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Abstract

:

Respiratory syncytial virus (RSV) infects most infants by two years of age. It can cause severe disease leading to an increased risk of developing asthma later in life. Previously, our group has shown that RSV infection in mice and infants promotes IL-1β production. Here, we characterized the role of NLRP3-Inflammasome activation during RSV infection in adult mice and neonates. We observed that the inhibition of NLRP3 activation using the small molecule inhibitor, MCC950, or in genetically modified NLRP3 knockout (Nlrp3−/−) mice during in vivo RSV infection led to decreased lung immunopathology along with a reduced expression of the mucus-associated genes and reduced production of innate cytokines (IL-1β, IL-33 and CCL2) linked to severe RSV disease while leading to significant increases in IFN-β. NLRP3-inflammasome inhibition or deletion diminished Th2 cytokines and inflammatory cell infiltration into the lungs. Furthermore, NLRP3 inhibition or deletion during early-life RSV infection led to reducing viral-exacerbated allergic response in a mouse model of RSV-induced allergy exacerbation. Here, we demonstrated the critical role of NLRP3-inflammasome activation in RSV immunopathology and the related long-term airway alteration. Moreover, these findings suggest the NLRP3-inflammasome as a potential therapeutic target to attenuate severe RSV disease and limit childhood asthma development.
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1. Introduction


RSV infection is the leading cause of childhood hospitalization and increases the risk for developing childhood asthma and recurrent wheezing [1,2]. RSV can skew the immune response away from antiviral and towards a Th2-type response by inhibiting the production of type 1 interferon (IFN) [3]. Severe RSV disease has been linked with a strong Th2 immune response that led to lung pathologies, such as allergy and asthma, by promoting an inflammatory cellular environment [4,5,6].



An important source of Th2 cytokines are the innate lymphoid 2 cells (ILC2). Increased numbers of these cells have been observed during RSV infection and have been related with the development of lung inflammation and mucus production [7,8]. The ILC2 are activated directly by epithelium-associated cytokines IL-25, IL-33 and TSLP [9], which are strong drivers of Th2 immune responses [10]. It has also been shown that IL-1β is a critical activator of ILC2 since it can regulate the expression of epithelial cytokine receptors, promote proliferation and cytokine production [11]. Previously, our group has shown that RSV infection in mice and infants promotes IL-1β pathway activation, which leads to the induction of innate cytokines (CCL2, TSLP and IL-33) by the airway epithelium [12] and that the inhibition of the IL-1β pathway with IL-1 receptor antagonist during early-life RSV infection altered RSV immunopathology and diminished subsequent exacerbated allergic disease [13].



NLRP3-inflammasome is a multiprotein complex, which consists of NLRP3 (nucleotide-binding domain leucine-rich repeat (NLR) and pyrin domain-containing receptor 3), the adaptor ASC (apoptosis-associated speck-like protein containing a caspase recruitment domain) and procaspase-1 [14,15,16]. NLRP3-inflammasome plays a crucial role in innate immunity that elicits the release of proinflammatory cytokines such as IL-1β and IL-18 [15,16]. In mice, activation of NLRP3 inflammasome in macrophages requires two steps: (1) priming (signal 1) is provided by inflammatory stimuli such as TLR4 agonists which induce NF-κB-mediated NLRP3 and pro-IL-1β expression and activation and (2) the activation step (signal 2) that is triggered by certain pathogen-associated molecular patterns (PAMPs) such as viral RNA, particulate matter, toxins and damage-associated molecular patterns (DAMPs) that promote NLRP3 inflammasome assembly and caspase-1-mediated IL-1β and IL-18 secretion and pyroptosis [15,17]. RSV infection upregulated NLRP3-inflammasome [18,19] and activated caspase-1 [20], both events are crucial for IL-1β production during RSV infection [18]. Finally, RSV small hydrophobic protein (RSV SH) can activate the NLRP3- inflammasome [19]. The studies presented here used a direct NLRP3 inhibitor, MCC950, a potent and selective NLRP3 inflammasome inhibitor that blocks caspase 1 processing of IL-1, that is being considered for clinical trials [16,21].



The current study characterized the direct role of NLRP3-inflammasome in the development of RSV immunopathology and the long-term alteration in the lung immune environment. Here, we demonstrate that by inhibiting NLRP3-Inflammasome activity by using a specific inhibitor (MCC950) or NLRP3 knockout mice, the RSV immunopathology is abolished as well as subsequent allergic exacerbation following early-life RSV. These studies further suggest the NLRP3-inflammasome as a possible therapeutic target to mitigate RSV immunopathology and its associated long-term airway alterations.




2. Materials and Methods


2.1. Mice Models


All experiments involving the use of animals were approved by the University of Michigan Care and Use of Animals Committee. Female and male (BALB/c, C57BL/6) mice of 6 to 8 weeks of age were purchased from The Jackson Laboratory (Bar Harbor, ME, USA). Nlrp3−/− mice on C57BL/6 background have been reported [22]. For adult infection mice model or for in house breeding. All mice were maintained under standard pathogen-free conditions.



