13 in the regulation of the NLRP3 inflammasome in MCF7 cells requires further investigation.



The Effect of VX765 on Inflammasome Function

VX765 is a selective inhibitor of Caspase 1, a major product and effector of the NLRP3 inflammasome (35). To confirm VX765 inhibition of Caspase 1, cells were treated with LPS/Nigericin, which activates NLRP3 to produce the active caspase. In all tumor cell lines and fibroblasts, Caspase 1 inhibition, partially attenuated the effects of LPS/Nigericin. In contrast to NLRP3 activation, Caspase 1 inhibition alone did not affect cell proliferation, death and LDH release. Moreover, TEM data suggest that VX765 improved the cell metabolism and mitochondrial functions in A549, PC3, and fibroblasts. Studies demonstrated that ER stress (ERS) activates the NLRP3 inflammasome and triggers mitochondrial damage. ERS increases ROS and promotes translocation of the inflammasome to the mitochondria. NLRP3 is involved in the ERS-induced cleavage of caspases including caspase-1 leading to mitochondrial damage, which is required for the production of mature IL-1β (103, 104). During ERS, the capacity of the ER to fold proteins becomes saturated by impaired protein glycosylation or disulfide bond formation (105). According to our findings, it appears that the inhibitor function VX765 to caspase-1 results with decrease in ERS and increase in the capacity of ER to fold proteins accurately. Caspase 1 inhibition also increased production of CCL24 in epithelial tumors such as lung, breast and prostate. In contrast to epithelial tumors (A549, MCF7 and PC3), Caspase 1 inhibition triggered the release of CCL11 and CCL26 in a neuroblastoma cell line. These cytokines are ligands for CCR3, which is expressed on the surface of immune and non-immune cells and promotes cell migration and proliferation (40, 106, 107). It was previously demonstrated that the CCL24-CCR3 interaction increases eosinophil adhesion and facilitates migration and infiltration of eosinophils (108). Infiltrated eosinophils were shown to increase tumor cell viability and their proangiogenic potential (109). CCL24 can also promote angiogenesis via the RhoB-VEGFA-VEGFR2 signaling pathway and contributing to malignancy (110). Additionally, CCL11-CCR3 interaction promotes cell migration and proliferation (110). Our data demonstrated that Caspase 1 inhibition induces the release of VEGF and MMPs from tumor cells and stimulates endothelial cell tube formation. This is further supported by our data on decreased cell death in tumor cells when Caspase 1 was inhibited. Our data is also corroborated Lopez-Pastrana and colleagues’ findings, who demonstrated that inhibition of Caspase 1 reduces pyroptosis and stimulates endothelial cell survival, which is mediated by VEGFR-2 signaling (111). Altogether our data suggest that inhibiting Caspase 1 by VX765 induces angiogenesis.

In conclusion, in this study, we, for the first time, analyzed the effect of an inducer (Nigericin) of NLRP3 and inhibitor of Caspase 1 (VX765) in a panel of different tumor types and normal fibroblast controls. We identified that the degree of inflammasome activation varies across the investigated tumor cell lines. Upon LPS/Nigericin treatment, activation of NLRP3 was the highest in prostate cancer and glioblastoma cells, whilst it was the lowest in the neuroblastoma cell line, SH-SY5Y. Additionally, for the first time, we have demonstrated that cell death caused by LPS/Nigericin treatment, produced variable effects on tumor cells, depending upon their NLRP3 activation level and cytokines released. In this study, we used only one cell line for each tumor type. Considering the heterogeneous nature of every tumor type, the efficacy of the inflammasome activation could further vary in different tumor cells derived from the same cancer type. Additionally, although inflammasome targeting is used as a therapeutic approach in many diseases, our study showed that inhibition of NLRP3 may not be the best approach for the treatment of some cancers. This is because the inhibiting of Caspase 1 activity using VX765 could stimulate the angiogenesis by releasing CCL24, CCL11, and CCL26 cytokines and protecting cell viability in some tumors. Therefore, targeting inflammasomes for cancer treatment will require prior testing of the effect of inflammasome reactivation in that tumor. Future in-vivo investigations will better clarify the efficiency of inflammasome activation and Caspase-1 inhibition on tumor progression. However, according to our current findings, inflammasomes could be excellent targets for personalized cancer treatment, as analysis of inflammasome activation status and potential outcome of their targeting in each patient could identify a supplemental strategy to control tumor growth if appropriate biomarkers can be identified and validated.
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In response to a variety of stresses, mammalian cells activate the inflammasome for targeted caspase-dependent pyroptosis. The research community has recently begun to deduce that the activation of inflammasome is instigated by several known oncogenic stresses and metabolic perturbations; nevertheless, the role of inflammasomes in the context of cancer biology is less understood. In manipulating the expression of inflammasome, researchers have found that NLRP3 serves as a deterministic player in conducting tumor fate decisions. Understanding the mechanistic underpinning of pro-tumorigenic and anti-tumorigenic pathways might elucidate novel therapeutic onco-targets, thereby providing new opportunities to manipulate inflammasome in augmenting the anti-tumorigenic activity to prevent tumor expansion and achieve metastatic control. Accordingly, this review aims to decode the complexity of NLRP3, whereby summarizing and clustering findings into cancer hallmarks and tissue contexts may expedite consensus and underscore the potential of the inflammasome in drug translation.
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Introduction

Cancer is a significant public health problem, and cancer deaths are rapidly increasing worldwide (1). In 2000, Drs. Douglas Hanahan and Robert A. Weinberg proposed six hallmarks of cancer, including sustaining proliferative signaling, evading growth suppressors, resisting cell death, enabling replicative immortality, inducing angiogenesis, and activating invasion and metastasis (2). Over the following decade, the authors summarized the latest discoveries into four more hallmarks upon discoveries, such as deregulating cellular energetics, avoiding immune destruction, tumor-promoting inflammation, and genome instability and mutation (3). These universal hallmarks are vital for maintaining tumor development, growth, and adaptation.

Adding a layer of complexity to the oncogenic process, overlapping crosstalk between tumor microenvironment (TME) and local inflammation fuels oncogenic initiation, development and progression. Furthermore, disturbance of the cellular milieu generated by the byproducts of inflammation exacerbates genome instability that promotes the neoplastic disease’s plasticity to expedite tumorigenesis and precipitate multiple hallmarks. Generally poised as the activator of procaspase-1, inflammasomes are cytosolic multi-protein complexes that predominantly engage with innate immunity defense via activation of pro-interleukin (IL)-1β and pro-IL-18 cytokines (4). The active form of IL-18 is essential for interferon-gamma (IFN-γ) production, which augments the cytotoxicity potential of natural killer (NK) cells and T cells (5). Active caspase-1, the pore-forming protein gasdermin D (GSDMD) that disrupts the osmotic potential and results in pyroptosis, is a form of programmed cellular death (6). Inflammasome consists of a danger sensor (nucleotide-binding and oligomerization domain-like receptors, NLR), an adaptor (apoptosis-associated speck-like protein containing a CARD, ASC), and an effector protease (caspase-1) (7). Activation of NLRs with the assembly of the inflammasome requires two sequential activation signals to exert optimal effector response. The cell is initially primed by signal one with the activation of the tumor necrosis factor (TNF), IL-1β, or pathogen-associated molecular patterns (PAMPs) to enable the transcriptional upregulation of NLRP3 inflammasome components and the inactive unspliced cytokines. The inflammasome components are then oligomerized via signal two delivery, consisting of PAMPs or damage-associated molecular patterns (DAMPs). PAMPs are recognized by pattern-recognition receptors (PRRs, including Toll-like receptors, NLRs, RIG-I-like receptors, C-type lectin receptors, etc.), which play a key role in innate immunity for the recognition of pathogens or of cellular injury (8). The DAMPs responsible for NLRP3 activation include a myriad of processes such as perturbation of ion flux, extracellular adenosine triphosphate (ATP), lysosomal degradation, mitochondrial reactive oxygen species (mtROS), and oxidized mitochondrial DNA (ox-mtDNA) (9). The inflammasome cleaves the caspase1-dependent release of the pro-inflammatory cytokines IL-1β, IL-18, and activates pyroptosis (Figure 1) (10).




Figure 1 | Mechanism and regulation of NLRP3 inflammasome activation. NLRP3 inflammasome is activated in a two-step process. First, NF-κB is initially activated by the pathogen-associated molecular patterns (PAMPs)- and damage-associated molecular pattern (DAMP)-mediated signal cascades and induces the transcription of NLRP3 inflammasome components and the inactive un-spliced cytokines. PAMPs are recognized by pattern-recognition receptors (PRRs, including Toll-like receptors, NLRs, RIG-I-like receptors, C-type lectin receptors). Signal two assembles the inflammasome complex via oligomerization and activates caspase-1, the pore-forming protein gasdermin D (GSDMD), and the inflammatory cytokines. Signal two arises from lysosomal activity. Signal two activating DAMPs consist of perturbation of ion flux, extracellular adenosine triphosphate (ATP), lysosomal degradation, mitochondrial reactive oxygen species (mtROS), and oxidized mitochondrial DNA (ox-mtDNA). To improve efficiency of oligomerization, the organelles work in conjunction to strategically bring the components close to the vital organelles and then together. Resting NLRP3 localizes to endoplasmic reticulum, whereas it is redistributed to mitochondria via mitochondria-associated adaptor molecule (MAV) when activated.



The role of inflammasomes in the context of cancer biology is less understood. NLRP3 recognizes a diverse set of inflammation-inducing stimuli as an intracellular danger sensor, including PAMPs and DAMPs. During cancer expansion, metabolites are actively secreted to the TME as extracellular messengers. ATP, one of the major cancer metabolites and constituents of the TME (11, 12), serves as a key DAMP that activates NLRP3 inflammasome via the purinergic P2X7 receptors (13, 14). The P2XR mediates host–tumor cell interactions and triggers NLRP3 activation via cytosolic Ca2+ influx and K+ efflux, thereby shaping the TME and tumor fate. Besides, hypoxia has been demonstrated to prime the activation of NLRP3 inflammasome (15, 16). Since the TME possesses hypoxic and inflamed sites that accumulate with extracellular ATP, the impacts of NLRP3 inflammasome on the progression of tumor and maintenance of TME have become a critical issue. Herein, we discuss the emerging literature and highlight the role of NLRP3 in oncogenic development by dissecting the functions and justifying each cancer hallmark to gain a comprehensive understanding.



Role of NLRP3 in Regulating the Hallmarks of Cancer


Tumor-Promoting Inflammation

Inflammation is frequently observed at the earliest stage of neoplastic initiation and propels oncogenic development in several types of cancer (17). As a danger-sensing protein complex, NLRP3 is activated by numerous oncogenic inducers such as Helicobacter pylori (H. pylori), human papillomavirus (HPV), uric acid, crystals, and reactive oxygen species (ROS) (18). H. pylori infection enhances NLRP3 expression in gastric cancer and triggers the uncontrolled proliferation of epithelial cells (18). Similarly, inflammasome activation in prostate tissue is mediated by uric acid, crystals, and infections increase the risks of prostate gland injury and prostate cancer progression (19). NLRP3-mediated tumorigenesis is observed not only through its downstream activations, but in the upstream root of genetic variants as well. Pontillo et al. discovered that a variant in the NLRP3 gene, rs10754558 (20) was associated with HPV resistance and showed a statistically significant relationship between rs10754558 and cervical cancer development (21). Epistasis analysis revealed that NLRP3 variants together with polymorphisms in inflammasome-related genes modulate both the frequency of inflammasome activation and the process of IL-1β and IL-18 maturation that influence HPV infection outcome and cervical cancer progression (20) (Table 1).


Table 1 | Inflammation-associated cancer hallmarks.





Evading Immune Destruction

Immunogenic reprogramming of innate and adaptive immunity within the TME has brought to light the importance of NLRP3 signaling in primary tumors or innate immune cells in mediating immune evasion that not only promotes cancer dissemination but also allows clonogenic survival. Here we discuss the role of NLRP3 activation in immune cells and primary tumor as a failsafe mechanism in inflammation-mediated immune surveillance. Highly immunogenic cancer cells evade immune surveillance by disabling the immune-components or downregulating immunogenic antigens. Recent progress in the action of NLRP3 witnessed remarkable adeptness in paralyzing immune cells dispatched to eliminate cancer by immunosuppressive secretions. The robust immune evasion was emphasized when Aranda et al. demonstrated that the absence of NLRP3 partially abolished immune surveillance against hyperploid tumors (25). Due to the inherent immunogenicity of extra chromosomes, hyperploid cells rarely form tumors or are compromised into slowly growing tumors in vivo (25, 33) (Table 1).

The abundance of immune regulatory subsets of tumor-infiltrating leukocytes in the TME is correlated with disease progression and poor prognosis (34) such as M2 macrophages, myeloid-derived suppressor cells (MDSC), neutrophil subsets, regulatory dendritic cells (DC), and regulatory T cells (Tregs) (35, 36). In sarcoma and metastatic melanoma models, NLRP3 activation enhances MDSC and Treg populations while suppressing both NK and T cell-mediated tumor surveillance. Zhiyu et al. found that NLRP3 silencing resulted in a five-fold reduction of MDSCs in host mice (29). These NLRP3-deficient mice were also presented with less pulmonary metastasis in an orthotopic transplant mouse model of mammary adenocarcinoma (29, 37). NLRP3 expression in tumor-infiltrating macrophages is correlated with survival, lymph node invasion, and metastasis of mammary carcinoma patients (22) (Table 1).

Among tumor-infiltrating immune cells, tumor-associated macrophages (TAMs) take center stage in promoting both metastatic tumor spread and immune evasion (22, 24, 26). NLRP3 mediated macrophage-colorectal cancer (CRC) cell crosstalk and achieved higher migration rates of CRC cells, whereas blocking NLRP3 signaling suppressed CRC cell migration in vitro and liver metastatic ability in vivo (24). In NLRP3- or caspase-1-knockout macrophages, the ability to promote the migration and invasion of melanoma cells was, similarly, greatly diminished and the metastatic potential of melanoma tumor cells was suppressed (26). Mediating immune-suppressive crosstalk, NLRP3 signaling in macrophages has been reported to decrease NK cell activation (21), reduce Th1 cell polarization (27), and attenuate cytotoxic CD8+ T cell activation (27). The suppression of anti-tumor immune responses is accompanied by enhanced differentiation of CD4+ T cells into tumor-promoting cells such as T helper type 2 cells (Th2 cells), Th17 cells, and Treg populations (27). NLRP3 also plays a role in treatment response where chemotherapeutic agents were shown to activate NLRP3 activation in MDSC, leading to immunosuppressive responses through IL-1β production that blunts the anti-tumor therapeutic effect (29, 38) (Table 1).

IL-1β is abundant in the TME, where this cytokine can promote tumor growth and presents anti-tumor activities; thus, alteration of TME from pro-invasive inflammation towards anti-tumor cell immunity against an overwhelming immunosuppressive situation is a strategy for treating cancer (35). Breast cancer-associated fibroblast (CAF)-derived IL-1β in TME drives an immunosuppressive phenotype by promoting TAM’s reprogramming to an M2-like phenotype and restricting the accumulation of T cells in tumors (23). Daley et al. found that inhibition of NLRP3, ASC or caspase-1 protects against pancreatic ductal adenocarcinoma (PDA) via immunogenic reprogramming of innate and adaptive immunity within the TME (27). NLRP3 inflammasome activation in tumor cells can endorse a chronic inflammatory TME that encourages malignant transformation and extinguishes the local immunity provided by NK or T cells (31, 39). IL-1β, has also been reported to recruit and activate γ/δ T cells involved in mediating breast cancer metastasis to bone and lung metastasis of melanoma and breast cancer (23) (Table 1). Not only does the cytokine dampen immune surveillance, but it also blunts the anti-tumor therapeutic effect of chemotherapeutic agents via drug-induced NLRP3 activation in MDSC as well (29, 38) (Table 1).

Immune checkpoint inhibitors targeting cytotoxic T-lymphocyte-associated protein 4 (CTLA4) and programmed cell death protein 1 (PD1) and its ligand-programmed death ligand 1 (PDL1) axis appear to require a pre-existing, primed effector anti-tumor CD8+ T cell infiltration for optimum therapeutic effect (28, 40). Among the known human chemokines, a co-regulated set of four (chemokine (C-C motif) ligand (CCL)-4, CCL-5, chemokine (C-X-C motif) ligand (CXCL)-9, CXCL-10) chemokines is upregulated in primary PDA carcinoma and PDA liver metastasis, which regulates CD8+ T cell infiltration, activates T cells, and promotes NLRP3-mediated T cell priming and enhances anti-tumor CD8+ T cell cytotoxic activity for an effective immune checkpoint therapy response. (Table 1). To reiterate the role of NLRP3 in enhancing immune checkpoint inhibitors, Kaplanov et al. found that although anti-PD-1 reduced tumor growth, the combination of anti-IL-1β plus anti-PD-1 abrogated the tumors completely. These observations support the findings of clinical trials that blockage of IL-1β in cancer might serve as a checkpoint inhibitor (35).

Despite accumulating evidence supporting NLRP3-mediated immune evasion, the inflammasome has also been reported to activate pro-surveillance pathways that heightened anti-tumor control and prevented tumor metastasis. The innate immune system may sense danger signals by the activation of the NLRP3 inflammasome, where downstream crosstalk engages NK cell cytolytic activity, the primarily cytotoxic cell regulating metastatic control. NLRP3 in the primary lesion of cancer cells drives the production of pro-IL-1β, DC maturation, and the secretion of IL-1β to support the evolution of tumor-specific CD8+ T cells (41). Moreover, Dupaul-Chicoine et al. found that the activation of NK cells was IL-18 dependent, but IFN-γ independent. The inflammasome-mediated tumor suppression is proposed to be primed by IL-18, promoting hepatic NK cell maturation, and aims to target FasL-sensitive tumor cells (30). IL-18 also plays an important role in regulating lymphocyte chemoattractant properties and promoting the expression of pro-inflammatory mediators, angiogenesis and adhesion-related factors (42–44). In a separate study, Dagenais et al. found that IL-18-deficient mice reveal a higher metastatic burden than wild-type mice in CRC liver metastasis, suggesting that IL-18 plays an important role in CRC metastatic growth restriction (45). Besides, in an animal model lacking T, B, and NKT cells, Rag1−/− mice exhibit a similar tumor metastatic burden compared to wild-type mice; however, Rag1−/−/IL-18−/− mice presented with an increased metastatic burden, indicating that IL-18-induced tumor cytotoxicity is independent of the major adaptive immunity effectors such as cytotoxic T lymphocytes (45).

In the primary lesion of cancer cells, NLRP3 drives the production of pro-IL-1β, DC maturation, and the secretion of IL-1β to support the differentiation of tumor-specific CD8+ T cells (41). NLRP3 inflammasome has also been reported, in a head and neck squamous carcinoma (HNSC) mice model, to inhibit and delay tumor growth and reshape the anti-tumor response through a decrease in the number of immunosuppressive cells and an enhancement in the function of effector T cells (31). Not only does cancer NLRP3 play a role in adaptive immunity in enforcing immune surveillance, but it also mediates anti-tumor immunity in innate immunity through activation of tumor-associated neutrophils (TAN). Chen et al. observed that irradiated nasopharyngeal carcinoma (NPC) presented with increased NLRP3 signaling and higher levels of tumor-derived IL-1β, and proposed that these cytokines can inhibit tumor growth and prevent local relapse by recruiting antitumor N1 TAN. Correlating with the clinical scenario, Chen et al. found that the presence of TAN significantly promoted survival in NPC patients (32) (Table 1).



Sustaining Proliferative Signaling

The mitogenic signaling in cancer cells is chronically sustained and undamped. It has been proposed that cancer cells achieve such a feat through various approaches: tumor cells can produce growth factor ligands independently, promote receptor’s structural alterations that facilitate ligand-independent activation, and elevate the levels of receptor proteins displayed at the surface resulting in the hyperresponsive reaction under the physiologic growth environment. The current literature has not reported on receptor alterations or dysregulation; nevertheless, NLRP3 has been associated with sending signals to stimulate normal cells within the tumor-associated stroma and supply them with growth factors. The crosstalk results with activation of the downstream constitutive pathway in modulating proliferation and cell cycle and dampening negative feedback: the regular operation to contain uncontrolled proliferation.

NLRP3 downstream IL-1β regulates diverse proliferative processes associated with inflammatory response (21, 42), cell cycle modulation (21, 46), nuclear factor κB (NF-kB)-c-Jun N-terminal kinase (JNK) signaling (21) as well as colony survival (47). The critical role of IL-1β is brought to light in melanoma cells, as the late-stage human melanoma actively secretes IL-1β without exogenous stimulation (48, 49). The spontaneous secretion of IL-1β shows similar characteristics as auto-inflammatory diseases caused by gain-of-function mutations in NLRP3 (48, 49), suggesting that the constitutive secretion of IL-1β may play a role in the underlying pathogenesis of melanoma (48, 49). Another study exploring melanoma found that while late-stage melanoma expresses IL-1β constitutively, intermediate-stage melanoma requires activation of the IL-1 receptor to secrete active IL-1β, and early-stage melanoma requires stimulation of the IL-1 receptor plus the co-stimulant muramyl dipeptide to secrete active IL-1β. These findings reinforce that IL-1-mediated autoinflammation paves the way to human melanoma development and progression (49). In breast cancer, numerous studies have reported a pro-tumorigenic role of IL-1β, whereas blocking IL-1β reduces tumor growth (50–52). Moreover, Voigt et al. indicated a previously unrecognized mechanism by which cancer cells induce IL-22 production from memory CD4+ T cells via activation of the NLRP3 inflammasome in breast cancer. The authors also demonstrated that the IL-1 receptor antagonist anakinra abrogates IL-22 production and reduces tumor growth in a murine breast cancer model (50) (Table 2).


Table 2 | Proliferation- and cell death-associated cancer hallmarks.



Varying levels of IL-1β operate distinct cellular signaling pathways and cell fate. Subjected to high levels of IL-1β, cells engage apoptotic pathways, whereas moderate levels of IL-1β peptides stimulate clonal expansion. Roy et al. generated stable IL-1β overexpressed MCF7 cells. In secreting high levels of IL-1β clone, cells underwent apoptosis due to genotoxic stress, whereas moderate IL-1β expressed cells undergoing clonal expansion. These studies support that concentrations of the IL-1β secretion determine its stimulatory or inhibitory signals regulating the growth of tumors that might result in novel preventive strategies (70). NLRP3-mediated IL-1β production activates NF-κB and initiates JNK signaling to cause proliferation in gastric cancer and CRC (21, 39, 71). Similarly, activation of NLRP3 inflammasome in mesothelial cells of lung cancer leads to an inflammatory response that fuels cancer initiation and progression (21) and then activates the NF-κB-signaling pathway in lung cancer, consequently increasing proliferation and inhibiting apoptosis (54). On the other hand, Salaro et al. found that NLRP3 overexpression inhibits cell proliferation and stimulates apoptosis in leukemic cells. We suggest the opposite results in NLRP3-mediated cell proliferation due to different IL-1β levels (57) (Table 2).

Manipulation of NLRP3 downstream components holds potential in determining cell fate. A central component of the inflammasomes, ASC, has been shown to promote tumor development favoring inflammation in infiltrating immune cells (42). Inactivation of NLRP3 inflammasome driven by miR-233-3p has been found to decrease the expression of NLRP3 inflammasome-associated proteins, ASC, IL-1β, and IL-18 in breast cancers and suppress tumor growth. In addition, inactivation of NLRP3 inflammasome has also been found to reduce IL-1β expression and halt development of melanoma (21). Yin et al. found the expression levels of NLRP3, ASC, caspase-1, and IL-1β are highly expressed in high-grade glioma compared to low-grade glioma, indicating an important role for NLRP3 in glioma malignancy. Overexpression of NLRP3 promotes cell proliferation and colony formation in glioma cells, whereas the downregulation of NLRP3 significantly repressed colony formation in glioma cells (56).

Similarly, NLRP3 expression levels are also correlated with the tumor size, lymph node metastatic status and IL-1β expression in oral squamous cell carcinoma (OSCC), and downregulating NLRP3 expression markedly attenuates the proliferation, migration, and invasion of OSCC (47). These results suggest that NLRP3 exerts a vital role in cancer cell proliferation. NLRP3 inflammasomes mediate both suppressions of apoptosis and progression of the cell cycle by leptin-dependent ROS production in breast cancer, which is mediated via estrogen receptor alpha (ERα)/reduced nicotinamide adenine dinucleotide phosphate (NADPH) oxidase signaling (46). Moreover, NLRP3 downstream, IL-1β, also stimulates the production of ROS that, in turn, induces DNA damage and cancer development in CRC (42) (Table 2).



Evading Growth Suppressors

Sustained proliferation despite the accumulation of endogenous stress and unresolvable metabolic dysregulations requires the cancer cells to circumvent programs that negatively regulate uncontrolled expansion. The replicative machinery intrinsically possesses numerous gatekeepers to maintain homeostasis, and these housekeeping genes integrate diverse signaling inputs to determine if the cell’s condition is suboptimal or normalized for subsequent cell-cycle progression. Previous studies have explored the role of inflammasome activation in the cell cycle mediated by leptin, and the authors found that leptin, a known risk factor for breast cancer, induces cyclin D1 expression (18, 58) and mediates cell cycle progression.

In contrast, physiologic growth becomes abolished when treating with NLRP3 inhibitor or knockout of NLRP3. The decreased population of cells in S- and G2-M phases post-NLRP3 inhibition demonstrates that the activation of NLRP3 inflammasome plays a critical role in leptin-induced cell cycle progression (46). Inflammasome inhibitions were also found to induce cell cycle arrest at the G0/G1 phase and elevated expression levels of negative cell cycle modulators, including p27Kip and p53 (58). Interestingly, activation of NLRP3 inflammasome was only activated during cell cycle interphases by NEK7, mitosis associated with kinase. Known for its role in cellular division, NEK7 mediates centrosome duplication, DNA repair and mitotic spindle activity (72); nevertheless, NEK7 also mediates mitochondrial regulation, and expressions of the NLRP3 inflammasome have been observed. Liu et al. also found that NEK7 is involved in many NLRP3-associated diseases (72). In investigating NEK7’s dual function in regulating cell division and intracellular danger sensor, Shi et al. found that NLRP3 activation requires NEK7 and suggested that NEK7 serves as a cellular switch enforcing exclusive cell fate between inflammasome response and cell division (73) (Table 2).



Enabling Replicative Immortality

A limited number of successive cell division cycles hard-wired into most normal cell lineages safeguard against uncontrolled proliferation. The natural barrier to proliferation, replicative senescence, is the cell’s innate protective measure against oncogenic progression where cells subjected to irreparable stress and uncontrolled growth are forced to undergo cell cycle arrest. Dong et al. found that NLRP3 inhibits senescence and enables replicative immortality through regulating the Wnt/β-catenin pathway via the thioredoxin-interacting protein (TXNIP)/NLRP3 axis (74). A Wnt/β-catenin pathway and NLRP3 was proposed by Xu et al. to be co-regulated by miR-20b, a miRNA targeting TXNIP. TXNIP knockdown or targeting by miR-20b resulted in a pro-tumorigenic phenotype with increased cell proliferation, inhibited cell senescence-reduced cell cycle modulators (p16 and p21), and decreased NLRP3 inflammasome-associated proteins (NLRP3 and cleaved caspase-1). These findings reveal that senescence antagonist miR-20b or TXNIP knockdown resulted in attenuated Wnt/β-catenin pathway via dysregulation of the TXNIP/NLRP3 axis (74) (Table 2).

Wnt signaling is implicated in a multitude of processes such as embryogenesis, carcinogenesis and stem cell pluripotency. In the realm of replicative mortality, Park et al. discovered a novel telomere-independent function of telomerase reverse transcriptase (TERT)/telomerase to amplify signaling by the Wnt pathway. The amplification is achieved by TERT serving as a cofactor of the β-catenin/lymphoid enhancer factor (LEF) transcription factor complex (75). Huang et al. reported that β-catenin promotes NLRP3 inflammasome activation, and silencing of β-catenin impairs NLRP3 activation (76). Nevertheless, Zheng et al. found a reciprocal relationship between NLRP3 and Wnt signaling. NLRP3 agonist induces Wnt/β-catenin activation, whereas inactivation of Wnt/β-catenin results in the inhibition of NLRP3, IL-1β. The authors propose that NLRP3 activation might enhance resistance to gemcitabine via IL-1β/epithelial–mesenchymal transition (EMT)/Wnt/β-catenin signaling (59). Attempting to explore the underlying pathway in colon cancer, Liu et al. indicated that estrogen receptors regulate the Wnt/β-catenin pathway through targeting NLR, and by comparing gene expression between normal and colon cancer tissues, they pointed out that Wnt/β-catenin pathway-associated genes are significantly differentially expressed in ER−/− mice. In addition, selective estrogen receptorα antagonists promote β-catenin degradation via inhibition of NLRP3. Collectively, these results indicate that NLRs are potential cancer markers that mediate estrogen receptor/Wnt/β-catenin signaling axis (61) (Table 2).

Telomeres protect ends of chromosomes and govern the capability of cells to counteract progressive telomere erosions caused by cell divisions. Telomerase elongates specific telomere repeats to the ends of chromosomes, which is absent in non-immortalized cells but overexpressed in immortalized cells and cancer lineages. Employing late generation telomerase knockout mice, Kang et al. found that telomere dysfunction greatly impacts innate immune cells where they present with exaggerated lung inflammation and then increase mortality upon respiratory infection. In investigating the mechanism of dysregulation, telomere dysfunction elicits macrophage mitochondrial abnormality and triggers hyperactivation of the NLRP3 inflammasome. Moreover, Kang et al. demonstrated that the peroxisome proliferator-activated receptor-gamma coactivator 1-alpha (PGC-1α)/estrogen-related receptor alpha (ERRα) axis, controlled by the telomere status, is required not only for maintaining mitochondrial homeostasis but additionally for retaining the TNF-actin interacting protein 3 (AIP3)-dependent machinery during inflammasome activation (56) (Table 2). These results bring to light a previous unexplored crosstalk network between replicative immortality and inflammasome activation.

A previous study indicated that IL-1β stimulates the activation of hypoxic signaling pathways in cancer cells that are critical for regulating and maintaining the characteristics of cancer stem cells (CSCs), including undifferentiated phenotype, self-renewal capacity, and immortality (77). The available evidence suggests that the same sets of transcription factors are implicated in regulating distinct cell fates. These overlapping sets of target genes from developmental genetics and oncogenesis highlight the importance of CSCs in NLRP3-associated carcinogenesis. Inflammasomal production of IL-1β reinforces the cancer stem cell phenotype and contributes to its invasive capacity and survival resiliency (60, 62–65). Huang et al. found that CSC markers are significantly upregulated with enriched CSC population in an IL-1β treated CRC cell line and spherical human primary CRC, and these markers, such as BMI1, nestin, Nanog, and β-catenin, can be used for stemness evaluation. Consistently, Huang et al. demonstrated that cancer expression of stem cell markers BMI1, aldehyde dehydrogenase 1 (ALDH1) and CD44 are associated with NLRP3, and they proposed that inflammasome may regulate CSC (62) (Table 2). 



Resisting Cell Death

Programmed cell death by apoptosis serves as a natural barrier against oncogenic development. Despite the major downstream event of NLRP3 inflammation formation of caspase-1 mediated pyroptosis, NLRP3 seems to mediate the dual-function of apoptosis and survival. Herein, elucidation of the NLRP3 signaling circuitry governing the apoptotic program may serve as the identification of the target gene for cell fate determination. When comparing liver cancer biopsies with non-cancerous samples, Wei et al. found that both mRNA and protein levels of NLRP3 are markedly down-regulated in hepatic parenchymal cells derived from liver cancer, suggesting an antitumorigenic role of NLRP3 hepatocellular carcinoma (67). NLRP3 has been associated with suppressing malignant progression by triggering the mitochondrial apoptotic pathway, enhancing immune-cytokine levels in the tumor microenvironment (39), and activating tumor-suppressive protein p53 in epithelial cells (42, 46, 78) (Table 2).

The apoptotic trigger is controlled by counterbalancing pro- and anti-apoptotic commands. Direct inhibition of NLRP3 or its downstream molecules is associated with oncogenic progression and anti-apoptotic effect. NLRP3 inflammasome inactivation, driven by miR-223-3p, increases proliferation, promotes invasion and inhibits apoptosis in breast cancer cells (54). MyD88 knockout mice have been found defective in downstream IL-1β and IL-18 productions, and their downstream signaling reveals an increase in colonic epithelial proliferation and CRC tumorigenesis (66). Furthermore, NLRP3 activation has been proposed to mediate multiple pathways other than that of the caspase-1. NLRP3 inflammasome activation-induced IL-1β and IL-18 in lung cancer may work through mechanisms other than the caspase-1 pathway, indicating that NLRP3 inflammasome can mediate the release of IL-1β and IL-18 through caspase-1-dependent or -independent pathways (69). Moreover, in A549 lung cancer cells, NLRP3 has been demonstrated to associate with sending signals to stimulate normal cells within the tumor-associated stroma, supply them with growth factors, and regulate cell proliferation and migration by releasing IL-1β and IL-18 through an autocrine or paracrine manner (69). Although caspase-1 activation is the major downstream event of NLRP3 inflammasome assembly, recent studies have reported that NLRP3 inflammasome could also be activated by caspase-8 (79). Besides, caspase-8 is also involved in the maturation of IL-1β and IL-18 by inducing a non-canonical process of releasing IL-1β (80) and IL-18 (69, 81) (Table 2).

The attenuation of the NLRP3 downstream pyroptosis pathway promotes apoptosis (54, 68). When attempting to activate pyroptotic signaling in GSDMD-deficient NSCLC, another type of programmed cell death other than pyroptosis was activated. Gao et al. found that in GSDMD-deficient tumor cells, the depletion of GSDMD activated cleavage of caspase-3 and PARP that guided the cell fate towards the intrinsic mitochondrial apoptotic pathway. Furthermore, knockdown of GSDMD attenuates tumor proliferation by promoting apoptosis and inhibiting epidermal growth factor receptor (EGFR)/Akt signaling axis (68). On the other hand, the increase of NLRP3, ASC, caspase-1, and IL-1β proteins in human glioma tissues is significantly correlated with higher World Health Organization grades. Inhibition of NLRP3 suppresses the proliferation, migration and invasion, and promotes apoptosis in glioma cells, while in contrast, increased expression of NLRP3 significantly enhances the proliferation, migration and invasion as well as attenuating apoptosis in glioma cells (56) (Table 2). However, as to how damaged cells decide whether to continue living in a dysfunctional state or die, and how cancer cells escape the inflammasome-induced pyroptosis both remain unclear.



Deregulating Cellular Energetics-Aerobic Glycolysis

Despite its inferiority in ATP production, glycolysis allows diversion of its metabolic products into rewarding intermediates for multiple biosynthetic pathways required for active cellular expansion. An altered metabolic environment and its metabolites provide both the priming signal to induce NLRP3 inflammasome transcription and the trigger signal for inflammasome formation/activation (82). He et al. pointed out that NLRP3 is overexpressed in non-small cell lung cancer (NSCLC) tumor tissues, while in contrast, depletion of NLRP3 reduces cell growth in vitro and in vivo as well as decreases glycolysis while enhancing mitochondrial respiration, where pathways contributing to ATP production and intermediate substrates metabolism serve as the Warburg effect switch (83). Consistently in NPC, Epstein–Barr virus latent membrane protein 1 (LMP1) promotes myeloid-derived suppressor cells MDSC expansion that promotes immune escape in the tumor microenvironment. Cai et al. found that LMP1 promotes the expression of multiple glycolytic genes, including glucose transporter 1 (GLUT1), and upregulates extra-mitochondrial glycolysis pathways in malignant cells. This metabolic reprogramming results in increasing expression of the NLRP3 inflammasome and its downstream effectors, including IL-1β, IL-6, and GM-CSF (84).

In further exploring the underlying mechanism, Moon et al. indicated that activation of the glycolytic phenotypes is intrinsically linked to NLRP3 inflammation; e.g., inhibition of mTOR complex 1 (mTORC1) suppresses NLRP3 inflammasome activation, and its regulatory associated protein of mTOR (Raptor)/mTORC1 downstream HK1-dependent glycolysis is critical for NLRP3 inflammasome activation (85) (Table 3). Previous studies indicated that resting NLRP3 localizes to endoplasmic reticulum structures (89), whereas on inflammasome activation, both NLRP3 and its adaptors redistribute and co-localize with endoplasmic reticulum and mitochondria organelle clusters (90). Mitochondria-associated adaptor molecule (MAVS) is required for optimal NLRP3 inflammasome activity including mediating recruitment of NLRP3 to mitochondria, promoting production of IL-1β, and modulating the pathophysiologic activity of the NLRP3 inflammasome in vivo (91). In addition, Kim et al. found that NLRP3 in renal tubular cells re-localizes from the cytosol to the mitochondria during hypoxia and binds to MAVS, which attenuates mtROS production and depolarization of the mitochondrial membrane potential under hypoxia (92). This evidence illustrates that the activated NLRP3 inflammasome re-localizes within the cell-driven mitochondrial dysfunction in cancer cells, resulting in metabolic reprogramming and cancer progression.


Table 3 | Metabolism- and genome instability-associated cancer hallmarks.



A causal mechanism by which obesity promotes the progression of breast cancer via the NLRP3 inflammasome activation has been recently described (42, 93). Wen et al. pointed out that IL-1β and NLRP3 inflammasome regulate lipid and carbohydrate metabolism. Enhanced NLRP3 inflammasome activation and processing of inactive pro-IL-1β to the active mature IL-1β are induced in response to administration of saturated fatty acids. Moreover, NLRP3 downstream IL-1β mRNA induction is required by glycolysis. Both glycolysis and HIF-1α expression are critical for Th17 cell differentiation (86) (Table 3). The AMP-activated protein kinase (AMPK), downregulated in cancer and obesity, has been proposed to mediate survival via its effect on cellular metabolism (94), through oncogenic progression of re-configuring/re-programming its metabolism towards glycolysis. AMPK inhibition blocks autophagy and increases mtROS production, a trigger signal for NLRP3 inflammasome activation (95).



Genome Instability

Genomic instability is a characteristic of most cancers, resulting from mutations in DNA repair genes and drives cancer development (96). A recent study indicated that short-wave ultraviolet B (UVB) exposure activates the NLRP3 inflammasome and induces the secretion of IL-1β and IL-18 (97). In addition, a positive correlation has been found between UVB radiation intensity and NLRP3 gene expression (88). Knockdown of NLRP3 suppresses UVB-induced production of IL-1β and attenuates other inflammatory mediators, such as IL-1α, IL-6, TNF-α and PGE2. Inhibition of the DNA repair system by knockdown XPA, a major component of nucleotide excision repair, causes activation of NLRP3 inflammasome. Thus, Hasegawa et al. indicated that accumulating genomic damage due to loss of repair would result in NLRP3 activation (88). ATM-activated autotaxin (ATX) propagates inflammation and accumulates DNA double-strand breaks (DSBs) in epithelial cells. Zheng et al. demonstrated that ATX transfection induces NLRP3 activation and DNA damages. These results suggest that ATX is activated via stress-induced NLRP3-DSB-ataxia telangiectasia-mutated (ATM) response (87) (Table 3).



Inducing Angiogenesis

To satisfy the highly demanding metabolic requirements, cancer switches on aberrant angiogenesis to help sustain expanding neoplastic growth. The role of NLRP3 in tumor-associated neo-vasculature and angiogenesis has been found to regulate angiogenesis in CRC, breast cancer, NSCLC (21, 53). Numerous studies have pointed out the angiogenic role of IL-1β (42, 46, 98). The circuitry of angiogenesis is proposed to be activated through numerous autocrine and paracrine actions. Carmi et al. indicated that IL-1β and vascular endothelial growth factor (VEGF) interact in an autoinduction circuit where these cytokines would result in the positive feedback of the other. The circuitry is proposed to be orchestrated between bone marrow-derived VEGF receptor 1/IL-1 receptor 11 expressed MDSC and tissue endothelial cells (ECs). Inhibition of IL-1β reduces tumor growth in melanoma by attenuating inflammation and promoting MDSC towards M1 macrophage, which subsequently reduces angiogenesis through neutralized VEGF; however, when tumors relapse, the expression of HIF-1α in a paracrine manner has been found to allow angiogenesis to rebound. These findings suggest that IL-1β inhibition acts as an effective anti-tumor therapy in targeting tumor angiogenesis (98) (Table 4). 


Table 4 | Metastasis-associated cancer hallmarks.



More pathway details were revealed in the study by Voronov et al. where the authors established that IL-1 expression at TME enhances adhesion molecules on EC and facilitates tumor EMT and metastasis (101, 102). Although not regarded as the primary driver of angiogenesis, recombinant interleukin 1 (rIL-1) promotes the proliferation of EC and enhances the expression of adhesion molecules as well as inflammatory mediators and cytokines, which subsequently promote vascular permeability (103, 104). Thus, Voronov et al. aimed to assess the role of IL-1 as a driver of tumor angiogenesis and evaluate its potential as an anti-tumor agent, and by employing IL-1β knockout mice, the authors found that IL-1β is required for in vivo angiogenesis since IL-1β knockout mice failed to recruit blood vessel networks into Matrigel plugs with melanoma tumor cells. The incorporation of IL-1 receptor antagonists into these plugs also inhibited the ingrowth of blood vessel networks in wild-type mice. Similar to melanoma gel models, this phenomenon was consistently found in DA/3 mammary and prostate cancer cell models (99) (Table 4).



Activating Invasion and Metastasis

The invasion and metastasis cascade not only induce in-and-out extravasation of tumor cells into and out of the lymphatic or vascular systems but additionally affect the dissemination and survival in the bloodstream and targeting of metastatic sites while evading immune surveillance. The role of NLRP3 in activating invasion and metastasis seems to be tissue- and context-dependent. Increased activation of the NLRP3 inflammasome promotes migration and invasion activities in gastric cancer cells (24). Consistently, knockdown of NLRP3 induces cell apoptosis in MCF-7 cells and decreases cell migration (54); nevertheless, in other cell-types, NLRP3 inflammasome may pharmacologically repress proliferation and metastasis of hepatic cell carcinoma (HCC) (21) (Table 4).

The role of NLRP3 in promoting invasion has been demonstrated with human endometrial cancer cell lines such as Ishikawa and HEC-1A cells, where knockdown of NLRP3 significantly reduces proliferation, clonogenicity, invasion and migration. In contrast, overexpression of NLRP3 enhances the activities of proliferation, migration and invasion as well as increasing caspase-1 activation and IL-1β secretion in human endometrial cancer cells (55). Liu et al. concluded that the upregulation of NLRP3 expression promotes the progression of endometrial cancer; therefore, NLPR3 inflammasome might be a new therapeutic target for endometrial cancer (55). Unanimously, inhibition of the NLRP3 inflammasome pathway has been suggested to be a promising approach for decreasing tumor cell invasion and survival in HNSC (21) and glioma (56) (Table 4).

The cascade of downstream pathways via activation of the NLRP3-mediated IL-1β axis has been found to activate NF-κB that initiates JNK signaling causing proliferation and invasion in gastric cancer (21). On the other hand, despite the activation of the same downstream pathways, NF-κB, NLRP3 is shown by numerous studies to be anti-oncogenic. MicroRNA-233-3p (miR-223-3p) has been found to directly target NLRP3, which results in diminishing the expression of NLRP3 and its downstream molecules, including ASC, IL-1β and IL-18, suggesting that miR-223-3p might be a dynamic control in determining inflammasome-mediated cell fate (54). Moreover, miR-223 has been demonstrated to increase proliferation, promote invasion and inhibit apoptosis in A549 cells via activation of the NF-κB signaling pathway (105). Adding a layer of complexity into the intracellular crosstalk, NF-κB signaling has also been proposed to act upstream of NLRP3 where NF-κB is required for the upregulation of NLRP3 in transforming growth factor-beta 1 (TGF-β1)- or TNF-α-induced EMT in CRC (100) (Table 4). Whether the complexity of crosstalk remains to be unraveled or whether the role of NLRP3 is cell-specific remains to be elucidated. 

It is increasingly apparent that crosstalk between cancer cells and cells of the neoplastic stroma is involved in permitting seeding and successful colonization. The activation of NLRP3 inflammasome in breast CAF promotes tumor metastasis by upregulating the expression of adhesion molecules in EC and promoting the recruitment of MDSCs, suggesting that IL-1β secretion from activated mammary CAFs enhances the expression of adhesion molecules on tumor EC in vivo, thus facilitating cancer cell migration across the blood vessel endothelium (23). IL-1β has also been found to promote metastasis by inducing EMT or increasing matrix metalloproteinases (MMPs) activity in gastric adenocarcinoma, bladder cancer (24) and CRC (42). Moreover, the silencing of NLRP3 significantly decreases the migration and invasion in OSCC cells and reduces EMT-related protein expression. These results suggest that NLRP3 plays an important role in regulating the metastasis of OSCC cells (47) (Table 4).




Discussion

The role of NLRP3 in tumorigenesis may be tissue- or cell-dependent. Conflicting roles have been described where NLRP3 exhibits a protective role against colon cancer and HCC, while NLRP3 also plays a carcinogenic role in gastric and prostate cancers (39, 106). The multitude of cellular impacts demands a comprehensive analysis of tissue-context response, dose-dependent response, and in vivo implications that require further evaluation. Would these complicate benefits in multiple metastatic tumor responses or high-risk patients with cancer susceptibilities? If the drug is to be spread systematically through the oral or intravenous route, what will the overall response be considering immune priming distance from the primary site?

