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Editorial on the Research Topic 
Editorial: Insights in respiratory pharmacology: 2021

There is an unprecedented unmet need to understand the mechanisms and therapeutic targets of pulmonary diseases. In the past, several approaches have been used to identify the respiratory disease mechanisms involving acute and chronic exposures (e.g., tobacco smoke, bacteria, viruses, hyperoxia, bleomycin) and other factors. Some targets have been successfully pinpointed based on cell signaling, kinase mechanisms, nuclear signaling, and epigenetic changes. However, these achievements have only partially translated into clinical applications.
For this Research Topic, we solicited several top-class articles on the mechanisms of acute and chronic pulmonary diseases, with a view to prioritizing the understanding of potential therapeutic targets and pharmacotherapies. Some interesting and timely topics were chosen from key authors, and a series of original articles was compiled.
Regarding the mechanisms of in vivo acute lung injury in experimental animal models, one study describes the role of the mitochondrial protein AKAP1 in the regulation of endoplasmic reticulum function; Sidramagowda Patil et al.; another study demonstrates the anti-inflammatory role played by metformin through its regulation of the SIRT1/nuclear factor-kB (NF-kB)/NLRP3 pathway during endothelial cell pyroptosis; Zhang et al.; and another describes the role of aspirin in reducing hyperoxia-induced pulmonary inflammation by regulating the NF-kB signaling pathway Tung et al.
In terms of potential anti-remodeling effects, one study shows that chemerin is upregulated in the lungs in acute-exposure experimental animal models in vivo, that it promotes the proliferation and migration of arterial smooth muscle cells in vitro by regulating ERK1/2 signaling, and that its plasma concentrations are elevated in persons with idiopathic pulmonary hypertension compared with healthy controls Peng et al.
Another study shows that activation of midkine-Notch2 signaling promotes the proliferation of airway smooth muscle cells in vitro, and in a COPD experimental animal model in vivo, as an airway remodeling mechanism Deng et al.
In terms of clinical studies, one article describes the development and validation of the Respiratory Adherence Care Enhancer Questionnaire and assesses its utility for identifying self-management barriers to the use of inhaled corticosteroids, the mainstay of asthma maintenance pharmacotherapy Visser et al.
Another study presents the results of a prospective, controlled, randomized clinical trial that identified the optimal dose of ropivacain, a local anesthetic, in participants who received an ultrasound-guided rhombic intercostal block (RIB) as analgesia during video-assisted thoracoscopic surgery (VATS) Deng et al.
One article summarizes recent evidence regarding the role of COVID-19 vaccines and other therapeutic interventions, focusing on emerging variants Islam et al.
One study describes the development of nanoparticle drug delivery systems actively directed against molecular targets and their potential implications for lung cancer pharmacotherapy Wang et al.
Regarding the potential pharmacological modulation of the mechanisms of allergic diseases, one in vitro and in vivo study shows that house dust mite aeroallergen increases susceptibility to pneumococcal infection by reducing leukocyte phagocytosis and NETosis Papanicolaou et al.
Finally, in the context of the emerging usage of cannabis products, one article describes the development of a standardized method for the generation of a cannabis smoke extract to investigate its mechanism of action. It also shows the inflammatory effects of cannabis smoke extract in vitro Aloufi et al.
We are pleased to present this series of emerging topics in this Research Topic of the Respiratory Pharmacology section of Frontiers in Pharmacology. These topics have high translational potential. A better understanding of the pathogenesis and mechanisms of drug action are expected to lead to identification of new therapeutic targets, which will pave the way for more personalized pharmacotherapies for respiratory diseases.
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Introduction: Suboptimal self-management of inhaled corticosteroids (ICS) in asthma patients is frequently observed in clinical practice and associated with poor asthma control. Driving factors for suboptimal self-management are complex and consist of a range of behavioral barriers (cognitive, affective and practical) with a considerable inter-individual variability. Identification of individual barriers facilitates the use of corresponding behavior change techniques and tailored care to improve asthma treatment outcomes.
Objective: This study describes the development and validation of the ‘Respiratory Adherence Care Enhancer’ (RACE) questionnaire to identify individual barriers to self-management of ICS therapy in asthma patients.
Methods: The development included: 1) an inventory of self-management barriers based on a literature review, 2) expert assessment on relevance and completeness of this set, linking these barriers to behavioral domains of the Theoretical Domains Framework (TDF) and 3) the formulation of corresponding questions assessing each of the barriers. A cross-sectional study was performed for validation. Primary care asthma patients were invited to fill out the RACE-questionnaire prior to a semi-structured telephonic interview as golden standard. Barriers detected from the questionnaire were compared to those mentioned in the interview.
Results: The developed questionnaire is made up of 6 TDF-domains, covering 10 self-management barriers with 23 questions. For the validation 64 patients completed the questionnaire, of whom 61 patients were interviewed. Cronbach’s alpha for the consistency of questions within the barriers ranged from 0.58 to 0.90. Optimal cut-off values for the presence of barriers were determined at a specificity between 67 and 92% with a sensitivity between 41 and 83%. Significant Areas Under the Receiver Operating Curves values were observed for 9 barriers with values between 0.69 and 0.86 (p-value <0.05), except for ‘Knowledge of ICS medication’ with an insignificant value of 0.53.
Conclusion: The RACE-questionnaire yields adequate psychometric characteristics to identify individual barriers to self-management of ICS therapy in asthma patients, facilitating tailored care.
Keywords: asthma, inhaled corticosteroids (ICS), self-management (self-care), theoretical domains framework (TDF), tailored care, adherence–compliance–persistance
INTRODUCTION
Asthma is a chronic respiratory disease affecting an estimated 300 million individuals worldwide (GBD 2017 Disease and Injury Incidence and Prevalence Collaborators, 2018). It is a public health problem placing a significant socioeconomic burden on patients, caregivers and healthcare systems (Dharmage et al., 2019; Dierick et al., 2020). Inhaled corticosteroids (ICS) are considered the cornerstone of controller therapy for asthma according to the recommendations of the Global Initiative For Asthma (GINA) guideline (Global Initiative for Ast, 2020). These drugs have the ability to effectively control asthma by suppressing airway inflammation, reducing bronchoconstriction and concomitant asthma symptoms such as breathlessness and wheezing (Barnes, 2010; Global Initiative for Ast, 2020). However, approximately 50% of asthma patients do not follow the prescribed ICS regimen due to factors related to self-management including poor adherence, awareness of the disease or the lacking of practical skills (World Health Organisation, 2021). This phenomenon has been associated with an increased risk of exacerbations, impaired quality of life, hospitalization, and mortality (Bårnes and Ulrik, 2015).
Healthcare professionals interact with asthma patients in the field of respiratory health during consultations or prescription refills and have an important role in providing long-term care for effective self-management. They educate patients on their disease and inhalation medication, provide training on the use of inhalation devices, address patients’ concerns and beliefs in order to guide optimal self-management of ICS therapy (Bridgeman and Wilken, 2021; Murray and O'Neill, 2018). However, identifying and overcoming barriers to self-management of ICS therapy is a major challenge in clinical practice (Murray and O'Neill, 2018). Driving factors are complex and consist of a range of cognitive, affective and practical barriers with a considerable inter-individual variability (Boulet et al., 2012; World Health Organisation, 2021). Healthcare professionals often lack good insight into this multitude of barriers and therefore apply a ‘‘one size fits all’’ approach, frequently focusing on adherence and practical skills without addressing the underlying individual behavioral barriers (Plaza et al., 2016; Dima et al., 2017; Anghel et al., 2019; Toelle et al., 2020). Enabling healthcare professionals with a tool to identify individual barriers to self-management of ICS therapy may be of added value to facilitate tailored care to optimize self-management and treatment outcomes.