2.1.1. Adult Mice Model


Female BALB/c mice 6–7 weeks old were intratracheally infected with 50 μL/mouse of RSV (2 × 105 pfu) [23] Line 19 antigenic subgroup A. The mice were treated intraperitoneally with MCC950 (Cayman Chemicals, Ann Arbor, MI, USA) (20 mg/kg/mouse), or with vehicle (EtOH final concentration 0.5%) every day during the time of infection. On Day 6 post-infection, we collected samples for flow cytometry and bronchoalveolar lavages (BAL) and on Day 8 post-infection, we collected samples for histology and RNA extraction.




2.1.2. Neonatal Model


Female and male neonatal mice from in house breeding colony, BALB/c, C57BL/6, or Nlrp3−/− mice and intranasally infected with 5 μL/mouse of RSV (1 × 105 pfu) Line 19 antigenic subgroup A at 7 days of age as described previously [24]. The mice were treated intraperitoneally with MCC950 (20 mg/kg/mouse) or with vehicle (EtOH final concentration 0.5%) every day during the time of infection. On Day 6 post-infection, we collected samples for flow cytometry and on Day 8 post-infection, we collected samples for histology and RNA extraction.




2.1.3. RSV/CRA Model


Neonatal mouse model was performed, followed by CRA allergy model.



Cockroach allergen (CRA) (HollisterStier Allergy, Spokane, WA, USA) was administered via intratracheal instillation into the lungs over 3 consecutive days, starting at 4-weeks post-infection, followed by 4 challenges 2 weeks later to elicit an allergic response as previously described [24]. As a control, we have naïve and CRA only treated groups. In brief, mice were sensitized intratracheally with 500 protein nitrogen units (pnu) of CRA, over 3 consecutive days. Next, mice were challenged at Days 14, 20, 22 and 23 with 500 pnu of CRA. Samples were harvested on Day 24.





2.2. Respiratory Syncytial Virus


Our laboratory uses antigenic subgroup A, Line 19 RSV, obtained initially from a sick infant at the University of Michigan Hospital System. This isolate has been shown to mimic human infection by eliciting airway mucus production in animal models [23].




2.3. Quantitative RT-PCR


Lung tissue was homogenized in TRIzol reagent (Invitrogen, Carlsbad, CA, USA) to extract RNA cDNA was synthesized using murine leukemia virus reverse transcriptase (Applied Biosystems, Foster City, CA, USA) and incubated at 37 °C for one hour followed by incubation at 95 °C for 5 min to stop the reaction. Real-time quantitative PCR (qPCR) was multiplexed using Taqman primers, with a FAM-conjugated probe and GAPDH with a VIC-conjugated probe (Applied Biosystems, Foster City, CA, USA) to measure Ifnb, Il4, Il5 and Il13 gene expression. Fold change was quantified using the 2−ΔΔ cycle threshold (CT) method. Custom primers were designed to measure RSV F gene, Muc5ac and Gob5 mRNA levels as described [13]. All reactions were run on a 7500 Real-Time PCR System (Applied Biosystems, Foster City, CA, USA).




2.4. Lung Histology


The left lung was perfused with 4% (v/v) formaldehyde for fixation and embedded in paraffin. Five-micrometer lung sections were stained with periodic acid-Schiff (P.A.S., Middleton, WI, USA) to detect mucus production and inflammatory infiltrates were observed with hematoxylin and eosin stain (H&E, Middleton, WI, USA). Photomicrographs were captured using a Zeiss Axio Imager Z1 and Axio Vision 4.8 software (Zeiss, Munich, Germany).




2.5. Enzyme-Linked Immunosorbent Assays


Murine IL-1β and IL-33 proteins were quantified from Bronchial alveolar lavage (BAL) samples taken from naïve or infected mice after euthanasia. For IL-1β and IL-33, R&D Duo set ELISA kit was used (R&D Systems, Minneapolis, MN, USA) per the manufacturer’s instructions.




2.6. Protein Lung Extraction and Cytokine Quantification


Lung protein was extracted using a tissue cell lysis reagent T-PER (Thermo Fisher, Rockford, IL, USA), following the manufacturer’s instructions. The total protein was quantified using Pierce BCA assay kit (Thermo Fisher, Rockford, IL, USA) and the protein levels of IL-4, IL-5, IL-13, IL-17 and CCL2/MCP-1 were measured with a Bio-Plex cytokine assay (Bio-Rad Laboratories, Hercules, California, USA).