NLRP3 using conditional knockout models and pharmacological activators or inhibitors is needed to decode the precise mechanisms of NLRP3 activity in cancer (39). Awad et al. found that the NLRP3 effector ASC protein plays a differential regulation of NF-κB in different clinical scenarios. In metastatic melanoma, ASC encourages tumorigenesis while suppressing tumorigenesis in primary melanoma. The tissue-specific function of ASC is then confirmed in vivo when ASC acts as a tumor suppressor in keratinocytes and an oncoprotein in myeloid cells (48). Observing that inflammasome pathways serve dual opposing functions, Duan et al. proposed that NLRP3 activation could be enhanced in cells upon stimulated inflammation by LPS and coal tar pitch extract (CTPE) exposure compared to CTPE alone (107). Whether NLRP3 activation may result in proliferation or apoptosis of the cell would depend on the level of stress imposed, and the sensitivity of the cell to produce IL-1β requires elucidation. Would apoptosis be the result from overwhelming stress and pro-tumorigenic response as a consequence of less severe damage, repairable stress? An interesting question that arises would be whether the cell status predicts cell fate and its preposition towards apoptosis and senescence. 

While seemingly bizarre with unique cell-dependent phenotypes and crosstalk, NLRP3 at the setting seems to be organized and goal-dependent. Where many uncertainties are regulated and compelled to arrive at one sole cell fate, inhibiting NLRP3 activation with S. muticum extracts has been found to decrease angiogenesis, reduce cancer cell proliferation, and increase apoptosis in human breast cancer cells (53). NLRP3 enhances IL-1β, subsequently activating NF-κB, and initiates JNK signaling to cause proliferation and invasion in gastric cancer (21). In lung cancer, it increases proliferation, promotes invasion and inhibits apoptosis (54). The knockdown of NLRP3 significantly reduces the proliferation, clonogenicity, invasion and migration in both Ishikawa and HEC-1A cells, while in contrast, NLRP3 overexpression enhances the proliferation, migration and invasion in both Ishikawa and HEC-1A cells and furthermore, increases caspase-1 activation and the release of IL-1β in endometrial cancer cells. YVAD-cmk, an inhibitor of caspase-1, decreases the proliferation ability.

Collectively, these results indicate that upregulated NLRP3 expression promotes the progression of endometrial cancer (55). The multifunctional role of NLRP3 in mutually conflicting pathways raises the question of what determines deterministic cell fate decisions in development and oncogenesis. And since inflammasome is a constitutively and physiologically expressed protein in maintaining homeostasis, would the target of NLRP3 inflammasome mitigate malignancy without harming normal neighboring tissue? Addressing these concerns, Bae et al. proposed that significant cell death was observed only when P2X7R and NLRP3 inflammasome were both inhibited by ATP and MCC950, a specific inhibitor of NLRP3 inflammasome (108), and further research into safety manipulation of NLRP3 inflammasome without enhancing significant dose-dependent side effects is required.

It is important not to overlook that EMT, invasion, survival, proliferation, angiogenesis and immune invasion-all traits are implicated in the process of invasion and metastasis (Figure 2). Hence, the distinct crosstalk highlighted in this review implies intertwined processes that are not independently activated and that act synergistically to allow tumor clonogenicity expansion and progression. Given the importance and multifaceted role of inflammasome/inflammation in cancer biology, the complexity of NLRP3 is just beginning to be decoded where inflammasome not only acts as a critical regulator in modulating tumor-associated inflammation but mediates essential roles in regulating cancer hallmarks as well. In response to a variety of stresses, mammalian cells activate the inflammasome for targeted pyroptosis; however, inflammasome has been associated with tumor-promoting effects, raising the interesting question of why inflammasome-mediated pyroptosis fails to outcompete the superior cell fate option in many dysregulated cellular contexts. What are the missing key drivers that will promote the major downstream event of caspase activation and subsequent pyroptosis in mediating tumor control? These recent developments provide new insights and therapeutic opportunities to manipulate inflammasome in augmenting their anti-tumor activity and achieving metastatic control for therapeutic opportunities.




Figure 2 |  Role of NLRP3 inflammasome in regulating cancer hallmarks. Proposed by Dr. Douglas Hanahan and Dr. Robert A. Weinberg, the cancer hallmarks are universal abilities that cancer cells acquire for survival. These hallmarks include sustaining proliferative signaling, evading growth suppressors, resisting cell death, enabling replicative immortality, inducing angiogenesis, activating invasion and metastasis, deregulating cellular energetics, avoiding immune destruction, tumor-promoting inflammation and genome instability and mutation. The related literature was reviewed and the role of NLRP3 inflammasome in regulating cancer hallmarks summarized. Many NLRP3 inflammasome-related inducers and NLRP3 inflammasome-associated regulations modulate the activities of cancer hallmarks.
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The NOD-, LRR-, and pyrin domain-containing protein 3 (NLRP3) inflammasome is the platform for IL-1β maturation, aimed at mediating a rapid immune response against danger signals which must be tightly regulated. Insulin is well known as the critical hormone in the maintenance of glucose in physiologic response. Previous studies have proved insulin has the anti-inflammatory effect but the molecular mechanism of immunomodulation provided by insulin is not clear so far. Here we investigated whether insulin reduces inflammation by regulating the NLRP3 inflammasome. In the present study, we used LPS and ATP to induce the intracellular formation of the NLRP3 inflammasome. Insulin inhibited the secretion of IL-1β by preventing the assembly of the ASC in THP-1 cells and human CD14+ monocyte-derived macrophages. The phosphorylation status of Syk, p38 mitogen−activated protein kinase (MAPK) and ASC were altered by insulin. These effects were attenuated in THP-1 cells transfected with small interfering RNA targeting insulin receptors. In vivo, administration of glucose–insulin–potassium reduced serum IL-1β level, intestinal ASC speck formation, local macrophage infiltration and alleviated intestinal injury in mice exposed to LPS. Insulin may play an immunomodulatory role in anti-inflammation by regulating the NLRP3 inflammasome.
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Introduction

Sepsis is a life-threatening organ dysfunction caused by a deregulated immune response to infection. It is a leading cause of mortality in intensive care units and a major health problem worldwide (1). The host immune responses to sepsis are characterized by pro-inflammatory and anti-inflammatory responses. In general, pro-inflammatory responses are activated to eliminate pathogens but excessive inflammation mediates tissue damage in sepsis. On the other hand, anti-inflammatory reactions are responsible for limiting tissue injury but immune suppression results in the enhanced susceptibility to secondary infection (2). Upon early inflammatory response, monocytes and macrophages play a critical role in connecting the innate and adaptive immunity during sepsis. They also participate in releasing pro-inflammatory cytokines; however, dysregulated function of these important cell subsets contributes to a “cytokine storm” and causes organ dysfunction (3). Until recently, several randomized clinical trials investigating agents for the treatment of sepsis, such as anti-TNF and anti-LPS, have failed (4). Therefore, the development of new potential therapeutic strategies against sepsis is of crucial importance.

Inflammasomes, receptors and sensors of the innate immune system, play an important role in mediating a rapid immune response against infections caused by pathogens and tissue damage (5). The assembly of the complex is initiated by the activation of pattern recognition receptors (PRRs), including the AIM2-like receptors and the nucleotide binding oligomerization domain (NOD)-like receptors (NLRs). Among the numerous PRRs identified, NLRP3 is the most extensively characterized (5, 6). The NLRP3 inflammasome is the platform for caspase-1 activation and IL-1β maturation. It consists of the NLRP3 scaffold, the ASC adaptor, and pro-caspase-1 (7). The multiprotein complex is activated upon exposure to the board spectrum of stimuli, including fungi (8), bacteria (9, 10), virus (11, 12), crystal particles (13), and environmental particles (14). Although activation of NLRP3 is critical for the clearance of extracellular pathogens and induction of the innate immune response, aberrant NLRP3 activity participates in the development of inflammation-related diseases, such as type II diabetes, gout, Alzheimer’s disease, Crohn’s disease, atherosclerosis, and sepsis (15). Therefore, accumulating studies have clarified the mechanism through which the NLRP3 inflammasome is regulated (16, 17); however, the role of NLRP3 inflammasome in sepsis awaits further investigations.

Insulin is a critical hormone that maintains blood glucose levels by facilitating cellular glucose uptake, regulating carbohydrate, lipid and protein metabolism and promoting cell division and growth through its mitogenic effects (18). Moreover, numerous experiments have established that insulin exerts glucose homeostatic and anti-inflammatory effects. Pretreatment with insulin inhibits the activation of NF-κB and expression of pro-inflammatory cytokines to alleviate inflammatory response in vitro and in vivo (19–21). However, the molecular mechanism involved in the improvement of sepsis outcome by insulin remains unclear. In the present study, we explored the immuno-modulatory role of insulin in sepsis and demonstrated that insulin inhibited the inflammatory response by reducing the oligomerization of the ASC, leading to attenuation of inflammasome activation during sepsis.



Materials and Methods


Cell Culture

The THP-1 human leukemia monocytic cell line was purchased from Biosource Collection and Research Center (Taiwan) and maintained in RPMI 1640 medium (Mediatech, Manassas, VA, USA) supplemented with 10% FBS and antibiotics (100 U/ml penicillin, 100 μg/ml streptomycin, and 0.25 g/ml amphotericin B).

Human CD14+ monocytes were isolated from donor peripheral blood mononuclear cells (PBMCs) as previously described (22). In brief, 20 ml of each vein blood sample from volunteers was collected into sterile tubes containing EDTA. First, PBMCs were obtained by gradient centrifugation with Ficoll–Hypaque (GE Healthcare, Wauwatosa, WI, USA). Human CD14+ cells were subsequently isolated through the column with anti-CD14 microbeads (Miltenyi BioTec GmbH, Bergisch Gladbach, Germany). Cells were subsequently washed twice with cold PBS and resuspended in RPMI 1640 medium (Mediatech) supplemented with 10% FBS and antibiotics. For the purity measurement of CD14+ cells, the hematology analyzer (XS-800i™; Sysmex, Kobe, Japan) was used to evaluate the cell population of the isolated cells. CD14+ cells showed >90% of purity compared with control PBMCs. We further differentiated the purified human CD14+ monocytes into macrophages by adding recombinant human granulocyte-macrophage colony-stimulating factor (GM-CSF) (10 ng/ml) (PeproTech, Rocky Hill, NJ, USA) for 7 days at 37°C in 5% CO2. The human blood samples were collected anonymously following approval of the project by the Institutional Review Board of Kaohsiung Medical University Hospital (KMUH-IRB-20170045).



Animal Model

Male C57BL/6 mice (age: 6–8 weeks) were purchased from the National Laboratory Animal Center (Taipei, Taiwan), and maintained in a pathogen-free facility. The animal experimental protocol was approved by the Institutional Animal Care and Use Committee of the Kaohsiung Medical University (IACUC permit number: 106186) and was performed based on the guidelines and regulations of the institution. The mice were randomly allocated into one of four groups (n=7 per group) as follows: PBS control group, LPS exposure group, glucose–potassium (GK) solution plus LPS group (GK/LPS), and glucose–insulin–potassium (GIK) solution plus LPS group (GIK/LPS). To evaluate the insulin effect but avoid hypoglycemia and hypokalemia in vivo, we used the GIK solution, which is consisted of glucose (400 mg/kg), insulin (50 μg/kg), and potassium chloride (64 μEq/kg) (23), to observe the effect of insulin in vivo. The GK solution, the same components as those of GIK except insulin, was used as vehicle control. Briefly, naive mice (PBS control group) were primed through i.p. injection with sterile PBS (total volume: 100 μl). The GK/LPS and GIK/LPS groups were i.p. injected with GK and GIK solution for 30 min, respectively. Finally, after LPS (10 mg/kg) i.p. injection for 6 h, the mice were sacrificed.

Subsequently, a GlucoSure Blood Glucose Monitoring System (APEXBIO, Hsinchu, Taiwan) was used to monitor the blood glucose levels. The serum samples obtained from the hearts of mice were used to determine the levels of cytokines. In addition, the sera biochemistry profiles were determined using a cobas c311 analyzer (Diagnostics Roche, Rotkreuz, Switzerland). The small and large intestine of mice were obtained and fixed in 4% formaldehyde. Organ embedding in paraffin, tissue sectioning, hematoxylin and eosin (H&E) staining, and immunohistochemistry (IHC) staining were performed by Litzung Biocompany Inc. (Kaohsiung, Taiwan). The severity of intestinal injury after the i.p. administration of LPS was quantified in histological sections of the terminal ileum by a pathologist (blinded to the study groups) who assigned a score according to the International Harmonization of Nomenclature and Diagnostic Criteria scale as previously reported (24).



Immunoblotting Analysis

After pretreatment with insulin or vehicle (HEPES) for 30 min, THP-1 cells were exposed to LPS (1 μg/ml) for 24 h. Prior to cell lysate harvest, the cells were additionally stimulated with ATP (5 mM) for 30 min. Subsequently, the cells were washed in PBS and resuspended in cell lysis buffer supplemented with a protease inhibitor cocktail. After centrifugation at 15,000 rpm for 30 min, the protein lysate was harvested and the total protein concentration was determined. An equal amount (30 μg) of protein was resolved through 10%–12% SDS-PAGE electrophoresis. Subsequently, the proteins were transferred onto a PVDF membrane. After blocking in tris-buffered saline with Tween 20 buffer containing 2% bovine serum albumin, the membrane was probed with specific antibodies as listed in Table 1.


Table 1 | The sources of the antibodies used in the study.





ASC Oligomerization Assay

The formation of ASC specks in the cell lysates was determined as previously described (25, 26). For the harvest of lysates, THP-1 cells were lysed in Buffer A (20 mM HEPES-KOH, pH 7.5, 10 mM KCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM EGTA, 320 mM sucrose) supplemented with a protease inhibitor cocktail. After cell lysis, a 21-gage needle was used to disrupt the cells in the total lysates (30 repetitions). The lysates were subsequently centrifuged at 300×g for 8 min. The supernatants were transferred to sterile empty Eppendorf tubes without disturbing the nuclear pellets and diluted with 1 volume of CHAPS buffer (20 mM HEPES-KOH, pH 7.5, 5 mM MgCl2, 0.5 mM EGTA, 0.1% CHAPS) supplemented with a protease inhibitor cocktail. After centrifugation at 2,400×g for 8 min at 4°C, the supernatants were removed. The pellets were washed twice with 0.5 ml ice-cold PBS and resuspended in 30 μl CHAPS buffer. DSS crosslinker material was added at a final concentration of 2 mM and incubated at 37°C for 30 min. Subsequently, the protein lysates were resolved through 12% SDS-PAGE electrophoresis, and the levels of ASC were determined via western blotting.



Immunofluorescence Staining

Cells were washed, fixed, and incubated with anti-ASC antibodies overnight at 4°C, and finally incubated with an Alexa Fluor 488-conjugated secondary antibody. Cell nuclei were specifically stained with DAPI. Finally, a Zeiss LSM510 META laser scanning microscope (Carl Zeiss, Germany) was used to visualize the results under the oil immersion objective.



Lactate Dehydrogenase Release Assay

We used the LDH quantitative assessment assay to evaluate the level of LDH release and determine the cell death (27). Based on the instructions provided by the manufacturer, the cell supernatants were centrifuged at 500×g for 5 min at 4°C and the dead cells were subsequently removed. The LDH cytotoxicity assay kit (Pierce Biotechnology, USA) was used and the absorbance was read at 490 nm. The results were calculated and presented as the percentage of LDH release and cell death.



Enzyme-Linked Immunosorbent Assay

THP-1 cells and isolated human CD14+ monocytes were plated at a density of 4×105 cells per well in 12-well plates. After pretreatment with different concentrations of insulin for 30 min, the cells were treated with LPS (1 μg/ml) for 24 h. The cells were additionally stimulated with ATP (5 mM for 30 min) or nigericin (10 μM for 1 h), followed by harvesting of the supernatants. The levels of IL-1β (Cat# 88726188), IL-6 (Cat# 88706688), and TNF-α (Cat# 88734688) were measured using ELISA kits (Thermo Fisher).



Quantitative Real-Time Polymerase Chain Reaction

The RNA was extracted from THP-1 cells using the RNAspin Mini RNA Isolation Kit and reverse-transcribed to cDNA using the RT reagent kit. Quantitative real-time PCR analysis was performed using a LightCycler (Roche Diagnostics, Mannheim, Germany) to evaluate the levels of target mRNA. We used the ΔΔCt method to calculate the expression of target genes. All data of the quantitative PCR were normalized to the levels of GAPDH, the housekeeping gene for THP-1 cells (28). The primer sequences used in the quantitative PCR analysis were listed in Table 2.


Table 2 | Primer sequences for RT-qPCR.





RNA Interference

The target siRNAs were purchased from Thermo Fisher Scientific and transfected into THP-1 cells using the Lipofectamine RNAiMAX reagent as previously described (29). For efficient knockdown, the cells were incubated for 48 h before treatment.



Statistical Analysis

All quantification data from the present study are represented as mean ± standard deviation from experiments performed at least 3 independent times under identical conditions. Statistical analysis was performed by GraphPad Prism 7.0 software. Two tailed t-tests was used for two groups and ANOVA with Dunnett’s multiple comparisons test was used for more than two groups. A p-value <0.05 indicated a statistically significant difference.




Results


Insulin Suppresses the Activation of the Nucleotide Binding Oligomerization Domain-, LRR-, and Pyrin Domain-Containing Protein 3 Inflammasome

NLRP3 activation requires LPS priming and ATP stimulation for the final assembly of the inflammasome complex, which cleaves pro-caspase 1 and releases the mature IL-1β (30). We used LPS plus ATP-stimulated THP-1 cells to establish an in vitro condition of inflammasome activation. Initially, we examined whether insulin pretreatment inhibits the release of pro-inflammatory cytokines via reducing inflammasome activation. Treatment with insulin significantly inhibited the expression of IL-1β in the THP-1 cells stimulated with LPS and ATP (Figure 1A). The consistent result was also observed that insulin reduced the IL-1β production of the THP-1 cell treated by LPS and nigericin, another NLRP3 activator (Supplemental Figure 1A). As a control, the production of TNF-α and IL-6 remained unchanged in insulin treatment conditions, indicating that the anti-inflammatory effect exerted by insulin is specifically associated with inflammasome activation. (Figures 1B, C). Subsequently, we evaluated the caspase-1-dependent programmed cell death (pyroptosis) through the LDH release assay. Following stimulation with LPS plus ATP, THP-1 cells treated with insulin exhibited a lower rate of pyroptosis than control cells (Figure 1D). We further used primary human macrophage to elucidate the insulin effect. CD14+ monocytes from human PBMCs were isolated and differentiated into macrophages through incubation with recombinant human GM-CSF. As shown in Figure 1E, compared with the vehicle group, a sharp reduction in IL-1β secretion was observed in the human macrophages treated with a lower concentration of insulin than those treated in THP-1 cells. This finding indicated that insulin provides more obviously effects to reduce the pro-inflammatory response in primary human cells. Consistently, insulin did not alter the expression of TNF-α and IL-6 under the same conditions (Figures 1F, G).These results suggest that insulin may effectively inhibit the production of pro-inflammatory cytokines and prevent the programmed cell death and this insulin effect may be associated with NLRP3 inflammasome activation.




Figure 1 | Insulin inhibits the secretion of NLRP3-mediated IL-1β, but not that of TLR-mediated TNF-α and IL-6. (A–C) Determination of IL-1β (A), TNF-α (B) and IL-6 (C) levels in the supernatants obtained from LPS (1 μg/ml for 24 h) plus ATP (5 mM for 30 min)-stimulated THP-1 cells pretreated with insulin in a dose-dependent manner (0, 5, and 15 IU/ml) for 30 min. (D) Pyroptosis of THP-1 cells stimulated as in (A) was evaluated by LDH release assay. The present result of LDH release (%) depicted the calculated cytotoxicity. (E-G) ELISA assay was used to determine the production of IL-1β (E), TNF-α (F), and IL-6 (G) in the CD14+ isolated primary macrophages. CD14+ cells in the treatment group were pretreated with insulin in a dose-dependent manner (0, 0.15, and 1.5 IU/ml) for 30 min and subsequently stimulated by LPS (1 μg/ml) and ATP (5 mM). The quantification data are presented as mean values (± SDs) derived from experiments performed 3 independent times under identical conditions; *p < 0.05, **p < 0.01 (one way ANOVA with Dunnett’s multiple comparisons test). INS, insulin; LPS, lipopolysaccharide; ND, non-detectable; ns, non-significance.





Insulin Inhibits the Formation of ASC Specks

NLRP3 recruits pro-caspase-1 through ASC specks, leading to activation of caspase-1 and cleavage of pro-IL-1β to mature IL-1β (7). We subsequently analyzed the expression of the main components of the NLRP3 inflammasome through western blotting analysis to determine the mechanism of insulin-dependent immunomodulation during exposure to DAMPs. As expected, insulin pretreatment reduced the expression of the cleaved caspase-1 and mature IL-1β in the supernatant obtained from THP-1 cells stimulated by LPS plus ATP. In cell lysates, there were no changes in the endogenous level of the caspase-1 and IL-1β precursors (Figures 2A, B). The consistent data can be seen in the Supplementary Figure 2, mRNA levels of caspase-1 and IL-1β were not altered by insulin. The formation of ASC specks serves as a signal amplification mechanism for the inflammasome-mediated production of cytokines (31). Hence, we examined the ability of immuno-speck formation in inflammasome-associated proteins using immunofluorescence staining and the ASC oligomerization assay. Figures 2C, D showed the immunofluorescence images and quantitative evaluations. We found a sharp ASC speck signal in the cytoplasm following stimulation with LPS and ATP (condensed green points in Figure 2C). Interestingly, ASC aggregation was significantly inhibited after pretreatment with insulin (15 IU/ml). Also, ASC speck formation derived from LPS plus nigericin was inhibited by insulin (Supplemental Figures 1B, C). In support of the finding, the ASC oligomerization assay showed that insulin obviously inhibited the formation of ASC specks in a dose-dependent manner (Figure 2E). Our results suggest that insulin may prevent the formation of ASC specks without affecting the expression of the NLRP3 in inflammasome activation condition.




Figure 2 | Insulin significantly reduces the NLRP3-mediated formation of the ASC pyroptosome. (A) Immunoblotting for caspase-1 (p20 and caspase-1 precursor), IL-1β (p17 and IL-1β precursor), and NLRP3 of the supernatant (upper panels) and cell lysates (lower panels) from THP-1 monocytes pretreated with insulin (0, 1, 5, and 15 IU/ml), followed by stimulation with LPS (1 μg/ml) for 6 h and ATP (5 mM) for 30 min. (B) Quantification of immunoblotting was determined by densitometric analysis, and each result was normalized to the levels of the vehicle control group. (C) Immunofluorescence microscopy of LPS (1 μg/ml for 24 h) and ATP (5 mM for 30 min)-stimulated THP-1 monocytes pretreated with insulin (0, 5, and 15 IU/ml) for 30 min, and subsequently immunostained for ASC (green) and DNA (DAPI, blue). Scale bars, 10 μm. White arrows indicate ASC specks. (D) The quantification represents the percentages of cells with an ASC speck, with ≥100 cells counted from 10 random fields in each experiment. (E) ASC oligomerization and redistribution assay in THP-1 cells treated as in (A). Immunoblotting analysis of ASC in cross-linked pellets (upper panels) and in cell lysates (lower panels). The quantification data are presented as mean values (± SDs) derived from experiments performed three independent times under identical conditions; Immunoblotting results as shown in (A, E) are one representative of three independent experiments; **p < 0.01 (one way ANOVA with Dunnett’s multiple comparisons test).





Insulin Regulates the Molecular Signaling Pathway of the Nucleotide Binding Oligomerization Domain-, LRR-, and Pyrin Domain-Containing Protein 3 Inflammasome

Syk kinase signaling in macrophages may play a critical role in immunomodulation through activation of the inflammasome (32, 33). Furthermore, both the Syk and MAPK pathways are involved in the phosphorylation and oligomerization of ASC (34, 35). Thus, we investigated the role of Syk and MAPK in the anti-inflammatory response induced by insulin. As can been seen in Figures 3A, B, the phosphoryl activities of Syk were significantly reduced after pretreatment with insulin in LPS plus ATP-stimulated THP-1 cells. While observing the MAPK activity, we found that p38 MAPK were obviously blocked following the treatment of insulin; however, there were no effects on the phosphorylation of JNK and ERK. We also confirmed the insulin significantly abrogated the phosphorylation of ASC (Figures 3C, D). Our results showed that insulin may inhibit ASC phosphorylation, by reducing the phosphorylation of Syk and p38 MAPK.




Figure 3 | Insulin treatment regulates the molecular signaling in LPS plus ATP-stimulated THP-1 cells. (A) Immunoblotting analysis of MAPK and Syk kinase in the protein lysates from THP-1 cells pretreated with insulin (0, 5, and 15 IU/ml), followed by stimulation with LPS (1 μg/ml) for 2 h and ATP (5 mM) for 30 min. (B) Quantification of MAPK and Syk kinase was determined by densitometric analysis, and each result was normalized to the levels of the corresponding vehicle control group. (C) Immunoblotting analysis of phosphoryl ASC (p-ASC) in the protein lysates from THP-1 cells pretreated as in (A). (D) Quantification of p-ASC was determined by densitometric analysis, and normalized the levels of the vehicle control. The quantification data are presented as mean values (± SDs) derived from experiments performed three independent times under identical conditions; Immunoblotting results as shown in (A, C) are one representative of three independent experiments; **p < 0.01 (one way ANOVA with Dunnett’s multiple comparisons test). ns, non-significance.





Insulin Modulates the Expression of ASC-IL-1β Axis via the INSR and IGF1R

To further confirm the immunomodulation of NLRP3 inflammasome derived from insulin, we evaluated IL-1β secretion in response to NLRP3 activation in THP-1 cells, in which INSR and IGF1R (major receptors of insulin) had been knocked down using small interfering RNA (siRNA). Firstly, siRNA-mediated gene silencing specifically and effeIctively inhibited the expression of the target mRNA and protein (Supplemental Figures S3A–E). Individual depletion of INSR or IGF1R significantly reversed the NLRP3 inflammasome-mediated secretion of IL-1β, respectively; however, it did not affect the expression of TNF-α and IL-6 (Figure 4A). Furthermore, the suppressive effects contributed by insulin could be reversed by silencing of INSR or IGF1R, such as the phosphorylation of p38, Syk, and ASC (Figures 4B, C), and ASC oligomerization (Figure 4D). Thus, these results suggest that insulin may play an important role in modulating the activation of the ASC-IL-1β axis in NLRP3 inflammasomes.




Figure 4 | Insulin modulates the expression of ASC-IL-1β axis via the insulin receptor and insulin-like growth factor-1 receptor. (A) Cytokine ELISA assay for the levels of IL-1β, TNF-α, and IL-6 in the supernatants of THP-1 cells transfected with INSR-, IGF1R-, or negative control siRNA, followed by pretreatment with insulin (15 IU/ml for 30 min) and stimulation with LPS (1 μg/ml for 4 h) plus ATP (5 mM for 30 min). (B) Immunoblotting analysis of p38, Syk, and ASC in the protein lysates from THP-1 cells pretreated as in (A). (C) Quantification of p38, Syk, and ASC were determined by densitometric analysis, and each result was normalized to the levels of the corresponding vehicle control groups. (D) ASC oligomerization and redistribution assay in THP-1 cells treated as in (A). Immunoblotting analysis of ASC in cross-linked pellets (upper panels) and cell lysates (lower panels). The quantification data are presented as mean values (± SDs) derived from experiments performed three independent times under identical conditions (n=3); Immunoblotting result as shown in (B, D) are one representative of three independent experiments; *p < 0.05, **p < 0.01 (one way ANOVA with Dunnett’s multiple comparisons test). ns, non-significance.





Insulin Suppressed the Production of Pro-Inflammatory Cytokines and Alleviated Intestinal Injury In Vivo

We elucidated the in vivo immune modulatory effects of insulin using a GIK solution administered to a LPS induced murine endotoxemia model (36, 37). Serum analysis showed that pro-inflammatory cytokines (including IL-1β, TNF-α, and IL-6) were effectively induced 6 h after intraperitoneal (i.p.) injection of LPS in C57BL/6 mice (Figure 5A). Compared with the LPS group or GK/LPS group, mice treated with GIK50 (contains 50 μg insulin/kg body weight) followed by LPS injection were significantly reduced levels of the pro-inflammatory cytokines, including IL-β, TNF-α, and IL-6. The level of blood glucose was significantly reduced following the administration of LPS, whereas GK/LPS or GIK/LPS treatment did not affect the glucose level compared to LPS-treated mice. Regarding serum biochemistry, only LDH level, as an additional pyroptosis marker (38), was significantly inhibited by treatment with GIK50, but not blood urea nitrogen (BUN) and aspartate aminotransferase (AST) (Figure 5B). Furthermore, the architecture of the terminal ileum was preserved in the control group (PBS control without LPS exposure) (Figure 5C). However, mice i.p. injected with LPS showed an obvious disruption of the small intestinal mucosa, caused by the intensive infiltration of inflammatory cells into the lamina propria, edema of the submucosa, and epithelial cell loss. Interestingly, treatment with GIK50/LPS decreased the severity of LPS-mediated intestinal injury, compared to the GK/LPS group (Figures 5C, D). After that, we performed immunohistochemical assessment to further observe the mucosal cytokine expression involved in the small intestine. In line with the pathologic results, GIK50/LPS treatment sharply reduced the IL-1β expression compared to the LPS or GK/LPS groups (Figures 5E, F). It is well known that IL-1β promotes the macrophage recruitment in the context of inflammation (39). Thus, we next tested whether insulin treatment suppressed macrophage infiltration in tissue. Further evidence can be seen in the immunofluorescence images (Figure 5G). ASC specks were observed around the small intestinal mucosa from LPS administrated mice and co-localized with the infiltrated macrophages, whereas GIK/LPS treatment obviously blocked the ASC speck formation and reduced the macrophages infiltration. Collectively, insulin potentially exerts anti-inflammatory effects and in turn alleviates pyroptosis in mice with LPS-induced sepsis.




Figure 5 | Immunomodulatory effects of insulin on systemic inflammation and intestinal injury in the LPS-treated mice. Serum samples were harvested 6 h after intraperitoneal injection with LPS, GK, or GIK50 in the first set of mice. (A) The serum levels of IL-1β, TNF-α, and IL-6 (n=7). (B) The levels of blood glucose (n=7), LDH (n=3), urea nitrogen (BUN) (n=3), and aspartate aminotransferase (AST) (n=3). (C) The representative images of H&E stained intestine sections depicts the infiltration of inflammatory cells (black arrows; scale bar, 100 μm) and disruption of the small intestinal mucosa (white arrows). (D) Quantification of the intestinal injury score was performed according to INHAND grades, as described in the section of Materials and Methods (n=3). (E) The images of immunohistochemical staining of intestine sections using the IL-1β mouse monoclonal antibody. (scale bar, 30 μm) (F) Quantification of IHC staining was determined in pixels (n=3). (G) Immunofluorescence images show ASC speck (green, white arrow) and F4/80 (red, red arrow) distribution in the small intestinal mucosa. Nuclei (blue) were revealed by DAPI. The merged images revealed the co-localization of ASC with F4/80, the cell surface markers of mice macrophages (Scale bars, 20 μm, n=3). The quantification data are represented as mean ± SDs, with “n” indicating the number of mice per group; **p < 0.01 (one way ANOVA with Dunnett’s multiple comparisons test). GK, glucose-potassium solution; GIK, glucose-insulin-potassium solution; i.p., intraperitoneal. *p < 0.05, **p < 0.01; ns, non-significance.






Discussion

It has been shown that insulin has anti-inflammatory effects; however, the molecular mechanism remains largely unknown. The present study demonstrates that insulin exerts anti-inflammatory effect by alleviating the formation of ASC specks, to finally reduce the activation of the inflammasome and secretion of the pro-inflammatory cytokines in an INSR and IGF1R-dependent manner (Figure 6). To our best knowledge, this is the first study to reveal that insulin is a key regulator of NLRP3 inflammasome activation. Furthermore, the administration of insulin in mice with LPS-induced sepsis revealed that insulin effectively exerts an anti-inflammatory effect and prevented pyroptosis cell death. These findings suggest insulin may not only be the homeostasis endocrine but serve as an important role in immune-modulation in chronic metabolic or severe infectious diseases.




Figure 6 | Schematic illustration of a possible mechanism for insulin reduced NLRP3 inflammasome activation. According to our results, we proposed that insulin inhibited ASC phosphorylation cascade and followed by reducing ASC oligomerization in the presence of NLRP3 stimulus. This immuno-modulatory effect derived from insulin reduced the IL-1β production and prevented pyroptosis cell death, which exerted the protective role during the danger signals exposure.



Insulin has been documented to exert glucose homeostatic and anti-inflammatory effects. It was capable of reducing the activation of intranuclear NF-κB activity and expression of pro-inflammatory cytokines, to alleviate inflammatory response in vitro and in vivo (19, 21, 40, 41). Furthermore, the previous studies revealed that intensive therapy with insulin improved the mortality rate in intensive care units, further indicating that treatment with insulin reduced mortality in patients with sepsis (42, 43). The evidence suggests that insulin may exert an anti-inflammatory effect by modulating the inflammatory response, and finally improves the symptoms of infection. However, studies concerning the anti-inflammatory effects of insulin have been limited in terms of the sample population or were not focused on the molecular mechanism. In the present study, we provide evidence showing the immunomodulation by insulin in the NLRP3 inflammasome pathway, which is rapidly stimulated in response to a variety of stress and infectious signals and elicits a robust inflammatory response.

Our results detail the molecular mechanism of inflammasome activation, which is regulated by treatment with insulin. The data suggest the protective role played by insulin in the inflammatory response. These findings extend the conclusion of the previous studies, suggesting that treatment with insulin therapy improves the outcome of patients with sepsis in the intensive care unit (42). In addition, the improvements noted were the results of immunomodulation contributed by insulin, which has negative feedback of inflammatory stress caused by microbes, immune disorders, and chronic diseases. Furthermore, it has been demonstrated that the effects of anti-inflammatory and organ protection gained from insulin in scalded experimental rats without controlling hyperglycemia (44). In line with the conclusion, our findings have greatly enhanced the understanding of the molecular mechanisms by which the immunomodulation derived from insulin are involved.

Binding of insulin to the α subunit of INSR induces a conformational change, followed by facilitation of the cell signal transduction, such as the binding of ATP, phosphorylation of β subunits, recruitment of intracellular substrates, and their subsequent phosphorylation (45, 46). Moreover, insulin binds to and activates the INSR, IGF1R, or INSR/IGF1R hybrid receptors with different affinities. Here, we propose that insulin modulates the activation of the NLRP3 inflammasome via INSR and IGF1R. Consistently, depletion of INSR or IGF1R by siRNA can reverse the inhibitory effect of insulin on the activation of the NLRP3 inflammasome (Figure 4). We demonstrated that INSR and IGF1R play a linked role in the dysregulation of NLRP3 inflammasome caused by insulin. Further investigations are warranted to clarify the docking conformation between insulin and the associated receptor, which can influence the development of inflammatory diseases caused by dysregulation of the NLRP3 inflammasome.

In contrast to in vitro effect, our results showed that in vivo effect of insulin on proinflammatory cytokine production is not restricted to IL-1β. The levels of TNF-α and IL-6 were also inhibited by insulin treatment in a LPS induced murine endotoxemia model. It is highly possible that the decrease of TNF-α and IL-6 was due to the significant IL-1β decrease in vivo as IL-1β release is a critical step in cascade induction of other pro-inflammatory cytokines (47–49). Another possible reason is that insulin may exert anti-inflammatory effect through another IL-1β-independent mechanism in vivo, including suppressing NF-κB pathway (21) or changing T cell polarization to Th2 (50). Thus, the levels of all three pro-inflammatory cytokines were significantly decreased in the insulin-treated model in the present study. In addition to the cascade inducing activity of IL-1β for other two proinflammatory cytokines, IL-1β can recruit macrophages in the context of inflammation (39). Therefore, the obviously less macrophage infiltration in insulin treated group is highly possible because of the decrease of IL-1β release in vivo.

However, this study had limitations. The results obtained in other kinds of cytosolic PRRs (e.g., NLRP1, AIM2, or NLRC4) were not representative of the entire pathophysiology encountered in sepsis. Future studies should include different DAMPs or PAMPs stimulations. This approach will comprehensively evaluate whether treatment with insulin plays a protective role in host cells receiving the inflammatory stimulators, and further establish the potential of insulin as a new therapeutic agent against sepsis.

In conclusion, insulin serves as a negative regulator of NLRP3 inflammasome activation. Our results provide compelling evidence for translational medicine to improve the clinical predicament in sepsis. Moreover, they suggest that treatment with insulin is effective against inflammatory stress. We expect the present evidence provides a new strategy for the therapeutic application of insulin and introduces an entirely new view for the comprehensive study of this field.
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Typically occurring during secondary dengue virus (DENV) infections, dengue hemorrhagic fever (DHF) causes abnormal immune responses, as well as endothelial vascular dysfunction, for which the responsible viral factor remains unclear. During peak viremia, the plasma levels of virion-associated envelope protein domain III (EIII) increases to a point at which cell death is sufficiently induced in megakaryocytes in vitro. Thus, EIII may constitute a virulence factor for endothelial damage. In this study, we examined endothelial cell death induced by treatment with DENV and EIII in vitro. Notably, pyroptosis, the major type of endothelial cell death observed, was attenuated through treatment with Nlrp3 inflammasome inhibitors. EIII injection effectively induced endothelial abnormalities, and sequential injection of EIII and DENV-NS1 autoantibodies induced further vascular damage, liver dysfunction, thrombocytopenia, and hemorrhage, which are typical manifestations in DHF. Under the same treatments, pathophysiological changes in the Nlrp3 inflammasome–deficient mice were notably reduced compared with those in the wild-type mice. These results suggest that the Nlrp3 inflammasome constitutes a potential therapeutic target for treating DENV-induced hemorrhage in DHF.
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Introduction

Dengue virus (DENV) infection is one of the most rapidly growing mosquito‐borne infections (1, 2). DENV infection is self-limiting. However, secondary DENV infections are epidemiologically associated with an increased risk of life-threatening severe dengue [classically known as dengue hemorrhagic fever (DHF)]. No specific antiviral treatments against DENV infection have been developed. Although overall mortality rates from infectious diseases decreased from 2005 to 2015, mortality attributable to DENV infection increased by 48.7% (3). Endothelial damage and vascular leakage are the hallmarks of severe dengue. Vascular leakage, which occurs during the acute phase of DHF, typically manifests 3–6 days after disease onset (4, 5). The fact that DHF acute phase follows the viremia-decreasing period and convalescence, suggests that it is DENV-induced endothelial injury, rather than infection of the endothelium, that contributes to such pathogenic responses (5). However, the viral factor responsible for vascular endothelial damage remains unclear.

The DENV envelope protein (E) domain III (EIII) is an Ig-like domain that is involved in host cell receptor binding for viral entry (6). However, cellular signaling occurs after EIII binds to the target cells, and whether this cellular response is associated with hemorrhage pathogenesis in vivo also remains unclear. Our previous study revealed that treatment with viral-load-equivalent levels of EIII in DHF can suppress megakaryopoiesis through autophagy impairment and cell death (7), indicating that the binding of EIII to endothelial cells may involve cytotoxicity. Concerning viremia exacerbation, circulating viral-particle surface-EIII is theoretically increased to cytotoxic levels in the plasma of patients with dengue during peak viremia. Consistent with this premise, vascular leakage follows peak viremia (5). Therefore, in the present study, we hypothesized that EIII would be a virulence factor leading to endothelial damage.

Because secondary DENV infection in DHF causes vascular damage and abnormal immune responses in addition to viremia-induced damage, abnormal immune responses against dengue are considered a pathogenic factor of DHF. DENV infection and immunization of viral protein NS1 lead to the production of autoantibodies (8–14), which could constitute an abnormal immune response. In our previous study, two sequential injections of DENV and antiplatelet immunoglobulin (Ig), which simulate peak viremia and abnormal immunity, respectively, successfully induced Nlrp3 inflammasome–mediated hemorrhage in mice (10). In the present study, we investigated whether EIII exposure would lead to endothelial dysfunction, whether sequential injections of EIII and antiplatelet Ig would elicit hemorrhage in mice, and whether such pathogeneses are Nlrp3 inflammasome–mediated responses. We also discuss relevant regulations and potential applications.



Materials and Methods


DENV, Recombinant Protein, Antibodies, and Analyses Kits

Soluble recombinant proteins DENV NS1 (rNS1), EIII (rEIII), and glutathione-S transferase (rGST) and DENV-2 (strain PL046) were obtained and purified as described previously (7, 10). To reduce endotoxin contamination (i.e., that of lipopolysaccharide [LPS]) to a desired concentration (<1 EU/mg of protein), the lysate- and resin-loaded column was washed with a buffer (8 M urea, 100 mM NaH2PO4, and 10 mM Tris-HCl; pH = 6.3) with the addition of 1% Triton X-114 (Sigma-Aldrich, St. Louis, MI, USA) (15). The rEIII was eluted with a buffer (8 M urea, 100 mM NaH2PO4, and 10 mM Tris-HCl; pH = 4.5) and refolded using a linear 0–4 M urea gradient in a dialysis buffer (2 mM reduced glutathione, 0.2 mM oxidized glutathione, 80 mM glycine, 1 mM EDTA, 50 mM Tris-HCl, 50 mM NaCl, and 0.1 mM phenylmethylsulfonyl fluoride) at 4°C for 2–3 h, as described previously (7). The purity of the rEIII protein was approximately 90%. LPS contamination was monitored using a Limulus Amoebocyte Lysate QCL-1000 kit (Lonza, Walkersville, MD, USA) (7, 16, 17). Batches of purified recombinant proteins with LPS concentrations of less than 1 EU/mg of protein were used. The pre-immune control Ig concentration, anti-NS1 Ig concentration, and anti-EIII Ig concentration of the experimental rabbits (New Zealand White; Oryctolagus cuniculus) were obtained before and after immunization with rNS1 and rEIII, which was performed as described previously (13). Approximately 6–10 days after the fifth immunization cycle, anti-NS1 serum was collected from the 50% of the rabbits with the most significant elevation of antiplatelet IgG. The anti-EIII serum was obtained after the third immunization cycle. The IgG fractions were obtained and purified using a protein A column attached to a peristaltic pump (Amersham Biosciences; flow rate of 0.5–1 ml/min). Subsequently, they were washed and eluted (10). An antiplatelet monoclonal antibody (rat anti-mouse integrin αIIb/CD41 Ig, clone MWReg30; BD Biosciences, San Jose, CA, USA) was used as a positive control Ig for thrombocytopenia induction in mice, which was performed as described previously (18). For competition of between rEIII-endothelial cell binding, following recombinant proteins were used, recombinant mouse P-selectin, E-selectin, dendritic cell-specific intercellular adhesion molecule-3-grabbing non-integrin (DC-SIGN; CD209), DC-SIGNR, C-type lectin domain family 5 member A (CLEC5A), CLEC2, glycoprotein Ib (GPIbα; CD42b) (R&D Systems, Indianapolis, IN, USA). To analyze the binding properties of rEIII proteins on endothelial HMEC-1 cells, DENV virus particles and rEIII protein were conjugated with biotin by using an EZ-Link™ Sulfo-NHS-Biotinylation kit (Thermo Fisher Scientific). The levels of biotin-labeled rEIII proteins bound to endothelial cells (50 µg/ml protein + (2 × 105) cells/ml in culture medium for 30 min) were determined through flow cytometry by using PE/Cy5 avidin (BioLegend, San Diego, CA, USA) staining. The rEIII-competitive inhibitor chondroitin sulfate B (CSB, 10 µg/ml; Sigma-Aldrich, St. Louis, MO, USA) was used to suppress rEIII-induced endothelial cell binding and cell death. Anti-P-selectin Ig (50 µg/ml; BD Biosciences) and isotype control Ig (50 µg/ml; mouse IgG1, κ isotype control antibody, BioLegend) was used for stimulating HMEC-1 cell ROS and pyroptosis.



Experimental Mice

Wild-type C57BL/6J mice aged 8–12 weeks were purchased from the National Laboratory Animal Center (Taipei, Taiwan) (14, 19–21). Genetically deficient mice with a C57BL/6J background, including Nlrp3−/− and Casp1−/− knockout (KO) mice, were obtained from the Centre National de Recherche Scientifique (Orléans, France) (10, 22). All animals were housed in the Animal Center of Tzu-Chi University in a specific-pathogen-free environment controlled for temperature and lighting, and were given free access to food and filtered water. All genetic knockout strains were backcrossed with the wild type for at least six generations.



Ethics Statement

The animal experiments in this report were conducted in accordance with the national directive for the protection of laboratory animals (Taiwan Animal Protection Act, 2008). All experimental protocols related to animal use were approved by the Animal Care and Use Committee of Tzu-Chi University, Hualien, Taiwan (approval ID: 101019).



Analysis of Blood Parameters and Liver Function

Blood samples were collected from the retro-orbital plexus of the mice using plain capillary tubes (Thermo Fisher Scientific, Waltham, MA, USA) and transferred into polypropylene tubes (Eppendorf; Thermo Fisher Scientific) containing an anticoagulant acid–citrate–dextrose (ACD) solution (38 mM citric acid, 75 mM sodium citrate, 100 mM dextrose) (23, 24). Platelet-poor plasma was prepared by centrifugation at 1,500 × g for 20 min. To remove contaminant cells, it was then centrifuged at 15,000 × g for 3 min. The platelet counts of mice were determined using a hematology analyzer (KX-21N; Sysmex, Kobe, Japan). Mouse liver function was analyzed through the detection of concentrations of an enzyme specifically expressed by liver cells, namely circulating aspartate transaminase (AST), by using a clinical biochemistry analysis system (COBAS INTEGRA800, Roche).