Based on psychological behavioral change theories, the Theoretical Domains Framework (TDF) offers a set of domains with associated constructs composed of cognitive, affective, social and environmental factors. This validated framework can be applied to identify individual behavioral challenges and to develop corresponding interventions as a strategy to overcome behavioral barriers (Cane et al., 2012; French et al., 2012). Thus, the TDF is appropriate as a theoretical underpinning for asthma patient behavior, enhancing existing interventions in their effectiveness to overcome individual barriers to self-management of ICS therapy in clinical practice (Allemann et al., 2016; Presseau et al., 2017; Patton et al., 2018).
Hence, the aim of this study was to develop and validate a questionnaire based on the TDF for identification of individual barriers to self-management of ICS therapy in primary care asthma patients: the ‘‘Respiratory Adherence Care Enhancer’’ (RACE) questionnaire.
METHODS
Study Design
A mixed-methodology approach was conducted in this study to develop and validate the RACE questionnaire (Supplementary 1.1). The development of the questionnaire was based on a literature review. The questionnaire was validated by the assessment of the content and face validity as part of the development phase. To validate the questionnaire on internal consistency and criterion validity of the barriers with asthma patients, a cross-sectional study was performed. Primary care asthma patients were invited to fill out the questionnaire, followed by a telephonic semi-structured interview as a golden standard method within a 2-week period. The study protocol (N19.097) was declared to not fall within the scope of the Dutch Medical Research Involving Human Subjects Act by the Medical Ethics Committee (MEC) of the Leiden University Medical Center (LUMC). The study was approved by the scientific committee of the division of Clinical Pharmacy and Toxicology of the LUMC and was conducted according to the principles of the World Medical Association Declaration of Helsinki. Written informed consent was obtained from all included patients prior to participation.
Development
Systematic Literature Review
A systematic literature review was performed to identify articles published between January 2000 and October 2018 concerning barriers to self-management or adherence of ICS therapy in asthma patients. The search was performed in PubMed and the Web of Science database using a combination of the following keywords and Medical Subject Headings (MeSH): “asthma”, “barriers”, ‘‘self-management’’ and “adherence”. All obtained records were screened by two independent researchers (RM, MT) according to predefined inclusion criteria including ‘‘asthma patients receiving ICS therapy’’ and ‘‘barriers concerning non-adherence, beliefs or self-management’’ to determine their eligibility in a three-stage screening process which consisted of title, abstract- and full-text screening. Duplicates, commentaries, editorials, poster abstracts, letters without original data and publications in other languages other than English or Dutch were excluded. Consensus on discrepancies of the included articles was achieved through discussion. Subsequently, barriers to self-management or adherence of ICS therapy were extracted and summarized according to the TDF.
Content and Face Validity
An expert panel was consulted in two Delphi rounds to assess the clinical relevance, completeness and feasibility of the set of extracted barriers and to cluster these barriers into TDF-domains. Pharmacists of the Special Interest Group (SIG) Lung from the Royal Dutch Pharmacists Association (KNMP) and General Practitioners (GP) were invited to this panel. In round 1, participants were requested to rate the barriers on the abovementioned with a scale from 0 to 10 (low to high). In round 2 participants reappraised the results from round 1 through the same method. Subsequently, questions were formulated to address the barriers identified (JML, MT). Questions were framed as negative and positive statements to limit social-desirability bias (Larson, 2018). For the responses, a 5-point Likert scale was provided ranging from complete disagreement to complete agreement. Questions on medication use and the validated ‘‘Control of Allergic Rhinitis and Asthma Test’’ (CARAT10) were added to assess asthma control (Fonseca et al., 2010). The final questionnaire was tested for face validity by pharmacists of the SIG Lung and researchers with experience in the development of questionnaires, to assess the readability, feasibility and comprehensive understanding of the questions.
Forward-backward translation was performed on the original Dutch version of the RACE questionnaire, providing an English version. Forward translation was conducted by a native English speaker and backward translation by a native Dutch speaker. These two processes were performed independently of each other, after which the two Dutch versions were compared and discrepancies were resolved in a consultation session.
Validation
For the assessment of the internal consistency and criterion validity of the barriers, a cross-sectional study was performed in primary care asthma patients. As there were no other comparable measuring tools available, all respondents to the RACE questionnaire were invited for semi-structured interviews. The barriers identified from these interviews were considered as golden standard to validate the barriers as detected from the scores on the RACE questionnaire.
Study Participants
A total of 20 community pharmacists from the SIG lung and the internship database of the Leiden University were invited to each recruit 10 asthma patients with ICS dispensing’s between October and December 2019. The aim of this study was to include 100 patients at a non-response rate of 50%. Patients were eligible for inclusion when ≥18 years, diagnosed with asthma and treated with ICS according to dispensing data present in the pharmacy information systems. Patients with Chronic Obstructive Pulmonary disease (COPD), suspicions hereof or diagnosed with other significant lung diseases were excluded. Likewise, the incapability to speak, write and comprehend the Dutch language were exclusion criteria.
Data-Collection
An online version of the RACE questionnaire was built within the facilities of Castor Electronic Data Capture (EDC) to safeguard the collected data in the LUMC surroundings according to the Data Protection Act. If requested by the patient, a paper version of the questionnaire was provided.
Semi-structured interviews were performed with the responders to the questionnaire. An interview guide was developed with comparable components, prompts and recommendations as presented in the TDF-based interview topic guides of earlier studies (Supplementary 2.1) (Presseau et al., 2017; DeJonckheere and Vaughn, 2019). This method was applied to elicit and encourage patients to provide overt information concerning their feelings, thoughts and beliefs on the TDF domains and barriers. To retain the objectivity of the provided information in the interviews, the components of the questionnaire were presented in a different order and posed through an open dialogue approach. The interviews were conducted in the Dutch language by a member of the research team (JML) who did not have any prior contact with the participants and no access to the scores of the questionnaire. The interviews were recorded, transcribed verbatim and independently categorized for barriers with the aid of a predefined coding framework by two other members of the research team (CV, MT). This framework was developed to provide a clear distinction between the presence or absence of each barrier, ensuring a complete and comprehensive understanding of existing barriers in the participants (Supplementary 2.2). The interrater reliability was assessed between the coding appraisals. Any discrepancies of the coded data were resolved through discussions. The recordings and transcripts were safeguarded within the LUMC password-secured surroundings.
Patient’s judgements on the questionnaire were queried as last question in the semi-structured interview and taken into consideration in the final RACE questionnaire.
Data-Analysis
Descriptive analysis was performed to describe demographic characteristics and the distribution of barriers of the overall included sample population.
Cronbach’s alpha test was used to determine the internal consistency of the questions within each barrier. Values between 0.6 and 0.7 were considered as acceptable and values between 0.7 and 0.9 indicated a good level of reliability (Taber, 2018). Cohen’s kappa statistic was performed to assess the inter-rater reliability between the coding appraisals of the semi-structured interview data. Values of at least 0.6 were considered acceptable (Landis and Koch, 1977).
The identification of cut-off values for the presence of barriers were determined for optimal specificity and sensitivity values by receiver operating characteristic (ROC) analysis. The sum scores of the questions per barrier obtained from the RACE questionnaire and the binary outcomes from the interviews were used for the ROC curves. Furthermore, criterion validity was assessed with the optimal sensitivity and specificity values. If necessary, higher specificity was preferred to higher sensitivity to reduce the number of false positives, maintaining practicability in clinical practice. Additionally, the area under the curve (AUROC) was calculated per barrier to determine the ability of the barrier scores to discriminate between barrier presence or absence by comparing the AUROC values to a chance value of 0.5. Two-tailed p-values ≤ 0.05 were considered significant.
Statistical analyses were performed using SPSS statistical software (version 26.0, IBM corp., Armonk, NY).
RESULTS
Development
A total of 347 potentially relevant articles were identified from the systematic literature review, of which 316 were excluded based on their titles and/or abstract. Full-text screening was conducted on the remaining 31 articles, resulting in the exclusion of 11 articles and the addition of 3 articles identified from reference lists. The final review included 23 articles (Figure 1) containing 32 barriers to self-management of ICS therapy in asthma patients, which could be related to 8 TDF-domains. The clinical relevance of the extracted barriers and their relation to the TDF-domains were assessed by a panel of 9 pharmacists from the SIG Lung and 1 GP in Delphi-rounds, resulting in the addition of 1 barrier and exclusion of 13 barriers and 2 TDF-domains. The final version of the RACE questionnaire included 6 TDF domains, covering 10 self-management barriers with 23 corresponding questions (Table 1). The RACE questionnaire is provided as additional material (Table 4).