2.7. Flow Cytometry


The lungs were removed to analyzed leukocytes population. Lung single cells were isolated by enzymatic digestion with 1 mg/mL collagenase A (Roche, Indianapolis, IN, USA) and 20 U/mL DNase I (Sigma, St. Louis, MO, USA) in RPMI 1640 containing 10% fetal calf serum (FCS). Tissues were further dispersed through an 18-gauge needle (10-mL syringe), RBCs were lysed and samples were filtered through 100 μm nylon mesh twice. Cells were resuspended in PBS and live cells were identified using LIVE/DEAD Fixable Yellow Dead Cell Stain kit (Thermo Fisher Scientific, Waltham, MA, USA), then washed and resuspended in PBS with 1% FCS and Fc receptors were blocked with purified anti-CD16/32 (clone 93; BioLegend, San Diego, CA, USA). Surface markers were identified using Abs (clones) against the following antigens, all from BioLegend: anti-Gr-1 (RB6- 8C5), B220 (RA3-6B2), CD3 (145-2C11), Ter119 (Ter-119), CD11b (M1/70), CD25 (PC61), CD45 (30-F11), CD127 (SB/199), ST2 (DIH9), c-Kit (2B8), CD90 (53-2.1), CD4 (RM4-5), CD3 (17A2), CD8 (53-5.8), CD69 (H1.2F3) CD11c (N418), MHCII (M5/114.15.2), CD103 (2E7). SiglecF (E50-2440) was purchased from B.D. Biosciences (San Jose, CA, USA). For innate lymphoid cell staining, lineage markers were anti-CD3, CD11b, B220, Gr-1 and TER119. ILC2: Lin-CD45+ CD90+ST2+ c-Kit +CD127+GATA3+. Eosinophils: SSChigh CD11b+ SiglecF+. Neutrophils: SSChigh CD11b+ SiglecF- GR-1+. Antigen-presenting cells (APC): CD11b+CD11c+MHCII+, CD103-. CD103+APC: CD11c+MHCII+CD11b-CD103+. Interstitial macrophages: CD11b+CD11c-F4/80+. CD4+ T cells: CD3+CD4+, CD8+ T cells: CD3+CD8+. Data was collected using NovoCyte flow cytometer (ACEA Bioscience, Inc. San Diego, CA, USA). Data analysis was performed using FlowJo software (Tree Star, OR, USA).




2.8. Statistical Analysis


Data were analyzed by Prism 8 (GraphPad Software, San Diego, CA, USA). Results are expressed as mean ± standard error. Statistical significance was measured by one-way or two-way ANOVA followed by post hoc Student’s t-test as appropriate. A p ≤ 0.05 was considered significant





3. Results


3.1. NLRP3-Inflammasome Inhibition Abrogates RSV Immunopathology in Adult Mice


It has been described that RSV infection upregulates IL-1β through the activation of NLRP3-inflammasome [12,13,18]. To characterize the role of NLRP3-inflammasome inhibition, we infected adult BALB/c mice with RSV Line 19 and treated them daily with either an NLRP3 inhibitor (MCC950) or vehicle (0.5% EtOH) (Figure 1A). The histopathological findings reveal that inhibition of NLRP3-inflammasome during RSV infection using MCC950, a direct inhibitor of the NLRP3 protein [16], strongly reduced lung inflammatory infiltration and decreased mucus deposition in the airways, when compared with infected controls (Figure 1B). MCC950 treatment correspondingly decreased mucus-related gene expression Gob5 and Muc5ac (Figure 1C). Significantly decreased expression of mucus inducing Il13 (Figure 1D) and the Th2 cytokine Il5 (Figure 1E) with significant upregulation of antiviral Ifnb (Figure 1F) were also observed. No significant difference was observed in the expression of RSV fusion gene in the lung of the animals infected and treated when compared with infected controls (data not shown). These data suggest that NLRP3-inflammasome inhibition during RSV infection abrogates viral lung immunopathology and promotes innate antiviral responses by increasing type 1 interferon.




3.2. RSV Immunopathology Is Dependent on NLRP3-Inflammasome Function


To characterize the role of NLRP3-inflammasome activation in the inflammatory immune response, we evaluated bronchoalveolar lavages (BAL) of adult mice infected with RSV under MCC950 treatment and control. First, we analyzed the production of IL-1β in the BAL of the adult mice and we observed that MCC950 treatment decreased levels of IL-1β in the sample when compared with control group (Figure 2A). Furthermore, NLRP3 inhibition diminished production of IL-33 in the BAL fluid compared with controls (Figure 2B). Levels of IL-4, IL-13 and CCL2, were significantly decreased in total lung protein extracts (Figure 2C,E), with no significant differences observed in IL-5 and IL-17 (Figure 2C,E). Total leukocyte numbers were analyzed to characterize the inflammatory response and we observed significantly reduced total numbers of interstitial macrophages, CD11c+CD11b+ antigen-presenting cells (APC), neutrophils and type 2 innate lymphoid cells (ILC2) in the MCC950 treated mice compared with control RSV infection (Figure 2F,I) with no difference in T cells (Figure 2J). These data suggest that NLRP3-inflammasome activity has an important role during RSV immune response, which leads to Th2 immune response and severe disease.