Endothelial Cell Analysis

Human microvascular endothelial cells (HMEC-1; Centers for Disease Control and Prevention, Atlanta, GA) (12) were treated with vehicle (normal saline), rGST (25 µg/ml), rEIII (25 µg/ml), and DENV (5 × 104 PFU/ml), with or without additional treatments of 10 µg/ml heparin (China Chemical and Pharmaceutical Co., Taipei, Taiwan), de-N-sulfated heparin (Sigma-Aldrich), and EIII-competitive inhibitor chondroitin sulfate B (CSB; Sigma-Aldrich), respectively. After various treatments, freshly collected conditioned medium and HMEC-1 cells were subjected to flow cytometry analysis of reactive oxygen species (ROS) using 2′,7′-dichlorofluorescin diacetate (Sigma-Aldrich) and caspase-1 activity (BioVision, Milpitas, CA, USA) or were stored at −80˚C before further cytokine and RNA experiments. Concentrations of proinflammatory cytokines (i.e., interleukin [IL]-1β, tumor necrosis factor [TNF]-α, and IL-6; BioLegend) and soluble thrombomodulin (Abcam, Cambridge, UK) were determined through enzyme-linked immunosorbent assay (ELISA). Levels of EIII-stimulated (0.6 µM, 24, 48, 72 h) HMEC-1 cell released soluble form thrombomodulin (sTM) and EIII-elicited (2 mg/Kg, 24 h) mouse circulating sTM were analyzed using a human and a mouse thrombomodulin ELISA Kit, respectively. Total cellular RNA was prepared using an RNeasy Mini Kit (Qiagen). RNA concentration was quantified through spectrophotometry at 260 nm (NanoDrop2000c; Thermo Fisher Scientific). By using the iScript cDNA Synthesis Kit (Bio-Rad, Foster City, CA, USA), 1 mg of total RNA was reverse transcribed into cDNA. Quantitative real-time reverse transcriptase polymerase chain reaction qRT-PCR was performed using Maxima SYBR Green/ROX qPCR Master Mix (Thermo Scientific) with primers of the target genes (Nlrp3, NF-κb, IL-1β, TNF-α, and thrombomodulin) and β-actin as the internal control (Table S1). The results were analyzed using QuantStudio 5 qPCR and Thermo Fisher Cloud systems (ThermoFisher Scientific), as described previously (25).



Endothelial Cell Death and Mitochondrial Analyses

To analyze DENV- or rEIII-induced endothelial cell death, HMEC-1 cells (2 × 105) were incubated with DENV or rEIII for 1 h and then subjected to flow cytometry analyses after washing with PBS. Various RCD responses, namely including apoptosis (CaspGLOWTM Red Active Caspase-3 Staining Kit, BioVision, Milpitas, CA, USA), autophagy (Cyto-ID™ Autophagy Detection Kit, Enzo Life Sciences, Farmingdale, NY, USA), ferroptosis (C11 BODIPY 581/591, Cayman Chemical, Ann Arbor, MI, USA), necroptosis (RIP3/B-2 Alexa Fluor 488, Santa Cruz Biotechnology, Santa Cruz, CA, USA), pyroptosis (Caspase-1 Assay, Green, ImmunoChemistry Technologies, MI, USA), and live/dead cell labeling (Zombie NIR™ Fixable Viability Kit, BioLegend), were analyzed using respective cell labeling reagents (30 min in PBS). Treatments (1 h) of cell death inducers were used as positive controls for various types of RCD (apoptosis: doxorubicin, 2.5 μg/ml, Nang Kuang Pharmaceutical, Taipei, Taiwan; autophagy: rapamycin, 250 nM, Sigma-Aldrich; ferroptosis: erastin, 10 μM, Cayman Chemical; necroptosis: tumor necrosis factor alpha [TNF-α], 2 ng/ml, BioLegend; pyroptosis: nigericin, 3.5 μM, ImmunoChemistry Technologies, Minnesota, USA; 30 min in PBS). Inhibitors were used to address the involvement of specific RCD pathways (apoptosis: Z-DEVD-FMK, 10 μM, R&D Systems; autophagy: chloroquine diphosphate, 60 μM, Sigma-Aldrich; ferroptosis: ferrostatin-1, 2.5 μM, Cayman Chemical; necroptosis: necrostatin-1, 50 μM, Cayman Chemical; pyroptosis: Z-WHED-FMK, 10 μM, R&D Systems; ROS: N-acetylcysteine (NAC), 1 mM; 30 min pretreatments before addition of DENV, rEIII, and cell-death inducers). To analyze the induction of mitochondrial superoxide, MitoSOX™ Red mitochondrial superoxide indicator was used (Thermo Fisher Scientific, Waltham, MA, USA; 30 min in PBS) (26). For caspase-1 activity, an additional colorimetric kit was used (BioVision, Milpitas, CA, USA). Cell-permeant 2’,7’-dichlorodihydrofluorescein diacetate (DCFDA, Abcam, Cambridge, UK) staining was used to determine cellular ROS levels (Figure S1). Cellular ROS/superoxide detection kits (Abcam) were used for inhibitor and competition experiments (Figures S4, S8, S9).



Effects of Sequential Injection of DENV and rEIII + Anti-NS1 Ig on Induction of Hemorrhage in Mice

As described previously (10), the mice were first given a subcutaneous injection of DENV (3 × 105 PFU/mouse; DHF viral load (27); or concentrations of rEIII equivalent to the DHF viral load (i.e., 2 mg/kg). This was followed by a subcutaneous injection of antiplatelet IgG using either (1) anti-CD41 Ig (0.2 mg/kg rat monoclonal MWReg30; Pharmingen), which is well established for immune thrombocytopenia (ITP) induction (18) or, 24 h later, (2) anti-NS1 Ig (8.5 mg/kg rabbit polyclonal, ITP-inducible) (13). Anesthesia was established 5 min before each injection (i.e., vehicle, rEIII, DENV, and Igs) through intraperitoneal injection of 2.5% avertin solution (in 10 ml/kg saline). We analyzed the platelet counts (Analyzer KX-21N; Sysmex) (18); hemorrhage classification (as described in the next section); concentrations of IL-1β, TNF-α, IL-6, and soluble thrombomodulin (ELISA, BioLegend and Abcam); and, using a chromogenic assay, the expression levels of the anticoagulant proteins antithrombin III and protein C (Sekisui Diagnostics) 24 h after the antiplatelet Ig injection. To measure the plasma leakage, a single intravenous injection of Evans blue dye along with the sequential Ig injections was administered (12). The mice were sacrificed 12 h after dye treatment, and their tissue was collected and minced. The dye retention rates were determined from a standard curve of Evans blue in formamide by using a spectrophotometer (Hitachi, Tokyo, Japan). Inhibitors and drugs, such as ROS scavenger N-acetyl-l-cysteine (NAC; Sigma-Aldrich, 50 mg/kg), CSB (Sigma-Aldrich, 0.5 mg/kg), caspase 1 inhibitor Z-WEHD-FMK (R&D Systems, 10 mg/kg), recombinant IL-1 receptor antagonist (IL-1RA) (PeproTech, 0.8 mg/kg), TNF-α inhibitor etanercept (Pfizer, 10 mg/kg), and IVIg (Bayer, 2 g/kg), were administered subcutaneously before (CSB and NAC: concurrent with rEIII injection; Z-WEHD-FMK, IL-1RA, etanercept: 10 min after rEIII injection) or after (IVIg: 10 min after Ig injection) the anti-CD41/anti-NS1 Ig injections.



Hemorrhage Classification

We graded the severity of the hemorrhage induced by the sequential treatments of rEIII + anti-NS1 Ig and DENV + anti-NS1 Ig as described previously (10). Digitized images (RGB color mode, 0.75 × 0.6 cm2, 600 dpi) of the hemorrhagic lesions in the mice were captured under standard conditions: the illumination density was 200 lx, the lighting element was a 20 W Philips fluorescent lamp, a Canon IXUS-860IS camera was used, and the sample-to-camera distance was 7 cm. Adobe Photoshop software was then used to obtain the red and green signals without additional adjustment of brightness or contrast. The red and green intensities in a particular image were measured using ImageJ software (v1.46, NIH). Approximate values of hemorrhage score were calculated by subtracting the image intensity of the red signals from that of the green signals (10).



Statistical Analysis

The means, standard deviations, and other summary statistics of the quantifiable data were calculated using SigmaPlot 10 and SPSS 17 software. The data were subjected to one-way analysis of variance (ANOVA), followed by the post-hoc Bonferroni-corrected t test. A probability of type 1 error (α) of.05 was used to determine statistical significance.




Results


rEIII-Induced ROS Stress, Proinflammatory Phenotype, and Cell Death in Endothelial Cells

Studies have demonstrated that DENV binds to endothelial cell glycoproteins through envelope proteins. However, it is unclear whether such binding induces adverse effects similar to those previously observed in megakaryocytes (7). In analyses of proinflammatory and proapoptotic responses and soluble thrombomodulin release, which is a marker of endothelial damage (28), we observed that treatment with levels of rEIII and DENV equivalent to the DHF viral load induced death of HMEC-1 cells. The rEIII-induced endothelial cytotoxicity was associated with increased levels of caspase-1 activity, as well as with increased concentrations of IL-1β and soluble thrombomodulin (Figure 1 and Figure S1). Consistent with these findings, qRT-PCR revealed that the mRNA expression of NF-κB, IL-1β, TNF-α, inflammasome component Nlrp3, and thrombomodulin increased notably after treatment with rEIII and DENV (Figure S2). Treatments with CSB, NAC, and Z-WEHD-FMK substantially reduced the release of IL-1β, TNF-α, and thrombomodulin (Figure 1). These results suggest that the DENV-induced proinflammatory phenotype of endothelial cells is likely mediated through EIII, as well as through the induction of downstream ROS production and caspase-1 activity.




Figure 1 | Endothelial inflammatory responses induced by rEIII in vitro. Treatments of recombinant rGST, rEIII, and DENV on endothelial HMEC-1 cell defects at various time courses were analyzed (A). After rGST, rEIII, and DENV treatments, with or without the addition of inhibitors, the levels of caspase-1 activity (B), IL-1β release (C), TNF-α release (D), and soluble thrombomodulin release (E) were analyzed—specifically, 24 h (B–D), and 48 h (E) after the treatments. Glycosaminoglycans for rEIII binding competition: CSB. Inhibitors: NAC for ROS; Z-WEHD-FMK (Z-WEHD) for caspase-1 and IL-1; IL-1RA for IL-1; etanercept for TNF-α. ANOVA: *p < 0.05 and **p < 0.01 vs. the vehicle groups; #p < 0.05 and ##p < 0.01 vs. groups not treated with inhibitors (n = 6; three experiments with two replicates).





Pyroptosis Is a Major Regulated Cell Death Pathway in Endothelial Cells Treated With DENV and rEIII

Results from annexin V staining, terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL), propidine iodide (PI) staining, and caspase assays suggested the involvement of apoptosis in DENV-induced endothelial cell death (29, 30). However, because annexin V, TUNEL, PI, and caspase signals can all be detected in nonapoptotic cell death (31–35), we investigated whether pathways of nonapoptotic regulated cell death (RCD) were also involved in DENV- and rEIII-induced endothelial cell death. Specifically, endothelial RCD pathways, including pyroptosis, necroptosis, ferroptosis, apoptosis, and autophagy, were analyzed. In line with the data on IL-1β, TNF-α, and thrombomodulin (Figure 1 and Figures S1–S3), DENV and rEIII treatment induced endothelial cell death in a dose-dependent manner (Figure 2A). Overall, various cell death inducers, including doxorubicin (apoptosis) (36, 37), rapamycin (autophagy) (38), erastin (ferroptosis) (39), TNF-α (necroptosis) (40, 41), nigericin (pyroptosis) (42), served as positive control agents to induce respective cell death pathway of the tested endothelial cells (Figures 2B, C, dead cell population adjusted to 100%; Figure S3, flow cytometry gating and calculation). Notably, when compared with cell death agonists, DENV and rEIII treatment induced considerable pyroptosis, necroptosis, and ferroptosis responses in the endothelial cells, but only minor manifestations of apoptosis (Figure 2B, % of total cells; 2C, % of total dead cell). In addition, the cell type specific RCD patterns (CTS-RCDPs) in the DENV- and rEIII-treated groups were somewhat similar, with pyroptosis exhibiting the highest levels in both groups among all tested RCD pathways (Figure 2B; approximately 50%), suggesting that DENV-induced CTS-RCDP in the endothelial cells is likely mediated through EIII on the DENV virion. Accordingly, whether the Nlrp3 inflammasome was involved in such pyroptosis responses was determined through treatments with Nlrp3 inhibitor OLT1177 and inflammasome/caspase-1 inhibitor Z-WHED-FMK, which resulted in substantial mitigation of endothelial death (Figure 3A) and pyroptosis (Figures 3B–E). The treatments also suppressed the relatively minor manifestations of necroptosis, ferroptosis, apoptosis, and autophagy in the endothelial cells (Figures 3F, G, J, K). Intriguingly, when the RCD % normalized with total dead cell population (D: dead cell %, normalized to 100%), we found that both inhibitors OLT1177 and Z-WHED-FMK preferentially suppressed pyroptosis (Figure 3E); while, no suppression on necroptosis (Figure 3H), ferroptotic (Figure 3I), apoptotic (Figure 3L) and autophagic (Figure 3M) was observed. Taken together, the results indicate that pyroptosis is the major RCD of rEIII-induced endothelial cell death, and that these cells can be rescued from apoptosis by selective inhibitors against the Nlrp3 inflammasome.




Figure 2 | DENV- and rEIII-induced RCD in endothelial cells. (A) HMEC-1 endothelial cells treated with vehicle and various doses of DENV and rEIII; the live or dead status of the cell populations were determined using Zombie-NIR Kit labeling and flow cytometry analysis. [rEIII 1× = 0.3 µM, 2× = 0.6 µM, 4× = 1.2 µM; DENV e(rEIII 1×) is a DENV level equivalent to 0.3 µM rEIII]. (B) RCD inducers, doxorubicin (DOX; apoptosis) (2.5 µg/ml), rapamycin (autophagy) (0.5 µM), erastin (ferroptosis) (10 µM), TNF-α (necroptosis) (2.5 ng/ml), and nigericin (pyroptosis) (3.5 µM) induced relatively simple RCD patterns (flow cytometry gating and calculation methods described in Figure S3). By contrast, DENV and rEIII induced multiple RCD pathways, in which pyroptosis was the main RCD response, accounting for approximately 50% of total RCD response. If we normalize the respective RCD by the population of death cells (dead cell population normalized to 100%), we can obtain a more similar RCD pattern in DENV and rEIII groups (C). **P < 0.01 vs. vehicle groups.






Figure 3 | Protection of endothelial cells from rEIII-induced pyroptosis under treatment with Nlrp3 inflammasome inhibitors. Treatment with Nlrp3 inhibitor CSB (chondroitin sulfate B, 10 μg/ml), OLT1177 (10 µM) and caspase 1 inhibitor Z-WHED-FMK (10 µM) rescued rEIII-induced endothelial cell death (A). Treatments with CSB, OLT1177 and Z-WHED-FMK rescued cell dead population (B, C, F, G, J, K; cells with RCDs). If we normalize the respective RCD % by the population of death cells (D: dead cell population normalized to 100%), we found that CSB, OLT1177 and Z-WHED-FMK preferentially rescued pyroptosis (E), but not the other tested RCDs (H, I, L, M). n = 6, **P < 0.01, significant suppression vs. vehicle groups.





Treatment With Nlrp3 Inflammasome Inhibitor OLT1177 Ameliorates DENV- and rEIII-Induced Endothelial Cell Pyroptosis and the Metabolic Burden on Mitochondria

Because inflammasome-mediated pyroptosis was determined to be major RCD involved in DENV- and rEIII-induced endothelial dysfunction, we further explored whether suppression of the Nlrp3 inflammasome through inhibition would attenuate this dysfunction. As shown in Figure 4A, DENV and rEIII treatment increased mitochondria superoxide levels in a dose-dependent manner. As shown in Figure 4B, Nlrp3 inflammasome inhibitors OLT1177 and Z-WHED-FMK alleviated such metabolic burdens on endothelial mitochondria, as well as inducing and releasing thrombomodulin, a marker of endothelial damage (Figure 4C). In line with these results, OLT1177 treatment resulted in the mitigation of DENV- and rEIII-induced elevation of circulating soluble thrombomodulin (sTM) in the mice (Figure 4D). To clarify whether ROS and Nlrp3 inflammasome activate each other, antioxidant NAC and inflammasome inhibitors OLT1177 and Z-WHED-FMK were used. Here we found that all 3 inhibitors, NAC, OLT1177 and Z-WHED-FMK, suppressed EIII-induced ROS and caspase-1 activations (Figure S4); the results suggest a positive feedback regulation exists between ROS and caspase-1. These results collectively suggest that EIII is a virulence factor in the induction of endothelial defects, and that the Nlrp3 inflammasome is a critical target for DENV and EIII to induce endothelial dysfunction.




Figure 4 | Protection of endothelial cells from DENV- and rEIII-induced damage and metabolic burden under treatment with Nlrp3 and caspase-1 inhibitors. Dose-dependent elevation of mitochondria superoxide levels under DENV and rEIII treatment (A). Suppression of mitochondria superoxide levels and induction of surface thrombomodulin expression under treatment with Nlrp3 and caspase 1 inhibitors Z-WHED-FMK and OLT1177, respectively (B, C). Amelioration of DENV- and rEIII-induced thrombocytopenia in C57BL/6J mice under OLT1177 treatment (D). n = 6, and ##p < 0.01 vs. the untreated groups; *p < 0.05 and **p < 0.01 vs. the vehicle groups.





Treatment With rEIII Served as a First Hit for Hemorrhage Induction in a Two-Hit rEIII + Autoantibody Mouse Model

The rEIII injection induced elevation of circulating sTM in the mice (Figure 4D), a sign of endothelial damage; however, they did not develop symptoms of hemorrhage. As mentioned, the sequential injection of DENV and anti-NS1 Ig in a two-hit model induced hemorrhage in mice in our previous study (10). In the present study, DHF-viral-load-equivalent levels of rEIII induced endothelial cell defects (Figures 1–4). We further investigated whether rEIII treatment may serve as the first hit for hemorrhage induction. Notably, compared with the rEIII and rEIII + control Ig treatments, the rEIII + anti-NS1 Ig treatment induced more considerable vascular leakage in mouse tissue, including that of the lung, liver, ileum, and skin (Figure S5, Evans blue data). This is partly consistent with the tissue injury observed in patients with DHF (2). We then used thrombocytopenia, plasma leakage (indicated as hypoproteinemia), and high levels of circulating AST, which are acknowledged by the World Health Organization (WHO) as standard parameters in DHF assessment (43, 44), to evaluate pathogenic alterations in mice. Sequential injection of rEIII + anti-NS1 Igs or rEIII + anti-CD41 Igs (CD41 is a putative anti-NS1 Ig targets on platelets) (45) significantly exacerbated thrombocytopenia, plasma leakage, and liver damage (Figure S6). Compared with the mice in the single-injection groups, mice that received combined treatments of DENV and rEIII + anti-NS1 Igs or DENV and rEIII + anti-CD41 Igs but not control Igs (i.e., pre-immune and isotype control Igs) developed significant thrombocytopenic responses (Figure 5A, DHF clinical course; Figure 5B, experiment outline; Figure 5C, platelet counts) and exhibited greater hemorrhage severity (Figures 5D, E); anticoagulant suppression (Figure 5F); endothelial cell damage (Figure 5G), and higher expression of IL-1β, TNF-α, and IL-6 (Figure 5H). These results collectively suggest that with rEIII as a first hit, the pathophysiological changes observed in the two-hit mouse model of DENV and rEIII + autoantibody are similar to those detected in patients with DHF (43, 44).




Figure 5 | Comparisons between the induction of pathophysiology under treatment with rEIII and DENV. Time course of clinical parameters during DHF (A) and the experimental outline (B) are shown. (C–H) Mice treated with DENV (panels 8–11; 3 × 105 PFU/mouse; first hit), rEIII (panels 12–15; 2 mg/kg equivalent to 3 × 105 PFU/mouse; first hit) or mice not treated with first hit injection (panels 1–7; vehicle groups) underwent autoantibody treatment (second hit). Parameter changes in (C) platelet counts, (D) hemorrhagic lesions, (E) hemorrhage score, (F) anticoagulant protein C and antithrombin III, (G) soluble thrombomodulin, and (H) proinflammatory cytokines TNF-α, IL-1β, and IL-6 were then recorded. Data are presented as means ± standard deviations. *p < 0.05 and **p < 0.01 indicate significantly worse conditions vs. DENV + control Ig groups; #p < 0.05 and ##p < 0.01 vs. the vehicle groups. n = 6 (three independent experiments with two replicates). The mouse drawing used in this and following figures was originally published in the Blood journal: Huang, (H) S., D-SS, T-SL, and H-HC. Dendritic cells modulate platelet activity in IVIg-mediated amelioration of ITP in mice. Blood, 2010; 116: 5002–5009. © the American Society of Hematology.





Involvement of the Nlrp3 Inflammasome in the rEIII + Autoantibody Two-Hit Model

The involvement of the Nlrp3 inflammasome in DENV infection was revealed in the in vitro experiments (Figures 1–4) and in the two-hit mouse model of DENV + autoantibody (10). Evaluations were further conducted to determine whether the Nlrp3 pathway was involved in pathogenesis in vivo mediated by the rEIII + autoantibody two-hit model. Treatment with Z-WEHD-FMK notably mitigated all the pathological changes induced by the two-hit protocol, suggesting that the caspase-1 pathway plays a role in the pathogenesis (Figure 6A experiment outline, Figures 6B–G). In addition, a two-hit rEIII + autoantibody treatment was administered to Nlrp3−/− and Casp1−/− mice. All the mentioned pathological changes were substantially more reduced in both types of mice than in the wild-type controls (Figures 6H–M). These results suggest that the Nlrp3 inflammasome is involved in pathogenesis mediated by the two-hit rEIII + autoantibody protocol.




Figure 6 | Involvement of the Nlrp3 inflammasome pathway in pathophysiological changes induced in the two-hit rEIII + autoantibody model. Experimental outline (A) and the pathophysiological changes in mouse platelet counts (B, H), hemorrhagic lesions (C, D, I–J), proinflammatory cytokines TNF-α, IL-1β, and IL-6 (E–K), anticoagulant protein C and antithrombin III (F, L), and soluble thrombomodulin (G, M) are shown. (B–G) Treatment with selective caspase-1 inhibitor Z-WEHD-FMK reduced hemorrhage and inflammation of wild-type mice in a two-hit rEIII + anti-NS1 Ig model (panels 3 and 5 vs. 2 and 4, respectively). (H–M) Hemorrhagic and inflammatory manifestations after rEIII and antibody treatments (n = 6) in the Nlrp3−/− and Casp1−/− mice (panels 4–6 and 7–9, respectively) were compared with those in wild-type mice (panels 1–3). Data are presented as means ± standard deviations. *p < 0.05 and **p < 0.01 indicate significantly worse conditions vs. those in the rEIII + control Ig groups of the respective strains; #p < 0.05, ##p < 0.01, *p < 0.05, and **p < 0.01 indicate significant mitigation of pathophysiological presentations compared with those in the rEIII + anti-CD41 (α-CD41)/anti-NS1 (α-NS1) Ig groups of the respective strains. The mouse drawing in this figure was originally published in Huang et al. (18).





Mitigation or Reversal of Pathophysiological Changes Mediated by the Two-Hit rEIII + Autoantibody Model Using IL-1 and TNF-α Blockers

IL-1β release was found to depend on inflammasome activation. IL-1β and TNF-α pathways were involved in endothelial cell defects that were induced by rEIII treatment alone (Figure 1). IL-1β and TNF-α blockers attenuated endothelial cell damage under treatment with rEIII only (Figure 1) and in the DENV + autoantibody two-hit mouse model (10). However, whether cytokine inhibitors can be used to mitigate or reverse the pathophysiological changes mediated by the two-hit rEIII + autoantibody model warrants further investigation. In the present study, treatment with IL-1RA (anti-IL-1) and etanercept (anti-TNF-α) resulted in substantial reductions of all pathophysiological changes mediated by the two-hit rEIII + anti-NS1 Ig model (Figure 7). These results suggest that the pathophysiological changes mediated by the two-hit rEIII + anti-NS1 Ig model can be mitigated through the inhibition of pathways involving IL-1 and TNF-α.




Figure 7 | Involvement of TNF-α and IL-1β pathways in pathophysiological changes in a two-hit rEIII + autoantibody model. Experimental outline (A) and changes in mouse platelet counts (B), severity of hemorrhagic lesions (C–D), expression of proinflammatory cytokines TNF-α, IL-1β, and IL-6 (E), anticoagulant protein C and antithrombin III (F), and soluble thrombomodulin (G) are shown. Treatments with IL-1 inhibitor IL-1RA and TNF-α inhibitor etanercept (B–G) reduced hemorrhage and inflammation in the wild-type mice (n = 6). Data are presented as means ± standard deviations. #p < 0.05 and ##p < 0.01 indicate significant mitigation of pathophysiological presentations compared with that in the EIII + α-CD41 and EIII + α-NS1 groups. The mouse drawing in this figure was originally published in Huang et al. (18).






Discussion

As a glycosaminoglycan (GAG) binding lectin (carbohydrate-binding protein) (46) and a cell-receptor-binding domain (6), EIII folds independently of other E subdomains while retaining its structure (47). Because EIII is exposed and accessible on virion surfaces (48), treatments with soluble EIII or EIII-neutralizing antibodies inhibit viral infection (47). Therefore, EIII is an attractive target for developing vaccines and antiviral agents against DENV (47). Beyond their effects against DENV infection and replication, rEIII treatments effectively and directly suppress megakaryocyte function (7). In the present study, we consistently found that endothelial cells were damaged by rEIII treatment (Figures 1–4). In fact, numerous other well-characterized lectins, such as plant lectins concanavalin A (Con A), mistletoe lectin (ML), and polygonatum cyrtonema lectin (PCL) exhibit similar effects against cell damage (49). When cells are treated with these plant lectins, ROS production is crucial to apoptotic induction (50–52). Moreover, the TNF-α pathway plays a critical role in lectin-induced cytotoxicity. For example, the cell-damaging effect of Con A is substantially reduced when the target cells do not express the TNF receptor (53, 54). Studies have indicated that ML treatment induces TNF-α expression (55), and that PCL treatment enhances TNF-α-induced apoptosis (56). Similarly, in the present study, we found that rEIII treatment induced endothelial ROS production, TNF-α and IL-1β release, and caspase-1 activation, all contributing responses to endothelial cell death (Figure 1 and Figure S1). Treatments with inhibitors against the Nlrp3 inflammasome considerably attenuated rEIII-induced endothelial cell death in vitro and notably reduced hemorrhage in the two-hit rEIII + autoantibody model (Figures 1–4, 6, 7).

Cellular targets of the aforementioned lectins are carbohydrate moieties of cell surface glycosylated molecules, and cellular signaling overload constitutes a potential mechanism of cell damage induction (49). Because of its high capacity to induce cell death, lectin treatment has been proposed as an anticancer therapy (49, 57, 58). Although both plant- and animal-origin lectins have been investigated (49, 57, 58), the cytotoxic properties of viral lectins have not been extensively studied. In addition to DENV-EIII (7), Langat flavivirus envelope protein has been found to exhibit proapoptotic effect (59). However, whether such viral-protein-induced cytotoxicity contributes to viral pathogenesis in vivo remains to be determined.

As a GAG binding lectin (60), EIII could have multiple endothelial cell surface targets. Recent evidences have suggested that lectin DC-SIGN mediated DENV infection in dendritic cells (61); lectin CLEC2 mediates DENV-induced inflammation (62); and glycoprotein Ib (GP1bα; CD42b) is involved in DENV infection (63). CLEC2, CD42b, and the DC-SIGN isoform DC-SIGNR are expressed by some endothelial cell subpopulations (64–66). Here we used recombinant soluble DC-SIGNR, DC-SIGN, CLEC2, CLEC5A, CD42b, plus two additional endothelial lectins [P-selectin (Figure S7, HMEC-1 expression), E-selectin] as controls, to perform EIII competition experiments. Analysis results revealed that DC-SIGNR, P-selectin and E-selectin, but not CD42b or CLEC2 can block rEIII-endothelial cell binding (Figure S8). However, data further revealed that P-selectin displayed a markedly higher performance on the suppression of rEIII- endothelial cell binding, rEIII-induced cellular ROS up-regulation, endothelial cell death among all tested proteins (Figure S8). In agreement with DENV and rEIII treatments, anti-P-selectin antibody treatments also induced endothelial cell pyroptosis (Figure S8D). Furthermore, EIII treatments induced circulating thrombomodulin levels in wild type mice but not in P-selectin knockout mice (Figure S8E). These evidences collectively suggested that P-selectin is one of the cellular targets of EIII on endothelial cells. P-selectin is a cellular signaling receptor, with increased phosphorylation levels of cytoplasmic tail upon activation (67). P-selectin ligation by anti-P-selectin antibody known to induce platelet activation and enhances microaggregates (68). P-selectin is up-regulated on endothelial cell surfaces upon infection and inflammatory stimulations; and soluble P-selectin in turn exerts anti-inflammatory effects (23, 24, 69–71). As a critical inflammatory regulator, the role of P-selectin in DENV-mediated pathogenesis and is worthy of further investigations.

Cell population is heterogeneous even in one cell line. This could be a reason that reports have revealed treatments of pathogens and cytotoxic agents leading to multiple types of RCDs simultaneously (72–78). For example, when cellular stress can activate both receptor-induced lysosomal-dependent, and mitochondrial-mediated cell death pathways, which will lead to both programmed necrosis and apoptosis (74). Similarly, as DENV and EIII been reported to have multiple cellular targets, it is reasonable to detect multiple RCDs after DENV and EIII challenges. Here, we found that DENV and EIII but not the other cell death inducers, induced a similar RCD pattern in endothelial cells (Figures 2B, C). Although further investigations are needed, these endothelial CTS-RCDPs may be also useful on the characterization of specific pathway inhibitors; as inflammasome inhibitors OLT1177 and Z-WHED-FMK preferentially blocked pyroptosis, but not ferroptosis, apoptosis and autophagy (Figure 3E vs. Figures 3I, L, M).

In addition to EIII, NS1 was demonstrated to enhance endothelial permeability and vascular leaks through a toll-like receptor 4 (79, 80). Both DENV virus particle-associated EIII and soluble NS1 could be detected at high levels prior to the acute phase of DHF (81, 82), and may be considered as two virulence factors. Using a similar approach, we analyzed the induction of HMEC-1 cell pyroptosis after EIII and NS1 treatments (Figure S9). We found that both EIII and NS1 treatments can induce increased ROS and pyroptosis levels in endothelial cells, and EIII has a relative higher activity (Figure S9). Because the induction of virion-associated EIII and soluble NS1 are induced in a similar, but not a same time course (82), the respective pathogenic role of EIII and NS1 on the elicitation of DHF-related pathogenesis remains to be further studied. However, data obtained in the study suggested that virion-associated EIII is a candidate virulence factor that contributes to dengue-elicited endothelial cell injury.

In the present study, on the basis of the clinical course of DHF, in which viremia occurs before autoantibody elicitation, a proof-of-concept two-hit mouse model was designed, and hemorrhage was induced through sequential injection of DHF-viral-load-equivalent levels of DENV and an autoantibody in mice (10). Because DENV treatment can induce various pathogenic responses, further characterization was required to determine the major viral factors that contributed to the pathophysiological changes under the first hit. Although DENV infection processes have been studied extensively, the specific influence of cell–DENV binding on the development of dengue pathogenesis, especially in scenarios involving peak viral load, remains unclear. As mentioned, exposure to DHF-viral-load-equivalent levels of rEIII is sufficient for inhibiting autophagy and inducing apoptosis in megakaryocytes (7). In addition, treatments involving various plant and animal lectins can lead to cell damage (49). Hence, in the present study, we investigated the potential pathogenic effect of rEIII in a two-hit model. The rEIII treatment effectively induced hemorrhage in the two-hit rEIII + autoantibody mouse model. The Nlrp3 inflammasome, IL-1β, and TNF-α contributed to inflammation, coagulation defects, and hemorrhage.

The reasons for peak DHF manifestations being delayed until defervescence rather than accompanying peak viremia in the early stage of the disease have yet to be identified (81). Contrary to the results from various in vitro analyses, the primary infection targets of DENV in humans are probably dendritic cells rather than endothelial cells (83). Because the viremia titer is reduced substantially during defervescence, virion and DENV-infected cells are eliminated (44, 81). Therefore, the viral factors that contribute to vascular damage in DHF and the routes through which DENV causes vascular damage and plasma leakage during defervescence are worthy of investigation. Our results indicate that the binding of EIII (and probably virion-associated EIII in clinical cases) sufficiently results in endothelial cell damage (Figure 1). As shown in Figure 5, in the two-hit model, such damage led to hemorrhage only in instances of subsequent encounters with DENV-elicited autoantibodies. Levels of DENV-elicited antibodies increase considerably in the defervescence phase (44, 81); thus, the two-hit model may provide a reasonable explanation of DENV-induced vascular damage and plasma leakage during defervescence.

DHF is a life-threatening disease. No specific treatments against DENV infection are available, and unfortunately, some vaccine candidates have been determined to be not safe or ineffective (84, 85). The two-hit model described in the present study appears to be useful for delineating the mechanism of DENV-induced hemorrhage and for the development of a rescue strategy. Through a reductionist approach, we observed that rEIII treatment served as a first hit in hemorrhage induction in the two-hit mouse model. Treatment with the EIII-competitive inhibitor CSB considerably reduced rEIII-induced endothelial cell damage in vitro; moreover, in the mice, it reduced the hemorrhage induced by the rEIII + autoantibody sequential injection. In addition, the Nlrp3 inflammasome and RCD pathways involving IL-1β and TNF-α were involved in EIII-induced pathogenesis. The present results strongly indicate that the DENV-EIII virulence factor contributes to pathogenesis in DHF. The present findings constitute a valuable reference for the development of therapeutic strategies for managing DENV-induced hemorrhage in DHF.
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Pin1 is the only known peptidyl-prolyl cis-trans isomerase (PPIase) that can specifically recognize and isomerize the phosphorylated Serine/Threonine-Proline (pSer/Thr-Pro) motif, change the conformation of proteins through protein phosphorylation, thus regulate various cellular processes in the body. Pin1 plays an important role in cancer, Alzheimer’s disease, and autoimmune diseases. However, the specific mechanism of Pin1 regulation in LPS-induced septic shock is unclear. Here, we found that lack of Pin1 reduced shock mortality and organ damage in mice, and NLRP3 inflammasome activation also was reduced in this process. We further confirmed that Pin1 can affect the expression of NLRP3, ASC, Caspase1, and this process can be regulated through the p38 MAPK pathway. We analyzed that p38 MAPK signaling pathway was highly expressed in septic shock and showed a positive correlation with Pin1 in the Gene Expression Omnibus database. We found that Pin1 could affect the phosphorylation of p38 MAPK, have no obvious difference in extracellular signal-regulated kinases (ERK) and Jun-amino-terminal kinase (JNK) signaling. We further found that Pin1 and p-p38 MAPK interacted, but not directly. In addition, Pin1 deficiency inhibited the cleavage of gasdermin D (GSDMD) and promoted the death of macrophages with LPS treatment, and reduced secretion of inflammatory cytokines including IL-1β and IL-18. In general, our results suggest that Pin1 regulates the NLRP3 inflammasome activation by p38 MAPK signaling pathway in macrophages. Thus, Pin1 may be a potential target for the treatment of inflammatory diseases such as septic shock.
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Introduction

Sepsis is the leading cause of death in clinically infected patients, especially in medical intensive care units (1). Generally speaking, inflammation is the body’s normal defense against the invasion of microorganisms. However, excessive inflammation, such as sepsis, may cause tissue and organ damage and even death (2–6). The pro-inflammatory cytokines IL-1β and IL-18, mainly from macrophages, play important role in inflammatory diseases. The biological activation of IL-1β and IL-18 are usually result of the inactive precursors (pro-IL-1β and pro-IL-18) cleaved by the intracellular cysteine-aspartic protease caspase-1. This process can be regulated by the inflammasome (1, 7, 8).

Inflammasome plays important role in host defense (9, 10). Inflammasome may be involved in the pathogenesis of many human inflammatory diseases such as gout, diabetes, atherosclerosis and coloretal cancer (11). Nucleotide binding domain, leucine-rich repeat-containing receptor (NLR) family protein 3 (NLRP3) is essential for the identification of pathogen-associated molecular patterns (PAMPs) or damage-associated molecular patterns (DAMPs) (12). NLRP3 serves as an inflammasome sensor, which has been widely studied (11). A key component of NLRP3 interacts closely with apoptosis-associated speck-like protein (ASC) to recruit the precursor form of Caspase-1, then forming the multi-component protein complex–NLRP3 inflammasome (1, 13, 14). NLRP3 inflammasome is an important component of innate immunity and plays an important role in inflammatory responses (12). Regarding the activation of NLRP3 inflammasome, two signal models have been proposed. The initiating signal coming from stimulating pathogen recognition receptors (PRRs) such as NLRs and Toll-like receptors (TLRs), which can activate nuclear factor κB (NF-κB) and mitogen-activated proliferation protein kinase (MAPK) pathways that up -regulate transcription of the NLRP3 inflammasome component. The second signal is caused by various factors, such as ATP, pore formation, potassium (K+) outflow, lysosomal instability/rupture, and mitochondrial reactive oxygen species (mtROS) (7, 15).

After activation, caspase-1 cleaves pro-IL-1β and pro-IL-18 to produce biologically active IL-1β and IL-18 promotes inflammation or induces the death of inflammatory cells that is called “pyroptosis” (7, 8). Caspase-1 can specifically recognize and cleave gasdermin D (GSDMD), which is the key event of pyroptosis (8, 16). The divided GSDMD can form small pore in the cell membrane to release inflammatory factors to the outside of the cell that causing inflammation (17, 18).

Pin1, a member of the peptide-proline isomerase family, is the only known enzyme that can specifically bind the phosphorylated Serine/Threonine-Proline (pSer/Thr-Pro) to efficiently catalyze the peptide bond cis - trans isomerism (19–21). Pin1 significantly accelerates cis-trans isomerism, depending on specific targets and local structural constraints, thereby regulating the phosphorylated conformation of proteins between two different structures and resulting in changes of protein function (22). Pin1 can regulate various cell activities such as cell proliferation, apoptosis, embryonic development, and neurons differentiation, stress response and immune regulation, and are involved in the occurrence and development of various diseases such as cancer, autoimmune diseases, Alzheimer’s disease, brain injury, and aging (23–26). However, whether Pin1 can control the transcription and activation of NLRP3 inflammasome components is still unclear.

Here, we show that Pin1-/- mice can reduce the mortality of LPS-induced mice. In this process, Pin1 regulate the transcription and activation of NLRP3 inflammasome by regulating the phosphorylation of p38 MAPK signaling pathway, thereby affecting the inflammatory response. These findings indicate that Pin1 plays an important role in the inflammatory response induced by LPS.



Material and Methods


Animals

C57BL/6 mice (6–8 weeks old) were ordered from the Academy of Military Medical Science (Beijing, China). Our Pin1 knockout mouse was authorized by Professor Lu Kunping of Harvard Medical School and provided by Institution of translational medicine of Fujian Medical University. All animals were raised in a specific pathogen-free animal environment at the Experimental Animal Center of Tianjin Medical University (Tianjin, China). The experiments were approved by the Animal Ethics Committee of Tianjin Medical University (Tianjin, China) and were conducted in accordance with the guidelines for animal care. The standard PCR method was used to identify the gene of mice.



Reagents

Lipopolysaccharide (LPS; E. coli O111:B4, L3024), ATP and nigericin were from Sigma-Aldrich (St. Louis, USA), Enzyme-free cell digestion fluid (Applygen, Beijing), siRNA Transfection Reagent (Polyplus Transfection, France), Murine M-CSF (315-02, Peprotech), protein G (invitrogen by Thermo Fisher Scientific), Glutathione Sepharose ™ 4B (GE Healthcare, USA).



Cytokine Analysis

Cell culture supernatants were measured for murine IL-1β and IL-18, IL-6, and TNF-α or human IL-1β and IL-18 with ELISA kits (Shanghai Meilian, Shanghai, China), Cell viability and cell lysis were measured with an LDH assay performed using CytoTox 96 Non-Radioactive Cytotoxicity Assay kit (Promega, USA).



Cell Culture

Preparation of bone-marrow derived macrophages: Bone marrow cells were first extracted from femur and tibia of wild-type and Pin1-/- mice, and then cultured in a 10cm culture dish at 2◊10^6 cells/ml, followed by 10 ng/ml M-CSF supplement in DMEM (10% serum) medium containing bone marrow cells. The cells were cultured in a carbon dioxide incubator for 6 days and supplemented with a fresh medium on the third day. On the sixth day, cells were collected for experiments. Macrophages were stimulated with 500 ng/ml LPS for 4 h, followed by stimulation with 5mM ATP and 20 uM nigericin for 30 min. RAW 264.7 cell and THP-1 cells (human mononuclear macrophage line) were purchased from the Cell Resource Center of Peking Union Medical College, which were cultured in DMEM containing 10% inactivated fetal bovine and antimicrobial agents (100 IU/ml penicillin,100 µg/ml streptomycin), and RPMI 1640 medium containing 10% fetal bovine serum and antimicrobial agents (100 IU/ml penicillin, 100 µg/ml streptomycin), respectively.



Small Interfering RNAs and Transfection

Control siRNA and siPin1 were synthesized by RiboBio (Guangzhou, China). The mouse siRNA and human siRNA for Pin1 knockdown had the following sequence: 5′- GCUCAGGCCGGGUGUACUA -3′ (sense sequence) and 5′- UCAGGCCGAGUGUACUACUdTdT -3′ (sense sequence), respectively. According to the manufacturer’s instructions, cells were treated with siRNAs (final concentration of 25 nM) and harvested 48 h after siRNA treatment using Lipofectamine RNAiMAX (Invitrogen, Carlsbad, CA, USA).



Quantitative Real-Time PCR

RNA was extracted using Trizol reagent (Invitrogen, Carlsbad, USA) according to manufacturer’s instructions. After RNA purification, DNA enzymes were used to remove contaminated genomic DNA from the samples. Random hexamers and M-MLV reverse transcriptase (Promega, Madison, USA) were used for RNA reverse transcription. All other reverse transcription reagents were purchased from Takara (Takara, Japan). The gene-specific primers were synthesized from Genewiz (Suzhou, China). SYBR Green mix (Takara, Japan) was used for relative quantitative real-time PCR under the guidance of the manufacturer’s instructions. The reaction was run on an ABI PRISM 7500 Fast Real-Time PCR System (Applied Biosystems Inc., Foster City, California, USA), and repeated in triplicate. The results were analyzed using ABI 7500 software (Version 2.0.5). The primer were used as following: mouse Nlrp3 forward, 5′-ATTACCCGCCCGAGAAAGG-3′ and reverse, 5′-TCGCAGCAAAGATCCACACAG-3′; mouse Asc forward, 5′-CTTGTCAGGGGATGAACTCAAAA-3′ and reverse, 5′-GCCATACGACTCCAGATAGTAGC-3′; mouse Casp1 forward, 5′-ACAAGGCACGGGACCTATG-3′ and reverse, 5′-TCCCAGTCAGTCCTGGAAATG-3′; mouse IL-1β forward, 5′-GCAACTGTTCCTGAACTCAACT-3′ and reverse, 5′-ATCTTTTGGGGTCCGTCAACT-3′; mouse Gapdh forward, 5’-GCACCGTCAAGGCTGAGAAC-3′ and reverse 5′-TGGTGAAGACGCCAGTGGA -3′.



Western Blot Analysis

Cells were lysed using Lysis buffer containing 10 mM Tris-buffer (pH 7.6), 1%Triton X-100, 1% phosphatase inhibitor cocktail and 1 mM PMSF. Then, cell lysates were boiled in SDS sample buffer and resolved on a 10% SDS-PAGE gel. Proteins were transferred onto PVDF membranes and incubated overnight with primary antibodies against using rabbit anti-p-p38MAPK (Cat# 4511, RRID : AB_2139682), p38MAPK(Cat# 8690, RRID : AB_10999090), p-ERK1/2(Cat# 4370, RRID : AB_2315112), ERK1/2(Cat# 4695, RRID : AB_390779), p-JNK(Cat# 4668, RRID : AB_823588) and JNK(Cat# 9252, RRID : AB_2250373) antibodies are from Cell Signaling Technology, anti-Pin1 (Cat# 10495-1-AP, RRID : AB_2163943, Proteintech), NLRP3 (Cat# 19771-1-AP, RRID : AB_10646484, Proteintech), ASC (Cat# AG-25B-0006, RRID : AB_2490440, Adipogen), GSDMD (Cat# ab209845, RRID : AB_2783550, Abcam), GSDMDC1(Cat# sc-81868, RRID : AB_2263768, Santa Cruz Biotechnology), caspase-1(p20)(mouse) (Cat# AG-20B-0042-C100, RRID : AB_2755041, Adipogen), caspase-1(p20)(human) (Cat# AG-20B-0048-C100, RRID : AB_2490257, Adipogen), and GAPDH (Cat# 10494-1-AP, RRID : AB_2263076, Proteintech), Anti-rabbit IgG HRP-linked Antibody(Cat# 7074, RRID : AB_2099233, Cell Signaling Technology) and Anti-mouse IgG HRP-linked Antibody(Cat# 7076, RRID : AB_330924, Cell Signaling Technology), IgG (Cat# sc-2027, RRID : AB_737197, Santa Cruz Biotechnology). Immunoblots were examined by ECL detection reagent (Millipore Corporation, Billerica, MA, USA).