[image: Figure 1]FIGURE 1 | Systematic literature review flowchart.
TABLE 1 | RACE questionnaire construct for the identification of self-management barriers.
[image: Table 1]Validation
Participating Patients
Eligible asthma patients were invited by 16 community pharmacies. An informed consent was provided by 73 patients of whom 8 patients did not respond to the RACE questionnaire and 1 patient was excluded due to mentioning diagnosis with COPD during the interview. Therefore, 64 patients were enrolled in this study. Semi-structured interviews were conducted in 63 of these patients of which 2 interviews were excluded due to an unclear record and 1 interview was excluded due to record failure. This resulted in 61 patients available for assessment of criterion validity.
Demographic characteristics of the included patients are presented in Table 2. Of the 64 patients 70.3% were female. With regard to their ICS therapy, 39.1% of the patients were reported to use pressurized metered dose inhalers (pMDI’s) and 59.4% dry powder inhalers (DPI’s). The majority of the patients used their ICS on a daily basis as maintenance therapy (90.6%) and a small number of patients as reliever therapy (9.4%). Adequate asthma control, as established by a CARAT-score of >24, was present in 39.1% of the patients. The presence of the barriers ranged between 16.4 and 57.4% according to the semi-structured interviews (Figure 2). The majority of the barriers detected concerned ‘Shared treatment decision making’ (57.4%), ‘Knowledge of asthma’ (44.3%) and ‘Knowledge of ICS medication’ (36.1%).
TABLE 2 | Demographic characteristics of the included study participants (n = 64).
[image: Table 2][image: Figure 2]FIGURE 2 | Percentages of barriers present identified from the semi-structured interviews (n = 61). Abbreviations: ICS: Inhaled Corticosteroids.
Psychometric Characteristics
Cronbach’s alpha values ranged from 0.58 to 0.89 (Table 3). Three barriers were considered good Cronbach’s alpha values, including ‘Expectations of ICS medication’ (0.89), ‘Concerns about ICS inhaler’ (0.80) and ‘(Un)conscious adherence to prescribed ICS medication regimen’ (0.77). The barriers ‘Knowledge of asthma’ (0.67), ‘Knowledge of ICS medication’ (0.65), ‘Experience of side-effects’ (0.66) and ‘Shared treatment decision making’ (0.66) were considered acceptable. For the barrier ‘Understanding and application of ICS inhaler techniques’ Cronbach’s alpha was just below the acceptable range (0.58). Cohen’s kappa values ranged between 0.35 and 0.96 for the inter-rater reliability of the coding of the barriers from the interviews, with a total of 5 barriers above 0.6 (Table 5).
TABLE 3 | Psychometric characteristics of the self-management barriers on the RACE questionnaire.
[image: Table 3]TABLE 4 | Description of the RACE questionnaire identifying individual barriers to self-management of ICS therapy.
[image: Table 4]TABLE 5 | The inter-rater reliability test results of the appraisals on the presence/absence of self-management barriers according to the interview coding’s of two analysts.
[image: Table 5]Optimal cut-off values for the presence of a barrier were determined at specificity values between 67.3 and 91.8% with sensitivity values between 40.9 and 83.3% for the 10 barriers (Table 3). In addition, significant AUROC values were determined for the barriers ranging between 0.69 and 0.86 (p-value <0.05), except for the barrier ‘Knowledge of ICS medication’ with an AUROC value of 0.53 (Figure 3). Further investigation of this barrier revealed a poorly comprehensible question on knowledge of the difference between bronchodilator and anti-inflammatory inhalers which has been revised. Also, after evaluation of the patient’s judgements, the terminology for ‘shame’ was adjusted in the question corresponding to the barrier ‘Social discomfort of inhaling with ICS in public’ (Table 4).
[image: Figure 3]FIGURE 3 | ROC curves per barrier (A–J) are provided per TDF-domain for the classification of patients in presence or absence of a self-management barrier using various cut-off points of the sum scores per barrier. The ROC curves are presented as red lines. The diagonal dashed line represents the line that is no better than chance at discriminating between the presence or absence of a self-management barrier. Adjuvant AUROC values are presented per graph providing an indication of the accuracy of the scores at discriminating between the presence or absence of a self-management barrier. Corresponding p-values ≤ 0.05 were considered statistically significant; Abbreviations: ROC: Receiver operating characteristic; TDF: Theoretical Domains Framework; AUROC: Area under the ROC; ICS: Inhaled Corticosteroids.
DISCUSSION
This study described the development and validation of the RACE questionnaire to identify individual barriers to self-management of ICS therapy in primary care asthma patients.
The concise set of barriers addressed has shown associations with decreased self-management, adherence and poor treatment outcomes with ICS therapy in asthma patients (Ponieman et al., 2009; Wilson et al., 2010; Dima et al., 2015; Foster et al., 2017; George and Bender, 2019). Clinical relevance of these barriers has also been verified by a panel of experts during the development of the questionnaire. At present multiple questionnaires are available for asthma patients, mainly emphasizing on barriers related to (un)conscious adherence and side-effects (Plaza et al., 2016; Dima et al., 2017; Toelle et al., 2020). However, these questionnaires often consider adherence as a single outcome without acknowledging that adherence is influenced by a set of underlying behavioral barriers that need to be overcome to optimize adherence. Other questionnaires as the Self-Management Screening (SeMaS) questionnaire signal essential individual barriers to self-management (Eikelenboom et al., 2015). Nevertheless, the contents of this questionnaire are generic and aimed at a range of chronic conditions. The Nijmegen Clinical Screening Instrument (NCSI) for patients with COPD also provides a tailored approach measuring disease-specific characteristics that determine their health status (Vercoulen, 2012). Yet, these questionnaires do not highlight specific underlying barriers concerning inhalation therapy or asthma requiring behavior change. Moreover, interventions targeting self-management or adherence of ICS therapy lack a theoretical underpinning which may clarify their disappointing effectiveness (Normansell et al., 2017). The applied TDF in the RACE questionnaire may therefore aid in the identification of individual behavioral challenges and support matching interventions with behavior change techniques (BCTs) (Cane et al., 2012; French et al., 2012). This may enable healthcare professionals to provide tailored care in a multidisciplinary setting with barrier-specific interventions to overcome or prevent suboptimal self-management of ICS therapy. The study of Patton et al. (2018) has demonstrated potential for the use of TDF to identify and overcome non-adherence to multiple medications in elderly patients.
The RACE questionnaire has shown acceptable to good reliability for the internal consistency of the questions per barrier, except for the barrier ‘Understanding and application of ICS inhaler techniques’ with a value just below the acceptable range. These observed values are in conformity with previous studies addressing comparable screening questionnaires with multiple constructs (Cramm et al., 2012; Eikelenboom et al., 2015). Additionally, any variation in internal consistency of the barriers can be explained by differences in the extent of heterogeneity of the corresponding questions per barrier and the limited number of questions presented per barrier (Tavakol and Dennick, 2011). Whereas the RACE questionnaire was developed to receive relevant information at a concise number of questions, minimizing respondent burden (Turner et al., 2007).
The RACE questionnaire is developed as tool to complement the usual care for asthma patients. It is intended for consultations between patients and healthcare professionals to identify potential barriers to self-management of ICS therapy, facilitating tailored care to improve self-management and treatment outcomes. In this context, higher specificity values were aimed at for the barriers to avoid high false positives, partly at the expense of sensitivity. The barriers ‘Knowledge of asthma medication’, ‘Social discomfort of ICS inhaler in public’ and ‘Understanding and application of ICS inhaler techniques’ presented the lowest sensitivity values with values between 40.9 and 50.0%. However, this does not affect their usefulness and still provides the opportunity to identify approximately half of the asthma patients who have these barriers, that might otherwise remain unnoticed. The accuracy of the questionnaire to discriminate between the presence or absence of the barriers was significant, except for ‘Knowledge of ICS medication’. This may be due to an identified incomprehensible question which has been adjusted in the final RACE questionnaire, requiring further validation.