3.3. NLRP3-Inflammasome Inhibition Modifies RSV Immunopathology in Neonate Mice


The severity of RSV infection and immunopathology has been linked with different factors. For example, the age at which a child is infected, as preterm babies and infants are more susceptible to developing severe RSV disease [25]. To examine the role of NLRP3-inflammasome inhibition on RSV immunopathology, we intranasally infected neonate BALB/c mice at 7 days of age treated with MCC950 or vehicle (Figure 3A). Examination of histopathology determined that the MCC950 treatment reduced mucus production and goblet cell metaplasia compared with vehicle-treated controls (Figure 3B) as well as a correlative decrease in mucus gene expression of Gob5 (Figure 3C). Importantly, a reduction of Th2 cytokine gene expression of Il4, Il5 and Il13 was observed in MCC950-treated mice (Figure 3D–F). Examination of lung inflammation demonstrated decreased numbers of neutrophils, interstitial macrophages, ILC2 and CD8+ T cells in the RSV+MCC950-treated group compared with controls (Figure 4A,D). Thus, similar to adults, neonatal mice treated with MCC950 during RSV infection presented decreased RSV immunopathology, suggesting the NLRP3-inflammasome plays an important role in the RSV severity during early-life.




3.4. Decreased RSV Immunopathology in Nlrp3−/− Neonate Mice


To further investigate the role of NLRP3 inflammasome during neonatal RSV infection, we used Nlrp3−/− neonatal mice and as a control, we used age-matched C57BL/6 mice (Figure 5A). The histopathological finding showed that Nlrp3−/− neonatal mice presented decreased inflammatory airway infiltration and reduced mucus deposition compared to C57BL/6 infected group (Figure 5B). Significant downregulation of the expression of Gob5, Il4, Ccl2 and Ifnb was observed in Nlrp3−/− neonatal mice when compared with control mice (Figure 5C–F). Inflammatory lung infiltration was evaluated by flow cytometry and we observed that Nlrp3−/− mice presented significantly decreased numbers of interstitial macrophages, CD11c+CD11b+ APC, neutrophils and CD8+CD69+ T cells (Figure 6A,D). These data demonstrated the critical role of NLRP3-inflammasome in the RSV immunopathology in neonatal mice.




3.5. NLRP3-Inflammasome Inhibition during Early-Life RSV Infection Attenuated Secondary Allergic Exacerbation


Severe RSV infection is the most prominent cause of bronchiolitis and childhood hospitalization in infants under six months of age. This group of infants is the most susceptible to developing severe RSV disease and asthma later in life [1,2]. To evaluate whether the NLRP3-inflammasome during early-life impacts long term disease phenotypes, we used neonatal RSV infection followed by the cockroach allergic model (Figure 7A). Neonatal RSV infected mice treated with MCC950 or vehicle during the infection were sensitized and challenged with cockroach allergen (CRA) at 5 weeks of age. As controls, naïve and CRA only treated age-matched animals were used. Lung histology showed that inhibition of NLRP3 during early life RSV infection (RSV+MCC950/CRA) did not have an exacerbated allergic phenotype compared to the control treated neonatal RSV infected mice (RSV+vehicle/CRA) (Figure 7B). Lung cytokine gene expression of Il4 and ll-5 was significantly downregulated with a trend towards decreased Il13 in the RSV+MCC950/CRA compared with RSV+vehicle/CRA group (Figure 7C,E). Inflammatory infiltration in the lung was evaluated and we observed significantly decreased numbers of APC, including CD11c+CD11b+, CD11c+CD103+ and interstitial macrophages in the RSV+MCC950/CRA when compared with RSV+vehicle/CRA (Figure 7E,G). Altogether, these data indicate that NLRP3-inflammasome has a role during early-life RSV infection that alters the immune response to the secondary lung insult in the adult mice.





4. Discussion


The current studies demonstrate that inhibition of NLRP3-Inflammasome activity by a specific inhibitor (MCC950) or in NLRP3 knockout mice abrogated RSV immunopathology as well as the subsequent allergic airway exacerbation after early-life RSV infection. NLRP3-inflammasome is a multiprotein complex, which plays a crucial role in innate immunity that elicits the release of proinflammatory cytokines like IL-1β and IL-18 [15,16]. Increased levels of IL-1β has been linked with the severity of disease in various respiratory virus infections, including RSV [12,13,26], rhinovirus [27,28,29] and SARS-CoV2 [30,31,32]. Since aberrant activation of NLRP3-inflammasome and IL-1 are associated with numerous chronic diseases, including cardiovascular, atherosclerosis and diabetes, the interest in developing or identifying potent and specific NRLP3 inhibitors has been of increased interest [16]. Targeting NLRP3 activation could offer a safer choice to prevent immunosuppressive side effects that can arise by targeting other downstream products of the NLRP3-inflammasome, such as IL-1, IL-18, or IL-33 [16]. Importantly, targeting NLRP3-activation resulted in decreased IL-1β, IL-33 and CCL2 production with significantly increased type 1 IFN-β, suggesting that targeting NLRP3 rebalanced the antiviral immune response decreasing detrimental proinflammatory pathways.