Co-Immunoprecipitation Assay

Extract mouse bone marrow and add cytokines to induce bone marrow macrophages, the cells were harvested and lysed with lysis buffer (150 mM Tris -Hcl,50 mM Nacl,0.3%NP-40, 2 mM EDTA) for 30 min, and the supernatant was collected after centrifugation. 1–2 μg of indicated primary antibody was added into supernatant to incubate overnight at 4 °C. The next day, protein G beads were added. And 3 h later, buffer was used for washing the beads three times, 5 min each time, then the beads were collected by centrifugation. Finally, samples were obtained by boiling in 2◊SDS loading buffer at 95°C for 10 min.



Lentiviral Constructs and Infection

The Pin1 control and overexpressed plasmid was synthesized by the company (Huashengyuan, Tianjin, China). Pin1 plasmid was transfected into HEK293T cells with the pack-aging vectors psPAX2 (Addgene plasmid 12260) and pMD2.G (Addgene plasmid 12259) using PEI (Polyscience). After 48 and 72 h, the culture medium was collected and centrifuged at 2000g for 5 min to remove the cell debris via sedimentation, and the supernatant was filtered through a membrane. The samples were subsequently placed in 50-ml ultracentrifugation tubes, 5 x PEG 8000 was added as 1/4 volume of the supernatant, and the mixture was incubated overnight at 4 °C. The next day, the mixture was centrifuged at 4,000g for 30 min at 4 °C and resuspended for virus precipitation with ice-cold sterile PBS to collect LV-Pin1-GFP-Puro virus. The negative control viruses LV-control-GFP-Puro viruses were obtained similarly.



GST Pulldown Assay and Dot Blot

The GST-vector and GST-Pin1plasmid (Huashengyuan, Tianjin, China) are transformed in BL21 bacteria, amplify the bacterial solution in a 37°C shaker to an OD600 of 0.6-0.8, add IPTG (0.1 mMol/ml), and cultivate overnight in a 16°C shaker. The next day, the bacterial solution was centrifuged at 500g for 10 min at 4 °C and resuspended for bacterial precipitation with ice-cold lysis buffer (50 mM Tris-Hcl,150mM Nacl,0.05%NP-40, PH=7.5). Next, sonicate the bacteria liquid on ice until the bacteria become clear. The supernatant was collected by 4000g for 15 min at 4 °C. Add an appropriate amount of GST-4B beads pre-washed with cold PBS to the supernatant, and incubate at room temperature for 1 h. The beads were collected by 500g for 5 min at 4 °C. Wash the beads three times with cold PBS. Then add p38 phosphopeptide (TDDEMT(p)GYVATRW, Chutai, Shanghai), which was phosphorylated at threonine 180, T180(p), to the beads and incubate overnight at 4°C. The next day, wash the beads with PBS three times, and then wash the beads with the reduced glutathione eluent (30.73 mg of glutathione is dissolved in 10 mL of 50 mM Tris, PH=8.0). At this time, the eluent is collected. Spot the sample on the PVDF or NC membrane with the eluent. After it is air-dried, the 5% skimmed milk powder is blocked for 1 h, and the primary antibody is incubated overnight. Immunoblots were examined by ECL detection reagent.



Flow Cytometry

After 12 h of intraperitoneal injection of LPS in mice, the peritoneal lavage fluid was extracted, and cells were washed with PBS containing 1%FBS. Anti-CD11b (Cat# 101205, RRID : AB_312788), anti-MHC II (Cat# 107607, RRID : AB_313322) and anti-CD206 (Cat# 141707, RRID : AB_10896057) antibodies with fluorochromes were stained according to the instructions. Isotype antibody controls were used to monitored nonspecific staining. All antibodies were obtained from Biolegend. The data were obtained on a FACSCanto II flow cytometer (BD Biosciences, USA) and analyzed by FlowJo software (Tree star, Ashland, OR).



Microscopy Imaging of Cell Death

To observe the death morphology of cells, the cells were spread in a 12-well plate and treated according to the instructions of living cell static imaging. Static bright-field images of pyroptotic cells were captured on an Olympus CKX53 microscope. All displayed image data represents at least three randomly selected regions.



Histopathology

Liver, spleen, and kidney tissues from LPS-treated (12 h) WT mice and Pin1-/- mice through cardiac perfusion with 4% paraformaldehyde, then dissected and post-fixed overnight. These tissues were embedded in paraffin and sectioned 6 µm for hematoxylin and eosin staining(H&E). The degree of infiltration of inflammatory cells was analyzed and quantified by routine histology and ImageJ software, respectively.



Septic Shock Model

Mice at 8 weeks old were intraperitoneally injected with LPS to induce the secretion of inflammatory cytokines. After 12 h of injection, 4ml of PBS containing 1%FBS was injected into the peritoneal cavity of mice and the fluid was collected. The expressions of IL-18 and IL-1β in mice peritoneal lavage fluid were detected by ELISA. The healthy mice were observed at specific intervals after LPS injection into the peritoneal cavity of mice for inducing septic shock.



Statistics

In a representative experiment, the data were expressed as mean ± SD of the three measurements. All statistical tests were analyzed by 2-tailed Student’s t test for comparison of 2 groups and ANOVA using GraphPad Prism 8.0 software (GraphPad Software, San Diego, USA) for comparison of multiple groups. P<0.05 was considered statistically significant. Survival was analyzed with the log-rank test. P<0.05 was considered statistically significant.




Results


Pin1 Deficiency Relieves LPS-Induced Septic Shock and Organ Damage

To determine the potential role of Pin1 in LPS-induced septic shock pathogenesis, we treated mice with LPS in wild type (WT) and Pin1 knockout (Pin1-/-) groups to get septic shock mouse model, respectively. We observed a lower mortality rate in mice with septic shock induced by intraperitoneal injection in the Pin1-/-group than in the wild-type group (Figure 1A).




Figure 1 | Pin1 deficiency relieves lipopolysaccharide (LPS)-induced septic shock and organ damage. (A) Survival of WT mice (n=12) and Pin1-/- mice (n=12) infected intraperitoneally with LPS (30 mg/kg of body weight). (B) The secretion of IL-18 and IL-1β in the peritoneal lavage fluid of WT mice (n=5) and Pin1-/- mice (n =5) after intraperitoneal injection of LPS (30 mg/kg of body weight). (C) After intraperitoneal injection of LPS in WT mice (n=5) and Pin1-/- mice (n =5), the proportions of M1 and M2 macrophages in the abdominal fluid were analyzed by flow cytometry. (D) Quantitative analysis of the percentages of M1 and M2 macrophages in the abdominal fluid of WT mice (n=5) and Pin1-/- mice (n=5) treated with LPS. (E) The ratio of M1 and M2 macrophages in WT mice (n =5) and Pin1-/- mice (n=5) treated intraperitoneally with LPS. (F) Histological analyses of spleens, livers, and kidneys from WT mice and Pin1-/- mice. (G) Quantitative analysis of spleens, livers, and kidneys from WT mice and Pin1-/- mice. The data represent the mean ± SD of one among three biological replicates, with three technical replicates each. *P < 0.05; **P < 0.01, log-rank test (A), Student’s t test (B, D, E, G).



In addition, we detected macrophages in the peritoneal fluid of mice, and found that the expression of inflammatory factors IL-18 and IL-1β detected by peritoneal fluid was also obviously decreased (Figure 1B). Moreover, the M1-type macrophages (M1) in Pin1-/- group were lower than those in the WT group, while M2-type macrophages (M2) were higher than those in the WT group (Figures 1C, D), and the proportion of M1/M2 macrophages was significantly decreased (Figure 1E). We also detected the damage to the internal organs of mice by HE staining, and found that the spleen, liver, and kidney were less damaged and inflammatory cells were less infiltrated in Pin1-/-mice (Figures 1F, G). These results suggest that Pin1 plays an important role in LPS-induced inflammatory response.



Caspase-1 Activation and IL-1β and IL-18 Secretion in Macrophages Were Inhibited in Pin1-/- Mice

According to the function classification, caspase-1 plays an inflammatory role in the Caspase family (27). We want to know whether Pin1 has an effect on the activation of Caspase1 and production of IL-1β and IL-18 in macrophages depending on caspase-1 activation. Thus, we treated LPS-primed WT and Pin1-/- bone marrow-derived macrophages (BMDMs) with ATP or Nigericin (abbreviated Nig). We found that IL-18 and IL-1β cytokine secretion induced by LPS were reduced during ATP or Nig treatment but not in a time-dependent manner (Figures 2A, B). ATP or Nig stimulation was used for 30 min for the following experiment. BMDMs from Pin1-/- mice showed lower cleavage of caspase-1, it indicated that Pin1 knockout inhibited caspase-1 activation (Figure 2C). The same results were also found in RAW 264.7 cells (Figure 2D). While Pin1 was overexpressed in RAW 264.7 cells, immunoblotting showed increased cleavage of Caspase1, which suggested that Pin1 may promote the activation of Caspase1 (Figure 2E).




Figure 2 | Caspase-1 activation and IL-1β and IL-18 secretion in macrophages were inhibited in Pin1-/- mice. (A, B) WT and Pin1-/- bone marrow-derived macrophages (BMDMs) were primed with 500 ng/ml lipopolysaccharide (LPS) for 4 h and stimulated with ATP or nigericin for different lengths of time, supernatants were analyzed for IL-1β and IL-18. (C) WT and Pin1-/- BMDMs were primed with 500 ng/ml LPS for 4 h and then stimulated with 5mM ATP or 20 mM nigericin for 30 min. Lysates were immunoblotted for caspase-1. (D) RAW 264.7 cells transfected with control siRNA or siRNA for Pin1 were primed with 500 ng/ml LPS for 4 h and then stimulated with 5 mM ATP or 20 mM nigericin for 30 min. Lysates were immunoblotted for caspase-1. (E) RAW 264.7 cells with high Pin1 expression (Pin1-hi) were primed with 500ng/ml LPS for 4h and then stimulated with 5 mM ATP or 20 mM nigericin for 30 min. Lysates were immunoblotted for caspase-1. The data represent the mean ± SD of one among three biological replicates, with three technical replicates each. *P < 0.05; **P < 0.01, two-way ANOVA (A, B).





Pin1 Regulates NLRP3 Expression and Transcription in Macrophages

The activation of Caspase1 is usually regulated by NLRP3 to form the canonical NLRP3 inflammasome complex, we wonder whether Pin1 also affected the expression of NLRP3 besides Caspase1 activation and secretion of the inflammatory factor IL-18 and IL-1β. We first analyzed that the mRNA levels of Nlrp3, Asc, Casp1, IL-1β in WT and Pin1-/- bone macrophages in response to LPS. The expression of these genes was significantly decreased in the Pin1-/- group (Figure 3A). The protein expression of NLRP3 and ASC was also significantly reduced in Pin1-/- BMDM compared with the control group (Figure 3C). Similarly, mRNA levels and protein expression of NLRP3 inflammasome in RAW 264.7 cells transfected with siPin1 were detected and the same results were obtained (Figures 3B, D). The expression of NLRP3 and ASC increased in RAW 264.7 cells overexpressing Pin1 (Figure 3E). In addition, we also tested the secretion of IL-6 and TNF-α in Macrophage-related cytokines under different factors (Figures 3F, G). The results showed that the secretion of IL-6 and TNF- α could not be stimulated when only ATP or Nig was used. Compared with the control group, the Pin1 knockout group had a significant decrease under stimulation. These results suggest that Pin1 is involved in LPS-induced activation of the NLRP3 inflammasome in macrophages.




Figure 3 | Pin1 regulates NLRP3 expression and transcription in macrophages. (A) Nlrp3, Asc, Casp1, and IL-1β mRNA levels in LPS-treated WT and Pin1-/- bone marrow-derived macrophages (BMDMs). (B) Nlrp3, Asc, Casp1, and IL-1β mRNA levels in lipopolysaccharide (LPS)-treated RAW 264.7 cells transfected with control siRNA or siRNA for Pin1. (C) IL-1b and NLRP3 inflammasome protein levels in LPS-treated WT and Pin1-/- BMDMs after 4 h. (D) IL-1b and NLRP3 inflammasome protein levels in LPS-treated RAW 264.7 cells transfected with control siRNA or siRNA for Pin1 after 4h. (E) RAW 264.7 cells with high Pin1 expression (Pin1-hi) were primed with 500 ng/ml LPS for 4h, lysates were immunoblotted for NLRP3 and ASC. (F, G) WT and Pin1-/- BMDMs were treated without stimulation (control) or with LPS (500ng/ml), ATP (5mM) or nigericin (20mM) alone, LPS for 4 h and 5 mM ATP or 20 mM nigericin for 30 min. The secretion of IL-6 and TNF-α in culture supernatant were analyzed. The data represent the mean ± SD of one among three biological replicates, with three technical replicates each. *P < 0.05; **P < 0.01; ns, no significance; two-way ANOVA (A, B, F, G).





Pin1 Deficiency Prevents Caspase-1-Mediated Cleavage of GSDMD

To further investigate the role of Pin1 in pyroptosis induced by inflammatory activation. Pyroptosis morphology were observed in WT and Pin1-knockout BMDMs treated with LPS and ATP or Nig. The result showed that cell death reduced in Pin1 KO BMDMs compared with WT BMDMs (Figure 4A).




Figure 4 | Pin1 deficiency prevents caspase-1-mediated cleavage of gasdermin D (GSDMD). (A) Imaging assay of pyroptosis in WT and Pin1-/- bone marrow-derived macrophages (BMDMs) treated with 5 mM ATP or 20 mM nigericin. (B) BMDMs were primed with 500 ng/ml LPS for 4 h and stimulated with ATP or nigericin for 30 min and supernatants were analyzed for lactate dehydrogenase (LDH). (C) Immunoblotting with mouse antibody for GSDMD in WT and Pin1-/- BMDMs treated with ATP or nigericin. (D) Immunoblotting with mouse antibody for GSDMD in RAW 264.7 cells transfected with control siRNA or siRNA for Pin1 treated with 5 mM ATP or 20 mM nigericin for 30 min. All data are representative of three independent experiments. The data represent the mean ± SD of one among three biological replicates, with three technical replicates each. *P < 0.05; **P < 0.01; ***P < 0.001; ns, no significance; two-way ANOVA (B).



The dying cells show a typical pyroptosis state, and pathological manifestations were cell swelling and membrane rupture (8, 13). We also tested the expression of lactate dehydrogenase (LDH), which is an enzyme released through the broken membrane after cell lysis and death. The results showed that compared with the control group, the release of LDH in the Pin1-/- group was reduced. (Figure 4B). In BMDMs treated with LPS and ATP or nigericin, GSDMD was cleaved, which mean that GSDMD was activated and pyroptosis occurred. We found that the cleavage products of GSDMD were significantly reduced in Pin1-deficient cells compared to the control group (Figure 4C). Similarly, a reduction in GSDMD cleavage products was also detected in RAW 264.7 cells with Pin1 knockdown (Figure 4D). These data indicated that Pin1-/- inhibits GSDMD cleavage-induced pyroptosis.



Pin1 Regulates NLRP3 Inflammasome Expression by Promoting Phosphorylation of P38 MAPK Pathway

We have previously demonstrated that Pin1 responds to LPS stimulation through NLRP3 inflammasomes in macrophages. We next investigated the mechanism by which Pin1 regulates the NLRP3 inflammasome. Based on Pin1 specificity in identifying pSer/Thr-Pro motif, we detected the upstream regulatory factors of NLRP3 inflammasome, we found that p38 MAPK was markedly upregulated in the clinical datasets GSE26440 (Figure 5A). We then analyzed the effects of Pin1 knockout on the activation of MAPKs, including p38 MAPK, extracellular signal-regulated kinases (ERK) and Jun-amino-terminal kinase (JNK) in macrophages. Western blot showed that phosphorylation levels of p38 MAPK decreased in Pin1-/- macrophages compared with controls, while phosphorylation levels of ERK, JNK showed few significant changes (Figure 5B). We also performed immunoblotting in RAW 264.7 cells and found that the expression of p-p38 MAPK in the Pin1 knockdown group was significantly reduced when LPS stimulated for 30 min (Figure 5C). We found from a published septic shock clinical data set (GSE26440) that there was a positive correlation between Pin1 and p38 MAPK (Figure 5D). This suggests that Pin1 may promote the phosphorylation of the p38 MAPK pathway to regulate NLRP3 inflammasome activation.




Figure 5 | Pin1 regulates NLRP3 inflammasome expression by promoting phosphorylation of p38 MAPK pathway. (A) Analysis of one published septic shock clinical data set (GSE26440), revealed that p38 MAPK expression is upregulated in septic shock. (B) Immunoblot analysis for activation of p38 MAPK, ERK, and JNK in cell lysates from WT and Pin1-/- bone marrow-derived macrophages (BMDMs) and stimulated with LPS (500 ng/ml) for 0, 10, 20, and 30 min. (C) Immunoblot analysis for activation of p38 MAPK in RAW 264.7 cells transfected with control siRNA or siPin1 for 0, 10, 20, and 30 min. (D) Correlation analysis between Pin1 and p38 MAPK in GSE26440. (E) BMDMs were collected to perform co-immunoprecipitation with p-p38 MAPK or Pin1. (F) Dot blot analysis for detecting the interaction between Pin1 and p38 phosphopeptide (T180(P)). The numbers 1,2,3 represent three repetitions.



To further prove that Pin1 regulates NLRP3 inflammasomes by acting on p38 MAPK signaling pathway, co-immunoprecipitation of p-p38 MAPK and Pin1 was performed. Co-immunoprecipitation analysis showed that Pin1 was bound to p-p-p38 MAPK in BMDMs (Figure 5E), which implied that the p-p38 MAPK may be a substrate of Pin1. We want to know whether the interaction between Pin1 and p-p38 MAPK is a direct binding, so we conducted a GST-pulldown experiment, and the results showed that Pin1 cannot directly bind to p-p38 MAPK in vitro (Figure 5F). This result suggests that Pin1 may affect p-p38 MAPK through kinases or other proteins. Together, these results suggest that Pin1 serves as a crucial effect in NLRP3-mediated inflammation by regulating signaling pathway of p38 MAPK.



Pin1 Knockdown Down-Regulated NLRP3 Inflammasome in Human Septic Shock

We further analyzed the expression of inflammation-associated protein in human septic shock (Figure 6A). Next, we use LPS-treated PMA-differentiated THP-1 cells that transfected siPin1 and siRNA control, the result showed that NLRP3 and ASC protein levels were downregulated in Pin1 knockdown group compared with control group (Figure 6B). We also treated LPS-primed PMA-differentiated THP-1 cells with ATP or Nig and found that the Pin1 knockdown reduced caspase-1 activation and cleavage of GSDMD (Figures 6C, D). In addition, the expression of IL-18,IL-1β and LDH also decreased in the Pin1 knockdown group (Figures 6E, F). In THP-1 cells, Pin1 knockdown also reduced the expression of p-p38 MAPK (Figure 6G). These data also show that Pin1 plays an important inflammatory effect in human septic shock.




Figure 6 | Pin1 knockdown down-regulated NLRP3 inflammasome in human septic shock. (A) Analysis of inflammatory genes in published clinical datasets GSE26440. (B) PMA-differentiated THP-1 cells were transfected with control siRNA or siPin1 followed by stimulation with 500 ng/ml lipopolysaccharide (LPS) for 4 h. Cell extracts were immunoblotted for NLRP3 inflammasomes. (C) PMA-differentiated THP-1 cells were transfected with control siRNA or siPin1 followed by stimulation with 500 ng/ml LPS for 4 h and treatment with 5 mM ATP or 20 mM nigericin for 30 min. Immunoblot was performed for caspase-1 activation. in cell extracts. (D) PMA-differentiated THP-1 cells were transfected with control siRNA or siPin1 followed by stimulation with 500 ng/ml LPS for 4 h and treatment with 5 mM ATP or 20 mM nigericin for 30 min. Immunoblot was performed for GSDMD cleavage in cell extracts. (E, F) PMA-differentiated THP-1 cells were transfected with control siRNA or siPin1 followed by stimulation with 500 ng/ml LPS for 4 h and treatment with 5 mM ATP or 20 mM nigericin for 30 min. Supernatants were analyzed for LDH, IL-1β, and IL-18. (G) Immunoblot analysis for activation of p38 MAPK in PMA-differentiated THP-1 cells transfected with control siRNA or siPin1 and stimulated with LPS (500 ng/ml) for 0, 10, 20, and 30 min. The data represent the mean ± SD of one among three biological replicates, with three technical replicates each. *P < 0.05; **P < 0.01; ns, no significance; two-way ANOVA (E, F).



In general, Pin1 plays an important role in NLRP3-mediated caspase-1 activation and cleavage of GSDMD in mouse and human (Figure 7).




Figure 7 | The mechanistic model of Pin1 mediated inflammasome activation and pyroptosis.






Discussion

In this article, we revealed the role of Pin1 in LPS-induced septic shock. Pin1 is the only small molecule enzyme in the body that can recognize threonine/serine-proline motifs. The isomerization of a large number of phosphorylated proteins can regulate many cell activities, leading to the occurrence of diseases such as cancer, Alzheimer’s disease, and autoimmune diseases (22, 26). However, the role of Pin1 in inflammatory diseases such as septic shock remains undefined. Here, we reported that Pin1 deficiency relieves LPS-induced septic shock and organ damage. Our results showed that Pin1 is critical for NLRP3-mediated caspase-1 activation and promotes the cleavage of GSDMD as well as IL-1β and IL-18 secretion in vivo or in vitro. Furthermore, Pin1 mediates IL-6 or TNF-α production and NLRP3, ASC, caspase-1 and IL-1β expression by binding to p38 MAPK protein.

NLRP3 inflammasome mediates the occurrence of many inflammatory diseases, including septic shock (12, 15). In this process, NLRP3 mediates the activation of Caspase1, the activated caspase1 can activate the cleavage of downstream target GSDMD and Pro-IL-1β and Pro-IL-18 secreted by macrophages (13, 28). We found that knock out Pin1 can decrease the mortality of mice infected with LPS and alleviate the damage to the internal organs induced by LPS. Next, we further studied whether the occurrence of this phenomenon is carried out by affecting the expression of NLRP3 inflammasome. We performed the same treatment on BMDMs and RAW 264.7 cells, as we expected, it was that knockout/knockdown Pin1 can reduce NLRP3-mediated caspase-1 activation in response to LPS and ATP or Nigericin. Moreover, other components of the inflammasome such as NLRP3 and ASC also declined significantly. Besides, we analyzed from the published clinical septic shock dataset that the expression of NLRP3 inflammasome and related gene are lower in the healthy, we also found consistent results in PMA-induced THP1 cells.

Caspase-1 and caspases11 (caspase-4 and caspase-5 in humans) can specifically recognize and then cleave gasdermin D (GSDMD), which is identified as the key event in pyroptosis (8, 13). The N-terminal domain of GSDMD can specifically bind to membrane lipids, and after binding to membrane lipids, the N-terminal domains of GSDMD- oligomerize to form pores of about 12–14 nm in inner diameter (13, 28–31). By directly observing the cell morphology of pyroptosis and detecting the related proteins, we found that the degree of pyroptosis was significantly reduced after the absence of Pin1.

Excessive inflammation response is the cause of many human diseases (13). Many protein kinases include JNKs, p38 MAPKs, and ERKs that are activated in response to various stresses (22, 32). Among them, the p38 MAPK pathway, is usually involved in the stress response and inflammation in the body (29, 33). It has been reported that the p38 MAPK pathway is closely related to LPS-induced septic shock (1, 8, 34, 35). We found from the Gene Expression Omnibus database that the expression of p38 MAPK increased in patients with septic shock. At the same time, we also found a certain positive correlation between Pin1 and p38 MAPK in the database, which suggests that Pin1 may regulate the expression of NLRP3 inflammasomes through the p38 MAPK pathway. To prove this hypothesis, we first performed co-immunoprecipitation analysis of Pin1 and p-p38 MAPK. We found that Pin1 and p-p38 MAPK bind in BMDMs. Then, we further analyzed this interaction through the GST-pulldown experiment, and the results showed that Pin1 cannot directly bind to p-p38 MAPK (T180 site). Pin1 is likely to affect the phosphorylation of p38 MAPK through kinases or other proteins. Recent studies have found that Pin1 regulates the phosphorylated conformation of proteins between two different structures depending on specific targets and local structural constraints. This processes are controlled by pin1-catalyzed phosphorylation changes rather than the initial phosphorylation itself (22). It is likely that Pin1 binds to p-p38 MAPK and forms a complex. When encountering an external stimulus, Pin1 recognizes and accelerates the phosphorylation process. (Figure 7). Together, these results suggest that Pin1 affects the expression of inflammatory proteins through the p38 MAPK signaling pathway.

However, it is interesting that Akiyama et al. believe that Pin1 has a protective effect on LPS-induced shock (36). Pin1-/- mice were originally created by Uchida’s laboratory in 1999 (37). Recently, it has been reported that there is premature aging phenomenon in Pin1-/- mice (38), the same phenomenon has been observed in our laboratory. The difference in mouse age and the dosage of LPS, which may be the reason for our different results. In fact, except for some cancers, Pin1 also plays an important role in asthma development and in the response to microbial infection besides rheumatoid arthritis (RA), Systemic Lupus Erythematosus (SLE) and nonalcoholic steatohepatitis (NASH) (39–44), suggesting that Pin1 is closely related to certain inflammatory reactions. Our study offers clues for understanding septic shock pathogenesis and might impact on the future diagnosis and treatment of patients with inflammatory disease. However, further clinical research remains to be investigated.
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Nuclear receptors are important bridges between lipid signaling molecules and transcription responses. Beside their role in several developmental and physiological processes, many of these receptors have been shown to regulate and determine the fate of immune cells, and the outcome of immune responses under physiological and pathological conditions. While NLRP3 inflammasome is assumed as key regulator for innate and adaptive immune responses, and has been associated with various pathological events, the precise impact of the nuclear receptors on the function of inflammasome is hardly investigated. A wide variety of factors and conditions have been identified as modulators of NLRP3 inflammasome activation, and at the same time, many of the nuclear receptors are known to regulate, and interact with these factors, including cellular metabolism and various signaling pathways. Nuclear receptors are in the focus of many researches, as these receptors are easy to manipulate by lipid soluble molecules. Importantly, nuclear receptors mediate regulatory mechanisms at multiple levels: not only at transcription level, but also in the cytosol via non-genomic effects. Their importance is also reflected by the numerous approved drugs that have been developed in the past decade to specifically target nuclear receptors subtypes. Researches aiming to delineate mechanisms that regulate NLRP3 inflammasome activation draw a wide range of attention due to their unquestionable importance in infectious and sterile inflammatory conditions. In this review, we provide an overview of current reports and knowledge about NLRP3 inflammasome regulation from the perspective of nuclear receptors, in order to bring new insight to the potentially therapeutic aspect in targeting NLRP3 inflammasome and NLRP3 inflammasome-associated diseases.
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INTRODUCTION


The Nuclear Receptors

Nuclear receptors (NRs) are ligand-dependent transcription factors that regulate numerous physiological mechanisms, including development, differentiation, metabolism and immune functions (1, 2). Generally, nuclear receptors are activated by endogenous or exogenous small lipophilic molecules to control the transcription of a complex network of gene sets for a targeted function (3). In addition to their role as transactivators or transrepressors (genetic level), several NRs may initiate a processes of histone modifications and chromatin remodeling (epigenetic level). Furthermore, increasing number of evidence shows that they are involved in various intracellular, non-genomic functions; such as the modulation of signal transduction pathways and cell membrane receptors activity (4, 5).

Most nuclear receptors share the same domain structure. Some of these domains are highly conserved; such as the DNA binding domain (DBD) that contains a zinc-finger motif and mediates the interaction of the protein to the DNA, and the ligand binding domain (LBD) that binds the receptor specific agonist or antagonist molecules. DBD and LBD are connected through the hinge in the middle region of the receptor that provides a structural flexibility. In addition, the N-terminal domain (NTD) contains the activator function-1 (AF-1) (ligand-independent) motif, while the LBD contains the activator function-2 (AF-2) (ligand-dependent) motif (6–8) (Figure 1). The hydrophobic pocket within LBD is arranged in a way that gives the pocket a unique character to accommodate specifically the cognate ligands. However, some nuclear receptors have a flexible pocket that binds structurally diverse ligands in various orientations, while others can adopt an active state even in the absence of the ligands (9, 10).


[image: Figure 1]
FIGURE 1. Representation of the domains structure of the nuclear receptors. LBD, Ligand binding domain; DBD, DNA binding domain; AF-1, activator function-1; AF-2, activator function-2; NTD, N-terminal domain.


These domains can also be targeted by various post-translational modifications that modulate the nuclear receptor‘s function (11). The binding of the ligand induces conformational changes of the receptor, leading to the recruitment of a complex network of relevant regulatory proteins to complete gene expression activation or inhibition (8). As nuclear receptors can modulate chromatin accessibility, they have the ability to alter the binding of the transcription machinery (6). Nuclear receptors may function as monomers, form a complex of homodimers, or heterodimerize with other nuclear receptors.

The most common receptors which act as a heterodimerization partner with other nuclear receptors are the retinoid X receptors (RXRs) (12, 13) (Figure 2). Depending on the dimerization partner, RXR heterodimers are categorized as permissive and non-permissive dimers. In permissive heterodimers (e.g., PPAR/RXR and LXR/RXR), ligand binding to either partner can mediate their activities. While in non-permissive heterodimers (e.g., VDR/RXR and RAR/RXR), the heterodimer remains silent if only RXR is bound, hence, ligand binding to the partners of RXR is a prerequisite for activation (14, 15). While permissive heterodimers seem to be lipid sensors that are regulated by many metabolic pathways (PPAR, LXR), non-permissive ones most likely respond to the classical endocrine steroid (ER) and non-steroid (RAR) factors (16). The crosstalk between nuclear receptors through typical (with RXR as a partner) and atypical (with other nuclear receptors) heterodimerization, as well as the alternative splicing of these receptors, poses a challenge to understand nuclear receptors-mediated gene regulation, and explains the variability in drug responses (17, 18).


[image: Figure 2]
FIGURE 2. Schematic representation of genomic and non-genomic actions of nuclear receptors.




Inflammasomes

Innate immune functions depend on pattern recognition receptors (PRRs) that recognize pathogen-associated molecular patterns (PAMPs), damage-associated molecular patterns (DAMPs) or homeostasis-altering molecular processes (HAMPs) (19, 20). Based on their localization, PRRs are classified to membrane-bound receptors [such as Toll-like receptors (TLRs), C-type lectin receptors (CLR)] and cytoplasmic receptors [nucleotide-binding domain leucine-rich repeat receptors (NLRs), retinoic acid-inducible gene-I (RIG-I)-like receptors (RLRs), absent in melanoma (AIM)-like receptors (ALRs) and proteins-containing tripartite motif (TRIM)] (20–22).

Among the cytoplasmic PRRs, NLRP1, NLRP3, NLRC4, AIM2, and Pyrin have been thoroughly studied and identified as initiators of inflammasome multiprotein complex formation. Although other NLRs; such as NLRP6, NLRP7, NLRP9, and NLRP12 have also been shown capable to form inflammasomes, they need further characterization in order to better understand the conditions of their activation (22, 23).

Generally, NLRs are organized in a tripartite structure: the N-terminal effector domain (pyrin (PYD) for NLRPs; caspase-recruitment domain (CARD) for NLRCs) required for signal transduction, the central NACHT domain (contains NBD) mediates self-oligomerization, and the C-terminal leucine-rich repeats (LRRs) involved in ligand detection (24, 25). In most cases. activation of the NLR triggers a rapid oligomerization process, leading to the recruitment and binding of the inactive pro-caspase-1 enzyme, either directly (NLRC4 inflammasome) or via the ASC adaptor protein (NLRP3 inflammasomes) (22, 26). Eventually, the autocatalytic activation of caspase-1 leads to the processing of GSDMD, pro-IL-1β and pro-IL-18, to induce pore formation and facilitate inflammation or pyroptosis (27, 28).

Depending on the sensor protein of the inflammasome, different types of inflammasomes are activated by different stimuli, for example, NLRC4 recognizes flagellin, NLRP1 recognizes anthrax lethal toxin, and AIM2 is activated by dsDNA (29). However, the triggering stimuli for several inflammasome forming NLRs (such as NLRP2, NLRP6) have not yet been identified. Importantly, while NLRP3 inflammasome is probably the most studied and best characterized inflammasome complex, the direct activator of NLRP3 is still unknown.



NLRP3 Inflammasome

The assembly of NLRP3 inflammasome mostly requires two events; priming and activation. The priming signal of NLRP3 inflammasome is mostly initiated by TLRs and triggers transcriptional induction of NLRP3 and IL1-β genes via various signaling pathways including NF-κB and MAPKs (JNK, p38, and ERK). Beside transcriptional regulation, priming-induced signaling is also involved in post-translational modifications (phosphorylation, SUMOylation, ubiquitination) that license the inflammasome components (NLRP3 and ASC) for activation (30–32).

The activation step of NLRP3 inflammasome facilitates NEK7 binding, and triggers the assembly of the multiprotein complex. Highly developed modern technologies such as cryo-EM, enabled a detailed structural and mechanistic understanding of NLRP3 inflammasome activation and signaling. It was proven that both PYD and CARD domains are able to form filaments through homotypic interaction. In the absence of a ligand, NLRs are characterized by an autoinhibited conformation, as the LRR folds back to the NBD, resulting in a closed conformation. Sensing of an activator induces a conformational change that leads to the oligomerization of the NLRP3, in a self-propagation process. Thereafter, it recruits ASC through PYD-PYD interaction, and induces the helical ASC filament formation that assembles into large ASC specks, acting as a platform for pro-caspase-1 binding (33, 34).

As a result of intensive studies, a wide range of stimuli and stress signals have been identified for NLRP3 inflammasome activation, many of them are associated with the disturbance of cellular homeostasis or organelle dysfunction. For example, ion fluxes including K+ or Cl− efflux, Na2+ influx or elevation of cytosolic Ca2+ are required to promote NLRP3 inflammasome assembly and formation (35). Crystals-induced lysosomal destabilization (following engulfment of cholesterol, MSU, β-amyloid) that leads to the cytosolic release of cathepsins and Ca2+ results in NLRP3 inflammasome activation (36, 37). Also ROS production following ER stress due to the accumulation of unfolded proteins (38); changes in metabolites and enzymes related to mitochondria function (succinate, itaconate, ATP) (39) or mitochondrial dysfunction (mtROS, oxidized mtDNA, cardiolipin) are proved to be inducers of NLRP3 activation (40). Importantly, mitochondria-associated membranes (MAMs) serve as platform for the NLRP3 inflammasome assembly (36, 41, 42). Indeed, dysregulation of the NLRP3 inflammasome has been linked, and associated with severe diseases, including autoimmune, cardiovascular, neurodegenerative diseases, as well as allergy and cancer, conditions which required careful therapeutic intervention to downregulate the inflammasome network (43–45).



Nuclear Receptors at the Crossroad of Metabolism and Inflammatory Responses

A growing body of evidence show that nuclear receptors may intervene in responses through various mechanisms. Depending on the microenvironment, immune cells may undergo a wide range of polarization states via transcriptional (re)programming, which in part is regulated by nuclear receptors. The role of several nuclear receptors in the polarization and function of myeloid linage cells has been studied extensity (46, 47). For example, PPARγ or LXR activity is assumed as a hallmark of alternative or M2 macrophage polarization (46, 48). Conversely, under inflammatory conditions, macrophages tend to downregulate PPARγ and its target genes, which diminish the lipid sensing function of these cells (49). However, PPARγ is required during the resolution phase of inflammatory response, and loss of PPARγ is associated with sustained immune response (50, 51).

For proper effector responses, immune cells adopt specific metabolic pathways, where nuclear receptors emerge as key links to fine-tune the immunometabolic effector functions of these cells. Indeed, several nuclear receptors, including FXR, PPARs, LXRs, or PXR, are grouped as metabolic receptors, as they coordinate a network of different metabolic pathways to generally maintain the systemic metabolic homeostasis (3, 52). Recently, active attempts were made to target immunometabolism as an approach to tackle inflammatory disorders (53), and nuclear receptors may function as potential therapeutic modulators at the crossroad of this approach.

Importantly, activation of the NLRP3 inflammasome in THP-1 macrophage was associated with up-regulation of nuclear receptors, suggesting a negative feedback loop promoting resolution of inflammation (54). Consistently, a data mining study showed a strong association between inflammasome and nuclear receptors function, and that inflammasome pathways play a central role in the regulation and expression of nuclear receptors. This study categorized most of the nuclear receptors as sensors or receptors of homeostasis-altering molecular processes (HAMPs). It is a recently introduced expression that refers to alterations in cellular mechanisms and pathways that reflects cellular dysfunction and the loss of cellular homeostasis; consequently, HAMPs may modulate inflammatory responses and associate with several metabolic and immune dysfunction (55).

In response to stress signals, cells initiate a multifaceted program that integrates several highly regulated pivotal processes; including autophagy and inflammatory response (56). Autophagy is a crucial intracellular recycling process that is activated by various types of cellular stress, including protein aggregates, nutrient deprivation, hypoxia, damaged organelles and intracellular pathogens, in order to maintain cellular homeostasis and provide energy source or building molecule blocks for the cell (57). Beside macrophage polarization, several members of nuclear receptors are involved in autophagy-mediated defense at both transcriptional, and post-translational levels, [reviewed in (58)]. In addition, it has been reported that PPARα and FXR regulate autophagy through a complementary transcription of autophagy genes under various nutrition status (59).

Autophagy and inflammasome; as a major inflammatory pathway, are tightly coupled events. Autophagy negatively regulates inflammasome function through several mechanisms, including the removal of endogenous inflammasome activators (DAMPs) or the inflammasome components. However, depending on the conditions, activation of the inflammasome and caspase-1 were found to modulate autophagy, either negatively or positively by various mechanisms (60, 61). Although, nuclear receptor function is associated with autophagy regulation, further experimental data are needed to elucidate the role of nuclear receptors in the crosstalk between autophagy and inflammasome function.

In addition to their role in the transcriptional regulation, nuclear receptors also possess non-genomic activity through the modulation of diverse basic cellular mechanisms, including G-protein signaling, calcium flux, cyclic nucleotide (cAMP and cGMP) or nitric oxide production, and other signal transductions such as a variety of kinase pathways (4). All of which were described to mediate a variety of inflammatory responses, including inflammasome activation/function. Other factors; such as localization of the nuclear receptors in various cellular organelles, increase their potential to develop selective non-genomic activities characteristic to specialized cell types and tissues (4, 62). For example, several nuclear receptors (ER, TR RXRα, RAR, Nur77/TR3 and PPARβ and -γ) were reported to localize in the mitochondria, and become engaged with the mitochondrial transcription, this way, they coordinate the expression of genes encoding for enzymes involved in oxidative phosphorylation (OXPHOS) (63). Importantly, enzymes and products of mitochondrial TCA cycle or OXPHOS have already been recognized as important modulators of NLRP3 inflammasome function.



Nuclear Receptors and NLRP3 Inflammasomes

Recent studies categorized many of the nuclear receptors as sensors of cellular imbalance and dysfunction. Similarly, NLRP3 inflammasome may be activated by a large spectrum of molecules that are associated with cellular stress and altered metabolism. Data suggest that nuclear receptors are involved in a wide spectrum of cellular processes, and they can regulate inflammasome priming or activation through genomic and non-genomic effects.

Indeed, NLRP3 inflammasome activation may be triggered by lipid metabolites, that are also recognized as ligands by various NRs. For example, the cholesterol and its derivatives [oxysterol (25HC)] are natural ligand for LXR and FXR (64); various fatty acids including saturated fatty acids [palmitic acid (C15:0), stearic acid (C18:0)] (65, 66), mono-unsaturated fatty acids [oleic acid (C18:1)], or polyunsaturated fatty acid [linoleic acid (C18:2)] (67), omega-3 PUFAs [like eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA)] (68) are recognized by PPARs. Furthermore, enzymes and transporters of lipid metabolism pathways (including synthesis, degradation, or oxidation) that are regulated by various NRs, have also been associated to NLRP3 inflammasome activity as positive or negative regulators (69, 70). Such as fatty acid synthase (FASN) expression is regulated by LXRα (71); while fatty acid oxidation enzymes, NOX4 and carnitine palmitoyltransferase 1A (CPT1A), by PPARγ (72, 73) and PPARα (74), respectively. Expression of CD36 scavenger receptor, that transports cholesterol containing oxLDL to MFs, are regulated by PPARγ (75), while that of the ABCA1/ABCG1, that mediates cholesterol efflux, is regulated by LXR (76, 77). The detailed mechanism of their actions on NLRP3 inflammasome has recently been described in excellent reviews (39, 78–80). In the following section, we highlight known regulatory roles and mechanisms that nuclear receptors exert on NLRP3 inflammasome (Table 1).


Table 1. Summary of nuclear receptors and their ligands involved in the NLRP3 inflammasome regulation (arranged in alphabetical order).

[image: Table 1]


Retinoid X Receptor (RXR)

RXRs are involved in the transcriptional programs of many biological processes, including cell differentiation, immune response, as well as lipid- and glucose metabolism. The importance of RXRs; as master nuclear receptors, are derived from their ability to play a unique role as obligate heterodimerizing partners of many other nuclear receptors (110). In fact, there is different affinity and competition between RXR partners to form heterodimers with RXR (111). In addition to its role as transcription factor in the nucleus, activation of RXR may induce its translocation into the mitochondria, in order to enhance the transcription of mitochondrial genes (such as COX-1) (112).

In mouse and human myeloid cells, RXRs have multifaceted functions, including polarization, uptake of apoptotic cells, inflammatory gene repression, cholesterol uptake and lipid processing [extensively reviewed in (113)]. For example, RXR is linked to IL-4-induced alternative polarization of macrophages, via modulating the phenotypic properties of this macrophage in gene-specific manner (114). During the years, many RXR-specific synthetic ligands and RXR-deficient mice were generated to avoid heterodimerization issues; which is regarded as a drawback in RXR-targeted therapeutic approaches. Currently, it seems that partial agonists for RXR with submaximal response could be an approach to avoid prolonged activation and side-effect (115).

Unfortunately, little is known about the exact role of RXRs in inflammasome regulation, as most studies focus on their dominant partners, particularly in permissive dimers. Interestingly however, one report suggested that NLRP3 inflammasome activation may regulate RXRs function (Figure 3). In ovalbumin-induced mice model of eosinophilic asthma, NLRP3 inflammasome activation was required for the induction of allergic response (116). They showed that NLRP3 specific inhibitor MCC950 significantly reduced both RXR expression and apoptosis in primary airway epithelial cells (pAECs), however, inhibition of apoptosis was reversed by the RXR agonist adapalene. Although an NLRP3-RXR axis was suggested as important regulatory role for apoptosis, further studies are required to delineate the mechanism, and find direct association between NLRP3 and RXR.


[image: Figure 3]
FIGURE 3. Regulatory role of SHP, FXR, and RXR on NLRP3 inflammasome functions. The effect of SHP is controversial, probably it depends on the cell or tissue type.




Small Heterodimer Partner (SHP)

The orphan SHP is a unique nuclear receptor that lacks DBD. Though it has a classical LBD that contains a ligand-dependent transactivation domain (AF2), there are two NR-boxes within its NTD that mediate binding of other proteins. Interestingly, the SHP interacting proteins are mainly nuclear receptors (such as FXR, ER, LXR, PXR, RAR, CAR, and PPAR) or other transcription factors (such as BMAL1, c-Jun, SREBP-1c, FOXO1, p65, and USF1), and dimerization with SHP usually leads to transcriptional repression of their target gene (117). These interactions regulate complex networks of metabolism, hemostasis and immune responses (52, 117, 118).

While the liver expresses SHP at a highest level, it is also expressed in various other tissues (such as, heart, adipose and intestinal tissues) in both human and mouse (119). In human, a number of mutations and single nucleotide polymorphism (SNP) were found to affect the function of SHP (117). The expression of SHP is transcriptionally regulated by ligated FXR, in order to regulate the biosynthesis of bile acids and cholesterol (52). SHP was shown to modulate TLR activation through interaction with downstream signaling NFκB and TRAF6, resulting in the attenuation of proinflammatory response (120).

In BMDMs, loss of SHP was shown to be associated with excessive pathologic responses, mediated by NLRP3 inflammasome activation. Though SHP did not affect the priming signal of NLRP3 inflammasome, it had the ability to compete with ASC for NLRP3 binding following treatment with various NLRP activators (ATP, MSU, nigericin), hence, it negatively regulated the activation and assembly of NLRP3 inflammasome (Figure 3). In addition, SHP directly associated with NLRP3, ASC, TXNIP and MAVS on mitochondrial membrane, in order to help mitochondrial translocation of NLRP3 inflammasome as well as to regulate mitochondrial homeostasis (103).

In pancreatic acinar cells however, thapsigargin treatment upregulated SHP expression that in turn, stabilized the spliced isoform of X-box-binding protein 1 (XBP1s) transcription factor, a key mediator of ER stress response (121). As ER and ER stress play a critical role in inflammasome activation by several mechanisms (such as ROS production) (43), this observation would predict the role of SHP as a facilitator of inflammasome function. In notion with this hypothesis, it was recently reported that XBP1s bound to the promoter region of NLRP3, and loss of XBP1 in renal ischemia/reperfusion- mediated injury was associated with a decrease in NLRP3-mediated caspase-1 activation (122). It seems that XBP1s' function is more likely to be tissue-specific, and depends on the testing conditions. In this context, SHP could be a potential target to modulate inflammasome function either directly, or via the regulation of XPB1s.



Farnesoid X Receptor (FXR)

FXR; as a transcription factor, binds to DNA either as a monomer or as a heterodimer with RXR. Together with PXR and VDR, it belongs to the group of metabolic nuclear receptors, and is basically considered as a sensor for endogenous bile acids (BAs), and a key regulator for bile acids homeostasis (123). It is mainly expressed in the liver and intestine, as well as in various immune cells (including macrophages, dendritic cells (DCs) and T-cells) (124, 125).