The personal barrier profiles obtained from the RACE questionnaire should be discussed in consultations between patients and their healthcare professionals. Moreover, this tool might facilitate multidisciplinary cooperation on the provision of tailored interventions, joining the efforts of healthcare professionals. Completion of the questionnaire by the patient might take place prior to the consultation and can be used to monitor potential self-management barriers, behavior change and disease control. Further research will focus on an additional guide with interventions to overcome identified barriers.
There are also some potential limitations in this study which need to be addressed. First, patients were not part of the development of the RACE questionnaire. However, the experts involved were all active in clinical practice. Second, the validation of the questionnaire was performed in a voluntary sample of asthma patients which may not be representative for all asthma patients. Nevertheless, a variability in asthma control, ICS inhaler types and self-management barriers were observed. Also, the possibility of the inclusion of a convenience sample of asthma patients is kept to a minimum as community pharmacists involved are members of special interest and/or university groups and are eager to improve care for lung patients, therefore being more inclined to an objective approach and acknowledging potential pitfalls. Third, less patients than intended could be included in the validation. Yet, these numbers were sufficient to obtain statistically significant AUROC values for nearly all barriers. Fourth, the semi-structured interviews as golden standard for the criterion validity may contain a level of subjectivity. However, other comparable measurements were not available, which was the reason for conducting this study. To retain the objectivity of these interviews, an interview guide was used to encourage patients to provide overt information about their feelings, thoughts and beliefs (Presseau et al., 2017; DeJonckheere and Vaughn, 2019). In this guide, questions were presented in a different order in comparison to the RACE questionnaire. To assure the reliability of the data collected and analyzed, qualitative research standards were applied (Edwards and Holland, 2013).
CONCLUSION
The newly developed RACE questionnaire yields adequate psychometric properties for the identification of individual barriers to self-management of ICS therapy in primary care asthma patients. It is therefore ready to be applied in consultations, providing insights into the multitude of barriers that can prevent optimal ICS use in patients. As these barriers are based upon a theoretical underpinning, the next step is to address and overcome these barriers in consultations with tailored advise from healthcare professionals. Subsequently, these efforts should become visible in improved self-management and disease stability of asthma patients.
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Coronavirus disease 2019 (COVID-19) has overwhelmed the healthcare and economy of the world, with emerging new variants of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) posing an everlasting threat to humanity. While most COVID-19 vaccines provide adequate protective immunological response against the original SARS-CoV-2 variant, there is a pressing need to understand their biological and clinical responses. Recent evidence suggests that some of the new variants of SARS-CoV-2 evade the protection conferred by the existing vaccines, which may impede the ongoing efforts to expedite the vaccination programs worldwide. These concerns have also highlighted the importance of a pan-COVID-19 vaccine, which is currently in the making. Thus, it is imperative to have a better molecular and clinical understanding of the various COVID-19 vaccines and their immunological trajectory against any emerging variant of concerns (VOCs) in particular to break this vicious cycle. Furthermore, other treatment regimens based on cellular therapies and monoclonal antibodies should be explored systematically as an alternative and readily available option considering the possibility of the emergence of more virulent SARS-CoV-2 mutants. In this review, we shed light on the various molecular mechanisms and clinical responses of COVID-19 vaccines. Importantly, we review the recent findings of their long-term immune protection and efficacy against emerging VOCs. Considering that other targeted and effective treatments will complement vaccine therapy, we provide a comprehensive understanding of the role of cell-based therapies, monoclonal antibodies, and immunomodulatory agents as alternative and readily available treatment modalities against any emerging SARS-CoV-2 variant.
Keywords: SARS-CoV-2, COVID-19, vaccines, variant of concern, therapeutics
INTRODUCTION
Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) emerged as a new virus from a wild market in Wuhan City, China, and had spread rapidly to almost every part of the world (Zheng 2020). Due to its highly contagious nature, the SARS-CoV-2 outbreak was declared as pandemic on March 11, 2020 by the World Health Organization (WHO) (Cucinotta and Vanelli 2020). SARS-CoV-2 causes a coronavirus disease called COVID-19 that has resulted in more than 4.87 million deaths worldwide as per the WHO report on October 15, 2021 (https://covid19.who.int/). The COVID-19 outbreak and its widespread disruption in health and the economy have prompted scientists to look for different therapeutic strategies to minimize viral spread and the morbidities associated with it. Different therapeutic approaches such as convalescent therapy, monoclonal antibody treatment, immunotherapies, cell-based therapies, and vaccine therapeutics are available and used to combat SARS-CoV-2 infection (Ali et al., 2020). Passive immunotherapy in the form of convalescent therapy has been used since the late 19th century against infectious diseases, recently reviewed by Katz (2021). Convalescent plasma has also shown moderate success in a subset of COVID-19 patients, while in others this treatment offered very little respite (Nagoba et al., 2020).
Owing to the novelty of SARS-CoV-2 and its rapid spread, it was a challenging task to develop a new drug or a therapeutic agent at the earliest. In this challenging situation, some repurposed drugs and later immunotherapeutic options were introduced to limit hospitalizations due to COVID-19. The immunotherapeutic approaches were based on recombinant proteins or monoclonal antibodies generated against various antigens of SARS-CoV-2 (Wang et al., 2020). These antibody-based therapies became available as intravenous injection and, in some cases, as easy-to-use nasal sprays (Kwon 2021; Taylor et al., 2021). However, the major breakthrough treatment came in the form of the much anticipated COVID-19 vaccines (Kyriakidis et al., 2021). History tells us that developing a vaccine against a novel pathogen is a time-consuming process. However, the early development of the COVID-19 vaccines took the whole world by surprise, and the scientific community as well, as the general public had apprehensions about the safety, efficacy, and long-term health impact of these vaccines. About 126 COVID-19 vaccine candidates are currently in various stages of clinical development and around 194 in the preclinical stage according to the WHO report in August 2021 (https://www.who.int/publications/m/item/draft-landscape-of-covid-19-candidate-vaccines).
Now, as large populations worldwide are getting vaccinated, we have data regarding the safety, efficacy, and immunological response of these vaccines and other therapeutic interventions. Thus, in this review, we will discuss the molecular and clinical responses of various immunotherapeutic modalities, specifically the COVID-19 vaccine-based therapeutic interventions that are currently used to limit SARS-CoV-2 infection and treat COVID-19.
IMMUNOMODULATORY-BASED THERAPEUTIC APPROACHES FOR COVID-19
Considering the complexity of the immune response developed due to COVID-19, it is imperative to contemplate on the underlying immune response while designing the best possible therapeutic interventions (Roberts et al., 2020). As most of the complications seem to arise due to hyperactivated immune response-associated acute respiratory distress syndrome (ARDS), drugs modulating the pro-inflammatory responses may be effective (Gibson and Qin, 2020). In this regard, immunotherapies and cell-based therapies are emerging as the promising therapeutic modality for the treatment of severe and critically ill patients (AminJafari and Ghasemi 2020). Immunotherapies targeting the cytokines implicated as the hallmark in cytokine storm and adoptive cell-based therapies such as mesenchymal stem cells (MSCs), T cells, and natural killer (NK) cell-based therapies are in various phases of clinical testing for the treatment of COVID-19 (Saeedi and Halabian, 2019; Musial and Gorska-Ponikowska 2021).