IL-1β and IL-33 belong to the IL-1 family of cytokines and receptors primarily associated with innate immunity [11,33,34]. It has been shown that IL-1β and IL-33 are critical activators of ILC2 that induce proliferation and cytokine production (e.g., IL-5 and IL-13) and also regulate the expression of epithelial cytokine receptors [11]. The inhibition of NLRP3-inflammasome during RSV infection in adult and neonate mice diminished the Th2 cytokine expression, likely related to the activation and proliferation of ILC2, which are a significant source of IL-13 in the lungs [9,35]. These data correlated with the decreased mucus production that has been associated with the production of IL-13 and the development of goblet cell hyperplasia [36]. IL-1β also impacts the airway epithelium immune homeostasis by increasing the production of IL-33 and CCL2 from airway epithelial cells [12,37]. Altogether, these data suggest that NLRP3-inflammasome inhibition impacts the Th2 immune response by modifying the activation and proliferation of ILC2 through the reduction of IL-1β and IL-33 in the airway.



Previously, our group has shown that RSV infection in mice and infants promotes IL-1β pathway activation, which leads to the induction of innate cytokines (CCL2, TSLP and IL-33) by the airway epithelium [12,13]. Our previous studies have indicated that primary cultures of alveolar epithelial cells type II from naïve mice had increased expression of epithelial cell-derived cytokines IL-33, TSLP and CCL2 after in vitro infection with RSV [12]. We have also shown that early-life RSV infection generated persistent expression of IL-33 in alveolar epithelial cells and TSLP within the bronchial airway epithelial cells [24].



Here, we observed decreased production and expression of pulmonary CCL2 where NLRP3-inflammasome was inhibited (MCC950) or genetically abrogated in Nlrp3−/− mice. CCL2 is a potent chemoattractant of myeloid and lymphoid cells and it has been suggested that this chemokine can impact leukocyte phenotype, polarization, effector molecule secretion, autophagy and survival, in a context-dependent manner [38]. Abnormal upregulation of CCL2 results in sustained and exacerbated cell recruitment and uncontrolled inflammation [38], as seen in rheumatoid arthritis, atherosclerosis, diabetes and COVID-19, among others [39,40,41,42,43,44]. When NLRP3 was blocked during RSV infection a downregulation of CCL2 expression and diminished total numbers of antigen-presenting cells (CD11c+CD11b+ and interstitial macrophages) was observed. Thus, NLRP3 activation provides a central and early role for regulating the immunopathology response during RSV infection that may have long term effects.