Studies show that FXR mediates cell-type specific functions. In hepatocytes, FXR, as a key regulator of bile acids synthesis, senses both primary and secondary bile acids with different affinity, and initiates transcriptional regulation of gene sets; including SHP, in order to inhibit further bile acid synthesis, in a negative feedback mechanism. SHP mediates transcriptional repression of several genes; including CYP7A1, a rate-limiting enzyme in bile acid synthesis. The intestinal FXR mediates bile acids transportation through regulation of several transporters involved in this process. Furthermore, upon activation, FXR mediates fibroblast growth factor 15 (FGF-15) (FGF-19 in humans) secretion, which translocates through portal circulation, and binds the basolateral fibroblast growth factor receptor 4 (FGFR4) in hepatocytes, mediating transcriptional inhibition of CYP7A1 (123, 125, 126). While FGF is important for bile acids, glucose, and lipid homeostasis, protecting against hepatosteatosis, in mice fed a high fat diet, lack of FGF results in increased hepatosteatosis, associated with endoplasmic reticulum (ER) stress and impaired tissue regeneration (127). Furthermore, activation of FXR/SHP axis also inhibits PXR-, LXR-, and PPARα-mediated CYP7A1 gene transcription, and reduces the expression of SREBP1, a member of the basic helix-loop-helix-leucine zipper (bHLH-Zip) transcription factor family, that is involved in lipogenesis (127–130).

Recent reviews demonstrated that the function of FXR is far more than being simply a bile acids regulator, as it participates in a dynamic network of lipid and glucose metabolism, it maintains the homeostasis in different tissues and organs, and has various regulatory roles in innate immune responses (125, 131). Like in hepatocytes and macrophages FXR inhibits NFkB signaling and suppress proinflammatory cytokine secretion under inflammatory conditions (132, 133). Furthermore, it mediates M2 polarization of macrophages, and modulates DC differentiation to promote anti-inflammatory effects. In mouse colitis model, it upregulates IL-10 expression and reduceses DC and effector T cell infiltration, while recruits Treg to the colonic inflammatory site (123–125).

FXR was originally shown to be activated by an excessive level of farnesol; an intermediate metabolite of the mevalonate pathway. In fact, dysregulation of the mevalonate pathway has been linked to the innate immune function and Pyrin- and NLRP3 inflammasome activation (134, 135). Activation of FXR by various ligands leads to the upregulation of CYP3A expression, which hydroxylates ATRA, an RAR agonist, and accelerates its catabolism. This indicates that FXR may regulate RAR-mediated signaling by modulating ATRA availability (136). Furthermore, FXR is known as a repressor of autophagy, and the activation of FXR induces transcriptional repression of autophagy genes (such as such as, Ulk1, Lc3a, Lc3b, Gabarap, Wipl1, Wipl2, and several Atg genes) (137), and autophagy protein and vesicles even under nutrient deprivation condition (123).

The effect of FXR on inflammasome-related functions and cytokine secretion seems to be complex, and in some cases controversial, possibly due to differences in the studied conditions. The activation of macrophages and Kupffer cells by bile acids induces the secretion of inflammatory cytokines; such as IL-1β and TNF-α, which in turn, also inhibit CYP7A1 gene transcription through activation of PKC and JNK kinase signaling pathways (129). Any defect in the flow of bile acids was delineated as cholestasis, and can be associated with sepsis (138). FXR-null mice exhibited deregulation in bile acids, glucose and lipoprotein metabolism, and had a high risk of hepatocellular carcinoma (HCC) and other degenerative liver diseases, in addition to abnormalities in the function of the intestinal-epithelial barrier (139–141). Furthermore, activation of intestinal FXR by bile acids induced the expression of a group of genes involved in mucosal defense, which inhibited bacterial overgrowth and prevented deterioration of the intestinal epithelial barrier (142).

In human and mouse differentiated macrophages, increase in bile acids over the physiological level is considered as a DAMP, and can initiate the priming signal (signal 1) by enhancing the expression of IL-1β and NLRP3, and activate the NLRP3 inflammasome through promoting prolonged calcium influx (signal 2) (81, 138) (Figure 3). In sepsis-associated cholestasis mouse model, FXR-null mice were found to be more susceptible to LPS-induced death, had high level of bile acids in the serum, and the isolated peritoneal macrophages exhibit higher activation of caspase-1/IL-1β compare to the wild type cells under LPS challenge. Treatment with cholestyramine resin; a bile acid sequestrant, or overexpression of FXR, restored the serum level of bile acids, improved their survival, and repressed the caspase-1 and IL-1β activation. However, intraperitoneal treatment with GW4064; an FXR agonist, did not protect the mice from this septic shock. Importantly, a co-immunoprecipitation analysis revealed that FXR may physically interact with NLRP3 inflammasome components, hence, prevent their assembly and repress the activation of NLRP3 inflammasome in a ligand-independent manner (81).

Conversely however, other report showed that several bile acids derivatives suppressed LPS/nigericin-induced NLRP3 inflammasome activation in BMDMs, through TGR5-cAMP-PKA axis, mediating ubiquitination and subsequent phosphorylation of NLRP3 at a single residue (Ser 291), which led to the inhibition of NLRP3 inflammasome activation (143). However, activation of FXR by its agonist INT-747 had no effect on NLRP3 ubiquitination, suggesting that FXR is not involved in bile acid-induced NLRP3 inflammasome suppression (143).

Recently, a study showed that down-regulation of FXR expression correlated with the high expression of inflammasome-associated genes, and induced inflammasome activation in various liver diseases. Furthermore, tunicamycin-induced ER stress animal model exhibited down-regulation of hepatic FXR, in association with up-regulation of NLRP3 and TXNIP levels and NLRP3 inflammasome activation. These effects were exaggerated under the loss of FXR, while treatment with FXR agonist GW4064 ameliorated NLRP3 activation. They also showed that under ER stress, loss of FXR resulted in the up-regulation of p-PERK, and CHOP; typical regulators of ER stress response (82). Notably, during the ER stress response, PERK and XPB1 mediate CHOP expression, which is involved in apoptosis and NLRP3 inflammasome activation, leading to caspase-1 cleavage, IL-1β secretion and pyroptosis. CHOP as a transcriptional regulator mediates NLRP3 and TXNIP expression (82, 144). In line with these results, ligated FXR inhibited p-PERK- and CHOP- mediated ER stress and subsequent NLRP3 inflammasome activation. This inhibition was most likely due to the attenuation of miR-186-mediated inhibition of NCK1, which is a regulator of PERK/CHOP axis (82).

Because of their safety profiles and proven efficacy, several steroid and non-steroid FXR agonists; such as GW4064, WAY362450, Px-104, and INT747, were developed to overcome liver- associated diseases (145). However, they still require further investigation, to understand their impact on the inflammatory mechanisms. In BMDMs, FXR agonist GW4064; but not INT747, inhibited NLRP3 and AIM2 inflammasomes activation in an FXR-independent manner, while it had no effect on NLRC4 inflammasome. This molecule had the ability to attenuate ASC oligomerization through the reduction of ASC ubiquitination, leading to impairment in both NLRP3-ASC interaction and ASC oligomerization (83). It was reported that the expression of FXR was downregulated following hepatic ischemia reperfusion injury (IRI) in mouse model. In this model, deletion of FXR was associated with induction of NLRP3 inflammasome-mediated GSDMD-N and caspase-1 cleavage, and an increased pyroptosis-mediated liver damage was observed (146). In IRI model, GW4064 treatment reduced the secretion of proinflammatory cytokines, including that of IL-1β. Compared to BMDMs, FXR is highly expressed in Kupffer cells. Knock-down of SHP or depletion of Kupffer cells abolished FXR-mediated inhibition of liver inflammatory genes (147).

Altogether, these findings suggest that FXR plays a crucial role in the regulation of inflammasome function. However, the role of FXR is influenced by various factors, including the expression level of FXR in different cells and tissues, the type and differentiation status of the immune cell, study conditions, or the type and affinity of the endogenous/exogenous FXR ligands. Notably, FXR ligands may also have a direct effect on the inflammasome in an FXR-independent manner. Furthermore, bacterial endotoxins markedly downregulate the expression of FXR, which may explain sometimes controversial reports regarding NLRP3 inflammasome. Importantly, FXR may also affect inflammasome function indirectly, by regulating the expression and function of other nuclear receptors (e.g., FXR-SHP axis).

Nowadays, FXR ligands are under clinical trials targeting human metabolic dysregulation-associated diseases; such as obesity, type 2 diabetes, or liver diseases (148). A screening of more than a thousand FDA/EMA-approved drug revealed that some of them modulated the activity FXR, hence, FXR may affect the outcome of various therapies. Nevertheless, FXR may open an opportunity for polypharmacology, particularly in inflammasome-related diseases (148).



Pregnane X Receptor (PXR)

PXR exhibits distinctive large, flexible and dynamic LBD to accommodate a broad spectrum of hydrophobic ligands with various structural and physicochemical characteristics. These ligands may include natural steroids (such as progesterone, corticosterone), synthetic drugs (like dexamethasone), antibiotics (like rifampicin), bile acid, herbal compounds and environmental toxicants (149, 150). PXR is considered as a master xenobiotic sensor that; upon activation, heterodimerizes with RXR to regulate a set of downstream genes, such as enzymes of the mitochondrial cytochrome P450 family (mainly CYP3A and CYP2b), various transferases (like GST1) and ABC transporters (like MDR) mainly required in detoxification. Due to its central regulatory role in detoxification, activation of PXR may lead to clinical consequences like drug resistance or drug-drug interactions-induced toxicity that may severely affect the outcome of a therapy (151, 152).

Several molecules and mechanisms have been described as positive, or negative regulators of PXR's activity. Like transcriptional co-activators (SRC-1, RIP140, PGC-1) or co-repressors (NCoR, SMRT) that are recruited to PXR-RXR following ligand binding. Besides, various signaling pathways (NFkB, AP-1, PKA, PKC, CDK, etc.) and post-translational modifications of PXR (phosphorylation, acetylation, SUMOylation, ubiquitination) may potentiate or terminate the activity of PXR. Interestingly, a reciprocal connection between PXR and NFκB pathways has been reported, in which activation of one pathway suppresses the activity, and expression of the target genes for the other (153). Activity of PXR is also regulated via crosstalk with other nuclear receptors (CAR, VDR, HNF4a) or transcription factors (CREB, FOXO, NFkB), like LXR, FXR, or PPARs by sharing or competing for the binding of co-regulatory molecule or response element on the target gene (154–156).

PXR is highly expressed in the liver and intestine, but functions in many other tissues and different cell types, hence, it affects several physiological and immunological functions, including metabolism, inflammation, cell cycle and apoptosis. sometimes with contradictory results. Interestingly, tissue- and species-specific ligands for PXR have also been identified. For example, in the vascular endothelium of the aorta and pulmonary vessels, PXR activation by indole 3-propionic acid (IPA); a circulating tryptophan metabolite of intestinal microbiota, inhibits eNOS-mediated NO production, consequently leading to vasoconstriction of the blood vessels (157). While in mesenteric arteries, vasodilation was induced by the PXR agonist progesterone metabolite, probably via the induction of CYP enzymes. Furthermore, rifaximin which is a gut-specific human PXR ligand, is not effective for rodents; while pregnenolone-16 alpha carbonitrile (PCN) functions as a rodent-specific ligand (158–161).

PXR is also expressed in immune cells; such as including B- and T cells, as well as macrophages. Myeloid-specific PXR deficiency was shown to lead to reduction of atherosclerosis as a result of reduced lipid uptake and foam cell formation (162). PXR ameliorates acute kidney injury by regulating AKR1B7 which attenuates mitochondrial dysfunction, and leads to improvement in lipid metabolism (163). These data suggest that PXR is involved in several mechanisms that are potentially connected to the regulation of NLRP3 inflammasome, which also serves as a sensor for potentially dangerous or foreign molecules.

It was shown that treatment of human umbilical vein endothelial cells (HUVECs) with PXR agonist (rifampicin or SR12813), or overexpression of PXR induced the expression of various NLRs (NOD1 NLRP1, NLRP3) and TLRs (TLR2, TLR4, TLR9). PXR was shown to induce NLRP3 inflammasome-mediated caspase-1 and IL-1β cleavage, and silencing of PXR or treatment with PXR antagonist (sulforaphane) diminished these effects. Importantly, using CHIP and promoter-reporter based assays, several PXR-responsive elements (PXREs) were identified in the NLRP3 promoter region, indicating a direct regulatory role of PXR in NLRP3 priming signal (86) (Figure 4). In line with this, activation of PXR with species-specific ligands induced NLRP3 inflammasome-dependent caspase-1 activation, and IL-1β release in human THP-1 and LPS-primed mouse macrophage. PXR activation triggered rapid release of cellular ATP through pannexin-1 channel, leading to P2X7 receptor activation and subsequent NLRP3 inflammasome activation, suggesting a non-genomic function for PXR in NLRP3 inflammasome activation (87).
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FIGURE 4. Regulatory role of VDR, PXR, and LXR on NLRP3 inflammasome functions.


Nevertheless, PXR was reported to mediate the inhibitory effect of statins (simvastatin or mevastatin) on ox-LDL- or TNF-α-induced NLRP3 activation, as well as reduced NF-kB binding to the promoter of NLRP3 in endothelial cells. Knockdown of PXR abolished statin- or PXR agonist-mediated suppression of NLRP3 inflammasome activation (88). Altogether, these data suggest important, yet versatile roles for PXR in innate immunity, and cellular homeostasis under xenobiotic challenges. Considering that both PXR and NLRP3 sense xenobiotics, and a huge variety of (harmful) molecules, they also share and use an overlapping pathway during their function, the two systems deserve further studies in order to delineate cell-specific mechanisms of the potential “crosstalk” between PXR and NLRP3 inflammasome.



Liver X Receptor (LXR)

LXRs (LXRα and LXRβ) form permissive heterodimers with RXR. While the expression of LXRα is mainly restricted to adipose tissue, liver, intestine, and macrophages; LXRβ may present in all types of cells and tissues. LXRs are considered as cholesterol sensors, and activation of LXRs with its endogenous agonist (oxysterol) modulates the expression of genes related to lipid metabolism, especially fatty acid synthesis [such as fatty acid synthase (FASN)] and cholesterol efflux (ABCG1) (164). In the liver, LXR senses elevated cholesterol level, and activates the expression of CYP7A1; the rate-limiting enzyme of neutral bile acid synthesis.

At the sites of the atherosclerotic lesions, macrophages usually become foam cells by accumulating excess cholesterol. Importantly, cholesterol crystals in macrophages are important inducers of inflammatory signaling, including inflammasome-mediated IL-1b secretion, which is a major driver of tissue damage developed in atherosclerotic lesions (165, 166). However, in mouse model of atherosclerosis, LXR agonists were shown to dramatically decrease lesion formation (167), through modulating the function of macrophages. LXR agonist induce reverse cholesterol transport (RCT) in macrophages by enhancing the expression of cholesterol efflux transporter ABCA1 and ABCG1 (168). However, LXR not only mediates transactivation of genes with LXR responsive elements for RCT in macrophages. LXR may also attenuate the inflammatory response in a ligand-specific SUMOylation-dependent “transrepression” mechanism. Interestingly, upon binding of synthetic agonist (GW3965) or some endogenous oxysterol, such as 22R, 24(S), 25EC, and 24HC; but not 25HC or 27HC, LXR is targeted to sumo-modification to recruit co-repressor NCoR/SMART molecules. The whole complex then interacts with NFκB, and is recruited to NFκB binding site of proinflammatory target genes, in order to inhibit their expression (169, 170). Thus, it seems that while intracellular sterols trigger inflammatory responses, at the same time, they also activate LXR, which in turn initiates an anti-inflammatory pathway to limit inflammation (171). As the effect of LXR on inflammatory responses is still controversial due to the various model systems (172, 173), the potentially regulatory role of LXR on the NLRP3-mediated mechanisms also requires further in-depth studies.

Beside modulating NFkB signaling, LXR possess other forms of non-genomic functions to regulate NLRP3 inflammasome functions. LXRs were found to be expressed in various cancer cell lines, and regulate cell proliferation, and cell death. In both human and mouse colon cancer cell lines, it was shown that T0901317; a synthetic ligand for LXR, induced NLRP3 inflammasome-mediated caspase-1 activation. Mechanistically, it was shown that the ligand-activated LRXβ interacted with pannexin-1. Activation of the channel resulted in ATP secretion, and eventually, it led to the activation of P2X7 purinergic receptor; a major driver of NLRP3 inflammasome activation. The ability of LXRβ to mediate caspase-1 activation was associated with pyroptosis-mediated cell death that resulted in the reduction of tumor growth in mice model (85) (Figure 4). This mechanism may provide more insight about LXR-β/pyroptosis axis as a target candidate for cancer therapy.

Cerebral inflammatory demyelination is the major feature of childhood cerebral ALD (CCALD). In an iPSC model of CCALD using microarray-based transcriptional profiling analysis, significant up-regulation of cholesterol 25-hydroxylase (CH25H) expression was detected, and in line with this, an elevated 25-hydroxycholesterol (25-HC) (typical agonist of LXR) was measured, which are major risk factors of cerebral inflammation and contributors of neurodegenerative diseases (174). Following in vivo injection of 25-HC into the corpus callosum of wild-type mouse brains, recruitment of Iba1 positive microglia and elevated level of IL-1β was detected in the injected region. In vitro treatment of LPS-activated BMDM with 25-HC also increased IL-1β secretion via NLRP3 inflammasome activation. They showed that 25-HC enhanced K-efflux and the production of mtROS, and these mechanisms could be inhibited by the LXR antagonist, 22(S)-hydroxycholesterol [22(S)-HC] (175).

However, importantly, a later study identified Krüppel-like factor 4 (KLF4) as an important inducer of CH25H expression in endothelial cells as well as in macrophages (176). KLF4 is a master transcription factor that regulates anti-inflammatory responses, aiding in the transition of macrophages from M1 to M2 phenotype (176, 177). This study showed that the promoter region of LXRα possessed binding sites for KLF4, and that the overexpression of KLF4 induced the expression of LXRα and cholesterol 25-hydroxylase (CH25H), while it inhibited the expression of the NLRP3 inflammasome components. Furthermore, using LC-TMS, they detected an elevated concentration of 25-HC in KLF4-transfected THP-1 monocytes. Treatment of BMDM with 25-HC resulted in increased CH25H and LXR; and decreased NLRP3 levels. The study concluded that atheroprotective factors (such as statins or pulsatile shear stress) induced KLF4 expression in endothelial cells and macrophages, which mediated expression of CH25H and LXR. Due to the activity of CH25H, intracellular 25-HC level was elevated; which acting as an LXR agonist, induced cholesterol efflux genes (like ABCA1) and suppressed pro-inflammatory gene expression, including that of the NLRP3 inflammasome components (178).

Similar to these findings, using LPS-primed BMDM or peritoneal macrophages, synthetic LXR agonists (T0901317; T09) significantly inhibited NLRP3 inflammasome activation by abolishing ASC oligomerization, mtROS generation, and the transcription of NLRP3 and pro-IL-1β (179). In line with these results, LXR synthetic agonists T09 significantly downregulated the expression of NLRP3 and caspase-1 in microglia that were activated with intravitreal injection of Amyloid β (Aβ1-40) (178). The inhibitory effect of T09 was explained by the inhibition of IkB phosphorylation.

Another study aimed to delineate the potential protective role of LXR following irradiation, in order to enhance shifting of macrophage polarization from M2 to M1 phenotype, which is a preferred form to fight in tumorous conditions. Using immortalized BMDMs (iBMDM), LXR activation was found to mediate protection against ionizing radiation. Following irradiation in LXR-deficient BMDMs, significantly increased p53 expression, caspase-1 activity and subsequent pyroptosis, as well as pro-inflammatory cytokine production was detected. They concluded that ionizing radiation of LXR-deficient or LXR antagonist–pretreated macrophages promoted macrophage polarization toward a pro-inflammatory (M1) type, however, irradiation markedly reduced their viability as a result of the enhanced pyroptosis (180).

On the contrary however, the activation of LXR by synthetic ligands is associated with induction of the trained innate immunity and proinflammatory phenotype in human monocytes. The trained innate immunity was dependent on NLRP3 inflammasome-mediated IL-1β production, which was associated with up-regulation in the expression of NLRP3 and IL-1β upon LXR activation (84).

LXR has been also reported to regulate IL-18 expression in primed BMDM via multiple mechanisms. It was shown that activation of LXR downregulated the LPS-induced gene expression of IL-18, pro-IL-1β and pro-caspase-1, without effecting NLRP3 expression. However, at the same time, LXR activation induced the expression of IL-18BP; an IL-18 decoy receptor. Mechanistically it was shown that activation of LXR augmented the binding of IRF8 transcription to the promoter of IL-18BP, this way facilitating IL-18BP expression that consequently participated in the reduction of IL-18 cytokine level (181).

These results altogether indicate, that though LXR may regulate NLRP3 inflammasome function at multiple level, further studies are needed to clarify molecular mechanisms.



Peroxisome Proliferator-Activated Receptors (PPARs)

PPARs regulate gene transcription by forming permissive heterodimers with retinoid X receptors. They are generally activated by a diverse group of fatty acids and their derivatives, a variety of eicosanoids, and a number of selective synthetic drugs. PPARs coordinate lipid and glucose metabolism, and they are drug targets in hypertriglyceridemia and insulin resistance. Dysfunction of PPARs may lead to perturbation of lipid metabolism that is characteristic in metabolic syndromes (obesity, atherosclerosis), and is accompanied by low-grade chronic inflammation termed “sterile inflammation” with continuous production of pro-inflammatory cytokines including IL-1β. At the same time, dysregulated lipid metabolism may also lead to the decrease of endogenous lipid ligands for PPARs, resulting in the disturbance of mitochondrial development and function, release of mitochondrial DNA, and elevated mtROS. Elevation of the cytosolic danger signals (such as mtDNA and mtROS) develop cellular stress that may eventually lead to enhanced inflammatory responses (182). A thorough review has been published recently about the role of PPARs in immune responses (183). Importantly, though all PPARs play a major regulatory role in energy homeostasis, each of them has a characteristic location of expression and distinct functions in the tissues, hence, they may intervene in inflammatory responses by various way.


PPARγ

PPARγ is mostly expressed in white adipocytes, but can also be found in the kidney, liver, intestine, skeletal muscle, breast, prostate as well as in a variety of immune cells like macrophages, dendritic cells, eosinophils, T cells and B cells (184, 185). Increased expression of PPARγ was documented at sites of inflammation such as in arthritis, colitis, and in foam cells from atherosclerotic plaques. PPARγ is essential to the regulation of white adipocyte differentiation, and plays a critical role in lipid (energy) storage, glucose metabolism and insulin sensitivity. In brown adipose tissue, it regulates the expression of mitochondrial proteins (such as the PGC-1 txnal coregulatory of PPARg, or UCP-1 responsible for thermogenic respiration), and members of the electron transport chain. In macrophages, it drives foam cell formation in atherosclerosis, as it induces the expression of CD36 scavenger receptor and fatty acid transporter that regulates oxLDL uptake into the cells (186, 187). PPARγ is activated by naturally occurring ligands, including prostaglandins (15deoxy-PGJ2), and oxidized low density lipoprotein (ox-LDL), as well as by synthetic agents such as thiazolidinedione antidiabetic drugs and non-steroidal anti-inflammatory drugs (NSAIDs), thus, PPARγ is the most common PPAR isoform targeted for therapeutic interventions.

Regarding inflammatory responses, while PPARγ does not regulate MF differentiation, it was shown to exert a variety of anti-inflammatory effects, in part, by repressing numerous NFκB target genes. These effects are either mediated through direct physical interactions and sequestration of NFκB coactivators, or in a DNA-independent way, mainly by impairing phosphorylation of the signaling factors. Early studies have reported that the activation of PPARγ inhibited inflammatory responses, including pro-inflammatory cytokine secretion (188–190). These studies also showed that signaling pathways (p38, NFκB, ERK1/2) activated via TLR2 and TL4 were inhibited by PPARγ in various condition, such as in T2D, cardiomyopathy, or in MSU crystal-induced acute inflammation in gout, aiding in the resolution of the inflammatory response (191–195) (Figure 5). Later, several studies proved that inflammatory responses highly associated with deficiencies in lipid metabolism are mediated through PPARγ.
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FIGURE 5. Regulatory role of PPARs on NLRP3 and NLRP6 inflammasome functions. PPARγ has both genomic and non-genomic effects on NLRP3 inflammasome function. Red asterisk indicates molecular events in the gut epithelial cells.


Regarding inflammasome, an early study using CGI-58 (Comparative Gene Identification-58) deficient mice fed with high-fat diet (HFD) showed that NLRP3 inflammasome was activated in fat, liver, and adipose tissue-derived macrophages (ATMs) through mitochondrial dysfunction and overproduction of ROS, however, importantly, these mechanisms were completely restored by the PPARγ agonist rosiglitazone. CGI-58 is a lipid droplet-associated protein that mediates intracellular fat hydrolysis. Deficiency in this protein leads to the accumulation of cytosolic lipid droplets, hence, limiting the release of FFAs to fuel mitochondrial functions. Consequently, as a result of overnutrition; due to the impaired PPARγ/PGC-1 signaling axis in the mitochondria, significant mtROS is produced, leading to the activation of NLRP3 inflammasome (196).

Nevertheless, different dietary lipids may mediate inflammatory responses in different ways. A study showed that in contrast to the proinflammatory characteristic ω-6-PUFA, ω-3-PUFA-related compounds (such as 3-(S)-HPOTrE and 13-(S)-HOTrE) significantly inhibited the transcription of NLRP3, caspase-1, IL-1β, and IL-18 in LPS-stimulated RAW 264.7 cells and in peritoneal MFs. Interestingly, these effects were reversed when co-incubated with GW9662; a PPAR-γ antagonist, indicating that inactivation of inflammasome is mediated through a PPARγ-dependent pathway by ω-3-PUFA that functions as a natural agonist of PPARγ (197).

The regulatory role of PPARγ on NLRP3 inflammasome activation was also shown in autoinflammatory diseases. Using a model for hyperuricemia-induced kidney injury, pre-treatment with the PPARγ agonist pioglitazone inhibited the MSU crystal-induced NLRP3 protein expression and IL-1β secretion by HK-2 renal tubular cells (198). Later on, an SNP screening of gout patients identified a missense SNP (rs45520937), which causes Arg265Gln (p.R265Q) substitution in the exon 5 of PPARGC1B (PGC-1β), a transcriptional cofactors of PPARγ (199). PBMCs isolated from gout patients carrying this SNP expressed higher level of NLRP3, and the plasma level showed significantly increased IL-1β cytokine level. Transfecting THP-1 cells with plasmids coding for the PGC-1β SNP allele resulted in highly elevated NLRP3 expression and IL-1β cytokine secretion, compared to the wild type PGC-1β transfected samples (200). These results further support the notion that PPARγ/PGC-1 axis has an important modulatory role in IL-1β production in MSU-induced gouty arthritis.

The capability of PPARγ to inhibit NFκB signaling makes PPARγ a potential modulatory factor in the NLRP3 inflammasome-mediated immune responses. For example, in retinal ganglion cells (glia cells), following retinal ischemia/reperfusion, the expression and activation of NLRP3 inflammasome was inhibited by pioglitazone through the inhibition of NFκB and p38 pathway. This neuroprotective effect was reversed by the PPARγ antagonist GW9662 (90, 201).

Similarly, down-regulation of caspase-1, NLRP3, and IL-1β expression was detected following rosiglitazone treatment in irradiation-induced acute intestinal injury as well as in a spinal cord injury (SCI) model, resulting in anti-inflammatory effects and enhanced locomotor recovery (90).

Essentially, PPARγ-mediated NFκB inhibition seems to be an important approach to attenuate inflammatory responses of the intestinal mucosa during colonization with weak pathogens or commensal bacteria. For example, Bacteroides thetaiotaomicron, a gram-negative bacterium and one of the most common bacteria found in human gut flora, induces the association of PPARγ and RelA subunit of NFκB, enhancing its nuclear export through a PPARγ-dependent mechanism (202). A similar effect was described in Neisseria lactamica (Nlac); an upper respiratory tract (URT) commensal, showing enhanced PPARγ expression and specifically attenuated TLR1/2 signaling by inhibiting NFκB pathway in nasopharyngeal epithelial cells (203). This way, it provides a protective immunity against pathogenic Neisseria meningitides, which exclusively inhabits the human upper respiratory nasopharyngeal cavity and occasionally causes epidemic meningitis and a rapidly progressing fatal sepsis. However, importantly, in the URT of elderly mice, a significantly high basal expression of TLR1, NLRP3, and IL-1β was detected, and at the same time, significant overexpression of PPARγ was found. Moreover, no further up-regulation of these factors were detected upon colonization, compared to young adult mice where a marked response was developed. This indicates that mediators of tolerance for commensal bacteria are diminished as part of immunosenescence - in part - through PPARγ-NFκB-NLRP3 pathway. This may explain the increased incidences and susceptibility to respiratory diseases in the elderly (204).

Different subtypes of macrophages have distinct features, mechanisms and dynamics in the secretion of pro-inflammatory cytokines, including IL-1β (205). Furthermore, PPARγ was identified as one of the markers of anti-inflammatory macrophages (M2) (206), and a key driver for alternative MFs polarization (207). This notion is further supported by reports showing that the expression of PPARγ (and PPARβ/δ) is facilitated by STAT6 transcriptional factor, which is a canonical effector of Th2 signaling, and a regulator of mitochondrial oxidative metabolism to fuel M2's activation (208). Furthermore, we reported that during alternative macrophage polarization, activation of IL-4/STAT-6 signaling axis mediated direct transcriptional repression on LPS-induced inflammatory mediators, including NLRP3 and pro-IL-1β in BMDM (209, 210). These results altogether indicate that PPARγ has a combinatorial/coordinating/conductor role in mediating cell-specific (immune) responses.



PPARγ and NLRP6

Importantly, studies related to gut homeostasis revealed that not only NLRP3, but also NLRP6 inflammasome is associated with PPARγ-mediated regulatory roles as part of the first line of defense in the innate immune responses. The Flavell group reported, for the first time, that a deficiency of NLRP6 inflammasome in mouse colonic epithelial cells resulted in reduced interleukin IL-18 levels and altered fecal microbiota, explaining the increased susceptibility to colonic inflammation (211), and pointing to NLRP6 inflammasome as an important component of the gut's barrier function. Later, transcript profiling of the mucosal epithelia in developing embryos of rat and sheep revealed that components of NLRP6 inflammasome (NLRP6, ASC, caspase-1), and IL-18, were significantly elevated in the developing intestine, but not in the lung (212) (Figure 5). An in silico study of the aligned promoter regions of the human, rat and mouse NLRP6, identified two PPARγ/RXR binding sites in the upstream region that were conserved in the three species. Furthermore, the expression of NLRP6 was highly upregulated in Caco2 human intestinal epithelial cell line, following PPARγ agonist rosiglitazone treatment. PPARγ is known to be involved in intestinal homeostasis, as administration of rosiglitazone to rodents reduced intestinal colitis, and induced the expression of IL-18 receptor on intraepithelial lymphocytes to induce proliferation in response to IL-18. Given that IL-18 is mainly produced by epithelial cells rather than immune cells in the adult rat and mouse intestine, the NLRP6 inflammasome-mediated IL-18 production probably contributes to the homing of lymphocytes to the intestinal mucosa (212, 213).

Under stress (water-avoidance stress) conditions, mice developed enteritis due to inhibition of epithelial NLRP6 expression by the elevated corticotropin-releasing hormone (CRH), while PPARγ agonist rosiglitazone induced NLRP6 expression, and reversed intestinal inflammation (214). Although reports are inconsistent in the intestinal location of NLRP6 expression, studies show that PPARγ activation with its specific agonist has a positive (direct) regulatory effect on NLRP6 expression (215). Furthermore, it highlights the role of (intestinal) PPARγ as an important component of the brain-gut axis.



PPARβ/δ

PPARβ/δ is the most ubiquitously expressed of the PPARs. It is activated by a variety of endogenous lipids, including unsaturated fatty acids (FAs), saturated FAs and hydroxyeicosatetraenoic acids. Activation of the receptor induces lipid catabolism through the transcriptional regulation of FA oxidation, mitochondrial biogenesis, and anti-inflammatory response. They also regulate thermogenesis by inducing the expression of UCP in brown adipose tissue and muscle.

Compared to PPARγ and PPARα, the effect of PPARβ/δ on macrophage polarization is controversial, and probably depends on several factors in the microenvironment, the form of the activation, and the origin of the cells. While activation of PPARδ did not influence polarization in human macrophages (216), peritoneal macrophages from PPARβ-deficient mice showed reduced expression of pro-inflammatory genes (217). Nevertheless, in cultured M1 murine MFs, PPAR-β/δ inhibited pro-inflammatory mediators (218), in line with reports showing that synthetic ligands of the receptor exerted anti-inflammatory effects in atherosclerosis, myocardial infarction, acute kidney injury, and lung inflammation (219–221). Furthermore, in murine model of LPS-induced septic shock, PPARβ/δ activation reduced inflammation by inhibiting Akt, STAT3, ERK1/2 and NFκB, iNOS signaling (222).

In association with inflammasomes, Collino et al. described for the first time that in the kidney of high-fructose corn syrup (HFCS-55)-fed mice, increased NLPR3 inflammasome expression, and caspase-1 activation was markedly reduced by the synthetic PPARδ agonist GW0742, which also completely prevented the increase of IL-1β in the serum (223, 224). Similarly, in LPS/PA-treated BMDM, PPARβ/δ activation by GW0742 resulted in a suppressed inflammasome activation (225) (Figure 5).

PPARß/δ was reported as the predominant PPAR subtype in the central nervous system (CNS), and is expressed in all major cell types, including astrocytes, microglia, and neuron (226). While NLRP3 inflammasome-induced neuroinflammation plays a crucial role in dopaminergic neuronal degeneration in Parkinson's disease (PD), agonist treatment of PPARß/δ (GW501516) could suppress NLRP3 inflammasome activation in the midbrain of MPTP-induced mouse model of PD. In this study a decreased astrocyte reaction was reported, while the microglia reaction was not affected by the agonist, indicating that the neuroprotective effects of the PPARß/δ agonist are achieved mainly by targeting astrocytes NLRP3 inflammasome (96).



PPARα

PPARα is expressed mainly in higher energy requiring oxidative tissues; such as the skeletal muscle and heart, as well as the liver. PPARα facilitates mitochondrial FFA import and plays a central role in the control of transport, esterification, and mitochondrial β-oxidation of fatty acids, by regulating the expression of the related enzymes. PPARα exerts an important lipid-lowering effect, hence, its down-regulation contributes to heavy lipid accumulation. PPARα was reported to be activated by natural ligands such as fatty acids and their derivatives, as well as by drugs such as the lipid-lowering fibrates (227, 228).

Early reports showed that ligands of PPARα reduced organ injury and inflammation in animal models of shock (229). It was also reported that secretion of acute phase proteins and inflammatory cytokines was clearly decreased upon activation of PPARα in various cells; such as liver, endothelial cells or macrophages, likely through the repression of NFκB pathway (230–233). In line with these findings, PPARα/KO mice showed excessive inflammatory response, greater lung tissue damage, and high mortality rate, compare to the wild type, upon intratracheal administration of P. aeruginosa. These effects were meditated by hyper-activation of NFκB pathway, and associated with the up-regulation of NLRP3, and expression of caspase-1 and ASC (89) (Figure 5).

Furthermore, the PPARα agonist fenofibrate, significantly decreased TLR4 and MyD88 expression in a murine model of multiple sclerosis (234), and reversed TXNIP, NLRP3, caspases-1 expression in an in vivo study of STZ-induced diabetic mice. In line with these results, in in vitro studies, fenofibrate treatment significantly inhibited the LPS-induced IL-1β secretion and ROS production in high glucose-treated endothelial progenitor cells (EPCs). These studies suggested that PPARα may be a good therapeutic candidate to stimulate angiogenesis and accelerate wound healing by deregulating NLRP3 inflammasome activity, and inhibiting IL-1β expression in EPCs of diabetic patients (235).




Vitamin D Receptor (VDR)

VDR, upon activation by its ligand (1,25-dihydroxyvitamin D), forms a non-permissive heterodimer with RXR, and binds to the vitamin D-response elements (VDREs) to drive the transcriptional of their target genes. VDRs are also targeted by several post-translational modifications that either enhance or suppress their transcriptional activity. VDR is expressed in a wide range of cells, and has cell-type specific functions, that target several biological processes, including mineral homeostasis, immune responses, cell cycle, and apoptosis (236, 237).

Vitamin D (or cholecalciferol) can be obtained from the diet, or produced by the epidermis following UVB irradiation, after which it is converted to various physiologically active compounds in different parts of the body. Vitamin D is first hydroxylated in the liver to form 25-hydroxyvitamin D3 (25-D3) or calcidiol; the major circulating vitamin D metabolite in the body. The second hydroxylation occurs mainly in the kidney and peripheral tissues by 1α-hydroxylase, to produce the active vitamin D metabolite 1,25-dihydroxyvitamin D3 (1,25-D3) or calcitriol (238). A clinical research showed that after supplementation with cholecalciferol, high RNA expression of VDR was found in peripheral blood samples (239). Lack of vitamin D or VDR has been linked to a wide spectrum of health conditions, including autoimmune diseases, chronic inflammation, cancer, and high susceptibility to infections (240, 241). Vitamin D/VDR axis has also an important role in regulating the oxidative stress [reviewed in (238)], and the adaptive immunity; particularly the development and function of T cells [extensively reviewed in (241)]. 1,25-D3/VDR signaling mediates the expression of genes involved in antimicrobial responses, including pro-IL-1β. TLR signaling is reported to transcriptionally regulate the expression of VDR and 1α-hydroxylase (236, 237). Furthermore, several studies showed that 1,25-D3/VDR signaling has an important role in the regulation of autophagy through different mechanisms, such as inhibition of the PI3K/Akt/mTOR axis, or modulating the expression of autophagy related genes (e.g., ATG16L1, Beclin-1 and PTPN6) (242–245).

First studies regarding the effect VDR on inflammasome function showed that PMA-differentiated THP-1 cells treated with 25-D3 or 1,25-D3, exhibited increase in IL-1β release. This effect was abolished by caspase-1- and NLRP3 specific inhibitors. Surprisingly, in this study, reduction in NLRP3 mRNA and protein levels were also detected under exposure to 1,25-D3 (107).

Nevertheless, in a murine model, VDR was found to inhibit NLRP3 inflammasome both in vivo and in vitro. VDR-null BMDMs exhibited increase in NLRP3/ASC speck formation in the cytosol. VDR was shown to bind directly to NLRP3 to block BRCC3-mediated NLRP3 deubiquitylation (108) (Figure 4). Notably, licensing of NLRP3 protein through deubiquitylation is a critical step for inflammasome assembly and activation (30). Exposure of BMDMs to 1,25-D3 during LPS/Nigericin treatment resulted in inhibition of IL-1β and caspase-1 cleavage, while 1,25-D3 had no effect on IL-1β in VDR-null cells. In vivo, VDR deficient mice showed a decrease in survival rate, compared to the wild type or NLRP3 null mice (108).

In line with these observations, a report showed that in peritoneal macrophages, 1,25-D3-ligated VDR inhibited NLRP3 inflammasome activation induced by various NLRP3 activators (such as ATP, Nig, MSU and alum), and subsequently inhibited caspase-1 activation and IL-1β secretion; while silencing of VDR abolished those effects. Furthermore, activated VDR inhibited NLRB3 binding to NEK7, and blocked NLRP3-mediated ASC oligomerization as well as ROS accumulation, altogether, this disabled the activation of NLRP3 inflammasome. Furthermore, 1,25-D3−promoted polyubiquitination of NLRP3 resulted in the degradation and elimination of the protein through autophagy (106).

Human corneal epithelial cells (hCECs) express a wide range of NLRs (246). In dry eye pathogenesis, hyperosmotic stress (the hallmark of the disease) mediated the activation of ROS-NLRP3-IL-1β signaling axis, leading to inflammation of the corneal epithelial. In vitro, treatment of hCECs with 1,25-D3 suppressed hyperosmotic stress-induced cytotoxicity, NLRP3 inflammasome activation, and IL-1β secretion through VDR activation. Silencing of VDR abolished the effects of 1,25-D3 on stress-induced IL-1β secretion and cell survival. These effects are attributed to the ability of 1,25-D3 to activate NRF2 antioxidant signaling, by lowering ROS generation, and subsequently abrogating NLRP3 inflammasome activation (104).

Administration of 1,25-D3 to a mouse model of Porphyromonas gingivalis-induced periodontitis, resulted in the downregulation of NLRP3 inflammasome components in the gingival epithelium. These effects resulted from the ability of 1,25-D3 to upregulate the expression of VDR, Aryl hydrocarbon receptor (AhR), and downregulate NF-κB signaling (109). Although, in macrophages, AhR was reported as a negative regulator of NLRP3 inflammasome, by inhibiting NFkB signaling and NLRP3 transcription (247), in order to verify the direct mechanism of AhR on inflammasome regulation in the gingival epithelium, additional studies are required. Furthermore, treatment of MRL/lpr mice (a model of SLE) with VDR agonist paricalcitol decreased the pathogenesis of lupus nephritis, through inhibiting NFκB/NLRP3/caspase-1/IL-1β/IL-18 axis in the renal tissue. Mechanistically, VDR was shown to competitively bind importin 4 and inhibit importin 4-mediated NFκB nuclear translocation (105).

These data suggest that vitamin D/VDR axis is an important regulator of inflammasome function. Nevertheless, as VDR transcriptionally regulates more than 900 genes, the results obtained from different sources, or based on VDR deletion studies, should be supported with further detailed studies.



Retinoic Acid Receptor (RAR)

RARs (RARα, β, γ) are ligand dependent transcription factors that function as obligate heterodimers with RXRs. RAR/RXR complex is a non-permissive heterodimer, requiring a ligated RAR partner for activation, while in the absence of ligands, the complex mediates transcriptional repression. As an additional level of regulation, their function can be modulated by various post-translational modifications (PTM). Among several identified retinoic acid derivatives, all-trans retinoic acid (ATRA) is the predominant isoform in the body, and drives the majority of the biological functions of vitamin A (248). Although RARα has ubiquitous expression, the other isoforms exhibit distinct and tissue-specific expression patterns (249).

Activated RARs may also induce rapid non-transcriptional effects through interaction with several kinase cascades. RAR-mediated signaling pathways have pleiotropic functions, and are involved in several critical biological processes; such as cell proliferation, differentiation, metabolism, tumorigenesis, hematopoiesis and immune responses (248, 250, 251). Regarding immune responses, RARs play a central role in modulating the differentiation and function of a spectrum of innate and adaptive immune cells, and any defect in these pathways, or absence of their agonists (e.g., vitamin A deficiency) may be associated with several metabolic and immune disorders [extensively reviewed in (252–255)].

Similar to other nuclear receptors, activation of RAR may lead to various effects, depending on the particular cell, and the microenvironment. ATRA was reported to mediate caspase-1 activation in cervical carcinoma cells through IRF-1/STAT1 axis, which suppressed the growth of the cells (256). ATRA has the ability to promote autophagy following intracellular bacterial infection, through interaction with canonical PI3 kinase, Beclin-1, and TBK1 pathway of autophagy (257). Modulation of IL-1β secretion by ATRA has been reported for various myeloid, and non-myeloid cells, such as macrophages and mast cells. Studying THP-1 cell line, it was shown that ATRA augmented IL-1β secretion upon Bacillus subtilis flagellin challenge in RAR/RXR-dependent manner. The effect of ATRA on IL-1β secretion was due to the ability of ATRA to enhance the NFκB pathway (99) (Figure 6). Recently, we reported that ATRA treatment enhanced basal expression of NLRP3 in human monocytes and macrophages. In LPS-activated macrophages, ATRA upregulated the expression of NLRP3 and pro-IL-1β, furthermore, it enhanced caspase-1 activation and NLRP3 inflammasome-induced IL-1β secretion. This was attributed to the ability of ATRA to enhance the signal transduction pathways (like NFκB, p38, ERK), and to inhibit AKT/mTOR signaling. Also, it was shown that ATRA enhanced the LPS-induced glycolytic activity of the cells, in part, by inducing hexokinase-2 expression, which also participated in the enhanced NLRP3 inflammasome activation (97).


[image: Figure 6]
FIGURE 6. Regulatory role of RAR, REV-ERB, and RORγ on NLRP3 inflammasome functions.


In contrast, in a murine model of alcohol-induced toxicity, an in vivo study showed that ATRA induced the downregulation of NLRP3, pro-caspase-1 and pro-IL-1β mRNAs in the brain tissue, upon endotoxin treatment. This report demonstrated that while chronic alcohol exposure increased the intestinal permeability for endotoxins, and subsequently elevated the ROS level in the circulation, ATRA developed a protective effect by inhibiting these mechanisms (98).

In mouse intestine epithelial cells, knockdown of RARα (the most abundant isoform in this cell type) correlated with down-regulation of IL-18, which was associated with the increase in bacterial burden (258). It is suggested that IL-18; produced by intestinal epithelial cells, is responsible for gut homeostasis and T lymphocyte homing, thus, the link between RAR signaling and inflammasome-mediated IL-18 secretion may warrant further investigation.



REV-ERB and RORs

Retinoic acid receptor-related orphan receptors (RORs) have several isoforms (RORα 1-4, RORβ, RORγ1,2 or t), and mainly recognize their response elements as monomers. Expression of these isoforms is controlled by the variable promoter usage and alternative splicing, and exhibits tissue-specificity (259, 260). For instance, RORγt is specifically expressed in immune cells, and is considered a key transcription factor for Th17 cell development. Indeed, Th17 cells are implicated in the development of several autoimmune diseases (e.g., autoimmune arthritis), and mice lacking RORα and RORγ exhibit absence of Th17, and are susceptible to developing autoimmune disorders (260–262).