Convalescent Plasma Therapy
An immediate and readily available source to treat severe and critically ill COVID-19 patients is by taking advantage of traditional convalescent plasma therapy (CPT). The presence of virus-specific antibodies has been detected in most of the patients who have successfully eliminated the virus (Ahmad et al., 2020; Casadevall and Pirofski 2020). The plasma containing antibodies from the recovered patients are thus given to the infected patients who could not mount an adequate humoral response (Luke et al., 2006). This traditional approach is based on the principle that the neutralizing antibodies from the recovered patients will provide a similar and durable response in the infected patients who receive the CPT. Antibodies will either neutralize the virus or enhance their uptake by phagocytosis. Additionally, these antibodies will also activate other effector immune cells to eliminate the virus-infected cells by activating other immune functions such as NK cells. Considering the high success rate of CPT in previous SARS-CoV-1-infected patients (Cheng et al., 2005; Yeh et al., 2005), it is plausible to use a similar approach for COVID-19. The ease of availability of plasma from a large number of infected COVID-19 donors seems a rational therapeutic option at hand before any other potential therapies become available for emerging variants of concern (VOCs), which escape the immunity conferred by the existing vaccines (Lopez Bernal et al., 2021). Previous data from SARS-CoV-2-infected individuals treated with CPT showed moderate success in a subset of patients. In a small cohort of 10 severe cases of COVID-19, Duan et al. showed that all patients successfully recovered after convalescent plasma transfusion (Duan et al., 2020). Similarly, the study by Shen et al. demonstrated 100% recovery in five critically ill patients after they received the plasma transfusion (Shen et al., 2020). Furthermore, in a case study on a single critically ill patient who exhibited respiratory distress, CPT along with remdesivir showed a promising recovery rate (Anderson et al., 2020). Many other early clinical reports have shown promising results with CPT, reviewed by Casadevall et al. (2020). Besides, more than 100 clinical trials are registered in ClinicalTrials.gov.in. These early clinical findings thus suggest that CPT is a potential therapeutic intervention for severe and critically ill patients and should be explored in cases of emergent new variants, where vaccines are not available or have failed to provide protection (Kanj and Al-Omari 2021). However, caution should be exercised while using this approach as many studies have shown contradicting results (Zhao and He 2020; Tiberghien et al., 2020). Particularly, to ensure virus-free plasma, optimization of the dosage and time of delivery should be critically evaluated (Duan et al., 2020).
Targeted Immunotherapy Approaches for COVID-19
Consistently, the levels of interleukin 6 (IL-6) are increased in severe and critically ill COVID-19 patients, which is thus being considered as the prognostic and predictive disease biomarker along with the numbers of neutrophil/lymphocytes (Liu et al., 2020; Santa Cruz, 2021). The presence of increased levels of IL-6 are detected in blood and in the bronchoalveolar lavage fluid (BALF), thus making this cytokine as a potential therapeutic target. Approaches to neutralize IL-6 usually rely on the use of anti-IL6R antibody to inhibit IL-6 signaling. Previous studies on cytokine release syndrome (CRS) during cancer immunotherapy have shown clinical success of the anti-IL6R-directed antibody tocilizumab (TCZ) (Khadka et al., 2019). Furthermore, TCZ is an approved drug for the treatment of other inflammatory conditions such as rheumatoid arthritis (Yazici et al., 2012). Thus, it was rational to test this drug for the treatment of COVID-19. Several reports have suggested the beneficial effect of TCZ in severe and critical COVID-19 patients. The study by Luo et al. found that out of 15 patients, 11 responded well to the treatment and showed stable disease condition and a marked decrease in C-reactive protein (CRP) levels (Luo et al., 2020).
In a cohort of 100 critically ill patients, TCZ treatment was associated with a high recovery rate and a significant improvement in cytokine storm and clinical symptoms (Toniati et al., 2020) Similarly, a 92% recovery rate was observed in patients who received TCZ treatment in comparison to the 42.1% recovery rate in patients who received a combination therapy of hydroxychloroquine, lopinavir, and ritonavir (Chen et al., 2020). Surprisingly, in a very recent study by Xu et al., a 100% recovery rate was observed in 20 severe and critically ill patients who received TCZ treatment (Xu et al., 2020). Similarly, others have also observed the beneficial effect of TCZ (Luo et al., 2020). On the contrary, TCZ was shown to exhibit no added benefit in intensive care unit (ICU) admissions or mortality rate in a cohort of 21 patients who were compared with a combination therapy of hydroxychloroquine, azithromycin, and a prophylactic dose of low-molecular-weight heparin (Colaneri et al., 2020). Similarly, the study carried out by Carlo Salvarani et al. compared TCZ treatment with standard care on the clinical worsening of COVID-19 patients. In this study, it was found that clinical worsening in COVID-19 patients was not effectively prevented by the administration of TCZ (Salvarani et al., 2021). The probable reason for this discrepancy could be the dose, time, and the combinatorial effect of other drugs, which were given along with TCZ. Furthermore, the underlying health conditions and comorbidities may have an impact on the therapeutic outcome of this treatment, which needs further exploration. Overall, the results with TCZ have been mostly promising so far, but its use in combination with other antiviral and anti-inflammatory drugs has shown better results (Zhao et al., 2021). Currently, there are more than 50 clinical trials registered in ClinicalTrials.gov evaluating the potential efficacy of TCZ to minimize the cytokine storm and associated immunopathology. These studies will provide a detailed account of the therapeutic efficacy of TCZ for the treatment of COVID-19.
Approaches handling angiogenesis such as anti-VEGF (vascular endothelial growth factor) antibody (bevacizumab) or complement activation inhibitors such as anti-C5a antibody (eculizumab and avdoralimab) are also being explored (Billioti de Gage et al., 2021). Other immunotherapy approaches that were investigated include blocking the inhibitory T-cell receptors by anti-PD-1 (programmed cell death 1) or anti-CTLA4 (cytotoxic T-lymphocyte-associated protein 4) antibody (Pardoll and Drew, 2012). These approaches have been successfully used in cancer immunotherapy and other viral infections (Velu et al., 2009). Similarly, immunotherapeutic approaches to handle cytokine storm are in various phases of clinical trials or already approved for emergency use, such as therapies based on anti-IL-6, anti-GM-CSF (granulocyte–macrophage colony-stimulating factor), anti-IL-1β, anti-JAK (Janus kinase), anti-CCR5, anti-TIGIT [T-cell immunoreceptor with immunoglobulin (Ig) and immunoreceptor tyrosine-base inhibitory motif (ITIM) domains], and anti-IFN-γ (Buckley et al., 2020). Thus, exploring the use of these targeted therapies for emergency use seems a rational and feasible approach, considering that T-cell exhaustion is highly prevalent in COVID-19 (De Biasi et al., 2020).
Mesenchymal Stem Cell-Based Therapy for COVID-19
Owing to their immunomodulatory activity, MSCs exhibit greater potential to modulate the immunological response. Over the years, MSCs have shown greater promise for the treatment of chronic lung disease such as asthma, chronic obstructive pulmonary disease (COPD), pulmonary fibrosis, and acute lung injury (Harrell et al., 2019). The therapeutic potential of these cells is largely exhibited by their paracrine secretion of a range of anti-inflammatory molecules. Our own work has also established the therapeutic efficacy of MSCs in preclinical animal models of various lung diseases (Ahmad et al., 2014). MSCs have been used for the treatment of acute lung diseases such as ARDS, as reviewed by Rogers et al. (2020). Also, early studies in ARDS models have also strengthened this notion that MSCs have an impressive potential to be used as a therapeutic approach to manage the consequences of a hyperactive immune system (Mei et al., 2010). Previous studies have established the safety and efficacy of these cells in patients with ARDS (Simonson, 2015; Wilson et al., 2015; Matthay et al., 2019). Thus, owing to their safety profile and immunomodulatory activity, MSCs can be tested as a viable therapeutic option for the treatment of hyper-inflammatory state in COVID-19 patients. Clinical studies have suggested the early efficacy of these cells in COVID-19 patients (Wang et al., 2021). Last year, a 65-year-old COVID-19 patient showed recovery from ICU in about a week after treatment with umbilical cord-derived MSCs. In another study of seven patients, MSCs resulted in the improvement of disease after just 2 days of treatment. MSC treatment was associated with a significant decline in TNF-α and CRP, with a concomitant increase in anti-inflammatory IL-10 levels (Leng et al., 2020). Besides their direct immunomodulatory potential, MSC-derived products such as exosomes also hold great therapeutic promise. Sengupta et al. evaluated the effect of exosomes derived from allogeneic bone marrow MSCs. Interestingly, these immunomodulatory molecules showed 71% recovery rate in a cohort of 24 severe and critically ill patients (Sengupta et al. 2020). Thus, it is plausible that MSCs may hold promise in alleviating the hyper-inflammatory state in COVID-19 patients infected with new variants of SARS-CoV-2. Several ongoing clinical trials are currently underway to explore in a holistic manner the protective effects of MSCs against COVID-19 (Leng et al., 2020; Moll et al., 2020; Saleh et al., 2021).