Clinical studies have supported a link between early-life severe RSV infection and airway disease development later in life, including asthma [1,2,6]. In this work, we observed that inhibition of the NLRP3 inflammasome during early-life RSV infection impacts the subsequent response to a secondary insult (CRA) later in life by decreasing inflammatory lung infiltration, including APC that led to decreased lung Th2 cytokine phenotype (Figure 8). Similar results were observed using interleukin 1 receptor antagonist (IL-1ra) [13], corroborating the importance of this pathway. Multiple early life events in the lung have been associated with NLRP3 activation, including viral and bacterial infections, Bronchopulmonary dysplasia and even septic events, which have been associated with increased susceptibility to later disease [13,45,46,47]. Perhaps targeting NLRP3 during these early life events may provide a common therapeutic pathway for controlling long term sequelae that are often observed later in these children, including childhood asthma.
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Figure 1. NLRP3-inflammasome inhibition abrogated RSV immunopathology in adult mice. (A) 6–7-week-old adult female BALB/c mice were infected intratracheally with Respiratory Syncytial Virus (RSV), Line 19 and treated daily with either an NLRP3 inhibitor (MCC950) or vehicle intraperitoneally; samples were harvested at 8 days post-infection. (B) Lung histopathology in Hematoxylin and Eosin stain (H&E) showed strongly reduced lung inflammatory infiltration and Periodic acid-Schiff stain (PAS) detected mucus that was decreased in the RSV+MCC950 group compared with control RSV+Vehicle. (C) Decreased Gob5 and Muc5ac lung mRNA expression. (D) Il13 and (E) Il5 mRNA expression. (F) Upregulation of Ifnb lung mRNA expression. Data represent the Mean ± SEM from 4 to 5 mice (experimental repeats 2). * p ≤ 0.05, ** p ≤ 0.01. 
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Figure 2. RSV immunopathology is dependent on NLRP3-inflammasome function Bronchoalveolar lavage (BAL) samples of adult mice were used to measure (A) IL-1β and (B) IL-33. Total lung extracts were used to evaluate levels of (C) IL-4 and IL-5, (D) IL-13 and IL-17 and (E) CCL2. (F–J) Flow cytometry of lung leukocytes. Data represent the Mean ± SEM from 4 to 5 mice (experimental repeats 2). * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. 
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Figure 3. NLRP3-inflammasome inhibition modifies RSV immunopathology in neonate mice. (A) 7-day old female and male BALB/c mice were infected intranasally with Respiratory Syncytial Virus (RSV), Line 19 and treated daily with either an NLRP3 inhibitor (MCC950) or vehicle intraperitoneally; samples were harvested at 8 days post-infection. (B) Lung histopathology in Hematoxylin and Eosin stain (H&E) showed strongly reduced lung inflammatory infiltration and Periodic acid-Schiff stain (PAS) detected mucus that was decreased in the RSV+MCC950 group compared with control RSV+ Vehicle. Scale bar = 100 μm. (C) Decreased Gob5 lung mRNA expression. (D) Il4, (E) Il5, (F) Il13 lung mRNA expression. Data represent the Mean ± SEM from 4 to 8 mice (experimental repeats 2). * p ≤ 0.05, ** p ≤ 0.01. 
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Figure 4. NLRP3-inflammasome inhibition modifies RSV inflammatory response in neonate mice. Neonatal mice were infected with RSV and treated with MCC950 or vehicle. Flow cytometry of the lung leukocytes: (A) Total neutrophils (B) Antigen-presenting cells (C) Type 2 innate lymphoid cells (ILC2) (D) T cells. Data represent the Mean ± SEM from 4 to 5 mice (experimental repeats 2). * p ≤ 0.05, *** p ≤ 0.001, **** p ≤ 0.0001. 
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Figure 5. Decreased RSV immunopathology in Nlrp3−/− neonate mice. (A) 7-day old Nlrp3−/− or C57BL/6 neonatal mice were infected intranasally with Respiratory Syncytial Virus (RSV), Line 19. (B) Lung histopathology in Hematoxylin and Eosin stain (H&E) showed strongly reduced lung inflammatory infiltration and Periodic acid-Schiff stain (PAS) detected mucus that was decreased in the Nlrp3−/− mice compared with control C57BL/6. Scale bar = 100 μm. (C) Decreased Gob5 lung mRNA expression and (D) IL-4, (E) Ccl2, (F) Upregulated lung expression of Ifnb. Data represent the Mean ± SEM from 4 to 8 mice (experimental repeats 2). * p ≤ 0.05, ** p ≤ 0.01, **** p ≤ 0.0001. 
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Figure 6. Diminished RSV airway inflammation in Nlrp3−/− neonate mice. (A) Neonatal Nlrp3−/− or C57BL/6 mice were infected with RSV. Flow cytometry of the lung leukocytes (A) Interstitial macrophages (B) CD11c+CD11b+ antigen-presenting cells (C) Neutrophils (D) T cells. Data represent the Mean ± SEM from 4 to 5 mice (experimental repeats 2). ** p ≤ 0.01, **** p ≤ 0.0001. 
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Figure 7. NLRP3-inflammasome inhibition during early-life RSV infection attenuated secondary allergic exacerbation. (A) 7-day old BALB/c neonate mice were infected with RSV, followed by cockroach allergy model (CRA). CRA was administered via intratracheal instillation into the lungs over 3 consecutive days, starting at 4-weeks post-infection, followed by 4 challenges 2 weeks later to elicit an allergic response as previously described. Naïve and CRA only treated mice were used as controls. (B) Lung histopathology in Hematoxylin and Eosin stain (H&E) showed strongly reduced lung inflammatory infiltration in the RSV+MCC950/CRA group compared with control RSV+ Vehicle/CRA. Scale bar = 100 μm. (C) Il4, (D) Il5, (E) Il13 mRNA expression. Flow cytometry of the lung leukocytes (F) CD11c+CD11b+ antigen-presenting cells (G) CD11c+CD103+ antigen-presenting cells (H) Interstitial macrophages. Data represent the Mean ± SEM from 4 to 8 mice (experimental repeats 2). * p ≤ 0.05, ** p ≤ 0.01, **** p ≤ 0.0010. 
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Figure 8. RSV induces NLRP3-inflammasome activation and leads to Th2 response. RSV infection activated NLRP3-inflammasome in Antigen presenting cells (APC), that trigger the production of IL-1β. Airway epithelial cells increases the expression of IL-33 and CCL2 when IL-1β is upregulated and downregulated IFNβ. IL-33 and CCL2 can recruit ILC2, monocytes, APC and T cells to the lung and increase the predisposition to airway disease development later in life. 






Figure 8. RSV induces NLRP3-inflammasome activation and leads to Th2 response. RSV infection activated NLRP3-inflammasome in Antigen presenting cells (APC), that trigger the production of IL-1β. Airway epithelial cells increases the expression of IL-33 and CCL2 when IL-1β is upregulated and downregulated IFNβ. IL-33 and CCL2 can recruit ILC2, monocytes, APC and T cells to the lung and increase the predisposition to airway disease development later in life.