Unlike the other nuclear receptors, REV-ERBs (REV-ERBα and REV-ERBβ) bind to their response elements as a monomer or homodimer. REV-ERBs lack the AF2 transactivation domain which is required for binding co-activators and transcriptional activation. Hence, as they recruit the co-repressor (NCoR) and histone deacetylase 3 (HDAC3) complexes to their target genes, they are considered as transcriptional repressors (261, 263). Transcriptionally, REV-ERBs is rhythmically regulated by the core circadian clock complex (BMAL1/CLOCK), and in turn, as part of the feedback loop of the circadian clock genes, REV-ERBs directly represses the transcription of BMAL1. Furthermore, REV-ERBs compete with RORs (α, β, γ) nuclear receptors (described below) to bind to the promoter of BMAL1, leading to the suppression of ROR-induced BMAL1 expression. Aberrant regulation of either receptors is associated with alteration in the circadian rhythm (261, 264).

Indeed, both REV-ERBs and RORs share the same DNA response elements, target genes, and usually co-expressed in the same tissues. Beside the regulation of circadian rhythm, these receptors have also overlapping functions in the regulation of lipid homeostasis, metabolism and immune response (261, 265). However, they identify different ligands, for example heme functions as an endogenous ligand for REV-ERBs, while sterols, oxysterols and cholesterol derivatives act as ligands for RORs. Multifaceted molecular mechanisms of interaction and crosstalk between the circadian clock and immune functions including REV-ERBs and RORs are reviewed elsewhere (266, 267). Also, oscillatory expression of NLRP3 inflammasome-related genes or -activity had been reported in several studies (101, 268).

Dysregulation in the expression of circadian clock genes including Rev-erbα and Rev-erbβ has been reported in DSS-induced colitis mouse model. Disruption of circadian clock or deletion of Rev-erbα aggravates colitis conditions, while opposite effects are seen in response to SR9009. Of note, SR9009 was originally designed as an agonist for REV-ERB, however, recently its REV-ERB-independent effects has been also reported (269). Nevertheless, using REV-ERBα –/– mice, increased NLRP3 and IL-1β expression was detected, and REV-ERBα was linked to experimental colitis through its ability to repress the expression of p65 subunit of NFkB, which subsequently leads to the suppression of NLRP3 inflammasome at the priming level (100). However, in experimental colitis, recent report has indicated that NF-κB signaling mediates REV-ERBα expression through Lnc-UC (long non-coding RNA), as a self-healing mechanism to restrain the inflammation (270) (Figure 6).

CHIP analysis of human and mouse macrophages revealed a direct binding of REV-ERBα to the promoters of NLRP3 and IL-1β, resulting in a repressed expression. At pathophysiological level REV-ERBα deficient mice displayed increased susceptibility to peritonitis and LPS/D-Galactosamine-induced fulminant hepatitis, whereas activation of REV-ERBα restrained the pathological conditions in an NLRP3 inflammasome-dependent manner (101). However, REV-ERBα; expressed in human macrophages, transcriptionally repressed IL-10 expression by recruiting the co-repressor NCoR and HDAC3 to its promoter region as part of antimicrobial defense mechanism. Interestingly, in mouse, the REV-ERBα response element motif in IL-10 promoter is disrupted (271).

Similarly, RORγ knock out or RORγ inverse agonists (SR1555, SR2211) diminished NLRP3 inflammasome activation in BMDMs. Indeed, RORγ regulates NLRP3 inflammasome by direct binding to NLRP3 and IL-1β promoters in multiple putative sites. Notably, the same sites were also reported to be recognized by REV-ERBα. In vivo, RORγ inverse agonists render protective effects against sepsis and fulminant hepatitis in mouse models mediated by suppression of NLRP3 inflammasome (101, 102). In contrast, dysfunctional RORα (RORαsg/sg) in septic mice exhibits high levels of NF-κB signaling, active caspase-1, and IL-1β production (272). In addition, RORα recruits the corepressor HDAC3 to NF-κB target promoters, which leads to transcriptional repression of the inflammatory genes (including IL-1β) in DSS-induced colitis mouse model (273) (Figure 6).

Altogether, given the fact that irregularity in the circadian oscillation is associated with several pathological conditions, these data suggest an important role for REV-ERBs and RORs in NLRP3 inflammasome regulation, and suggests an association between inflammatory response and circadian rhythm.





CONCLUDING REMARKS AND FUTURE PERSPECTIVES

This review attempts to draw the attention to nuclear receptors as important modulators of NLRP3 inflammasome function. Nuclear receptors are distributed throughout most tissues and cells, and participate in a wide range of physiological and cellular processes by sensing endogenous or exogenous lipid compounds. Importantly, many of these lipids, their metabolites, or the products of nuclear receptors' target genes can be related directly or indirectly to NLRP3 inflammasome function. Furthermore, NLRP3 is the target of many drug studies as it regulates acute and chronic inflammatory diseases. Although we highlighted a number of mechanisms by which nuclear receptors may regulate the activity of the NLRP3 inflammasome, further detailed studies are required to get a better understanding of the molecular mechanisms that associates the two very complex field. The outcome of nuclear receptors activity in many cases seems to be tissue specific, and dependent on the particular microenvironment and conditions. The fact that nuclear receptors are at the crossroad of metabolism and immune responses, makes them ideal potential targets in therapeutic approaches, where the manipulation of NLRP3 inflammasome-mediated cytokine secretion is the aim. However, due to the coordinating role of nuclear receptors in lipid and glucose metabolism, therapeutic usage should be well-designed, and cautiously targeted. Altogether, it requires further investigations to understand the complex cooperation of nuclear receptors with Nod-like receptors, but without doubt, it holds exciting outcomes in the future.
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1,25-D3, 1,25-dihydroxyvitamin D3; MPTP, 1- methyl-4-phenyl-1,2, 3, 6-tetrahydropyridine; AKR1B7, Aldo-keto reductase family 1, member B7; ASC, Apoptosis-associated speck-like protein; ATRA, All-Trans Retinoic Acid; BMDMs, Bone marrow-derived macrophages; CHOP, C/EBP homologous protein; CAR, Constitutive androstane receptor; DAMPs, Damage-associated molecular patterns; ER, Endoplasmic reticulum; FXR, Farnesoid X receptor; GPBAR 1 TGR5G, protein-coupled bile acid receptor 1; HAMPs, Homeostasis-altering molecular processes; LXR, Liver X receptor; BRCC36, Lys-63-specific deubiquitinase; mtROS, Mitochondrial reactive oxygen species; NLRs, NOD-like receptors; NKC1, Non-catalytic region of tyrosine kinase adaptor protein 1; NAFLD, Nonalcoholic fatty liver disease; PD, Parkinson's disease; PRRs, Pattern recognition receptors; PPARs, peroxisome proliferator-activated receptors; PPE, Porcine pancreas elastase; PKC, Protein kinase C; RAR, Retinoic acid receptor; RXR, Retinoid X receptor; ROR, Retinoic acid receptor-related orphan receptor; PERK, RNA-like endoplasmic reticulum kinase; SREBF1, Sterol regulatory element-binding transcription factor 1; SHP, Small heterodimer partner, NR0B2; TLRs, Toll-like receptors; VDR, Vitamin D Receptor.
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Abnormal immune responses and cytokine storm are involved in the development of severe dengue, a life-threatening disease with high mortality. Dengue virus-induced neutrophil NETosis response is associated with cytokine storm; while the role of viral factors on the elicitation of excessive inflammation mains unclear. Here we found that treatments of dengue virus envelope protein domain III (EIII), cellular binding moiety of virion, is sufficient to induce neutrophil NETosis processes in vitro and in vivo. Challenges of EIII in inflammasome Nlrp3−/− and Casp1−/− mutant mice resulted in less inflammation and NETosis responses, as compared to the wild type controls. Blockages of EIII-neutrophil interaction using cell-binding competitive inhibitor or selective Nlrp3 inflammasome inhibitors OLT1177 and Z-WHED-FMK can suppress EIII-induced NETosis response. These results collectively suggest that Nlrp3 inflammsome is a molecular target for treating dengue-elicited inflammatory pathogenesis.

Keywords: dengue envelope protein domain III, dengue hemorrhage fever, neutrophil, neutrophil extracellular traps, NEtosis, Nlrp3 inflammasome, pyroptosis


INTRODUCTION

Dengue is one the most important mosquito borne diseases in the tropical and subtropical areas of the world (1, 2), while specific treatments and effective vaccines are currently unavailable (3–8). Infections with dengue viruses (DENV) can lead to a wide range of clinical manifestations and disease severity. Severe dengue (also known as dengue hemorrhage fever, DHF) is characterized by plasma leakage and abnormal bleeding that can lead to shock and high mortality. Because DHF typically occurs during secondary infections with DENVs, abnormal adaptive immune responses are considered as part of the pathophysiology. For example, reports have suggested that antibody-dependent enhancement (9), original antigenic sin (10), autoantibody production (11) may be involved. However, detrimental innate immune responses such as excessive inflammation and cytokine storm are likely the critical pathological changes that lead to exacerbated disease, tissue injuries and ultimate death in DHF (9, 10, 12–15).

The mechanism underlying dengue-induced unregulated inflammation remains elusive (9, 10, 12, 13). In the innate immune system, neutrophils are first line of defense against infection through engulfment of microbes, secretion of anti-microbials and induction of neutrophil extracellular traps (NETs)-releasing cell death process termed NETosis (16, 17). NETs are extracellular DNA-protein complexed networks, which bind pathogens and modulate inflammation (16, 18). Pathogenic roles of NETosis have been found in non-infectious diseases, such as autoimmunity, coagulation, acute injuries and cancer (19). In addition, NETosis has been reported associating with cytokine storm in various infectious diseases, including dengue (14, 20, 21). Interleukin (IL)-1β, a potent proinflammatory cytokine released by DENV-infected leukocytes, has been considered as a critical component in cytokine storm (22–24). Inflammasomes, cellular sensors for pathogen associated molecular patterns (PAMPs) and damage associated molecular patterns (DAMPs), are critical for IL-1 activation (14, 25), and the cell death process pyroptosis (26). Reports revealed that the elevated levels of circulating IL-1β and gene expression in DHF patients suggesting the involvement of IL-1β in the disease severity (27, 28). IL-1β enhances the vascular permeability, particularly in association with other proinflammatory cytokines such as tumor necrosis factor (TNF)-α and interferon in clinical profiles of DF and DHF (14, 29–31).

In our previous reports, in the two-hit model, we found that sequential injections of DENV (32) or DENV-envelope protein domain III (rEIII) (33) (1st hits) plus anti-DENV non-structural protein NS1 antibody (anti-NS1 Ig; 2nd hit) to simulate the disease progression of DHF, induced hemorrhage pathogenesis recapitulate certain disease-signatures of DHF, including thrombocytopenia, plasma leakage, vascular injury, hemorrhage, liver damage, and high mortality (32, 33). In addition to these manifestations, we also found that circulating proinflammatory cytokine levels such as TNF, IL-1, and IL-6, are greatly increased (32, 33). Intriguingly, IL-1 receptor antagonist (IL-1RA) treatments greatly ameliorated such 2-hit induced pathogenesis (32, 33). In addition, Nlrp3 deficiencies as observed in the Nlrp3−/− and Casp1−/− mutant mice, also greatly reduced 2-hit induced pathogenesis (32, 33). These results collectively suggested that Nlrp3 inflammasome-IL-1 axis is involved in dengue induced pathogenesis in this DENV-, and EIII-induced hemorrhage mouse models.

The DENV viral factor that contributes to NETosis remains unclear. Plasma EIII levels could be detected in acute DENV infection (34). Evidences have shown that EIII treatments induced inflammasome activation and inflammation of macrophages (35). Our previous study revealed that challenges with the DHF-viral-load-equivalent levels of EIII can suppress megakaryocyte, and endothelial cell function through initiating cell death (33, 36). Accordingly, EIII may be a cytotoxic virulence factor of DENV to cause NETosis and initiate downstream inflammation. As a result, in this present study, we would like to investigate whether DENV and EIII can directly initiate NETosis, and whether Nlrp3 inflammasome is involved. In addition, whether we can ameliorate EIII-mediated inflammation through suppression of Nlrp3 inflammasome and NETosis pathways is also addressed. Relevant implications and applications are discussed.



MATERIALS AND METHODS


DENV, Recombinant Protein, and Antibodies

Mosquito C6/36 cell line (ATCC CRL-1660) and DENV-2 (PL046) were maintained and amplified using standard cell culture methods (36–38). Soluble recombinant proteins glutathione-S transferase (rGST), and EIII (rEIII) were obtained from cultured bacteria (Escherichia coli) (39), after isopropyl β-D-1-thiogalactopyranoside induction, and were purified as previously described (32, 33, 36). To reduce endotoxin (lipopolysaccharide; LPS) contamination to a desired level (<1 EU/mg protein), the lysate- and resin-packed column was washed with a buffer (8 M urea, 100 mM NaH2PO4, and 10 mM Tris-HCl; pH = 6.3) with the addition of 1% Triton X-114 (Sigma–Aldrich, St. Louis, MO, USA). The rEIII was eluted with a buffer (8 M urea, 100 mM NaH2PO4, and 10 mM Tris-HCl; pH = 4.5) and refolded using a linear 4–0 M urea gradient in a dialysis buffer (2 mM reduced glutathione, 0.2 mM oxidized glutathione, 80 mM glycine, 1 mM EDTA, 50 mM Tris-HCl, 50 mM NaCl, and 0.1 mM phenylmethylsulfonyl fluoride) at 4°C for 2–3 h, as previously described (36). The purity of the rEIII protein can reach ~90%. The LPS contamination was monitored with a Limulus Amoebocyte Lysate QCL-1000 kit (Lonza, Walkersville, MD, USA) (36, 37, 40). Batches of purified recombinant proteins with an LPS contamination level of <1 EU/mg of protein were used. The pre-immune control Ig, anti-NS1 Ig, and anti-EIII Ig from experimental rabbits (New Zealand White; Oryctolagus cuniculus) were obtained before and after rNS1- and rEIII-immunizations according to previously described methods (41). According to previously described methods (33), recombinant proteins (50 μg/mL) were used to block rEIII-cell (neutrophil) binding, including recombinant mouse dendritic cell-specific intercellular adhesion molecule-3-grabbing non-integrin (DC-SIGN; CD209), DC-SIGNR, C-type lectin domain family 5 member A (CLEC5A) and CLEC2 (R&D Systems, Indianapolis, IN, USA). To analyze the binding properties of rEIII proteins on protein-coated beads (latex, 1.1 μm, Sigma-Aldrich) and mouse neutrophils, rEIII protein were conjugated with biotin by using an EZ-Link™ Sulfo-NHS-Biotinylation kit (Thermo Fisher Scientific). The rEIII-beads binding experiments were performed using biotin-labeled rEIII proteins (300 μg/mL, 20 μL) incubated with protein-precoated beads [2 μg protein coating with 1 mg/mL beads 1 h in total 50 μL phosphate buffered saline PBS, blocking with 1% bovine serum albumin (BSA, Sigma-Aldrich)/PBS, 30 min, resuspended in 20 μL PBS after wash]. The levels of biotin-labeled rEIII proteins bound to beads or neutrophils [50 μg/mL competing protein + (2 × 105) cells/mL in culture medium for 30 min] were determined through flow cytometry by PE/Cy5 avidin (Biolegend, San Diego, CA, USA) staining. DENV-2 envelope protein fragment (32 kDa, domain I + domain II; ProSpec-Tany TechnoGene, Ness-Ziona, Israel) was used as a control protein. The rEIII-competitive inhibitor chondroitin sulfate B (CSB, 10 μg/mL; Sigma-Aldrich) was used to suppress rEIII-induced neutrophil binding and cell death. Anti-citrullinated histone H3 (CitH3; citrulline R8), anti-histone H2A family member X (H2AX), and anti-gasdermin D (GSDMD) antibodies (Abcam, Cambridge, UK) were used for flow cytometry NETosis analysis.



Experimental Mice

Wild-type mice of ages 8–12 weeks in C57BL/6J background were purchased from the National Laboratory Animal Center (Taipei, Taiwan) (38, 42–46). Gene knockout mice with a C57BL/6J background, including Nlrp3−/− and Casp1−/− (32), were obtained from the Center National de Recherche Scientifique (Orléans, France) (32, 33, 47). All experimental animals were housed in the Animal Center of Tzu-Chi University in a specific-pathogen-free, temperature-, and lighting-controlled environment with free access to filtered water and food. All genetic knockout strains were backcrossed with the wild-type C57Bl/6J mice for at least 6 generations. After challenged with vehicle (saline), BSA (a control protein, 2 mg/kg), DENV (1.2 × 107 PFU /kg; DHF viral load) and rEIII (2 mg/kg; a dosage equivalent to 1.2 × 107 PFU/kg), experimental mice were immediately rescued with or without Nlrp3 inhibitor OLT1177 treatments (50 mg/kg). Plasma levels of IL-1β, TNF-α, and CitH3 of the experimental mice were determined through enzyme-linked immunosorbent assay (ELISA) (IL-1β, TNF-α, Biolegend; CitH3, Cayman Chemical, Ann Arbor, MI, USA) 1 d after rEIII treatments; neutrophils were isolated and analyzed (see following “Analyses of neutrophils”).



Ethics Statement

The animal experiments in this report were conducted in agreement with National (Taiwan Animal Protection Act, 2008) directive for protection of laboratory animals. All experimental protocols for examining the experimental animals were approved by the Animal Care and Use Committee of Tzu-Chi University, Hualien, Taiwan (approval ID: 101019).



Analyses of Neutrophils

Blood samples of mice were collected via the retro-orbital venous plexus using plain capillary tubes (Thermo Fisher Scientific, Waltham, MA, USA), and then transferred into polypropylene tubes (Eppendorf; Thermo Fisher Scientific) containing anticoagulant acid-citrate-dextrose solution (ACD; 38 mM citric acid, 75 mM sodium citrate, 100 mM dextrose) (48, 49). Following previously described methods (50), mouse neutrophils were purified from mouse blood samples using Ficoll-Paque (Ficoll-Paque Plus, 1.077 g/mL, GE Healthcare, Chicago, IL, USA) and dextran (Sigma-Aldrich) sedimentation (3% w/v) density gradient centrifugation and red blood cell lysis. To obtain fluorescent NET images, mouse neutrophils (1 × 105) were treated with vehicle (the diluent, normal saline, 0.9 % NaCl), rEIII (50 μg/mL or an equivalent dose 0.6 μM), DENV (1 × 105 PFU/mL, an equivalent dose of rEIII is 0.6 μM) or 12-O-tetradecanoylphorbol-13-acetate (TPA, 2 nM, Sigma-Aldrich) for 2 h at 37C. After fixation by 4% paraformaldehyde on coverslips, these neutrophils were then stained with rabbit anti-mouse citrulline Histone H3 antibody (1:1000) and 4',6-diamidino-2-phenylindole (DAPI, 5 μl/ml). A fluorescence microscope (Nikon Eclipse E800; Nikon Taiwan, Taipei, Taiwan) (51) was used for obtaining the NETosis images. To analyze mitochondria membrane potential, superoxide, and membrane potential levels, mitochondria labeling reagents MitoTracker™ Green FM (Thermo Fisher Scientific, Waltham, MA, USA), MitoSOX™ Red mitochondrial superoxide indicator (Thermo Fisher Scientific), MitoTracker™ Red CMXRos (Thermo Fisher Scientific) were used according to the manufacturer's instructions (33, 52). A flow cytometer (FACSCalibur; BD Biosciences, San Jose, CA, USA) (36, 38) was used in this study to analyze RCD, cell live/death and mitochondria metabolic activities with or without rEIII challenges and RCD or signaling pathway (e.g., PAD4, Nlrp3 inflammasome) inhibitor treatments (33). Levels of cellular reactive oxygen species (ROS) were analyzed using 2′,7′-dichlorofluorescin diacetate (Sigma-Aldrich) staining-flow cytometry analysis.



Analyses of Regulated Cell Death

To analyze DENV or rEIII induced neutrophil cell death, mouse neutrophils were incubated with DENV or rEIII for 1 h and then subjected to flow cytometry analyses after washed with PBS. Various regulated cell death (RCD) responses, including apoptosis (CaspGLOWTM Red Active Caspase-3 Staining Kit, #K193, BioVision, Milpitas, CA, USA), autophagy (Cyto-ID™ Autophagy Detection Kit, Enzo Life Sciences, #ENZ51031, Farmingdale, NY, USA), ferroptosis (C11 BODIPY 581/591, #27086, Cayman Chemical), necroptosis (RIP3/B-2 alexa Fluor 488, Santa Cruz Biotechnology, #sc-374639 AF488, Santa Cruz, CA, USA), pyroptosis (Caspase-1 Assay, Green, #9146, ImmunoChemistry Technologies, MI, USA), and live/dead cell labeling (Zombie NIR™ Fixable Viability Kit, #423105, Biolegend), were analyzed using respective cell labeling reagents (30 min in PBS). Treatments (1 h) of cell death inducers were used as positive controls for various type of regulated cell death (RCD; apoptosis: doxorubicin, 2.5 μg/mL, Nang Kuang Pharmaceutical, Taipei, Taiwan; autophagy: rapamycin, 250 nM, #R0395, Sigma-Aldrich; ferroptosis: erastin, 10 μM, #17754, Cayman Chemical; necroptosis, TNF-α, 2 ng/mL, #575202, Biolegend; pyroptosis: nigericin, 3.5 μM, #6698, ImmunoChemistry Technologies, Minnesota, USA; NETosis, TPA, #P8139, 2 nM Sigma-Aldrich) (30 min in PBS). Inhibitors were used to address the involvements of specific RCD pathways (apoptosis: Z-DEVD-FMK, 10 μM, #FMK004, R&D Systems, Indianapolis, IN, USA; autophagy: Chloroquine diphosphate, 60 μM, #C6628, Sigma-Aldrich; ferroptosis: Ferrostatin-1 2.5 μM, #17729, Cayman Chemical; necroptosis: Necrostatin-1, 50μM, #11658, Cayman Chemical; pyroptosis: Z-WHED-FMK 10 μM, #FMK002, R&D Systems; pyroptosis/GSDMD: dimethyl fumarate (DMF), 25–100 μM, #14714, Sigma–Aldrich; NETosis: peptidyl arginine deiminase 4 (PAD4) inhibitor GSK484, 10 μM, #17488, Sigma–Aldrich; Nlrp3: OLT1177, 10 μM, #24671, Cayman Chemical; EIII competitive blocker: Chondroitin sulfate B, CSB, 10 μg/mL, #C3788, Sigma–Aldrich; 30 min pretreatments before addition of DENV, rEIII and cell-death inducers according to the manufacturer's instructions).



Statistical Analyses

In this report, the means, standard deviations, and statistics of the quantifiable data were calculated using the SigmaPlot 10 and SPSS 17 software packages. Significance of the data was examined using one-way ANOVA, followed by the post hoc Bonferroni-corrected t-test. The probability of type-1 error α = 0.05 was recognized as the threshold of statistical significance.




RESULTS


Nlrp3 Inflammasome Is Involved in rEIII Induced Neutrophil NETosis

Flow cytometry analysis of NETosis markers citrullinated histone H3 (CitH3) (53, 54) and histone H2A family member X (H2AX) (55, 56) revealed that rEIII is sufficient to initiate NETosis in neutrophils; the potency of rEIII is comparable to the classical NETosis inducer phorbol ester (18, 57) (Figure 1A, Supplementary Figure 1, flow cytometry gating; Figure 1B). In addition, such induction of NETosis can be suppressed by treatments of inflammasome/caspase 1 inhibitor Z-WHED-FMK (Figure 1). In agreement with this, we found that, when compared to the neutrophils from wild type mice, Nlrp3 inflammasome-deficient (Nlrp3−/− and Casp1−/−) neutrophils displayed relatively low NETosis levels after treated with rEIII and TPA (Figures 2A–C, cell images; green channels: CitH3, a NETosis marker; Figure 2D, quantified results). These data suggest that Nlrp3 inflammasome plays critical role in rEIII-induced NETosis.
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FIGURE 1. Essential role of caspase 1 in DENV rEIII-induced NETosis. The gating of flow cytometry analysis of vehicle, 12-O-tetradecanoylphorbol-13-acetate (TPA, a positive control NETosis inducer; 2 nM) and DENV rEIII (0.6 μM) challenged (1 h) wild mice neutrophils (1 × 105) with or without caspase 1 inhibitor Z-WHED-FMK pretreatments (30 min) (A). The quantified results of flow cytometry analysis, which reveal that TPA and rEIII treatments markedly induced NETosis formation; by contrast, caspase 1 inhibitor Z-WHED-FMK treatments can only considerably suppress rEIII-induced NETosis, but not TPA-induced NETosis (B). n = 6, **P < 0.01, vs. untreated controls; ##P < 0.01 vs. vehicle groups.



[image: Figure 2]
FIGURE 2. Essential role of Nlrp3 inflammasome in DENV rEIII-induced NETosis. After challenged (1 h) by TPA (2 nM) and DENV rEIII (0.6 μM), the images of DAPI (nucleus DNA staining) and citrullinated histone H3 (CitH3; NETosis marker) staining of NETosis formation of neutrophils from wild type (A), Nlrp3 null (Nlrp3−/−) (B), and caspase 1 null (Casp1−/−) (C) mouse were showed. The quantified results from flow cytometry are also indicted (D). n = 6, ** P < 0.01, vs. vehicle controls; #P < 0.05, ##P < 0.01 vs. wild type (WT) groups. Scale bars: 5 μm.




DENV and rEIII Induce Multiple Regulated Cell Death Pathways of Neutrophils

NETosis is a type of regulated cell death (RCD) (58). Previous reports suggested that neutrophil RCD exacerbate pathogenesis in infectious diseases (59, 60). As a result, we would like to investigate whether various RCD pathways are also involved in DENV- and rEIII-induced neutrophil cell death.

We first found that DENV and rEIII induced neutrophil cell death in a dose dependent manner (Figure 3A). Overall, various cell death inducers, including doxorubicin (apoptosis) (61, 62), rapamycin (autophagy) (63), erastin (ferroptosis) (64), TNF-α (necroptosis) (65, 66), nigericin (pyroptosis) (67), served as positive control agents to induce respective RCD pathways of the tested neutrophils (Figures 3B,C, dead cell population adjusted to 100%; Supplementary Figure 2, flow cytometry gating and calculation). Notably, when compared with cell death agonists, DENV and rEIII treatment induced considerable pyroptosis, necroptosis, autophagy and NETosis responses in the neutrophils, while only minor or no ferroptosis and apoptosis levels (Figure 3B, % of total cells; Figure 3C, % of total dead cell). In addition, the cell type specific RCD patterns/profiles (CTS-RCDPs) (33) of neutrophil in the DENV-, and rEIII-treated groups were somewhat similar, with pyroptosis exhibiting the highest levels in both groups among all tested RCD pathways (Figure 3B; ~40%), suggesting that DENV-induced CTS-RCDP in the neutrophils is likely mediated through EIII on the DENV virion. In case one dead cell may display multiple RCDs, here we defined CTS-RCD as a detection ratio of RCDs in 1 cell type at a specific condition.
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FIGURE 3. DENV- and rEIII-induced regulated cell death in neutrophils. (A) Wild type mouse neutrophils treated (1 h) with vehicle and various doses of DENV and rEIII; the live and death cell populations were revealed by Zombie-NIR Kit labeling and flow cytometry analysis. [rEIII 1× = 0.3 μM, 2× = 0.6 μM, 4× = 1.2 μM,; DENV e(rEIII 1×) is a DENV level equivalent to 0.3 μM rEIII, as indicted by the methods described elsewhere (33)]. (B) Treatments (1 h) of regulated cell death (RCD) inducers, doxorubicin (DOX; apoptosis) (2.5 μg/mL), rapamycin (autophagy) (0.5 μM), erastin (ferroptosis) (10 μM), TNF-α (necroptosis) (2.5 ng/mL), TPA (NETosis) (2 nM), and nigericin (pyroptosis) (3.5 μM) induced relatively simple RCD patterns. By contrast, DENV and rEIII induced multiple RCD pathways, in which pyroptosis is the major RCD response, counts ~40% of total RCD and the NETosis response displays only ~20% total RCD. (C) If the respective RCDs are normalized by the population of death cells (dead cell population normalized to 100%), we can obtain a more similar RCD pattern in DENV and rEIII groups (flow cytometry gating and calculation methods described in Supplementary Figure 2). DENV 1× = 4.2 × 104 PFU/mL, 2× = 8.4 × 104 PFU/mL, 4× = 1.7 × 105 PFU/mL; **P < 0.01 vs. vehicle groups.


An unexpected finding is that the DENV and rEIII induced NETosis only displayed approximately 20% of total RCDs (Figure 3B); and a classical NETosis inducer TPA (a phorbol ester) also induced NETosis about only 40% of total RCDs (Figure 3B, TPA groups). This let us wondered whether DENV and EIII-mediated induction of such a low percentage of NETosis in total RCD, could sufficiently lead to neutrophil dysfunction. In addition, we would like to investigate whether Nlrp3 inflammasome is involved in rEIII-induced neutrophil death. Accordingly, Nlrp3 inhibitor OLT1177 and inflammasome/caspase1 inhibitor Z-WHED-FMK were used to further characterizations of whether Nlrp3 inflammasome is involved in respective RCD responses.

We found that treatments with inflammasome inhibitors OLT1177 and Z-WHED-FMK both suppressed EIII-induced neutrophil cell death (Figures 4A,B; Supplementary Figure 3, percentage pie charts of OLT1177 and Z-WHED-FMK treatments; equivalent to some data in Figures 4A,B,I). In addition, OLT1177 and Z-WHED-FMK suppressed pyroptosis (Figures 4C,J), necroptosis (Figures 4D,K), autophagy (Figures 4G,N), and NETosis (Figures 4H,O), with (Figures 4I–O) or without (Figures 4B–H) normalization of dead cell population. These results suggested that pyroptosis is the major RCD of rEIII-induced neutrophil death, and which can be rescued by selective inhibitors against Nlrp3 inflammasome. In addition, Nlrp3 likely involved in neutrophil NETosis as treatments of selective inhibitor OLT1177 rescued total neutrophil death (Figure 4A) and NETosis (Figures 4H,O). Consistently, treatments of pyroptosis/GSDMD inhibitor DMF (68) suppressed EIII-induced neutrophil pyroptosis, NETosis, cellular ROS, surface GSDMD levels (Supplementary Figure 4, flow cytometry analyses), and caspase-1 activation (Supplementary Figure 5, colorimetric assay). Furthermore, despite NETosis displayed only ~20% cell death (Figures 4B,I), PAD4 inhibitor GSK484 suppressed considerable levels of total neutrophil death (Figure 4A) and RCDs including pyroptosis, necroptosis, autophagy, and NETosis (Figure 4). These evidences collectively suggesting that that RCDs pyroptosis, necroptosis, and autophagy are likely associated to NETosis, and NETosis is still a critical RCD pathway of neutrophil in response to rEIII exposure.
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FIGURE 4. Protection of neutrophils from rEIII-induced pyroptosis under treatment with Nlrp3 inflammasome inhibitors. Pre-treatments (30 min) with NETosis inhibitor GSK484 (2 nM), Nlrp3 inhibitor OLT1177 (10 μM), and caspase 1 inhibitor Z-WHED-FMK (10 μM) on the rescue of rEIII-induced neutrophil total cell death (A). Pretreatments (30 min) with Nlrp3 inflammasome inhibitors OLT1177, Z-WHED-FMK, and NETosis inhibitor GSK484 rescued rEIII-induced (1 h) neutrophil pyroptosis (B,C), necroptosis (D), autophagy (G) and NETosis (H), but not ferroptosis and apoptosis (E,F). If the respective RCD% was normalized by the population of death cells [(I): dead cell population normalized to 100%], we found that CSB, OLT1177 and Z-WHED-FMK still display rescue effects on pyroptosis (J), necroptosis (K), autophagy (N), and NETosis (O), but not ferroptosis and apoptosis (L,M). Chondroitin sulfate B (CSB, 10 μg/mL), a competitive inhibitor against rEIII binding (33), serving as a positive inhibitor control to inhibit cell death. n = 6, *P < 0.05, **P < 0.01, vs. respective vehicle groups. ND, not detected.




Nlrp3 Inflammasome Deficiency and Inhibitor Treatments Rescue DENV- and rEIII- Exacerbated Mitochondria Metabolic Burden and Inflammation of Neutrophils

Because inflammasome-mediated pyroptosis is a major RCD involving in rEIII-induced neutrophil defect, here we would like to further investigate whether suppression of neutrophil Nlrp3 inflammasome through inhibitor treatments is sufficient to ameliorate DENV rEIII-induced neutrophil defects. Here we found that treatments of rEIII-increased mitochondria mass (Figure 5A), membrane potential (Figure 5C) and superoxide (Figure 5E) levels in a dose dependent manner, while treatments of Nlrp3 inflammasome inhibitors OLT1177 and Z-WHED-FMK ameliorated such metabolic burden of neutrophil mitochondria (Figures 5B,D,F). Levels of caspase-1 activation in the neutrophils were analyzed and confirmed in parallel using colorimetric assay (Supplementary Figure 5). In agreement with this, mouse experiments further revealed that, treatments of Nlrp3 inflammasome inhibitors OLT1177 markedly ameliorated rEIII- induced elevation of circulating soluble CitH3 (Figure 6A), IL-1β (Figure 6B), and TNF-α (Figure 6C) levels in mice. Consistently, compared to wild type mice, neutrophils from Nlrp3−/− and Casp1−/− mutant mice displayed markedly reduced levels of total mitochondria ROS (Figure 7A), hydrogen peroxide (Figure 7B), superoxide (Figure 7C) after in vitro treatments of rEIII. Similarly, rEIII treatments markedly induced circulating CitH3 in wild type mice, but not in Nlrp3−/− and Casp1−/− mutant mice (Figure 7D). These results collective suggest that EIII is a virulence factor to induce neutrophil defects, and Nlrp3 inflammasome is a critical target for DENV and EIII to induce neutrophil dysfunction, NETosis, and inflammation.
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FIGURE 5. DENV rEIII-induced mitochondria ROS production is ameliorated by Nlrp3 inflammasome and NETosis inhibitor. The rEIII (0.6 μM)-induced (1 h) elevations of neutrophil mitochondria mass (A) membrane potential (C) and superoxide (E) levels in a dose dependent manner. The induction of these mitochondria metabolic burdens in the neutrophils could be suppressed by treatments of Nlrp3 and caspase 1 inhibitors Z-WHED-FMK (10 μM) and OLT1177 (10 μM), NETosis inhibitor GSK484 (10 μM), and the cell-binding competitive inhibitor chondroitin sulfate B (CSB, 10 μg/mL), respectively (B,D,F). n = 6, *P < 0.05, **P < 0.01, vs. respective untreated vehicle groups (A,C,E); *P < 0.05, **P < 0.01, vs. respective vehicle groups (B,D,F).
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FIGURE 6. Nlrp3 inhibitor OLT1177 protects mice from DENV- and rEIII-induced NETosis and IL-1β, TNF-α production in mice. After challenged with vehicle (saline), BSA (a control protein) 2 mg/kg), DENV (1.2 × 107 PFU /kg; DHF viral load) and rEIII (2 mg/kg; a dosage equivalent to DENV 1.2 × 107 PFU/kg), experimental mice were immediately rescued with or without Nlrp3 inhibitor OLT1177 treatments (50 mg/kg). The ELISA analyzed plasma levels of circulating soluble citrullinated histone H3 (CitH3; a NETosis marker) (A), circulating IL-1β levels (B), and TNF-α levels (C) after 1 d treatments were showed. n = 6, ##P < 0.01, vs. respective untreated groups; *P < 0.05, **P < 0.01, vs. respective vehicle groups.
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FIGURE 7. Nlrp3 and caspase 1 deficiencies protest rEIII-induced neutrophil ROS production and NETosis. Treatments (1 h) of rEIII (0.6 μM)-induced elevations of neutrophil cellular reactive oxygen species (ROS) (A) hydrogen peroxide (B), superoxide (C) in vitro. Treatments (1 d) of rEIII (2 mg/kg)-induced elevations of circulating CitH3 (D) levels in wild type mice. By contrast, such rEIII (0.6 μM in vitro, 2 mg/kg in mice)-induced stimulations are markedly reduced in Nlrp3−/− and Casp1−/− gene knockout mice in both in vitro and in vivo experiments (A–D). n = 6, #P < 0.05, ##P < 0.01, vs. respective wild type (WT) groups; *P < 0.05, **P < 0.01, vs. respective vehicle groups.





DISCUSSION

Inflammasomes, cellular molecular sensors for PAMPs and DAMPs, are multimeric protein complexes comprising of NLRs [nucleotide-binding domain (NBD) and leucine-rich-repeat-(LRR)-containing], the absent in melanoma-2 (AIM2)-like receptors (ALRs), an adaptor molecule ASC (apoptosis-associated speck-like protein containing a CARD), and procaspase-1 (14, 25, 69, 70). Activation of inflammasomes leads to protein-cleavage processes, turning pro-caspase 1 into active form caspase 1, which converts pro-IL-1β and pro-IL-18 into respective active forms (IL-1β and IL-18) (69). Uncontrolled inflammasome activation exacerbates autoimmune and excessive inflammatory pathogenesis in infectious diseases, despite the adequate levels of inflammasome activation can help defending the pathogens (71). As a result, selective inhibitors against inflammasomes have been developed for treating various inflammatory and infectious diseases, and have got promising advancements (70, 72). High circulating levels of IL-1β and IL-18 have been associated DHF (27, 73), suggesting a critical role of inflammasomes in DENV-induced pathogenesis. Mouse experiments further revealed that DENV induced NET formation and inflammasome activation was impaired in neutrophils from CLEC5A−/− and TLR2−/− mutants (74). DENV-induced NET leads to endothelial cell damage and vascular leakage. Evidences have suggested that NET formation contributes significantly in disease pathogenesis, and NET components were more predominantly displayed in serum samples of DHF patients (75). Despite of these findings, the mechanism underlining DENV-induced NETosis formation is not fully understood; particularly, the viral factor leading to NETosis remains elusive. Here we found that, the DENV EIII could be a potential virulence fact that elicits abnormal neutrophil responses and NETosis. Because DENV and EIII induced similar RCD patterns of neutrophils (Figure 3B, DENV and rEIII groups), suggesting that, during the speak viremia stage, high levels of DENV virion conduct the cytotoxicity to enhance NETosis through EIII moiety. This is partly consistent with the findings that NET formation is markedly increased in neutrophils isolated from dengue patients during the acute phase of the infection (75). Additionally, our data suggests that such cell-type-specific RCD patterns may be a useful analysis method on the functional characterization of biologically drugs and hazardous materials at the cellular levels.

Inflammasomes regulate and interact with various RCDs (72, 76–78). The inhibitors of either Nlrp3 inflammasome/pyroptosis (inhibitor OLT1177) or NETosis (inhibitor GSK484) can suppress to each other (Figure 4), suggests there could exist a cross-talk between these 2 pathways. First, such cross-talk could be regulated at an intracellular signaling level; for example, GSDMD, an effector protein of pyroptosis, plays a critical role in the generation of NET (79). Consistently, here we found that treatments of GSDMD inhibitor DMF drastically reduced EIII-induced pyroptosis and NETosis in neutrophils (Supplementary Figure 4). Accordingly, if Nlrp3 inflammasome-activated GSDMD can further enhance NET formation, it is reasonable to observe an inhibition of NETosis using inhibitors from a pyroptosis pathway. Second, the cross-talk may also explain by a model of intercellular regulations between macrophage and neutrophil. For example, the NET is able to prime macrophages to produce IL-1 and IL-18 through the Nlrp3 inflammasome, thus amplifying the inflammatory response (80). At the same time, IL-18 effectively stimulated NET release and caspase-1 activation in primed macrophages compared to IL-18 alone (80). This suggests a feed-forward loop that NET increase the production of IL-1β and IL-18 in macrophages, which in turn can stimulate NET formation in neutrophils (80). These evidences may explain our observations that treatments of Nlrp3 inhibitor OLT1177 can markedly suppressed rEIII-induced neutrophil pyroptosis and NETosis in vitro (Figure 4), and markedly suppressed rEIII-induced NETosis and inflammation in mice (Figure 6). However, as these regulations still not been clearly demonstrated in dengue, more detailed mechanism is worth of further investigations.

As a glycosaminoglycan (GAG) binding lectin (81), EIII could have multiple neutrophil surface targets. Recent evidences have suggested that lectin DC-SIGN mediated DENV infection in dendritic cells (82); lectins CLEC2 and CLEC5A plays critical roles on DENV-induced inflammation (24, 74, 83, 84). CLEC5A and DC-SIGN are expressed by leukocyte subpopulations (82, 84); while their respective isoforms CLEC2 and DC-SIGNR preferentially expressed by the other cell types (84, 85). Here we used recombinant soluble CLEC2, CLEC5A, DC-SIGN, DC-SIGNR, to perform EIII competition experiments. Analysis results revealed that CLEC5A-, and DC-SIGN-, but not CLEC2-, and DC-SIGNR-coated beads can bind to rEIII (Supplementary Figure 6). Consistently, CLEC5A and DC-SIGN, but not CLEC2 and DC-SIGNR can block rEIII-neutrophil binding (Supplementary Figure 6). In addition, CLEC5A and DC-SIGN can reduce EIII-induced increased ROS and NETosis levels in neutrophils (Supplementary Figure 6). These evidences collectively suggested that CLEC5A and DC-SIGN are cellular targets of EIII on neutrophils. As a critical inflammatory regulator, the role of CLEC5A and DC-SIGN in EIII- mediated pathogenesis is worthy of further investigations.

Cell population is heterogeneous even in one cell line. This could be a reason that reports have revealed treatments of pathogens and cytotoxic agents leading to multiple types of RCDs simultaneously (86–92). For example, when cellular stress can activate both receptor-induced lysosomal-dependent, and mitochondrial-mediated cell death pathways, which will lead to both programmed necrosis and apoptosis (88). Similarly, as DENV and EIII been reported to have multiple cellular targets, it is reasonable to detect multiple RCDs after DENV and EIII challenges. Here, we found that DENV and EIII but not the other RCD inducers, induced a similar RCD pattern in neutrophils (Figures 3B,C). Previous reports have suggested that, upon stimulation by PAMP, neutrophil activation results in necrotic RCDs (93, 94); by contrast, neutrophil apoptosis contributes to the resolution of inflammation (93–96). Consistently, here we found that DENV and EIII (pathogen, PAMP) preferentially induced necrotic RCDs with almost no detectable apoptosis levels in neutrophils (Figure 4). Although further investigations are needed, our data suggested that the neutrophil CTS-RCDPs are useful on the characterization of cellular tendency on the induction of RCDs in particular conditions.

In addition to EIII, DENV membrane protein (M) and non-structural proteins NS2A, NS2B were also shown to induce inflammasome activation (14, 97, 98), and NS1 was demonstrated to enhance inflammation through a toll-like receptor 4 (99, 100). NS2A, NS2B have shown to serve as viroporins to increase cell-membrane permeability and activate inflammasome (14, 101, 102). Viroporins primarily affect virus-infected cells (103), and clinical course of DHF occurs specifically when the viremia markedly decreased (104, 105); these evidences suggest that NS2A, NS2B-mediated inflammasome activations may be not timely associated with the clinical course of DHF. DENV virus particle-expressed EIII and soluble NS1 are detected at high levels prior to the acute phase of DHF (104, 105), and may be considered as two virulence factors for severe dengue. Here we found that both EIII and NS1 treatments can induce increased NETosis levels in neutrophils, and EIII has a relative higher activity (Supplementary Figure 7; DENV envelop domain I, domain II protein fragment, served as a control protein). Because the induction of virion-expressed EIII and soluble NS1 are induced in a similar, but not a same time course (105), the respective pathogenic role of EIII and NS1 on the elicitation of DHF-related pathogenesis remains to be further studied. However, data obtained in the study suggested that virion-associated EIII is a candidate virulence factor that contributes to dengue-elicited NET formation.