Other Adoptive Cell Transfer-Based Therapies for COVID-19
Adoptive cell transfer (ACT) is emerging as the most promising approach for the treatment of cancer. The current approach uses chimeric antigen-expressing T cells called CAR-T cells for the treatment of hematological malignancies, reviewed by Landoni and Savoldo (2018). The overwhelming success rate of this approach has encouraged researchers to use a similar approach for the treatment of COVID-19. However, limitations associated with this approach may hamper its use in COVID-19, specifically the associated high cost and CRS, which may additionally contribute to hyper-inflammatory response. Besides, CAR-T cell therapy has mostly remained confined to autologous approaches, while it is difficult to obtain the optimal functional T cells from severe and critically ill COVID-19 patients due to lymphopenia and lymphocyte exhaustion (Zheng et al., 2020). Thus, an alternative approach based on NK cells is currently being investigated, as NK cell-based therapy is not associated with CRS and can be used as an allogeneic source owing to their low graft-versus-host disease (GvHD) (Liu et al., 2021). There are ongoing trials based on NK adoptive cell treatment (NCT04900454). One such elegant approach using chimeric receptor-expressing NK cells is being evaluated. In this, off-the-shelf IL-15 superagonist and GM-CSF neutralizing single-chain variable fragment (scFv) NK cells are being evaluated (Kundu et al., 2021). These dual cytokine-secreting cells will ensure the regulated activation of the adoptively transferred NK cells by the IL-15 superagonist and also handle the cytokine storm by neutralizing GM-CSF. Additionally, many more clinical trials are reported in ClinicalTrials.gov.in, which are evaluating the therapeutic potential of NK cells for COVID-19, the success of which will determine the application of this approach against any emerging SARS-CoV-2 VOCs.
MONOCLONAL ANTIBODY-BASED THERAPY
Monoclonal antibody-based therapy is currently considered the most successful treatment for COVID-19 besides the protection conferred by vaccines, reviewed by Zhou et al. (2021). A large repertoire of therapeutic monoclonal antibodies has been developed using various approaches, such as humanized animals, chimeric animals, phage display assay, and direct use of B cells from COVID-19 patients. In the next section, we will briefly discuss about the recent developments in the clinical application of therapeutic antibodies for COVID-19 treatment.
Nasal Delivery of Antibody to Combat SARS-CoV-2
The delivery of neutralizing antibodies (IgG1 and isotypes) is usually carried out intravenously; however, these circulating antibodies lack efficient access to mucosal compartments, as is evident from a research carried out by DeFrancesco et al., where they have observed less antibody titer in the lungs as compared to the serum (DeFrancesco 2021). Delivering antibodies through the nasal route is an alternative to this approach and has an advantage for a pathogen causing respiratory tract infection such as SARS-CoV-2 because antibodies, if nebulized, can have greater access to the target cells compared to the intravenously delivered antibodies. Antibodies such as IgG and IgA1 have been reported to be nebulized through nasal inhalation (Vonarburg et al., 2019). The major challenge for antibody-based therapy is the resistance attained by newly emerging SARS-CoV-2 variants to different neutralizing IgG1 antibodies (Wibmer et al., 2021). To overcome such resistance encountered by IgG-based antibody therapeutics, an engineered IgM neutralizing antibody (IgM-14) was developed by Ku et al. (2021a). Compared to its parent counterpart (IgG-14), IgM-14 (engineered antibody) was observed to be >230-fold potent in neutralizing the SARS-CoV-2 pathogen. The resistant strains of SARS-CoV-2 and the VOCs, including the UK (B.1.1.7), Brazilian (P.1), and South African (B.1.351) strains, were shown to be neutralized by IgM-14 (Ku et al., 2021b).
Antibody Cocktail Against SARS-CoV-2 Infection
The emergence of resistant strains due to antibody treatment interventions against pathogens such as respiratory syncytial virus (RSV) became the basis to developing an antibody cocktail approach against the SARS-CoV-2 pathogen (Simões et al., 2020). The antibody cocktail approach was observed to be beneficial against the rapid emergence of resistant mutations due to the single use of neutralizing antibody (Baum et al., 2020). Regeneron Pharmaceuticals developed an antibody cocktail with the trade name REGN-COV2 that contains a combination of two SARS-CoV-2 neutralizing antibodies: casirivimab (REGN10933) and imdevimab (REGN10987). The antibody cocktail containing two neutralizing and non-competing human IgG1 antibodies target the receptor binding domain of the SARS-CoV-2 spike protein, thus preventing viral entry via ACE2 (Baum et al., 2020; Hansen et al., 2020; Weinreich et al., 2021). A phase 1/3 clinical trial was conducted to determine the efficacy and safety of REGN-COV2, which involved hospitalized and asymptomatic COVID-19 patients. A total of 269 patients received REGN-COV2 and placebo, among which 90 patients were assigned to receive high-dose (8.0 g) REGN-COV2, 92 patients received a low dose (2.4 g), and 93 received placebo. Interim results showed low-grade and a few toxic effects of both low- and high-dose REGN-COV2. Adverse effects of special interest were reported in 2 out of 93 patients in the placebo group and 2 out of 176 patients in the REGN-COV2 group (Weinreich et al., 2021). Exogenous antibody treatment was better suited to those patients whose immune system had not yet been activated. However, patients who were already found serum-positive for neutralizing antibodies against SARS-CoV-2 were able to clear the virus efficiently. Based on these clinical findings, emergency use of this cocktail was granted in the 2021 for the treatment of COVID-19 in patients with mild to moderate symptoms. Similar antibody cocktails are being explored in various preclinical or clinical trials, and their success will determine the availability of this therapeutic modality against any emerging SARS-CoV-2 VOCs (Taylor et al., 2021).
VACCINE THERAPEUTICS
Vaccine is a substance, usually an inactivated pathogen or its component [protein or a messenger RNA (mRNA)], that, when introduced into the host, can elicit an immune response by imitating the pathogen’s infection process. This imitation of the infection lasts for a short duration until the body has developed long-term memory against the specific infection (Pulendran and Ahmed 2011). The aim of the vaccination is to prepare the body so that, in future, if there is an infection of the specific pathogen against which the vaccine was administered, memory cells will recognize and destroy the pathogen by releasing neutralizing antibodies. Vaccination, as a deliberate attempt at pathogen exposure, began in the lab of Louis Pasteur via his discovery of attenuated vaccine. He administered an aged culture of Pasteurella multocida to chickens that did not develop any disease-like symptoms; to his surprise, he observed that, on treating the same chickens with fresh culture of P. multocida, none of the subjects developed the disease (Pasteur, 1880). This observation led him to infer that aged culture had developed resistance against the pathogen in the chicken, which helped the subjects to fight against the infection of fresh bacterial culture. This observation led Pasteur to hypothesize that pathogens can be attenuated by any kind of environmental insults such as chemicals and high temperature, and the attenuated pathogen can bring immunity in healthy individuals against the disease-causing pathogen. Louis Pasteur confirmed his hypothesis further by working on rabies and anthrax (Pasteur, 1881). Due to the increased understanding regarding vaccine development, new endeavors of vaccine were brought into use, among which “antitoxin therapy,” also known as “serum therapy,” was an important discovery in the later part of the 19th century. Antitoxin preparations were first applied on animals, and the immunization studies on animals paved the way to applying this preparation in humans, which was utilized in 1931 (Moss 2020). The development of toxoid (inactivated toxin by formalin) took place in the early 1920s and is being used with certain minor modifications. Over the decades, knowledge regarding vaccine development has increased at an enormous pace, which paved the way to developing new vaccines within a short span of time and with better specificity and effectiveness against a particular pathogen.