[image: Viruses 13 00692 g008]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
“RSVLine 19

et A o
@ oo piinateon
gaive (&g, T 0 hBha
Femall Males o 2w
7 days old ‘Sensitization Challenge.

e

P —






media/file4.png
B
- IL-1b IL-33
BAL
20~ : 80+
15+ 60
- -l
§ 10- g 1
(@) —— (@)
Q. Q
5+ — 204
N i
0 I &I 0 | pR—
Naive RSV RSV+ Naive RSV RSV+
D MCC950 £ MCC950
Lung extracts Lung extracts
B Naive
250 — s
e CCL2
200— i 600 -
1 i MCCE50 —=
100—
= ] 400+
£7] c
D 10 — —
Q. 3 (®)) —— -QS
X Q. 200- \
4
z ] \
c 0 T &
IL-13 IL-17a Naive =~ RSV~ RSV+
G MCC950
. 700— aliolel [ Naive =
™ o
S 500 EE RSV -
= RSV+MCC950 o
o 300 =
=
= =
5 100 = B S -
= - 2
2 T c
& 197 § o
» N £
T 5- \ Q.
S \ ™ :
=

MCC950

CD11¢c+CD11b+ CD11¢c+CD103+
I
i 47
o
- N Fkk 3
X I 1
—_— 3_,
(@)
E
—-— 2 -
b
Q
— — —
2 14 —
o N
O \\
= 0 , N\
Naive RSV RSV+

T cells in left lung (x10%)

400 -

300

200 =

100 -

n

250

200

150

100 -

——

J
£
~
)
B

0=

IL4

1 Naive
B RSV
RSV+MCC950

Lung Extracts

P=0.057

50

LMacrophages in left lung (x103)

w
o
]

20 +

Naive

IL-5

1
RSV RSV+

104

0 1

Naive

CD4+

CD4+CD69+

Bl RSV

CD8+

RSV+ MCC950

CD8+CD69+





nav.xhtml


  viruses-13-00692


  
    		
      viruses-13-00692
    


  




  





media/file16.png
RSV infection

/\

Antigen presenting cell @

@ Airway epithelial

“
© ©

@ ©e
@
l =
@ fIL-33 and CCL2 JIFN-B
I ”..-1 B Th2 immune response and recruitment
Inflammation and of ILC2, monocytes and T cells.
recruitment of Impaired antiviral innate immunity
leukocytes [ |

Predisposition to long-term
airway disease development






media/file2.png
A *RSV Line 19

|.T Infection
Balb/c Daily MCC950 or vehicle |.P
Female L -
6 weeks old r 1
Days 1
Harvest
B RSV + Vehicle RSV + MCC950

P s o Y

'1.‘-."':»\‘ -

T et &
wa AL
PN

e S
r -'":‘(';-P

o C D E F
% 400+ . RSV g o "3 « s S Ifnb *
- L >
€ % RSV+MCC950 8 2 z
o 200 < 34
g " - - o
o WM 8 . 3
o 207 9 % 21 )
c H g c
@ 164 o 204 £ xx ]
5 1 & 2 ' g
* -
T * : 2 o
o [ RSV+ ' 3
L Gob5 Muc5a RSV RSV+ (8 RSV RSV+

MCC950 MCC950 MCC350





media/file5.jpg
°

Fold change over naive.

RSV Line 19
IN Infection

Bablc
£ Daily MCCO50 orvehice 1P
Femalo/Male

Tdaysod Uk
i Days T 3

Harvest

RSV + Vehicle

P

F W
% g’lé
e H
N il
Mo ;| s I





media/file3.jpg





media/file1.jpg
A RSV Line 18

1T Infection
b Daily MCCO50 orvehice LP
Female. s
& woeks st ey

Days {

2 Harvest

B RSV + Vetice RSV + MCC950

Fos Change over naive

L





media/file7.jpg
left lung (x102) >

2
z
g
s
g
3
H
z
c

ILC2in left lung (x10%)

® * -
0
2
— .
v T g
Nave RSV RSV+
MCCsso
—_
2
1 =
2 =
o T q
Naive RSV +

MCC950

& Nawe

]
it [l

©

¥ 88

g

s

38

i 7

Colsnleftlung (10%)
i

e
o B3 Naive
- sy

RSV4MCCO50

CD4+ CDA+CDG9+ CDB+ CDBHCDESH





media/file10.png
Nirp3 /1
C57BL/6
Female/Male
7 days old

*RSV Line 19
[.N Infection

_«

o

N

o~

]

Days 1

57BL/6+RSV

Ifnb

=S S - & LY
LL @Areu iaa0 abueys pjo4

*
Nirp3*
RSV

Cel2

C57BLI6
RSV

Wz ¢ 8 = & <

aAleu iano0 abueyo pjo4

>
o
s
7
o
(]
L S S
aAleu JaA0 abueyod pjo4
>
w
o
wn
3
(G]

RSV

& F o & & - LS
aAleu 1ano0 abueys pjo4





media/file12.png
>

5 -

Cells in left lung (x10?%)

o
|

1N
]

w
|

N
|

—
|

Neutrophils in left lung (x10%)
T

Interstitial Macrophages

L kkkk
I

T

ZA

——
C57/B6 Nirp3- C57/B6 Nirp3™
Naive Naive RSV RSV

1

T cells in left lung (x10°)