In this present study, we found that treatments of both DENV and EIII, a cell-surface-binding and cytotoxic protein, can induce multiple cell death pathways in neutrophils with a similar cell-type-specific RCD pattern (Figure 3B). NETosis inhibitor GSK484 treatments sufficiently suppressed EIII-induced cell death (Figure 4A), NETosis (Figure 4G), and mitochondria metabolic burden (Figure 5) of neutrophils. This suggested that, despite the NETosis seems to be a relatively minor response that counts approximately 20% of total neutrophil RCDs, the EIII-stimulated NETosis is sufficiently leading to an abnormal neutrophil activation and cell death. In addition, our data revealed that blockage of Nlrp3 inflammasome, through treatments of inhibitor OLT1177 or gene deficiencies in Nlrp3 and caspase 1 expression, protects neutrophils from rEIII-induced NETosis (Figures 4, 7) and proinflammatory cytokines TNF and IL-1 secretion in mice (Figure 6). These results collectively suggest that Nlrp3 inflammasome is a promising target for treating DENV-induced inflammation.
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Activation of the Nod-like receptor 3 (NLRP3) inflammasome is important for activation of innate immune responses, but improper and excessive activation can cause inflammatory disease. We previously showed that glycolysis, a metabolic pathway that converts glucose into pyruvate, is essential for NLRP3 inflammasome activation in macrophages. Here, we investigated the role of metabolic pathways downstream glycolysis – lactic acid fermentation and pyruvate oxidation—in activation of the NLRP3 inflammasome. Using pharmacological or genetic approaches, we show that decreasing lactic acid fermentation by inhibiting lactate dehydrogenase reduced caspase-1 activation and IL-1β maturation in response to various NLRP3 inflammasome agonists such as nigericin, ATP, monosodium urate (MSU) crystals, or alum, indicating that lactic acid fermentation is required for NLRP3 inflammasome activation. Inhibition of lactate dehydrogenase with GSK2837808A reduced lactate production and activity of the NLRP3 inflammasome regulator, phosphorylated protein kinase R (PKR), but did not reduce the common trigger of NLRP3 inflammasome, potassium efflux, or reactive oxygen species (ROS) production. By contrast, decreasing the activity of pyruvate oxidation by depletion of either mitochondrial pyruvate carrier 2 (MPC2) or pyruvate dehydrogenase E1 subunit alpha 1 (PDHA1) enhanced NLRP3 inflammasome activation, suggesting that inhibition of mitochondrial pyruvate transport enhanced lactic acid fermentation. Moreover, treatment with GSK2837808A reduced MSU-mediated peritonitis in mice, a disease model used for studying the consequences of NLRP3 inflammasome activation. Our results suggest that lactic acid fermentation is important for NLRP3 inflammasome activation, while pyruvate oxidation is not. Thus, reprograming pyruvate metabolism in mitochondria and in the cytoplasm should be considered as a novel strategy for the treatment of NLRP3 inflammasome-associated diseases.
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INTRODUCTION

The Nod-like receptor 3 (NLRP3) inflammasome is a multiprotein complex that is composed of a cytosolic pattern recognition receptor, NLRP3, along with the adaptor protein, apoptosis associated speck-like protein containing a CARD (ASC), and the cysteine-aspartic acid protease-1 (caspase-1) (1). NLRP3 inflammasome formation is initiated by the oligomerization of NLRP3, which recruits ASC to activate caspase-1, and in turn mediates the cleavage of pro-interleukin 1 beta (pro-IL-1β) or pro-interleukin 18 (pro-IL-18) to the mature proinflammatory cytokines, IL-1β and IL-18 (2). NLRP3 is an important receptor for inflammasome activation in response to some damage-associated molecular patterns (DAMPs) and pathogen-associated molecular patterns (PAMPs), such as monosodium urate (MSU) crystal, an etiological agent of gout (3), and nigericin, a pore-forming toxin derived from Streptomyces hygroscopicus (4). NLRP3 deficiency increases susceptibility to microbial infection in mice (5). In addition, increasing evidence suggests that excessive and improper inflammasome activation is responsible for the pathogenesis of several inflammation-associated diseases, including gout (3), type 2 diabetes (6), atherosclerosis (7), rheumatoid arthritis (8), septic shock (9), cryopyrin-associated periodic syndrome (10), Alzheimer's disease (11), and cancer (12).

NLRP3 inflammasome activation includes multiple upstream signals, such as reactive oxygen species (ROS) production and potassium efflux (13). Mitochondria are the major source of cellular ROS, which are generated as by-products of respiration and oxidative phosphorylation (OXPHOS). Blocking the electron transport chain increases mitochondrial ROS (mtROS) production. This increase of mtROS production is sufficient for activation of the NLRP3 inflammasome, suggesting that mtROS is an activator of the NLRP3 inflammasome (14). Consistent with this hypothesis, nigericin induces mtROS production and activates the NLRP3 inflammasome in macrophages, whereas treatment with a mitochondria-specific ROS scavenger, mito-TEMPO, can inhibit NLRP3 inflammasome activation (15). On the other hand, potassium efflux is suggested as the common trigger of NLRP3 inflammasome. After stimulation with nigericin or MSU, potassium efflux was induced immediately and was followed by NLRP3 inflammasome activation (4). In addition, high extracellular concentrations of potassium prevent NLRP3 inflammasome activation, whereas low intracellular concentrations of potassium are sufficient to activate the NLRP3 inflammasome in macrophages (4, 16). Because mtROS and potassium ions are unlikely to interact directly with the NLRP3 protein, the underlying mechanisms of NLRP3 inflammasome regulation remains to be elucidated.

Glycolysis is a critical pathway in cellular glucose metabolism that provides intermediates for energy generation. Glycolysis metabolizes one molecule of glucose to two molecules of pyruvate, with the concomitant net production of two molecules of ATP in the cytoplasm. Pyruvate can be further processed anaerobically by lactate dehydrogenase (LDH) to lactate (termed lactic acid fermentation) or be further transported into mitochondria by mitochondrial pyruvate carrier (MPC) and then processed aerobically to acetyl-CoA by pyruvate dehydrogenase (PDH) (termed pyruvate oxidation). Acetyl-CoA is then used to generate much more ATP through the tricarboxylic acid (TCA) cycle and OXPHOS.

Emerging evidence indicates that glycolysis is involved in NLRP3 inflammasome activation in macrophages (17–19). We previously showed that the levels of glycolysis and OXPHOS modulate NLRP3 inflammasome activation in macrophages (17). Production of mtROS regulated by hexokinase (HK) was suggested to be important for glycolysis-dependent NLRP3 inflammasome activation (18), and lactate-dependent PKR phosphorylation regulated by pyruvate kinase muscle isoenzyme 2 (PKM2) was needed (19, 20). Since glycolysis is branched to pyruvate oxidation-driven OXPHOS in mitochondria or lactic acid fermentation in the cytoplasm, the mechanisms underlying glycolysis-dependent activation of the NLRP3 inflammasome are still poorly understood.

In this study, we discovered that lactic acid fermentation is important for NLRP3 inflammasome activation, but pyruvate oxidation is not. In response to cell stimulation with NLRP3 inflammasome agonist, lactic acid fermentation is activated to produce lactate, which induces PKR phosphorylation and consequently activates the NLRP3 inflammasome; which is positively regulated by inhibition of pyruvate oxidation. Importantly, treatment with GSK2837808A, a LDH inhibitor, could efficiently protect mice from MSU-mediated peritonitis. Together, our findings provide new insights into the role of pyruvate metabolism in NLRP3 inflammasome activation and suggest that reprogramming of pyruvate metabolism in mitochondria and cytoplasm should be considered as a therapeutic target for treatment of NLRP3 inflammasome-associated diseases.



MATERIALS AND METHODS


Reagents, Antibodies, and Plasmids

PMA, ATP, 2DG, nigericin, and PhosSTOP were purchased from Sigma/Aldrich Chemical Co. (St. Louis, MO). MSU and alum were purchased from InvivoGen. GSK2837808A, Z-VAD-FMK, and C16 were purchased from MedChemExpress. Anti-CD45-APC and anti-CD11b-BV605 were purchased from BioLegend. Anti-Ly6G-PE was obtained from BD Bioscience.



Animal Experiments

Mouse experiments were performed under the ethical approval by the Institutional Animal Care and User Committee of MacKay Medical College (approval number: A1080017). Female C57BL/6J mice were used at 8 weeks of age. For MSU-induced peritonitis, mice were intraperitoneally treated with dimethyl sulfoxide or GSK2837808A (20 mg per kg body weight) at 30 min before challenge with MSU (1 mg). At 4 h after MSU treatment, peritoneal lavage fluids were collected. The peritoneal cells were subjected to antibody staining and the number of neutrophils (CD45+/CD11b+/Ly6G+) were analyzed on a CytoFLEX S flow cytometer (Beckman Coulter).



Cell Culture

Mouse bone marrow-derived macrophages (BMDMs) were generated as described previously (21). BMDMs were prepared from bone marrow cells, which were collected from the tibias and femurs of C57BL/6J mice by flushing with cold PBS using a 25-G needle. The cells were cultured in DMEM medium supplemented with 10% FCS and 10 ng/ml M-CSF (PeproTech) for 8 days. The human leukemia monocytic cell line, THP-1, was obtained from the Biosource Collection and Research Center, Food Industry Research and Development Institute (Hsinchu, Taiwan) and maintained in RPMI as described previously (22). For macrophage differentiation, THP-1 cells were stimulated with 200 nM PMA for 16 h as described previously (17). For inflammasome stimulation, the cells were treated with 10 μM nigericin for 45 min, 5 mM ATP, 200 μg/ml MSU, or 200 μg/ml alum for 4 h. For lactic acid fermentation inhibition and caspase inhibition, GSK2837808A (10 μM), or Z-VAD-FMK (20 μM) was applied for 1 h prior to inflammasome stimulation.



Assays for Mitochondrial Respiration and Glycolysis

Approximately 5 × 104 cells/well THP-1 cells were plated on the cell culture microplates of an XF24 extracellular flux analyzer (Seahorse Bioscience, Billerica, MA, USA). The extracellular acidification rate (ECAR) and oxygen consumption rate (OCR), parameters of glycolytic flux and mitochondrial respiration, respectively, were continuously measured on the Seahorse XF24 according to the manufacturer's instructions as described previously (17).



Immunoblot Analysis

Cell lysates were prepared using RIPA buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 10 mM MgCl2, 1 mM EDTA, 1% Igepal CA-630) with a protease inhibitor cocktail (4.76 μg/ml leupeptin, 3.25 μg/ml aprotinin, 0.69 μg/ml pepstatin and 1 mM phenylmethylsulfonyl fluoride) and a phosphatase inhibitor cocktail PhosSTOP on ice for 30 min as described previously (17). To prepare the protein samples from the culture supernatants, culture supernatants were collected, mixed with one tenth volume of 100% (wt/vol) trichloroacetic acid, and incubated for 10 min at 4°C for precipitating the proteins. 20 μg of cell lysate samples or the half volume of culture supernatant samples were resolved by 12–15% SDS/PAGE and transferred to PVDF membranes (Millipore). After blocking with 5% nonfat dry milk in TBS-Tween 20, membranes were incubated with the indicated primary antibodies overnight at 4°C, and then with an HRP-conjugated secondary antibody for 1 h at room temperature. The primary antibodies included anti-GAPDH (Santa Cruz #sc-32233, 1:10,000), anti-ASC (Santa Cruz #sc-22514, 1:1,500), anti-IL-1β (Santa Cruz #sc-32294, 1:1,500), anti-procaspase-1 (Cell Signaling #2225, 1:1,000), anti-cleaved caspase-1 (Cell Signaling #3866, 1:1,000), anti-LDHA (Cell Signaling #3582, 1:15,000), and anti-MPC2 (Cell Signaling #46141, 1:1,000), anti-PKR (Abcam #ab226819, 1:1,000), anti-phosphorylated PKR (Merck Millipore #07-886, 1:2,000), anti-NLRP3 (Adipogen #AG-20B-0014-C100, 1:1,000), and anti-PDHA1 (Proteintech #18068-1-AP, 1:1,000). The immunoreactive bands were detected using an enhanced chemiluminescence system (Amersham Pharmacia Biotech, AB, Uppsala, Sweden). Immunoblot images were quantified with the ImageJ software.



RNA Interference

The dsRNA duplexes were transfected into cells using Lipofectamine 2000 reagent (Invitrogen), as previously described (23). THP-1-derived macrophages were transfected with 50 nmol/l dsRNA duplexes and 2 μl/ml Lipofectamine 2000 reagents according to the manufacturer's protocol. At 6 h post-transfection, the siRNA containing medium was replaced with fresh complete medium. For efficient knockdown, the cells were incubated for 2 days. The reagent used to target LDHA and purchased from Dharmacon was a 19-bp RNA duplexes: 5′- GGCAA AGACU AUAAU GUAA−3′. The reagent used to target MPC2 and purchased from Dharmacon included three 19-bp RNA duplexes: 5′- GGGUU UAUUU GGUCA AGAU−3′ (#17), 5′- CCAUU GGGAC CUAGU UUAU−3′ (#19), and 5′- AGAAA UUGAG GCCGU UGUA−3′ (#20). The reagent used to target PDHA1 and purchased from Ambion included two 19-bp RNA duplexes: 5′- GACUU ACCGU UACCA CGGA−3′ (#s10243) and 5′- CUGUG AGAAU AAUCG CUAU−3′ (#s10245).



Flow Cytometric Isolation of ASC-mCherry Speck-Forming Cells

The ASC-mCherry-expressing THP-1-derived macrophages stimulated with or without nigericin for 1 h were analyzed by FACSAria cell sorter (BD Biosciences) using the 561 nm laser and 610/20 nm filter. After nigericin stimulation, the ASC-mCherry speck-positive and negative cells were sorted using a FACSAria cell sorter (BD Biosciences) as described previously (21, 24). The cells with or without ASC-mCherry speck formation was defined as low or high ASC-mCherry pulse width to area profile (W:A), respectively, and sorted for the presence/absence of ASC-mCherry specks.



Lactate Assay

Lactate in culture medium was measured with the Lactate Assay Kit (Cell Biolabs, #MET-5012) according to the manufacturer's instructions.



Potassium Efflux Assay

Intracellular potassium ion was measured using Asante Potassium Green-4 (APG-4) (Interchim). The cells were incubated with 1 μM APG-4 at 37 °C for 45 min, and then stimulated with nigericin as indicated and analyzed immediately by flow cytometry.



IL-1β Enzyme-Linked Immunosorbent Assay

IL-1β concentrations of cell culture supernatants and mouse peritoneal lavage fluids were measured by using human IL-1β ELISA kit and mouse IL-1β ELISA kit that were purchased from Thermo Fischer Scientific.



Mitochondrial and Cellular ROS Measurements

Mitochondrial and cellular ROS were measured using MitoSox Red and H2-DCFDA (Thermo Fischer Scientific), respectively. The cells were incubated with 1 μM MitoSox Red or 0.3 μM H2-DCFDA at 37°C for 30 min, and then analyzed by flow cytometry.



Statistical Analysis

All statistical analyses were performed with the Student's t-test as indicated or ANOVA test followed by Bonferroni post hoc test in SPSS as described previously (25). Differences were considered significant at p < 0.05.




RESULTS


Lactic Acid Fermentation Is Essential for NLRP3 Inflammasome Activation

Reports from our group and others showed that glycolysis is essential for NLRP3 inflammasome activation (17–19, 26); therefore, we hypothesized that the metabolic pathways downstream from glycolysis—lactic acid fermentation and/or pyruvate oxidation—should also be considered in activation of the NLRP3 inflammasome. Thus, we first examined the effect of inhibition of lactic acid fermentation on NLRP3 inflammasome dependent IL-1β secretion in mouse bone marrow-derived macrophages (BMDMs) (Figure 1A) or THP-1-derived macrophages (Figure 1B). We found that IL-1β secretion in response to nigericin was significantly inhibited by the glycolysis inhibitor 2-deoxyglucose (2DG) or LDH inhibitor GSK2837808A. To examine if the LDH-mediated mechanism was a common pathway of NLRP3 inflammasome regulation, we further assessed the effect of GSK2837808A on IL-1β secretion in response to other NLRP3 inflammasome agonists: ATP, MSU or alum. Consistently, GSK2837808A inhibited ATP-, MSU- or alum-induced IL-1β secretion (Figure 1C). Finally, to determine whether lactic acid fermentation was involved in NLRP3 inflammasome activation, we assessed the effect of LDH inhibition (with pharmacological agents or by genetic depletion) on the activation of caspase-1 and maturation of IL-1β in THP-1-derived macrophages stimulated with nigericin. The levels of mature IL-1β p17 and active caspase-1 (as assessed by the level of caspase-1 p20) were reduced in cells treated with GSK2837808A (Figure 1D) or lactate dehydrogenase A (LDHA)-specific small interfering RNA (siRNA) (Figure 1E), compared with the corresponding control cells, while NLRP3, ASC, pro-caspase-1 and pro-IL-1β levels were unchanged. These results suggest that lactic acid fermentation is a common mechanism for NLRP3 inflammasome activation.
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FIGURE 1. Inhibition of lactate dehydrogenase prevents NLRP3 inflammasome activation. (A) ELISA was used to determine the IL-1β levels in culture supernatants of mouse bone marrow-derived macrophages (BMDMs) that had been pretreated with 2DG or GSK2837808A for 1 h, followed by stimulation with nigericin for 45 min. (B) Determination by ELISA of IL-1β in the culture supernatant of THP-1-derived macrophages that had been pretreated with 2DG or GSK2837808A for 1 h, followed by stimulation with nigericin for 45 min. (C) Determination by ELISA of IL-1β in the culture supernatant of THP-1-derived macrophages that had been pretreated with GSK2837808A for 1 h, followed by stimulation with ATP, MSU, or alum for 4 h. (D) Immunoblot analysis of NLRP3 inflammasome molecules in culture supernatants (SN) and cell lysates (CL) of THP-1-derived macrophages that had been treated with or without 2DG or GSK2837808A for 1 h and then stimulated with nigericin for 45 min. The densitometric analysis of caspase-1 (p20) and IL-1β (p17) was shown in the right panels. (E) Immunoblot analysis of NLRP3 inflammasome molecules in cell supernatants and cell lysates of THP-1-derived macrophages treated with LDHA- or negative control- siRNA, and then stimulated with nigericin for 45 min. The densitometric analysis of caspase-1 (p20) and IL-1β (p17) was shown in the right panels. *P < 0.05; **P < 0.01. All results are presented as the mean ± SD of data from three independent experiments (n = 3 per group), and were analyzed with the ANOVA test followed by post hoc test.




Lactic Acid Fermentation Regulates NLRP3 Inflammasome Activation Through PKR Phosphorylation

To understand how lactic acid fermentation may regulate the NLRP3 inflammasome, we examined if lactic acid fermentation was stimulated when the NLRP3 inflammasome was activated. We measured the ECAR, an indicator of lactic acid fermentation, in THP-1-derived macrophages. We found that the ECAR values were immediately increased after nigericin stimulation at around 8 min and peaked at around 16 min, compared with untreated control cells, but were decreased by GSK2837808A pretreatment (Figure 2A). To study the correlation of lactate production and NLRP3 inflammasome activation, we analyzed the time point of nigericin-induced NLRP3 inflammasome activation by assessing IL-1β secretion in the presence or absence of GSK2837808A, 2DG, or the relevant solvent (Figure 2B). Nigericin started to induce IL-1β secretion at around 32 min, while the solvent control ethanol did not. Nigericin-induced IL-1β secretion was inhibited by GSK2837808A or 2DG, but not the relevant control DMSO or H2O. Upon nigericin stimulation, the induction of lactate production at 8 min was earlier than NLRP3 inflammasome activation at 32 min, suggesting that lactate production contributed to NLRP3 inflammasome activation. Therefore, we examined if lactate, the product of lactic acid fermentation, was induced upon NLRP3 inflammasome activation by measuring the extracellular and intracellular lactate concentrations in THP-1-derived macrophages. Consistent with the increase of ECAR by nigericin stimulation (Figure 2A), the levels of extracellular and intracellular lactate concentrations were increased by nigericin stimulation, compared with untreated control cells, but inhibited by GSK2837808A pretreatment (Figures 2C,D). As it was reported that lactate treatment can induce phosphorylation of PKR (19), which is a regulator of the NLRP3 inflammasome (20), we further examined if lactic acid fermentation regulates the NLRP3 inflammasome via PKR phosphorylation. As shown in Figure 2E, the levels of phosphorylated PKR were increased by nigericin stimulation but inhibited by GSK2837808A. These results suggest that lactic acid fermentation regulates NLRP3 inflammasome activation via lactate-dependent PKR phosphorylation. Therefore, we further examined whether PKR regulates activation of the NLRP3 inflammasome in our cell model. Pretreatment of PKR inhibitor C16 significantly reduced the secretion of IL-1β (Figure 2F) and the expression of active caspase-1 p20 and mature IL-1β p17 (Figure 2G) in THP-1-derived macrophages upon nigericin stimulation, suggesting that PKR contributes to activation of the NLRP3 inflammasome. Together with the previous results that lactate production regulated PKR phosphorylation (Figure 2E) and NLRP3 inflammasome activation (Figure 1D), it was suggested that lactate production regulated NLRP3 inflammasome activation through PKR signaling, at least partially.
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FIGURE 2. Inhibition of lactate dehydrogenase prevents lactate production and PKR phosphorylation upon NLRP3 inflammasome activation. (A) ECAR of THP-1-derived macrophages under sequential treatment (dotted vertical lines) with or without GSK2837808A and treated with or without nigericin. (B) IL-1β levels in the culture supernatant of THP-1-derived macrophages that had been pretreated with 2DG or GSK2837808A for 1 h, followed by stimulation with nigericin for 0 to 64 min. (C) The amount of extracellular lactate in the culture supernatant of THP-1-derived macrophages that had been pretreated with GSK2837808A for 1 h, followed by stimulation with nigericin for 45 min. (D) Lactate levels in the cell lysates of THP-1-derived macrophages that had been pretreated with GSK2837808A for 1 h, followed by stimulation with nigericin for 45 min. The lactate levels were calculated by normalization of lactate concentration with the protein levels of cell lysates. (E) Immunoblot analysis of phosphorylated PKR (p-PKR) in THP-1-derived macrophages that had been pretreated with GSK2837808A for 1 h, followed by stimulation with nigericin for 45 min. The relative amounts of p-PKR were calculated by normalization with total PKR, and the resulting values from the unstimulated control cells were set as 1.0. The densitometric analysis of p-PKR was shown in the right panel. (F) IL-1β levels in the culture supernatant of THP-1-derived macrophages that had been pretreated with C16 for 1 h, followed by stimulation with nigericin for 45 min. (G) Immunoblot analysis of NLRP3 inflammasome molecules in culture supernatants (SN) and cell lysates (CL) of THP-1-derived macrophages that had been treated with or without C16 for 1 h and then stimulated with nigericin for 45 min. The densitometric analysis of caspase-1 (p20) and IL-1β (p17) was shown in the bottom panel. *P < 0.05; **P < 0.01. All results are presented as the mean ± SD of the data from three independent experiments (n = 3 per group), and were analyzed with the ANOVA test followed by post hoc test.




Inhibition of the Pyruvate Oxidation Pathway Augments Lactate Production and Enhances NLRP3 Inflammasome Activation

Besides the conversion of pyruvate to lactate in cytoplasm, pyruvate can be transported to mitochondria by MPC and then converted into acetyl-CoA via pyruvate oxidation for pyruvate-driven respiration. MPC is composed of the MPC1/MPC2 heterodimer, which is responsible for transporting pyruvate into mitochondria (27). Here, we examined the role of MPC2 in NLRP3 inflammasome activation. During formation of the NLRP3 inflammasome complex, ASC molecules form a speck and oligomerize to recruit procaspase-1 prior to the activation of caspase-1. To quantify inflammasome formation in ASC speck-positive and -negative cells after stimulation, we carried out time-of-flight inflammasome evaluation analysis (24). In ASC-mCherry-expressing THP-1 cells treated with the NLRP3 agonist, nigericin, the percentage of ASC speck-containing cells was increased to 26.1%, compared with the 5.3% seen in untreated cells (Figure 3A, top). Notably, the level of MPC2 protein was 0.1-fold in ASC speck-containing cells relative to ASC speck-negative cells (Figure 3A, bottom). This suggests that there was a higher level of MPC2 protein in cells that failed to efficiently form the NLRP3 inflammasome complex. To evaluate whether MPC2 is involved in regulating the NLRP3 inflammasome activation, we analyzed changes in caspase-1 activation and IL-1β maturation in cells treated with nigericin. The levels of mature IL-1β p17 and active caspase-1 were increased in THP-1-derived macrophages treated with a MPC2-specific siRNA, compared with those treated with control siRNA (Figure 3B). As pyruvate oxidation is catalyzed by PDH, we further examined the role of PDH in NLRP3 inflammasome regulation. As shown in Figure 3C, the levels of mature IL-1β p17 and active caspase-1 were increased in THP-1-derived macrophages treated with a pyruvate dehydrogenase E1 subunit alpha 1 (PDHA1)-specific siRNA, compared with those treated with control siRNA. These results indicate that blocking the mitochondrial pyruvate metabolism pathway enhances activation of the NLRP3 inflammasome. We hypothesized that blocking of mitochondrial pyruvate metabolism enhanced NLRP3 inflammasome activation through altered pyruvate utilization in the cytoplasm. Thus, we assessed the effect of MPC2 knockdown on lactic acid fermentation by measuring ECAR. We found that the ECAR value increase by nigericin was further increased in THP-1-derived macrophages treated with MPC2 siRNA, compared with control siRNA (Figure 3D). These results suggest that inhibition of pyruvate oxidation pathway augments lactate production and thereby enhances NLRP3 inflammasome activation.
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FIGURE 3. Inhibition of the pyruvate oxidation pathway augments lactate production and enhances NLRP3 inflammasome activation. (A) ASC-mCherry-expressing THP-1-derived macrophages were treated with nigericin for 1 h, ASC speck-containing cells were isolated by flow cytometry. Low and high ASC-W:ASC-A profiles were used, respectively, to indicate ASC speck-positive and -negative cells, and immunoblot was performed using anti-MPC2 and anti-GAPDH antibodies. The densitometric analysis of MPC2 was shown in the bottom panel. Results were analyzed with the Student's t-test. (B) Immunoblot analysis of NLRP3 inflammasome molecules in cell supernatants and cell lysates of THP-1-derived macrophages treated with MPC2- or negative control siRNA, and then stimulated with nigericin for 45 min. The densitometric analysis of caspase-1 (p20) and IL-1β (p17) was shown in the right panel. (C) Immunoblot analysis of NLRP3 inflammasome molecules in cell supernatants and cell lysates of THP-1-derived macrophages treated with PDHA1- or negative control siRNA, and then stimulated with nigericin for 45 min. The densitometric analysis of caspase-1 (p20) and IL-1β (p17) was shown in the right panel. (D) ECAR of THP-1-derived macrophages that had been pretreated with or without MPC2- or negative control siRNA, following stimulation with or without nigericin (dotted vertical lines). All results are presented as the mean ± SD of data from three independent experiments (n = 3 per group). Except for results of (A), all results were analyzed with the ANOVA test followed by post hoc test. *P < 0.05.




Inhibition of Lactic Acid Fermentation Does Not Prevent ROS Production and Potassium Efflux Upon NLRP3 Inflammasome Activation

Production of mtROS, the by-products of mitochondrial respiration, is one of the common signals of NLRP3 inflammasome activation (13–15). As pyruvate is a key metabolite that feeds into mitochondria, we assessed if pyruvate oxidation instead for lactic acid fermentation affected NLRP3 inflammasome through respiration and ROS production. To examine the change of lactic acid fermentation in activation of respiration, we inhibited lactic acid fermentation in macrophages using GSK2837808A. Mitochondrial respiration rate as reflected by OCR was activated in nigericin-treated cells, compared with untreated control cells, but was not affected by pretreatment with GSK2837808A (Figure 4A). Next, we examined whether lactic acid fermentation might affect production of mtROS or cellular ROS in THP-1-derived macrophages. In response to the NLRP3 activator, nigericin, the levels of mtROS (Figure 4B) and intracellular ROS (Figure 4C) were increased. However, unexpectedly, production of neither mtROS nor intracellular ROS was preventable by GSK2837808A pretreatment. In addition to ROS production, potassium efflux is a common trigger of NLRP3 inflammasome activation (4, 13). We examined whether lactic acid fermentation might affect potassium efflux in THP-1-derived macrophages. In response to nigericin stimulation, the levels of intracellular potassium ion were decreased, which was not preventable by GSK2837808A pretreatment (Figure 4D).


[image: Figure 4]
FIGURE 4. Effect of lactate dehydrogenase inhibition on ROS production and potassium efflux upon NLRP3 inflammasome activation. (A) OCR of THP-1-derived macrophages under sequential treatment with or without GSK2837808A and/or nigericin as indicated by dotted vertical lines. (B, C) Flow cytometry analysis of mitochondrial ROS production (B) and intracellular ROS production (C) in THP-1-derived macrophages pretreated with GSK2837808A for 1 h and then stimulated with nigericin for 30 min. (D) Flow cytometry analysis of intracellular potassium ion concentration by using APG-4 in THP-1-derived macrophages that had been pretreated with GSK2837808A for 1 h, followed by stimulation with nigericin for 30 min. *P < 0.05; **P < 0.01. All results are presented as the mean ± SD of data from three independent experiments (n = 3 per group), and were analyzed with the ANOVA test followed by post hoc test.




Inhibition of Lactic Acid Fermentation Protects Mice From MSU-Induced Peritonitis

To determine the biological significance of lactic acid fermentation effects on NLRP3 inflammasome activation in vivo, we analyzed an indicator of inflammation – the recruitment of inflammatory cells into the peritoneal cavity—following intraperitoneal injection of mice with MSU (Figure 5A) (28). We examined if treatment with GSK2837808A can inhibit MSU-induced NLRP3 inflammasome activation in vitro (Figure 1C) and in vivo. MSU induced the production of IL-1β (Figure 5B) and the recruitment of neutrophils (Figure 5C) to the peritoneal cavity, which was efficiently inhibited by GSK2837808A pretreatment.


[image: Figure 5]
FIGURE 5. Protective effect of GSK2837808A on MSU-induced peritonitis. (A) Schematic presentation of MSU-induced peritonitis in mice. (B) Determination by ELISA of IL-1β in the peritonea of mice treated for 4 h with intraperitoneal injection of MSU in the presence or absence of GSK2837808A. (C) Absolute number of CD45+/CD11b+/Ly6G+ neutrophils in the peritonea of mice treated for 4 h with intraperitoneal injection of MSU in the presence or absence of GSK2837808A. Each symbol represents an individual mouse (n = 5 per group); small horizontal lines indicate the mean ± SD of the data from two independent experiments. All results were analyzed with the ANOVA test followed by post hoc test. **P < 0.01.





DISCUSSION

Activation of the NLRP3 inflammasomes is critical for immune defense. However, improper and excessive activation of NLRP3 inflammasome can lead to inflammatory disease. Much remains to be learned regarding the mechanisms that restrain inflammasome activation under normal conditions. Based on the results obtained in this study, we have proposed a mechanism of lactic acid fermentation-dependent activation of the NLRP3 inflammasome (Figure 6). In response to NLRP3 inflammasome agonist stimulation, lactic acid fermentation is increased and contributes to lactate production, which induces PKR phosphorylation and thereby activates the NLRP3 inflammasome. In addition, pyruvate oxidation also plays a role in NLRP3 inflammasome activation. Inhibition of pyruvate oxidation reprograms pyruvate metabolism from mitochondrial pyruvate-driven respiration to cytoplasmic lactic acid fermentation and thus enhances NLRP3 inflammasome activation.


[image: Figure 6]
FIGURE 6. Model for lactic acid fermentation-dependent activation of the NLRP3 inflammasome. Upon stimulation with NLRP3 inflammasome agonist, HK-dependent glycolysis is activated and contributes to NLRP3 inflammasome activation. Based on the results obtained in this study, we propose that lactic acid fermentation following glycolytic flux is required for NLRP3 inflammasome activation, whereas pyruvate oxidation is not. By contrast, downregulation of lactic acid fermentation by 2DG or GSK2837808A inhibits lactate-dependent phosphorylation of PKR and consequently prevents NLRP3 inflammasome activation, IL-1β secretion, and inflammation. Although pyruvate oxidation converts pyruvate into acetyl-CoA, which is important for fueling respiration, inhibition of pyruvate oxidation by depletion of either MPC or PDH reprograms pyruvate metabolism from mitochondrial pyruvate-driven respiration to cytoplasmic lactic acid fermentation, and subsequently enhances activation of the NLRP3 inflammasome.


Previously, we revealed that Cbl negatively regulates NLRP3 inflammasome activation through inhibition of phosphorylated Pyk2 (p-Pyk2)-regulated ASC oligomerization (21, 29) and inhibition of glucose transporter 1 (GLUT1)-regulated glucose utilization (17). Cbl reduces the level of p-Pyk2 through ubiquitination-mediated proteasomal degradation. Since p-Pyk2-phosphorylated ASC is required for ASC oligomerization, downregulation of p-Pyk2 inhibits NLRP3 inflammasome activation (29). In addition to p-Pyk2, Cbl reduces the level of GLUT1, which contributes to glucose uptake and increased glucose utilization in macrophages (30). Inhibiting Cbl increases the surface expression of GLUT1 protein, which increases cellular glucose uptake and consequently raises glycolytic capacity, and in turn enhances NLRP3 inflammasome activation (17). In this study, we further showed that lactic acid fermentation following glycolysis was required for NLRP3 inflammasome activation (Figure 1). Since phosphorylation of PKR was required for NLRP3 inflammasome activation (20), lactate-dependent PKR phosphorylation was responsible for glycolysis-regulated activation of the NLRP3 inflammasome (Figure 2E), but mtROS production was not sufficient (Figure 4B). Consistent with our findings, lactate treatment was shown to increase the expression level of phosphorylated PKR (19). In addition to lactic acid fermentation, pyruvate-driven respiration was activated upon NLRP3 inflammasome activation and it may contribute to mtROS production (17). MtROS is one of the common triggers of the NLRP3 inflammasome (13). Downregulation of glycolysis by HK1 inhibition inhibited mtROS production (18), suggesting that pyruvate oxidation or pyruvate-driven respiration may contribute to NLRP3 inflammasome activation. Thus, unexpectedly, downregulation of mitochondrial pyruvate transport or pyruvate oxidation resulted in an increase in NLRP3 inflammasome activation (Figures 3B,C), which was accompanied by an increase in lactic acid fermentation (Figure 3D). Consistent with our findings, genetic inhibition of MPC1 or MPC2 resulted in a phenotype consistent with a defect in pyruvate transport including lactic acidosis and diminished acetyl-CoA formation and pyruvate-driven mitochondrial respiration (31–33). Inhibition of pyruvate oxidation reprogrammed pyruvate metabolism from mitochondrial pyruvate-driven respiration to cytoplasmic lactic acid fermentation and further activates the regulator of NLRP3 inflammasome activation, lactate-dependent PKR phosphorylation. Together, the findings of this study support that Cbl is a master regulator of NLRP3 inflammasomes. Cbl can inhibit the NLRP3 inflammasomes through two pathways, by inhibition of p-Pyk2-regulated ASC oligomerization and inhibition of GLUT1-regulated lactic acid fermentation.

Increasing evidence suggests that improper activation of the NLRP3 inflammasome is responsible for the pathogenesis of several glucose metabolism-associated diseases such as type 2 diabetes (6) and cancer (12). Diabetes is one of an array of metabolic disorders characterized by high blood glucose. The NLRP3 inflammasome was suggested to play an important role in the pathogenesis of type 2 diabetes, since NLRP3 knockout mice showed improved glucose tolerance and insulin sensitivity (34). High glucose concentration induced NLRP3-dependent IL-1β secretion from pancreatic islet cells, suggesting that it may cause NLRP3 inflammasome activation in islet cells, which leads to the loss of insulin-producing islet cells through pyroptotic cell death and finally contributes to the pathogenesis of diabetes (34). In addition, upregulated NLRP3 inflammasome activation was observed in macrophages from patients with type 2 diabetes (6). Consistent with previous studies, our findings have substantiated the notion that glucose metabolism is important for activation of the NLRP3 inflammasome.

In addition to diabetes, glycolysis is also important for cancer development. The Warburg effect, a hallmark of cancer cells, exhibits high glucose uptake and excessive lactate formation even when the supply of oxygen is sufficient (35). Increasing evidence shows that the NLRP3 inflammasome is involved in carcinogenesis of breast, colon, lung, skin, prostate, pancreas, and stomach cancers (36). Our previous study showed that the NLRP3 inflammasome is highly expressed in nasopharyngeal carcinoma (23) and oral cavity squamous cell carcinoma (37). In a mouse model of breast cancer, either knockout of NLRP3, caspase-1, or IL-1β, or blocking of IL-1β reduces tumor growth (38, 39). In a patient with breast cancer, the expression of NLRP3 protein in the tumor-associated macrophages is correlated with lymphangiogenesis and metastasis (40). Since the Warburg effect is a hallmark of cancer, lactic acid fermentation in cancer cells probably contributes to carcinogenesis through NLRP3 inflammasome activation. In addition, lactic acid is exported into the extracellular environment via monocarboxylate transporters (MCTs) (41), which strongly inhibit T cell mediated anti-tumor immune responses (42, 43). Inhibition of lactic acid fermentation may inhibit tumor growth through inhibition of the NLRP3 inflammasome activation or restoration of T cell-mediated antitumor immunity. In agreement with our suggestion, GSK2837808A treatment inhibited tumor growth in hypoxic conditions (44) and thus improved the efficacy of adoptive T cell therapy (45).

In summary, we propose a model for lactic acid fermentation-dependent activation of the NLRP3 inflammasome. We discovered that lactic acid fermentation following glycolytic flux is important for NLRP3 inflammasome activation, but pyruvate oxidation pathway following glycolytic flux is not. Lactate-dependent PKR phosphorylation may thus be responsible for the observation that glycolysis regulates NLRP3 inflammasome activation. Inhibition of pyruvate oxidation reprograms pyruvate metabolism from pyruvate-driven mitochondrial respiration to cytoplasmic lactic acid fermentation and consequently enhances NLRP3 inflammasome activation. Reprograming pyruvate metabolism in mitochondria and in the cytoplasm may thus be a novel strategy for treatment of NLRP3 inflammasome -associated inflammatory diseases.
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In tropical and subtropical regions, mosquito-borne dengue virus (DENV) infections can lead to severe dengue, also known as dengue hemorrhage fever, which causes bleeding, thrombocytopenia, and blood plasma leakage and increases mortality. Although DENV-induced platelet cell death was linked to disease severity, the role of responsible viral factors and the elicitation mechanism of abnormal platelet activation and cell death remain unclear. DENV and virion-surface envelope protein domain III (EIII), a cellular binding moiety of the virus particle, highly increase during the viremia stage. Our previous report suggested that exposure to such viremia EIII levels can lead to cell death of endothelial cells, neutrophils, and megakaryocytes. Here we found that both DENV and EIII could induce abnormal platelet activation and predominantly necrotic cell death pyroptosis. Blockages of EIII-induced platelet signaling using the competitive inhibitor chondroitin sulfate B or selective Nlrp3 inflammasome inhibitors OLT1177 and Z-WHED-FMK markedly ameliorated DENV- and EIII-induced thrombocytopenia, platelet activation, and cell death. These results suggest that EIII could be considered as a virulence factor of DENV, and that Nlrp3 inflammasome is a feasible target for developing therapeutic approaches against dengue-induced platelet defects.
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Introduction

Dengue, caused by dengue virus (DENV), is a commonly observed mosquito-borne infectious disease in the tropical and subtropical areas of the world (1, 2). Currently, no specific antiviral treatment and reliable vaccine are available against dengue (3–8). Over half of the global population lives in areas with DENV infection risk, resulting in 96 million patients with symptomatic dengue every year (9). The primary infection of DENV is a self-limiting dengue fever (DF), whereas secondary infections are epidemiologically associated with an increased risk of life-threatening severe dengue [also known as dengue hemorrhage fever (DHF)]. Thrombocytopenia and platelet defects are the frequently observed symptoms in both primary and secondary dengue infection; however, the responsible pathogenic factor remains unclear. Here we hypothesize that the DENV envelope protein (E) domain III (EIII) can be one of the viral factors responsible for pathological changes in platelets.

The DENV EIII is an Ig-like domain involved in host cell receptor binding for viral entry (10). However, whether cellular signaling occurs after EIII binds to target cells remains unclear. Pieces of evidence have shown that DENV-induces activation of inflammasome complexes (11, 12). Our previous study revealed that challenges with the DHF-viral-load-equivalent levels of EIII can induce cell death in endothelial cells (13) and neutrophils (14), and suppress megakaryopoiesis through autophagy impairment and apoptosis (15). These results suggest that EIII binding to platelets could be cytotoxic, particularly when circulating virion-surface EIII reaches the peak of the viremia stage. In addition, because gene deficiencies in Nlrp3 inflammasome components display protective effects on the hemorrhage fever mouse model (13, 16), we further investigated whether Nlrp3 inflammasome contributes to EIII-induced platelet defects. In this study, EIII treatments directly caused the activation and death of platelets in vitro and thrombocytopenia in mice. Intriguingly, pyroptosis is the major regulated cell death (RCD) pathway of DENV- and EIII-treated platelets. In addition, treatment with the Nlrp3 inflammasome selective inhibitors OLT1177 and Z-WHED-FMK markedly ameliorated DENV- and EIII-induced platelet defects in vitro and in vivo, suggesting that the Nlrp3 inflammasome can be a feasible target for treating dengue-associated thrombocytopenia and platelet defects. Related implications and applications are discussed.



Materials and Methods


DENV, Recombinant Protein, and Antibodies

The soluble recombinant proteins DENV EIII (rEIII), non-structural protein 1 (rNS1) and glutathione-S transferase (rGST), and DENV-2 virus particle (strain PL046) were obtained using previously described methods (15–19). DENV-EIII DNA (plasmid DENV-2EIII/pET21b; amino acids 578–674) was kindly provided by Prof. Yi-Ling Lin (Institute of Biomedical Sciences, Academia Sinica, Taiwan). The rEIII protein was obtained using nickel-nitrilotriacetic acid metal-affinity chromatography (Qiagen, Qiagen Taiwan, Taipei, Taiwan). To the column washing buffer (8 M urea, 100 mM NaH2PO4, and 10 mM Tris–HCl; pH = 6.3), 1% Triton X-114 (Sigma–Aldrich (20); was added to remove the endotoxin (lipopolysaccharide; LPS) to a desired level (<1 EU/mg protein). As previously described (15), rNS1 and rEIII were eluted with a buffer (8 M urea, 100 mM NaH2PO4, and 10 mM Tris–HCl; pH = 4.5) and refolded using a linear 4–0 M urea gradient in a dialysis buffer (2 mM reduced glutathione, 0.2 mM oxidized glutathione, 80 mM glycine, 1 mM ethylenediaminetetraacetic acid, 50 mM Tris–HCl, 50 mM NaCl, and 0.1 mM phenylmethylsulfonyl fluoride) at 4°C for 2–3 h. The rEIII protein was purified to approximately 90% (Figure S1). Using flow cytometry, the proper folding of EIII, which enables its platelet-binding properties, was double checked through comparisons to heat-inactivated control proteins (Figure S2). The Limulus Amoebocyte Lysate QCL-1000 kit (Lonza, Walkersville, MD, USA) (19, 21, 22) was used to measure and monitor the remaining LPS levels of each purification batch of recombinant proteins, and batches with an LPS contamination level of <1 EU/mg of protein were used. Other recombinant DENV-2 envelope protein fragments used in platelet-binding experiments (45 kDa domains I + II + III, 32 kDa domains I + II, and 25 kDa domains II c-terminal + III) were purchased from ProSpec-Tany TechnoGene (Ness-Ziona, Israel). The anti-EIII sera were obtained after the third immunization cycle. The IgG fractions were obtained and purified using a protein-A column attached to a peristaltic pump (Amersham Biosciences, flow rate of 0.5–1 ml min−1) and were subsequently washed and eluted (16). For competition between rEIII- and rNS1-platelet binding, the following recombinant proteins were used, recombinant mouse C-type lectin domain family 5 member A (CLEC5A), mouse CD42b/GPIb α, human TLR4 (R&D Systems).



Experimental Mice

Wild-type C57BL/6J mice aged 8–12 weeks were purchased from the National Laboratory Animal Center (Taipei, Taiwan) (17, 23–27). Genetically deficient mice with a C57BL/6J background, including Nlrp3−/− and Casp1−/−, were obtained from the Centre National de Recherche Scientifique (Orléans, France) (16, 28). All animals were housed in the Animal Center of Tzu-Chi University in a specific pathogen-free temperature- and light-controlled environment with free access to filtered water and food. All genetic knockout strains were backcrossed with wild-type C57Bl/6J mice for at least six generations.



Ethics Statement

Animal experiments in this study were conducted in agreement with the National (Taiwan Animal Protection Act, 2008) directive for the protection of laboratory animals. All experimental protocols for examining experimental animals were approved by the Animal Care and Use Committee of Tzu-Chi University, Hualien, Taiwan (approval ID: 101019).



Blood and Platelet Isolation and Parameter Analyses

Mouse blood samples were collected through the retro-orbital venous plexus technique by using plain capillary tubes (Thermo Fisher Scientific, Waltham, MA, USA) and were transferred into polypropylene tubes containing anticoagulant acid-citrate-dextrose solution (38 mM citric acid, 75 mM sodium citrate, and 100 mM dextrose) (29, 30). Washed platelets were prepared as previously described (31, 32). Platelet-poor plasma was prepared through centrifugation at 1,500 × g for 20 min. Platelet-poor plasma was centrifuged again for 3 min at 15,000 × g to remove contaminant cells from the plasma. According to manufacturer’s instructions, the activated partial thromboplastin time (aPTT) experiment was performed using a coagulometer (ACL-Futura Plus, Instrumentation Laboratory, Milan, Italy; (29, 33). The red blood cell and platelet counts of mice were measured using a hematology analyzer (KX-21N; Sysmex, Kobe, Japan) (26).



Analyses of Platelet Response on Viral-Protein Exposure

To analyze the binding properties of rEIII proteins on platelets, rEIII proteins (laboratory-prepared 20-kDa domain III, 45-kDa domains I + II + III, 32-kDa domains I + II, and 25-kDa domains II c-terminal + III purchased from ProSpec-Tany TechnoGene) were conjugated with biotin by using an EZ-Link™ Sulfo-NHS-Biotinylation kit (Thermo Fisher Scientific). The levels of biotin-labeled rEIII proteins bound to mouse platelets (50 μg/ml protein + 1 × 107 platelets/ml in Tyrodes buffer for 30 min) were determined through flow cytometry by using PE/Cy5 avidin (Biolegend, San Diego, CA, USA) staining. The rEIII-competitive inhibitor chondroitin sulfate B (CSB, 10 µg/ml; Sigma-Aldrich, St. Louis, MO, USA) was used to suppress rEIII-induced platelet activation. The fluorescence intensities of rEIII-bound platelets were analyzed using a fluorescent microplate reader (Varioskan™ Flash Multimode reader; Thermo Fisher Scientific) (26, 29) at Excitation/Emission spectrum = 480/530 nm. A flow cytometer (FACScalibur, BD Biosciences) (29, 30) was used for analyzing platelet surface P-selectin expression and biotin-rEIII binding by using anti-mouse P-selectin Ig-phycoerythrin (PE; eBioscience, Thermo Fisher Scientific) and biotin-conjugated rEIII, followed by avidin-PE/Cy5 (Biolegend) labeling. Scanning electron microscopy analysis for platelet morphology was conducted as previously described (31). The washed mouse platelets were incubated for 15 min under coverslips coated with various amounts of rEIII or rGST. After washing with phosphate-buffered saline (PBS), these cells were fixed with glutaraldehyde and subjected to a series of alcohol dehydrations, critical point drying procedures, and gold coating. The platelet morphology of the cells was then observed under a scanning electron microscope at 15 kV (Hitachi S-4700, Hitachi, Japan). Morphological scoring and quantification of platelet activation levels were conducted using previously described methods (34). Six different areas were randomly selected for photography at each magnification for quantitative analyses. Mouse bleeding time was measured 24 h after rEIII injections with or without CSB rescues (0.5 mg/kg).