Types of Vaccines
Vaccines and vaccine development strategies have evolved with time, from traditional to new-generation vaccines. Traditional vaccines include whole pathogen vaccines, which can either be live-attenuated or inactivated vaccines. Live-attenuated vaccines consist of the pathogen with a highly reduced virulence (e.g., yellow fever/smallpox). On the other hand, inactivated vaccines are the chemically or thermally inactivated pathogens (Polack et al., 2020a). Developing live-attenuated or inactivated vaccines is an age-old and well-established strategy harboring rapid immunogenic property and providing immunological memory against specific pathogens. However, the drawback related to their use is the safety concern, which is due to live-attenuated vaccines having the potential to revert back to the virulent form and may infect immune-compromised subjects (Bazin 2003). Similarly, attenuated vaccines do not exhibit durable immunological memory and, hence, may not show long-term safety. Inactivation of a pathogen must neutralize the virulence without compromising its immunogenicity, as evident from previous research conducted to solve the mystery of why children in Washington, DC, developed disease after receiving the vaccine against RSV infection in the late 1960s. The research has highlighted the ineffective activation of immune response against the pathogen, as the RSV vaccine was not able to produce specific antibody response; rather, a hyper-immune response condition, also called enhanced respiratory disease (ERD), was elicited (Polack 2007). Advanced knowledge at the molecular level has highlighted an opportunity to identify and suppress the virulent genes of the pathogen to combat the problem of reversion of pathogenic virulence; however, safety concerns and short-term immunological memory persisted. Another approach is the subunit vaccine that consists of a part of the pathogen projected as an antigen to elicit immune response in the host organism. Adenoviral vectors are also being used to deliver some specific viral genes that can produce viral antigenic peptides in the host cells to elicit immune response (Kremer 2020b). Adenoviruses are non-fatal viruses that can infect humans and other organisms. Their exploitation as a vector for delivering viral antigens in host cells is a promising tool for the development of vaccines (Tatsis and Ertl 2004). Other vaccine types directly use the nucleic acids (mRNA and DNA) integrated with nano-technological approaches for delivery, as used by Moderna and Pfizer for COVID-19 vaccines, which will be discussed in the later section (Polack et al., 2020a; Corbett et al., 2020).
General Mechanism of Vaccine Immunity
The immune system reacts against challenges, whether it is from a pathogen or from an immunization, by activating its diverse components. Detection is carried out by the innate immune system by antigen-presenting cells (APCs). Within an APC, the antigen is processed to generate small protein fragments (peptides) that form a complex with major histocompatibility complex (MHC) molecules. This peptide–MHC complex is expressed on these cells, which further elicit an immune reaction by specifically engaging innate immune cells such as T or B cells. During immunization, either a whole pathogen or its component (protein) is introduced into the body in the form of a vaccine. This vaccine is detected as a non-self-entity by the APCs, which process it in the same way the pathogen is processed and subjected for antigen presentation to immune cells. Briefly, the peptide–MHC complex is expressed on the cell surface as an antigenic determinant (epitope), which activates T and B cells to neutralize the specific antigen. During this course, some T and B cells differentiate into memory cells and provide long-term memory against a particular pathogen (Clem 2011). Figure 1 shows a general scheme of a vaccine-mediated immune response after its delivery inside the human body.
[image: Figure 1]FIGURE 1 | Scheme of the different vaccine strategies: (I) Messenger RNA (mRNA) vaccines contain mRNA encoding a pathogenic protein that acts as an immunogen to elicit cellular and humoral immune responses. The vaccine is injected as a lipid nanoparticle encapsulation that, once released inside (depicted by black arrow), the antigen-presenting cell (APC) is translated by cellular ribosomes and further presented on the surface of APCs. (II) DNA vaccines encoding a specific sequence for a pathogenic gene are captured by APCs that express and present the antigen to immune cells to elicit immune response (process depicted by the yellow arrow). (III) After expression of pathogenic proteins inside APCs, it may be secreted in the surrounding tissues (depicted by cyan arrow) where different other APCs can engulf, process, and present it to immune cells. (IV) Inactivated whole pathogen vaccines contain whole pathogens that have been subjected to heat or chemical inactivation when introduced into the body (depicted by red arrow) and stay avirulent, but pathogenic. This strategy is not able to bring an effective cellular immune response because of the inactivation of immunogenic proteins, thus needing an adjuvant (yellow dots) to bring about such a response in the cells.
The protective immunity against any viral infection has been attributed to the function of antibodies, especially neutralizing antibodies (Corti and Lanzavecchia 2013). These antibodies block the entry of viruses into the host cell, thus preventing infection. It has been the prime goal of vaccination to elicit adequate neutralizing antibodies. Different vaccines elicit different levels of serum antibodies serving as surrogates of protective immunity. These antibodies are measured using ELISA, lateral flow assay, hemagglutination assays, and live/pseudoviral-based neutralization assays (Amanat et al., 2020). The activation of immune cells against the vaccines depends upon the type of vaccine and its route of administration. Certain vaccines, like the cholera and typhoid fever vaccines that were designed to promote IgA response through oral administration, show lower efficacies. In contrast, parenterally administered vaccines elicit long-term immunity (Clemens et al., 2011).
The molecular players in vaccine-mediated immunity involve B cells, which are activated by the binding of antigenic determinants (from a pathogen or immunization) to B-cell receptors (BCRs) or by antigen-specific T helper cells. Pathogens like viruses have highly repetitive structures that can efficiently crosslink BCRs. However, soluble antigens lack such property and are usually ignored by B cells (Bachmann and Zinkernagel 1997). After the binding of antigen to the receptors, B cells interact with T helper cells and macrophages to differentiate in the clones of antibody-secreting cells, also called plasma cells and memory B cells. Plasma cells constitutively secrete antigen-specific antibodies, right after the pathogen attack. However, memory B cells are responsible for long-term antibody response (Amanna and Slifka 2011). Viruses usually bind to cell receptors; thus, the neutralizing antibody is directed against the viral protein that binds to the host cell receptor, thereby limiting the viral entry into the cells (Murin et al., 2019).
Long-term T-cell memory is a collaborative response of all T-cell populations against any cognate pathogen. CD4+ and CD8+ cells represent the specific cellular arm of adaptive immune response against viral infection or immunization. A subset of CD4+ T cells, also called T helper cells, recognizes processed antigens presented by APCs, especially dendritic cells (DCs). This process mounts a better immune response and memory compared to the immune response elicited by direct antigen binding by B cells (Kim et al., 2005). Detection of vaccine-associated signals by DCs conditions them to express molecules like interleukin 12 (IL-12), which further help T cells to proliferate and differentiate into various phenotypes (Alcaide et al., 2021).