T
C57/B6 Nirp3’- C57/B6 Nirp3™
Naive Naive RSV RSV

o

Cells in left lung (x103)

O

I

ek

CD11c+CD11b+
40 = |L|
30 =
20+ %
0= -1 &
C57/B6 Nirp3’- C57/B6 Nirp3™
Naive Naive RSV RSV
B C57/B6 B C57/B6
Naive RSV
3 Nip3™”- Nirp3™”"
25 = Naive RSV
20 = I
16= I
10=-
B=
0 - - —

|

CD4+ CD4+CD69+ CD8+ CD8+CD69+





media/file9.jpg
Fold change over naive

RSV Line 19

Nip3t
3t @ \infecion

Female/Male . MR

7daysois M F
¥ Days T 3

Harvest

ez






media/file0.png





media/file14.png
@@ Days 1:

*RSV Line 19

|.T Infection
Daily MCC950 or vehicle |.P

Allergy model

4 weeks
post-infection

Balb/c é i éé 114 2'0 _—
Taapoa CRA Harvest
o Challenge
RSV + MCCOSO/CRA
o s s
A

C 14
Q 25=
2
®
€ 20=
1™
S
0 15+
-
c 10=
®
o
° 5
el
0
TR
CRA RSVICRA  RSVICRA
Vehicle MCC950
F
CD11c+ CD11b+
a 250+
‘°. Fokkk
X 200 P
o
c
3 150+ -—
&
2 100+
£
0 50=
)
O o -
Naive CRA RSVICRA RSVICRA

Vehicle MCCS50

Fold change over naive

-

Cells in left lung (x10°)

o
L

CRA

S
1

w
1

~n
1

-h
1

15

Naive

RSVICRA
Vehicle

RSVICRA
MCC950

CD11¢c+CD103+

*k

P

i

|
CRA RSV/CRA RSVICRA
Vehicle MCC950

Fold change over naive

Cells in left lung (x103)

*°\7)
>

-
o
| |

—_
o
1

o
L

o
|

CRA

Naive

\ ¢
) TN

RSVICRA
Vehicle

RSVICRA
MCC950

Interstitial Macrophages

—

T

I
CRA RSVICRA RSVICRA
Vehicle MCC950






media/file8.png
O Neutrophils in left lung (x102) >

ILC2 in left lung (x10%)

60=- :
40
20 -
N\
Naive RSV RSV +
MCC950
8 = . **k% . *k*k%k .
6 =~
4=
N
2™ —|—Q
Naive RSV RSV +

MCC950

400 =

1 Naive

B B RSV
300 — RSV+MCC950
2 100— |l §
x 40 -+
o
5 30— §
§ 20— T §
c
é 10—“ § \
2 =
THRS
0
CD11c+CD103+ CD11c+CD11b+ Interstitial
Macrophages
D 0 Naive
Bl RSV
RSV+MCC950
U 200 =
—
X
o 150=—
c
=
& 100- X
2 ‘I R
E N N
o 50— § §
= N
\ N
8 N \
- N D
'—

CD4+ CD4+CD69+ CD8+ CD8+CD69+





media/file11.jpg
>

left lung (x10?)

2
3
8

in leftlung (x10%) &

Neutrophil

2.

15:

10

Interstitial Macrophages.

vy

T

®

)
%
=
2
3
s
£
2

2.

10:

CD11c+CDb+

4. =y

30

T ¥
CS7/B6 Nip3*  CSTIBE Nirps*

Nave Nave RSV RSV
—

T
-

»
C5TIBE Nips*
RSV RSV

T
C5/B6 Nirp3*
Naive  Naive

o

Teells in left lung (x10%)

T 3
CS7/B8 Nip3” CSTIBS Ni3"

Nave Nave RSV RSV
= cs7s - cs7s
Naive RSV
= mips* Nip3*
Narve RSV

D4+ CD4+CDBI+

CDB+ CDB+CDSH





media/file6.png
*RSV Line 19
[.N Infection

Daily MCC950 or vehicle |.P

Balb/c I8
Female/Male °~ . -
7daysold ¢
Days 1

RSV + Vehicle
Rl f:'ﬁt (R

2 ey

‘."'». o) .-. : > o =5

S e 8% '?%‘ =

t-u-‘f.? e, S

¢ qg,:_a" i ‘a,;- ¢ “‘5‘
e R R N
e G A "‘9‘-‘

e
L ) ;t .
A P a
e i W‘r

R bty

8
Harvest

Fold change over naive

Fold change over naive

RSV RSV +
MCC950

RSV MCC3950

Fold change over naive

RSV

RSV+
MCC350

Fold change over naive -

10+

2-1

RSV

3

MCC950





media/file15.jpg
RSV infection *

Airway epithelial

[ )
l .
L] fiL-33 and CCL2 JIFN-B
1IL-18 Th2 immune response and recruitment
Infiammtion and of ILC2, monocytes and T cells.
recruliment of Impaired antiviral innate immunity
leukocytes 1

Predisposition to long-term
airway disease development