Platelet Cell Death and Mitochondrial Analyses

To analyze DENV- or rEIII-induced platelet cell death, washed mouse platelets were incubated with DENV or rEIII for 1 h and then subjected to flow cytometry analyses after washing with PBS. Various RCD responses, namely including apoptosis (CaspGLOWTM Red Active Caspase-3 Staining Kit, BioVision, Milpitas, CA, USA), autophagy (Cyto-ID™ Autophagy Detection Kit, Enzo Life Sciences, Farmingdale, NY, USA), ferroptosis (C11 BODIPY 581/591, Cayman Chemical, Ann Arbor, MI, USA), necroptosis (RIP3/B-2 alexa Fluor 488, Santa Cruz Biotechnology, Santa Cruz, CA, USA), pyroptosis [Caspase-1 Assay, Green-Fluorochrome-Labeled Inhibitors of Caspases (FLICA), ImmunoChemistry Technologies, MI, USA; Caspase-1 Colorimetric Assay Kit, BioVision, Milpitas, CA, USA; flow cytometry, antibody against gasdermin D (GSDMD), Abcam, Cambridge, UK], and live/dead cell labeling (Zombie NIR™ Fixable Viability Kit, Biolegend), cell death detection [Lactate Dehydrogenase (LDH) Assay Colorimetric Kit, Abcam], were analyzed using respective cell labeling reagents (30 min in PBS). Treatments (1 h) of cell death inducers were used as positive controls for various types of RCD [apoptosis: doxorubicin, 2.5 μg/ml, Nang Kuang Pharmaceutical, Taipei, Taiwan; autophagy: rapamycin, 250 nM, Sigma–Aldrich; ferroptosis: erastin, 10 μM, Cayman Chemical; necroptosis: tumor necrosis factor alpha (TNF-α), 2 ng/ml, Biolegend; pyroptosis: nigericin, 3.5 μM, ImmunoChemistry Technologies, Minnesota, USA; 30 min in PBS]. Inhibitors were used to address the involvement of specific RCD pathways [apoptosis: Z-DEVD-FMK, 10 μM, R&D Systems, Indianapolis, IN, USA; autophagy: chloroquine diphosphate, 60 μM, Sigma–Aldrich; ferroptosis: ferrostatin-1, 2.5 μM, Cayman Chemical; necroptosis: necrostatin-1, 50 μM, Cayman Chemical; pyroptosis: Z-WHED-FMK, 10 μM, R&D Systems, dimethyl fumarate (DMF), 50 μM, Sigma–Aldrich; inflammasome: OLT1177, 10 μM, Cayman Chemical; 1 h pretreatments before addition of rEIII, and cell-death inducers]. To analyze the induction of mitochondrial superoxide, MitoSOX™ Red mitochondrial superoxide indicator was used (Thermo Fisher Scientific; 30 min in PBS). Levels of interleukin (IL)-1β were determined through enzyme-linked immunosorbent assay (ELISA) (Biolegend) 30 min after rEIII treatments.



Western Blotting

Western blotting analysis was performed following previously described methods (28, 35–38). A mini trans-blot electrophoretic transfer cell, a vertical electrophoresis gel tank, and a power pac 200 electrophoresis power supply (Bio-Rad Laboratories, Hercules, CA, USA) were used to separate and transfer the platelet protein samples to a polyvinylidene fluoride membrane (Immobilon-P, 0.45 µm, Merck Millipore, Burlington, MA, USA). Pre-stained protein ladders (PageRuler, Thermo Fisher Scientific) and an antibody against GSDMD (Abcam) were used to mark the molecular weight position and to stain the GSDMD, respectively. The intensities of Western-blotting image were measured using ImageJ software (version 1.32; National Institutes of Health, USA).



Statistical Analyses

Using SigmaPlot 10 (Systat Software, San Jose, CA, USA) and SPSS 17 software packages (International Business Machines Corporation, Armonk, NY, USA), the means, standard deviations, and statistics of quantifiable data presented in this report were calculated. Using one-way analysis of variance and the post-hoc Bonferroni-corrected t test, the significance of data was examined. The probability of type-1 error α = 0.05 was set as the threshold of statistical significance.




Results


Soluble Recombinant EIII Protein Binds to Platelets and Induces Coagulation Defects, Platelet Activation, and Thrombocytopenia in Mice

Soluble recombinant EIII (rEIII; Figure S1) can bind to and suppress the function of megakaryocytes (15). As the precursor cells of platelets, megakaryocytes express various platelet surface proteins (39). In this study, flow cytometry analysis results revealed that biotinylated DENV and various recombinant E fragments (domains I + II, II + III, and full length) could bind to platelets (Figure 1 and Figure S2). Probably because of the protein folding structure, among all rE protein fragments, rEIII displayed the strongest platelet-binding property (Figure 1). The binding of both DENV and rEIII to platelets could be suppressed by neutralizing Igs against rEIII (Figure S3), indicating that rEIII and DENV share common and functional platelet-binding epitopes. Recombinant EIII bound to mouse platelets in a dose-dependent manner (Figures S4A–D). Compared with the negative control recombinant proteins (glutathione-S transferase and isotype control Ig), rEIII induced markedly higher levels of surface expression of P-selectin (Figures S4E–H, S5), which is a marker of platelet activation (18, 40). In addition, platelets preferentially bound to rEIII-coated but not rGST-coated cover slides, with higher percentages of activation-associated morphologies (Figures S4I–P). Mouse experiments further revealed that similar to challenges with DENV, injections of rEIII but not those of rGST induced thrombocytopenia and shortened plasma clotting time in vivo (Figure 2). These results suggest that exposure of DENV and virion-surface EIII to platelets and plasma is sufficient, leading to an abnormal coagulation response.




Figure 1 | Platelet-binding property of DENV and different recombinant DENV envelope protein (rE) fragments. Flow cytometry analysis of the platelet-binding properties of biotinylated DENV and recombinant DENV envelope proteins (rEs) through PE/Cy5-avidin labeling. (A) Platelet PE/Cy5-avidin binding signal served as the background level. The respective blots and histograms on the platelet-binding of (B) DENV, (C) rE (domain III), (D) rE (domain I + II + III), (E) rE (domain I + II), and (F) rE (domain II + III) were indicated, and (G) quantified. n = 6, *P < 0.05, **P < 0.01 vs. avidin groups; ##P < 0.01 vs. rEIII groups. DENV2 PL046 viral particles were used in this and the following figures.






Figure 2 | Challenges of rEIII-induced thrombocytopenia and hypercoagulation in mice. (A) Experiment outline. (B) RBC counts, (C) platelet counts, and (D) aPTT measures 1-3 d after mice were exposed to DENV particles (1.2 × 107 PFU/kg; approximately 3 × 105 PFU/25 g mouse) and rEIII (2 mg/kg). Compared with rGST treatments, injections of both DENV and rEIII induced (C) thrombocytopenia and (D) hypercoagulation (shortened aPTT plasma clotting time) in mice. *P < 0.05, **P < 0.01 vs. respective rGST groups; n = 6 (three experiments with two mice per group). The mouse drawing used in this and following figures was originally published in the Blood journal: Huang, H. S., Sun, D. S., Lien, T. S. and Chang, H. H. Dendritic cells modulate platelet activity in IVIg-mediated amelioration of ITP in mice. Blood, 2010; 116: 5002–5009. © the American Society of Hematology.





Treatment With rEIII Abnormally Affect Plasma Clotting Time: Implications on Hemorrhage

In addition to platelets, rEIII can affect plasma clotting time because rEIII is a glycosaminoglycan (GAG)-binding protein. Experiments on aPTT revealed that because of the neutralizing effect on heparin, the addition of the heparin-binding proteins rEIII and protamine but not that of the control proteins, rGST and bovine serum albumin shortened heparinized aPTT plasma clotting time (Figures S6A, B). In addition to heparin, EIII binds to other GAGs (10), which may be used as antidotes to suppress any interaction between rEIII and heparin or the cell surface glycoprotein (10). Using this GAG binding property of EIII, here we developed aPTT-based assays for (I) screening selective rEIII-binding GAGs and (II) determining viremia equivalent doses of EIII. These two technologies (I and II) are useful for the EIII characterizations, while not relevant to the dengue pathogenesis. First, among the tested GAGs, we found that CSB most effectively blocked rEIII–heparin and rEIII–platelet binding (Figures S6C, D, S7). Second, based on this aPTT-based functional analysis, we measured and compared the heparin-binding properties of DENV and rEIII (Figure S8). For example, 0.3–1.2 μM of rEIII, cell-activating and cytotoxic dose for platelets (Figures 3–6) was estimated to be functionally equivalent to a virion titer within a previously published DHF viral load (41) range (Figure S8). Mouse experiments further revealed that CSB treatment not only inhibited rEIII–platelet binding in vitro but also ameliorated rEIII-induced thrombocytopenia and rEIII-prolonged bleeding time in mice (Figure S6).




Figure 3 | DENV- and rEIII-induced RCD in platelets. (A) Washed mouse platelets treated with vehicle and various doses of DENV and rEIII; the live and dead cell populations were estimated using Zombie-NIR Kit labeling and flow cytometry analysis. [rEIII: 1× = 0.3 μM, 2× = 0.6 μM, 4× = 1.2 μM; DENV e(rEIII 1×) is a DENV level equivalent to 0.3 μM rEIII, as indicated by the methods described in Figure S8]. (B) RCD inducers, doxorubicin (DOX; apoptosis) (2.5 μg/ml), rapamycin (autophagy) (0.5 μM), erastin (ferroptosis) (10 μM), TNF-α (necroptosis) (2.5 ng/ml), and nigericin (pyroptosis) (3.5 μM) induced relatively simple RCD patterns. By contrast, DENV and rEIII induced multiple RCD pathways, in which pyroptosis is the major RCD response, with counts approximately 60% of total RCD (B). If we normalize the respective RCD by the population of death cells (dead cell population normalized to 100%), we can obtained a more similar RCD pattern in DENV and rEIII groups (C). *P < 0.05, **P < 0.01 vs. vehicle groups.





Pyroptosis Is a Major Cell Death Pathway of Platelets Treated With DENV and rEIII

After the characterization of EIII-mediated effects on platelet binding and plasma clotting, we further investigated whether rEIII treatment is sufficient for inducing platelet cell death. Annexin V and caspase results suggested the involvement of platelet apoptosis in DENV-induced pathogenesis and its association with disease severity (42–44). Because annexin V and caspase signals can be detected in both apoptotic and non-apoptotic cell death (45–49), we investigated whether non-apoptotic, regulated cell death (RCD) pathways are also involved in DENV- and rEIII-induced platelet death. Accordingly, RCD pathways, including pyroptosis, necroptosis, ferroptosis, apoptosis, and autophagy were analyzed using flow cytometry analysis. Here we found that in agreement with platelet activation data (Figures 1 and S3–S5), treatments with DENV and rEIII induced platelet cell death in a dose-dependent manner (Figure 3A). Various cell death inducers, including nigericin (pyroptosis), doxorubicin (apoptosis), rapamycin (autophagy), TNF-α (necroptosis), and erastin (ferroptosis) roughly induced the respective cell death pathway of tested platelets (Figure 3B, RCD % of total cells; 3C, RCD % of total dead cells; Figure S9, flow cytometry gating and calculations) (13, 14). Intriguingly, when compared with these cell-death agonists, treatments with DENV and rEIII induced considerable pyroptosis, necroptosis, and ferroptosis responses of platelets but only minor levels of apoptosis (Figures 3B, C). In addition, cell death patterns were similar in DENV- and rEIII-treated groups in which pyroptosis displayed the highest levels in both groups among all tested RCD pathways (Figure 3C; >60%), suggesting that DENV-induced RCD is mediated through EIII moieties on virus particles. In addition, treatment with selective inhibitors of pyroptosis and necroptosis exerted ameliorative effects against DENV- and rEIII-induced platelet cell death (Figure S10) and further showed the involvement of these two major RCD pathways. Accordingly, the Nlrp3 inhibitor OLT1177 and the inflammasome/caspase1 inhibitor Z-WHED-FMK were used to further characterize whether Nlrp3 inflammasome is involved in such pyroptosis response. Analysis results indicated that both Nlrp3 (OLT1177) and inflammasome/caspase 1 inhibitor (Z-WHED-FMK) treatments reduced total platelet death (Figures 4A, B), in which almost all types of RCDs seem to be suppressed (Figures 4B, C, F, G, J, K). While intriguingly, if we normalized various RCD cell population with the respective dead cell population (dead cell of each group normalized to 100%), (Figures 4D, E, H, I, L, M) we found that inhibitors of OLT1177 and Z-WHED-FMK preferentially suppressed pyroptosis (Figure 4E), but not the other RCD pathways of platelets (Figures 4H, I, L, M). To verify these pyroptosis results using different methods, we performed additional caspase-1 colorimetric assay, detections of cleaved GSDMD and cell-surface GSDMD levels, and the releases of IL-1β and LDH. Consistently, inflammasome inhibitors Z-WHED-FMK, OLT1177, and pyroptosis/GSDMD inhibitor DMF (14, 50) markedly rescued rEIII-induced pyroptosis and damages of platelets (Figures S11, S12). These results collectively suggest that EIII induced an Nlrp3 inflammasome-dependent pyroptosis in platelets.




Figure 4 | Treatment with Nlrp3-inflammasome inhibitors protects wild type (WT) mouse platelets (PLT) from DENV- (equivalent to 0.6 μM rEIII) and rEIII (0.6 μM)-induced pyroptosis. Treatment with Nlrp3 inhibitor OLT1177 (100 μM) and caspase 1 inhibitor Z-WHED-FMK (100 μM) rescued rEIII-induced platelet cell death (A). Treatments with both OLT1177 and Z-WHED-FMK rescued % of RCDs (B, C, F, G, J, K). Intriguingly, if we normalize the respective RCD % by the population of death cells (D; dead cell population normalized to 100%), we found that OLT1177 and Z-WHED-FMK preferentially rescued (E) pyroptosis, (H, I, L, M) but not the other tested RCDs. n = 6, *P < 0.05, **P < 0.01 vs. vehicle groups.



In addition to EIII, soluble DENV NS1 levels also markedly increased in the circulation of DHF patients (51). Because DENV NS1 can activate inflammation through Toll-like receptor 4 (TLR4), NS1 is considered as one of the viral factors on the induction of dengue associated inflammation (52–54). Flow cytometry and platelet count analyses revealed that rEIII induced more pronounced platelet cell death, pyroptosis levels, and severer thrombocytopenia in mice, as compared to the rNS1 treatments (Figure S13). This suggests that, compared to NS1, EIII may be a more potent viral factor on the induction of platelet damage.

In addition to the use of Nlrp3 inhibitors, Nlrp3 and caspase 1 null mice were compared with wild-type mice. In agreement with inhibitor experiments, intravenous rEIII injections induced more pronounced platelet count reduction (Figure S14) and platelet activation (Figure S15) in wild type, compared to the Nlrp3 and caspase 1 mutant mice. Furthermore, we found that Nlrp3 and caspase 1 deficiencies protected mouse platelet from DENV- and rEIII-induced cell death (Figure 5). These results collectively suggested that Nlrp3 inflammasome is involved in DENV- and rEIII-induced platelet pyroptosis, and Nlrp3 inflammasome inhibitors display a protective role.




Figure 5 | Nlrp3 and caspase-1 deficiencies protect platelets from DENV (equivalent to 0.6 μM rEIII) - and rEIII (0.6 μM)-induced RCD. (A) Compared with wild type (WT) controls, platelets from Nlrp3 (Nlrp3−/−) and caspase 1 (Casp1−/−) deficient mice displayed less cell death levels in response to DENV and rEIII exposures. (B) Similar to the cell death analysis, platelets from Nlrp3 (Nlrp3−/−) and caspase 1 (Casp1−/−) deficient mice displayed less pyroptosis levels in response to DENV and rEIII challenges. n = 6, *P < 0.05, **P < 0.01 vs. WT groups.





Treatment With the Nlrp3 Inflammasome Inhibitor OLT1177 Ameliorate DENV- and rEIII-Induced Platelet Activation and Metabolic Burden of Mitochondria

Because Nlrp3 inflammasome-mediated pyroptosis is a major RCD involved in DENV- and rEIII-induced platelet defect, we further investigated whether the suppression of platelet Nlrp3 inflammasome through inhibitor treatment is sufficient to ameliorate DENV- and rEIII-induced abnormal platelet activation. Here we found that DENV and rEIII induced platelet aggregation, surface P-selectin expression, and increased mitochondrial superoxide levels in a dose-dependent manner (Figures 6A, C, E; gating Figure S16), whereas treatments with the Nlrp3 inflammasome inhibitors OLT1177 and Z-WHED-FMK ameliorated such abnormal platelet responses (Figures 6B, D, F). Animal experiments further revealed that treatment with the Nlrp3 inflammasome inhibitor OLT1177 markedly ameliorated DENV- and rEIII-induced thrombocytopenia in wild-type mice (Figure 7). These results collectively suggested that EIII is a virulence factor that induces thrombocytopenia, and Nlrp3 inflammasome is a critical target for DENV and EIII to induce platelet defects.




Figure 6 | Nlrp3 and caspase-1 inhibitors protect platelets from DENV- and rEIII-induced activation. DENV- and rEIII-induced platelet activation, including (A, B) platelet aggregation, (C, D) platelet surface P-selectin expression, and (E, F) mitochondrial superoxide levels, could be suppressed with the treatments with Nlrp3 and caspase 1 inhibitors Z-WHED-FMK (10 μM) and OLT1177 (10 μM), respectively (B, D, F). n = 6, *P < 0.05, **P < 0.01 vs. respective vehicle groups.






Figure 7 | Nlrp3 inhibitor treatments ameliorate DENV- and rEIII-induced thrombocytopenia in mice. Treatments with Nlrp3 inhibitor OLT1177 (50 mg/kg) ameliorated DENV (3 × 105 PFU/mouse; DHF viral load)- and rEIII (2 mg/kg)-induced thrombocytopenia in C57BL/6J mice. n = 6, ##P < 0.01 vs. untreated groups; **P < 0.01 vs. respective vehicle groups.






Discussion

According to the World Health Organization guidelines, thrombocytopenia, a commonly observed symptom in both DF and DHF (55, 56), is one of the crucial indicators of clinical severity (57). Mechanisms underlying thrombocytopenia and bleeding during DENV infection are not completely understood. Because patients with DF show thrombocytopenia and coagulant parameter changes (55, 56), DENV alone, without secondary infection-eliciting DHF pathogenesis, is sufficient to cause platelet and coagulation defects. Hypotheses have been proposed to explain the mechanism involved. For example, studies have suggested that the increased destruction of platelets through an ongoing coagulopathy process or increased peripheral sequestration causes thrombocytopenia in dengue (55, 56). However, the exact reasons and viral factors that lead to thrombocytopenia remain elusive. DENV EIII has shown to have cytotoxic effect on megakaryocytes (15, 58). At the same time, DENV NS1 was demonstrated to enhance endothelial permeability and vascular leaks through a toll-like receptor 4 (52, 53). Both DENV virus particle-associated EIII and soluble NS1 could be detected at high levels prior to the acute phase of DHF (51, 59) and may be considered as two virulence factors. Using clinically detected doses, here we found that intravenous treatments of both rEIII and rNS1 can activate platelets, induce platelet cell death and thrombocytopenia in mice. Despite these, compared to NS1, rEIII induced much higher levels of platelet pyroptosis and thrombocytopenia in mice (Figure S13). Because the induction of virion-surface EIII and soluble NS1 is induced in a similar, but not a same time course (51), the respective pathogenic role of EIII and NS1 on the elicitation of DHF-related pathogenesis remains to be further studied. However, data obtained in this present study suggested that virion-surface EIII is a candidate virulence factor that contributes to dengue-elicited thrombocytopenia. In addition, similar to soluble NS1, virion-surface EIII is a virulence factor that contributes to the first-hit in our two-hit DHF model (13, 16).

Primarily based on annexin V and caspase data, reports have suggested that platelet apoptosis is involved in DENV-induced pathogenesis and is associated with disease severity (42–44). However, because non-apoptotic cell death signaling pathways have recently been discovered, annexin V and caspase signals can be detected in various other types of RCD (45–49). Therefore, after the re-examination of RCD pathways, in this present study, we found that pyroptosis and necroptosis are the two major types of DENV- and rEIII-induced platelet RCDs, with approximately 55–60% and 20–25% RCD-marker (+) population (Figure 3C), respectively. Pyroptosis and necroptosis belong to necrotic RCD pathways (60, 61). Inflammasomes regulate and interact with various RCDs (62–65). DENV-induced Nlrp3 inflammasome activation and pyroptosis have been described in DENV-stimulated macrophages and monocytes (12, 66, 67). Although DENV-induced platelet pyroptosis has not been clearly characterized, Nlrp3 inflammasome-mediated inflammation has also been reported in DENV-stimulated platelets and DENV-induced thrombocytopenia and coagulopathy (12, 16, 68). These results suggested that although necrotic RCD of platelets need further characterization, Nlrp3 inflammasome-mediated inflammatory responses in other cell types have been recognized in dengue.

Even in one single cell type, cell population is still heterogeneous. This is likely the reason why previous reports have revealed that pathogen infections and cytotoxic agent treatments can lead to multiple types of RCDs simultaneously (69–75). For example, apoptosis, necroptosis, and pyroptosis participate simultaneously during retinitis (69). Photodynamic therapy can induce multiple RCD pathways, including apoptosis and autophagy (70). Cellular stress can activate both receptor-induced lysosomal-dependent and mitochondrial-mediated cell death pathways, which may lead to both programmed necrosis and apoptosis (71). Similarly, as DENV and EIII have been reported to have multiple cellular targets, it is not surprising to detect multiple RCDs after DENV and EIII challenges. In this present report, we found that DENV and EIII but not the other cell death inducers, induced a similar RCD pattern in platelets (Figures 3B, C). Although further investigations are needed, this platelet cell-type-specific RCD patterns (CTS-RCDPs) (13, 14) may be also useful on the characterization of specific pathway inhibitors; as inflammasome inhibitors OLT1177 and Z-WHED-FMK preferentially blocked pyroptosis, but not ferroptosis, apoptosis, and autophagy (Figure 4E, vs. Figures 4I, L, M).

Various putative cellular DENV cellular targets are expressed by platelets. For example, recent lines of evidence have suggested that CLEC5A mediates DENV-induced inflammation (67, 76), and glycoprotein Ib (GP1bα; CD42b) is involved in DENV infection (77). Both CLEC5A and CD42b are expressed by platelets (78, 79). Because CLEC5A involves cell death regulations (80) and interaction of platelet CD42b with von Willebrand factor induces platelet cell death (78), competition assay was performed to investigate whether recombinant CLEC5A and CD42b can block rEIII induced RCD. Results revealed that recombinant CD42b can block both rEIII-platelet binding, and rEIII-induced platelet cell death (Figure S17). In addition, similar to DENV and rEIII that induced platelet RCDs, pyroptosis is the major RCD of anti-CD42b antibody that induced platelet cell death (Figure S17). These results suggested that CD42b and CLEC5A are potential cellular targets of EIII on platelets and is worthy of further investigations.

Cellular stresses, including stimulation of danger-associated molecular patterns and pathogen-associated molecular patterns, can activate NLRP3 inflammasome to initiate pyroptosis and release the proinflammatory cytokines IL-1β and IL-18 (81). NLRP3 inflammasome inhibition prevents a wide range of diseases, including Alzheimer disease, metabolic diseases, and infectious diseases (64). In this study, treatment with selective inhibitors against Nlrp3 inflammasome displayed rescue effects on DENV- and rEIII-induced platelet cell death in vitro and thrombocytopenia in mice, suggesting that Nlrp3 inflammasome is a potential target for the therapeutic intervention of DENV-induced platelet defects. In addition, with further upstream blocking, treatment with an EIII-competitive inhibitor CSB displayed promising rescue effects. Our data suggest that DENV-E is a virulence factor that contributes to platelet-associated pathogenesis in dengue. This concept may be useful for developing therapeutic strategies to manage DENV-induced hemorrhage pathogenesis.
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wel-structured randomized controled il (RCT) is needed
o prove the cinical effcacy of medical cannabis n AD.
However, cannaticol, via muttplo cannainod receptor
ndependent mecharisms showed a posive impact on
the progression of AD (143).

A systematc review found nsuffcent evidencs to
recommend the use of medical cannabinoids or motor
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Medical cannabis coud b prescrbed fo nausea and
vomiting after chematherapy (14) bt there s a weak
evidence forthe cinical efficacy in the management of
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rewiring through Acetyl-CoA accumulation
Activates P2XT receptor (non-genomic:
activity)

Enhances the expression of NLRP3
through binding to its promoter region
Triggers release of ATP through
pannexin-1 channels, P2X7 activation

Blocks NF-«B binding to the promoter of
NLRP3

Knock out of PPARx associated with up
regulation i the inflammasome:
components and hyper activation of
NF-cB pathway

Downregulates the expression
inflammasome components

Upregulates IFN-B which required for
suppression of NLRP3-mediated IL-1,

Inhibition of IL-18, caspase-1 and NLRP3
expression

Direct binding of PPARy to NLRPS, inhibits
its assembly

Modiulation of AMPK activity and ROS
production, downregulates IL-18,
caspase-1 and NLRP3, NLRP6, NLRP10

Downregulation the expression of NLRP3
inflammasome components

Enhances LPS -induced priming signal
‘and glycolytic actiity

Reduced level of ROS and endotoxins in
circulation

Enhances flagelin-induced NF-«B/AP-1
activty, and TLR co-receptor CD14
Suppress NLRPS transcription by binding
toits promoter, and inhibit NF-8 signaling

Repress NLRP3 and IL-18 transcription by
binding to its promoter

Response elements for RORy in the
promoters of the NIrp3 and li1b genes

Inhibits interaction between NLRP3 and
ASC

Attenuates hyperosmotic stress-induced
oxidative stress through activation
NRF2-antioxidant axis

Suppress NF-<B nuciear translocation
through binding to importin 4

Inhibits NLRBS binding to NEK7,
NLRP3-mediated (ASC) oligomerization,
and (ROS) accumulation

Enhances IL-1p secretion mediated by
NLRP3 inflammasome

Direct interaction with NLRP3, Inhibits
BRCC3-mediates NLRP3 deubiquitylation

Modulates AhR/NF-B signaling,
downregulate inflammasome components

Effect

4 NLRP3
inflammasome

L NLRP3
inflammasome

4 NLRP3
inflammasome

+ NLRP3
inflammasome

+ NLRP3
inflammasome
1 NLRP3

inflammasome

+ NLRP3
inflammasome

1 NLRP3
inflammasome
1 NLRPS
inflammasome

1 NLRP3
inflammasome
PPARy KO mice
exhibit
downregulation of
NLRP3
inflammasome
activation

L NLRP3
inflammasome

1 NLRP3
inflammasome
1 NLRP3
inflammasome

1 NLRP3
inflammasome

+ NLRP3
inflammasome
1 NLRP3
inflammasome
1 IL-1B Release

1 NLRP3
inflammasome

4 NLRP3
inflammasome

RORy KO mice
exhibit
downregulation of
NLRP3.
inflammasome

1 NLRP3
inflammasome

4 NLRP3
inflammasome

4 NLRP3
inflammasome

4 NLRP3
inflammasome

1 NLRP3
inflammasome
4 NLRP3
inflammasome

4 NLRP3
inflammasome

Cell type

Peritoneal macrophage, Raw246.7
Sepsis-associated cholestasis mouse
model, FXR KO, FXR overexpression

in THP-1

Mouse primary hepatocytes, AML12 cell
line, FXR KO mouse

BMDM, peritoneal macrophages, PBMCs
(FXR KO mice)

Human monocytes

Colon cancer cell lines
HUVECs, HepG2

Human macrophages (THP-1), Mouse
Peritoneal macrophages, Nirp3 KO and
PXR KO mice

HUVECs

In vivo, PPARa KO mice subjected to P.
aeruginosa, lung tissue

Radiation-induced acute intestinal injury
rat model, peritoneal macrophage

PPARy KO mice, Peritoneal macrophages,
in vivo peritoneal cytokine assessment

Invivo, spinal cord injury (rat). Isolated
Neurons from the spinal cord atter spinal
cord injury (SCI)

Peritoneal macrophages, PPARG®/~ mice,
(HEK293T cells/system), PBMCs

NAFLD mouse model, HepG2

MPTP mouse model of PD

Human macrophage- derived monocyte
Rat, in vivo study, total blood
THP-1 (human monocyte)

REV-ERBa KO mice
Peritoneal macrophage, RAW264.7,
DSS-induced colitis mouse model
REV-ERBa KO mice

RAW264.7, human macrophage,
peritonitis and
LPS/D-Galactosamine-induced fulminant
hepatitis mice models

BMDMs (RORy KO mice), human primary
macrophages, RAW267

BMDM, SHP KO mice, HEK293T, THP-1

Immortalized primary human corneal
epithelial cell

MRUlpr mice, Mouse renal tubular
epithelial cells

Peritoneal macrophages, DSS-induced
ulcerative coltis mouse model

PMA-differentiated THP-1

BMDMs, mouse peritoneal macrophages
(Vdr KO mice)

Periodontitis mouse model, gingival
epithelium

Possible therapeutic

Protects mice from septic shock
under cholestasis condition

Inhibits ER stress, ameliorates
hepatocyte death and liver injury

Ameliorates partially the
symptoms of NLRP3-related
disease models

Induction of trained innate
immunity

As a target for Caspase-1
induced pyroptosis

Protects against xenobiotic
agents

Link xenobiotic exposure to the
innate immunity as potential
conserved mechanism

Statin via FXR act as an
anti-inflammatory agent

Protects lung tissue upon lung
bacterial infection

Reduces radiation-induced
intestinal inflammation

Anti-inflammatory

Anti-inflammatory protective
effects in spinal cord injury

Regulate metabolic DAMPs-
induced NLRPS inflammeasorme
Ameliorates non-alcoholic fatty
liver disease associated
inflammation

Suppress NLRP3-mediated
neuroinflammation in PD mouse
model

Enhances inflammatory
responses

Ameiiorates alcohol toxicity in the
brain

Enhances flagelin-induced
proinflammatory responses

Suppress experimental colitis

Suppress experimental
peritonitis and fulminant hepatitis

Anti-inflammatory

Anti-inflammatory, protect
against excessive pathologic
responses, preserve the
mitochondrial homeostasis
Potential therapeutic agent to
treat dhy eye problems

Potential therapeutic agent for
lupus nephritis

Attenuates DSS-induced acute
colitis in mice, inhibits CD4+ T
cells generation and polarization
Decrease M1/M2 macrophages
ratio

Enhances inflammatory response

Anti-inflammatory, increases the
survival rate in murine models of
sepsis

Alleviates the periodontitis

Used ligand

GW-4064, DCA, CDCA, OCA

GW4064, chenodeoxycholic
acid (CDCA)

GW4084, INT747

GWS3965, T1317 (agonist),
GSK2033 antagonist)

T0901317 (agonist), LXRB SIRNA

Rifampicin, SR12813 (agonists)
sulforaphane (antagonist)
Rifaximin and SR12813 (for
human); 16a-carbonitrile (PCN)
(for mouse)

Rifampicin, SR12813,
mevastatin, simvastatin

Not used

Rosigitazone

T0070907 (antagonist)
Rosigiitazone

Rosigiitazone, G3335
(antagonist)

GWS501516

GW501516

ATRA
ATRA
ATRA, BMS753 (RARx agonist),

LG100268 (RXRa agonist)
'SR009, hermin, GSK4112

SR9009, hermin, SR10067
(REV-ERB/B agonist)

SR2211, SR1555 (inverse
agonist)

Fenofiorate, AICAR

Calcitriol (1,25-D)

Paricalcitol (agonist)

Calcitriol (1,25-D)

1,25(0H)2D3, 25(0H)D3, 7DHC,
vitamin D3

1,26-D

1,25-D
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Mossic NLAPG-AD.

Unspecifod CAPS/NLARS-
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Javendl IGopatic Arriis
A

V200M (0.562G>A) (17, 50-63), D21GN (c.631G>A) (34), C261W (6.T77T>G) (52, 64, 65), ROG2W (6.T78C>T) (17, 60,64, 69 "ASMS
oo ST (50), V2GAG (c.786T>G) (54, 67), GI03D (6.002G>A) (54, 69, LI0TP (c.914T5C) (50 64, 69, LISSP (0:1088T>0) (62, 64,
69-70, 71), KITTE (0.1123A5G) (54, 72), T438A (c.1306A5) (54, 73), T4 (¢:1907C>T) (19), AGA1T (01316G>4) (), A1V
(©1316CT) (11,64, 69, 70, 74), RASOK (.1463G5A) (54, 75), FS25C (c:1568T>G) (76), ES27K (6. 1573G>A) (64, 77), YS6N
(©1687T>A) (52, 64, ESOTV (e 1814A5T) (54, 76)" EG29G (c.1880AG) (11, 60, 64, 6, 79), MGBTK (¢.1976T>#) (64, 77)

D3IV (C8BAT) (54, 80, 81), V72M (c:208G>4) (54, 80, RI3TH (cAGAGHA) (54, 82), R172S (0.508C>) (64, 69, V20OM (0562G>A)
(1,59-62, 64), R2B2L (¢:779G>T) (64, 69), R2G2W (GT78C5T) (17, 60 64, 60 "CASMIS o orcr (53, V264G (0.T8ST>G) (64
67), L2660V (0.790C5G) (34, T2B8P (0.T90ASC) MISCHCA v St (54), DOOSN (90764 913G (17, 64,69), 31K
(©S31G>A) (10,64, 70, 84), H314P (C935AC) (64, 5, RGZTW (6973C>T) (64, 86), T350M (c:1043C>T) (17, 64, 70, 80, 87), A3SAY.
(©1085CT) (10, 11, 60, 64, 7), WATEL (c:1241G5T) (69, A441T (6.131G>A) (17, 64, YAAGH (0132175 MASCHCA oo e
(64), MB2F (c:1438A5T) (64, 55), R4SOK (.1463G5A) (10, 75)AOTV (0.1484C>T) (64, 75), MSZ3T (0.15621>C) (54, FS25C (.1568T>G)
(62, 64, 89, ES27K (c.1570G>A) (34), FSG8Y (c-1697T>A: .1703T>A) (54), ESGOA (c-1700A5C) (64, 69, KSTON c.1704GC;
C.171085C) (50}, GST1R (c.1708G>C) (17, 60, 64, 65, 69, FSBIY (c.1736T>A) (54, ), 60OF (c.1792A5T) (&), RE0SG (c.1807A5G)
(64, PSS1S c.1945C>T) (54, MIO3T (¢2102T>C) (64, Q705K (. 2107C>A) €0), ST12C (62120056 (64)

R262P (6.779G50) (22, D30A (6 08A>C) (4, 3, 1336V (.1000ASG) (35), KIS7N (. 1065AST) (), KISTT (6.1064A5C) (54, 89,
L4TIV (6. 123156) (54, ). FE25L (.1569CA: .1560C>G) (), ESGOK (.1699G>A) (54, 99), QBIBE (.1906C0) (54, 94)

G150V (643305 (19, 64), RI70Q (6.503G>) (64, 74T (S1ST>C) (54, 55), KITSE (e:51740G) (51, 64, R262P (0779G>0) (61, 64
69), R2620 (6785654 C:779G>A) (64, %) *, RISZW (.778C>T) (), V2B4A (6.78TC) (52, 64, 76), L286F (790G (62, G4, 63-
70), L2G6H (791 T>4) (64, 66, 89, L2GOR (c.791T>G) (64, T268P (c.796ASC) (54), DI0SG (0.908A5G) (54, 69, DIOSH (0907GC) (64,
66), DGOSN (6.907G>A: G913G>A) (16, 17, 34, 64, 66, 76, 50-37, ), E306K (c.910G>#) (4, 96, QOOBE (6.916C>G) (1), Q308K
(©916C>#) (54, 69, 7), GIIV (2920G>T) (54, 99, F3T1S (cO26T>C; C.932T>C) (60, 64, 66, 69, 7). FAITY (0926T>A) (64, PAI7L
(69445T) (54, 100), G2BE (c.977G>A) (54, 101), SIIIR (:995C>A) (54, 102), 36V (0 1000ASG) (59), TISOM (0 1043CT) (34, 69,
VBS3L (c.1051G5C; C.1061G>T) (64, 50), VASEOM (.1051G>4) (4), ABSAT (c.1064G>#) (), EBSED (c.1062G>T) (4, 69), HIGOR
(©1078A5) (34, 87, 97), ATED (c:1121C>#) (4, 69), AGTEN (c:1121C># (69, 89, TAO7P (c.1213A5) (1, G4, 69, M408I
(61218G>0) (34, 64, 9), MAOBT (¢.1217T50) (64, TAASA c.1207A5T) (51, 109), T4381 (.1307CT) (64, 69), TA8N (c. 190705 (4,
60, 97), T438P (c.1306A5C) (64), AUTP (0 1315G5C) (64, A41V (c.1316C>T) (51, 93, YA43H (0.1321T>) MW vt oo
(64),FadSL (01329C>0) (2, 64) NATOK (c-1431C>) (34, 64, 53, 96, M8ZF (.1438A0T) (54, 85, RADOK (01469654 75), FS25L
(©-1569C>A: ©.1569C56) (54, 69, 89, FS25Y (0:1568T>A) (64, 104), ES2IV (c1S74AST) (54, FSG8Y (c.1607T>A: C.A703TA) (),
‘GST1A (61708G>C) (64). Y5720 (6.1709AG) (11, 64, 69, 87, 69, YS72F (G.1709A5T) (54, YS72H (c:1708TC) 64, 109, LSTF
(©171365T: C.17135C) (64, I574F c.171485T) (54, FS75S (c.1718T5C) (60, 64, 69, 07, TS89 (.1760CT) (64), SS97G (176356
C783A5G) (4, 50, 106),1600F (c.1792A51) (&), RBOSG c.1807ASG) (39, EG29D (0:1831AST) (54), LEGAF (.1896G>1) (54, 69),
GBAT c.1985T>C) (4, 69, 53, 97), B69OK (0. 2062G>4) (54, ), E692K (c:2088G>A) (64, 57280 (c:2176A56) (64), GTSTA
(62264G50) (15, 64), GISTR (62263G>A) (15, 17-19, 64, %), RT79C (02320CT; c.2035C>T) 50, GB11S (62419G>A) (B4, 107,
YBS1C (c257645) (13, 64)

‘S198N (057G>A) (14, 64), L2BGF (6.790C5T) (5, 109) 63038 (6 901G>A) (103), FODAL (:006C>A) (108), DGOSH (0.907GC) (75, 103,
105, 109), G309D (6.920G5A) (54, 105, G09S (¢919G>A) (54, ), KIS7N (. 10SAST) (54, 103, MAOBV (c.1216856) (54, 10), T43S
(6120805T) (64,92, 109), AM4TP (0.1316G>C) (103, YS6SC (c 1688A5G) (64, 92), GSB6S (.1690G>A) (54, 92), F68L (. 1698C>A)
(64, 103), ES6OK (c-1699G>) (64, 59), KSTON (6-1704G>C; C.1710G>C) (54, 109, YS72C (c:1700A56) (14,93, 109), GT57R.
(©22636>A) (109

L26BP (79115 ™% 4% (54), KAGTE (. 1900A>G) W Stmr amacmort %, (51, 110, F525L (015694, C.1969C>0)
oo MG (3 o S et CAPS (110 FSGEL (. 1696CA) U Moo AU 111 oo GRGAOU (55, 1059, E569K
(6.16090G>A) U Mo (111, YS72N (1708 Ursoms CAPS win mosac ()

HS1R (6.146A06) (54 AT7V (6:224C5T) (54) , RI70Q (0503G>A) (69, V200M (6662G5#) 5. 65, 70, 112), H215R (.638A0) (54,
L25BM (c.760G>A) U4 405 A% (54, VRBAG (6.785T>6) (59, GIUIS (G901G>A) (), DI0SN (0 907G>A: C13G>A) (5, 69, 71,
76, 89), GOBL (6917C>T) (56), F311S (0.926T>C; 6.932T>0) (0, EBIIK (0931G>A) (5), ISV (¢O37ASG) (5, 69, SIIIR (0993C>)
(6, S304N (:995G>#) () *, 1396V (c.1000A>G) (56, T3E0M (c.1040C>T) (5, 66, 6, PASEL (.1049C5T) (54, 113), V5L
(©1051G5C; G.1051G>T) (64), A3S4V (c.1055C>T) (5, 6, LISGP (c.108TC) (69, HIGOR (c-1073456) (66, L37IM (6. 1105054) ()
o 5 AP (54, MAOB)(.1218G5C) (5, TASEN (0.1307C>A) (65, 71) AMA1T (c.1315G5R) (66,

ABAIV (6131605 (5,65, 69, FA46V (c.1330T>G) (34) NATOK (c.1431C>4) ), ES2TK (0167365 (9), T541 (¢.1630G>) (64, 114)
. TS44M (6.1626C5T) (54,115, 116), RSSOC (¢, 1642C>T) (34, TSS9A (c.1669A5G) (54, KSGTE (0.1693A5G) (4), GS7 1R (¢:1706G>C)
(68,68, 67), Y572 (1709A5G) (56), FSTSS (c.1718T5C) (66, 67), DBABY (c.1996G>T) (54), LGTOP (0.2000T>C) (64, E692K.
(62068G>A) (55, M7OGT (62102T>C) (69, QTOSK (021075 (5, 70, 117, 116), ST12C (62129C>) (5), AT14S (02134G5T) (64,
G781V (02336G>T) (54, 111), DTN (c:2350G>A) (54), Q798P (0:2387A5C) (54, 104)°, YBB1C (0.287ASG) (65, YBBTH (6.2575T>C)
(64), GBBIR (:2596G>) (54), S896P (0.2886T>C) (54, R920Q (0:2753G>A) (60, 64, 119), TOSAM (0:2855C>T) (B4). MBI (.2958G4)
"

D90V (62626>T) (54), RI00G (6:20205G) (54) RIOOH (6293G>A) (54,50, RI7BW (6.52605T) (54, 112), TI96K (6578054 (54),
E206G (6.611A0) (54, 120), 290M (:864CG) “m< M 0ot (55, 171, RIT9C (:2329C>T; c2335C>T) (54)

EGB0K (01132654 (54, 107), RE0SG (01807A5G) (9]
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Function

High levels of IL-1p detected in the lung
parenchyma following CoV infection

Lack of ion exchange following SARS-CoV/
infection lowers IL-18

Ca?*-mediated inflammasome activation
Acts as a K* channel

NLRP3 inflammasome activation

Na* and Ca?* channel

Promotes NLRP3 inflammasome activation by
ubiqitinating ASC

Production of pro-IL-1p by NF-kB
Processes ASC-dependent/NLRP3-
independent pro-IL-1p

Binds to LRR in NLRP3 to induce
inflammasorme activation and IL-1B release
Causes macrophage pyroptosis

Forms insoluble protein aggregates that
interact with ASC and NLRP3
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Manifestation
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Cardiovascular
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Neurological
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Effects

HMGBH activates the inflammasome leading to ARDS and ALI
HMGBH is upstream of IL-6 NLRP3, ASC and caspase-1 are upregulated following (S. pneumoniae) infection
Pressure overload, activates the inflammasome in the heart following stimulation of b-adrenergic receptors,
resulting in higher levels of NLRPS, ASC and IL-18 from myocardial cells

Cardiac arrhythmias

IL-1p and IL-18 have been associated with hypertension

Enteroviruses activate the inflammasome by acting on NLRP3, caspase-1, ASC, IL-1p and GSDM-D

lonic imbalances associated with SARS-CoV-2 infections may activate the inflammasome

NLRP3 inflammasome inhibition lowers ALT and AST levels, improving liver fibrosis

Acute pancreatits activates the NLRPS inflammasorme

The gut-lung axis communicates the lungs with the Gl system

The brain-lung axis communicates the lungs with the brain through EV containing inflammasome proteins

In conjunctival goblet cells, infections activate the NLRP3 inflammasome:

In conjunctival goblet cells, infections activate the purinergic receptors P2X4 and P2X7

The NLRC4 inflammasome is activated in corneal ulcers

Zika virus induces AKI through NLRP3 inflammasome
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Therapy

Dexamethasone
Enoxaparin
IFN-B

MCC950

1c100

M5049
Anakinra
Tociizumab

Mechanism of action

Decreases airway inflammation by inhibiting NLRP3 inflammasome activation and levels of IL-1p and IL-18

Low molecular weight heparin shown to inhibit inflammasome activation in a mouse model of brain injury-induced ALI.

Type | IFNs decreased NLRP3 inflammasome activation through STAT1

Inhibits inflammasorme activation by preventing NLRP3 oligomerization

Inhibits inflammasome activation by preventing ASG-speck formation

Inhibits TLR7 and TLR, which have been described in Inflammasome activation
IL-1 receptor blocker

Therapeutic monoclonal antibody that blocks IL-6 signaling
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