COVID-19 VACCINES
The COVID-19 pandemic has put pharmaceutical companies and laboratories in a race to develop an effective and rapid COVID-19 vaccine. Both traditional as well as modern vaccine development strategies have been employed to develop an effective and safe vaccine for COVID-19. This becomes imperative when there is no suitable drug available in the market, owing to the novelty of the pathogen causing COVID-19. As of October 2021, around 194 vaccine candidates have been in the preclinical phase and 126 vaccine candidates in the advanced clinical phases (https://www.who.int/publications/m/item/draft-landscape-of-covid-19-candidate-vaccines). Due to the availability of prior knowledge regarding the pathogenesis and immune responses of SARS-CoV and Middle East respiratory syndrome-related coronavirus (MERS CoV), the vaccine development against SARS CoV-2 started at a remarkable pace (Folegatti et al., 2020a). Early pieces of evidence have suggested that neutralizing antibodies against the spike protein might be an important hallmark for immunity against SARS-CoV-2 infection (Wajnberg et al., 2020). These reports thus formed the basis for developing the COVID-19 vaccine, many of which have successfully passed clinical trials and are currently available in the market, as reviewed recently (Kyriakidis et al., 2021). Most COVID-19 vaccines that obtained an emergency approval for their therapeutic use have been recommended for the population beyond the age of 18 years, and in most countries, these vaccines are yet to be tested in children below 18 years. Certain vaccines that are in the early stage of drug trials are reported to be intranasally administered, including ChAdOx1-S, AdCOVID, BBV154, and COVI-VAC, which may become the leading vaccines to be used for those below 18 years old (Lund and Randall 2021). Such vaccines have been used in the past to treat respiratory pathogens in children (Mohn et al., 2018). There are challenges that can be encountered in the future regarding the efficacy of the COVID-19 vaccines, as the SARS-CoV-2 pathogen is rapidly evolving owing to its RNA genome (MacLean et al., 2020). Thus, many COVID-19 vaccines are being tested for their efficacy against the different VOCs currently circulating in places where drug trials are being carried out. Table 1 summarizes certain important and approved vaccines and their status of efficacy and the drug trial stages. In the next section, we will discuss the basic biological features and clinical information of the candidate vaccines currently approved or undergoing the final phase of clinical trials for COVID-19.
TABLE 1 | Trial stages of some important COVID-19 vaccines and their efficacy with respect to different SARS-CoV-2 variants
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Pfizer/BioNTech mRNA Vaccine: Tozinameran, code named BNT162b2, is more commonly known as Pfizer/BioNTech COVID-19 vaccine. It is being sold in the market with the trade name Comirnaty. This vaccine is based on mRNA (encoding the full-length SARS-CoV-2 spike protein) encapsulated in a lipid nanoparticle formulation (Polack et al., 2020a). The first country to authorize Tozinameran for emergency use was the UK. This vaccine is administered as a two-dose regimen (30 μg each), given 21 days apart. The dosage regimen has been observed to elicit optimal immune response in the form of neutralizing antibodies and effective T-cell responses after 28 days of administration (Mahase 2020). A local and short-term reactogenicity profile was observed in the second phase of drug trials at the injection site. An early trial report indicated that, initially, a total of 44,820 people (with mean age of ≥16 years) were screened, among which 43,548 underwent randomization at different sites round the globe. In the phase 2/3 trial, 43,448 participants received injection, among which 21,728 were administered placebo and 21,720 participants received BNT162b2 (NCT04368728). During the follow-up, around 27% of BNT162b2 recipients and 12% of placebo recipients reported adverse but manageable side effects. Lymphadenopathy was reported in 0.3% of vaccine recipients and <0.1% placebo recipients. In terms of efficacy, it was observed that BNT162b2 had an impressive 95.0% efficacy in the early trial results (Polack et al., 2020a). However, the major limitation of this vaccine is the need for storage at lower temperatures ranging from −80°C to −60°C, which is challenging for most of the developing countries. Drug trial 2/3, which was carried out to assess the safety and immunogenicity of 30 μg BNT162b2 (given 21 days apart) among participants 16 years of age or older, found the vaccine to be safe with an efficacy of 95% (Polack et al., 2020b). This is the first vaccine to obtain stringent regulatory authorization and clearance for its emergency and regular use in the United States. It is fully authorized in five countries and has an emergency use authorization in around 108 countries.
mRNA-1273 vaccine: The joint collaboration of Moderna, Biomedical Advanced Research and Development Authority (BARDA), and National Institute of Allergy and Infectious Diseases (NIAID) led to the development of another mRNA-based SARS-CoV-2 vaccine, more commonly called Moderna COVID-19 vaccine and code named mRNA-1273. It is sold in the market under the brand name Spikevax. This vaccine also contains an mRNA encoding the SARS-CoV-2 spike glycoprotein enclosed in a lipid nanoparticle encapsulation (Corbett et al., 2020). This vaccine is administered intramuscularly in two doses of 0.5 ml within a gap of 2 weeks.
In the first phase of the drug trial, 45 participants were enrolled to receive the mRNA-1273 vaccine, which was initially given in three different concentrations (25, 100, and 250 μg) in 15 participants each (NCT04283461). The vaccine was provided in the form of a sterile liquid for injection at a concentration of 0.5 mg/ml. Two consecutive doses of each concentration were given with a gap of 28 days. No participant developed any serious complication immediately after the first vaccination. In the second vaccination process, no participant reported any adverse effect in the 25-μg group; however, 40% of the participants in the 100-μg group and 57% of the participants given 250 μg reported minor complications such as fever, mild fatigue, chills, and pain at the injection site. The published drug trial reports indicated that mRNA-1273 was effective enough to develop immune response via virus-neutralizing antibodies in the recipients (Jackson and ColerMcCullough, 2020). Rapid seroconversion was observed 2 weeks after the administration of the first vaccine dose. However, pseudoviral neutralization was found to be low in the first dose, which signifies the need for a second dose of this vaccine. Drug trial III was conducted at 99 centers across the United States, and 30,420 volunteers took part in the trial. mRNA-1273 showed 94.1% efficacy in preventing COVID-19 illness (NCT04470427) (Baden et al., 2021). Unlike BNT162b2, mRNA-1273 does not need to be stored at −80°C, but instead can be stored between −25 and −15°C. However, the thawed vaccine cannot be refrozen and should be stored between 2°C and 8°C for use within a short time frame. This vaccine obtained emergency use authorization by the Food and Drug Administration (FDA) on December 18, 2020. Since then, the health ministries of various other countries, including the European Union, United States, and Canada, have also approved its emergency use.
Advantages and Limitations
mRNA vaccines are developed in a microbial-free environment and are also non-infectious molecules. These features discriminate them from the other vaccine regimens such as inactivated viral vaccines, live attenuated viral vaccines, and vector-based vaccines in terms of safety and efficacy. mRNA vaccines are free from the issue of anti-vector immunity and are inexpensive compared to the other vaccines. As the mRNA is restricted to the cytosolic region, there is no chance of integration within the host genome, thus ensuring that cells do not get transformed (Pardi et al., 2018). Their adaptability and simple design provide rapid and easy production for any emerging strain, which thus makes mRNA-based vaccines more attractive.
Certain limitations may be associated with their use, as the formulation of modified mRNA-based vaccines is being employed for the first time on large populations; thus, it is too early to discuss their long-term safety concerns and complications. Specifically, the nanoparticle conjugates used to deliver mRNA into the cells need further investigation. According to a few studies, mRNA-based vaccines formulated with nanoparticles may induce type I interferon response associated with potential autoimmunity and inflammation, which warrants further study (Zhang et al., 2019).
Inactivated Whole Pathogen Vaccines
CoronaVac: The vaccine candidate formerly known as PiCoVacc is an inactivated vaccine (CNO2 strain of virus) developed against SARS-CoV-2 by the China-based biotechnology company Sinovac Biotech. This vaccine is being sold under the trade name “CoronaVac.” The vaccine was derived from African green monkey kidney cells (Vero cells) inoculated with SARS-CoV-2. The virus was inactivated by β-propiolactone and adsorbed onto aluminum hydroxide. The vaccine is administered in two doses with a gap of 14 days and has obtained an emergency use approval by the Chinese government for high-risk groups and frontline COVID-19 warriors. Doses of 3 and 6 μg of the vaccine are administered intramuscularly as per the dosing schedule (Zhang et al., 2020). Some participants have reported mild adverse effects, and the incidence of these reactions was dose-independent, signifying that there is no dose-related safety concern for this vaccine (NCT04352608) (Gao et al., 2020). This inactivated vaccine candidate is under phase III trial, currently ongoing in Brazil, Chile, Turkey, and Indonesia. On January 12, 2021, Brazil announced an efficacy of 50.38% from a study on 12,508 participants, whereas the trial reports from Turkey showed 91.25% efficacy. However, the data from Turkey were based on only 29 COVID-19 cases among 1,322 trial participants; thus, further results from enrolled participants will provide more explicit data on the efficacy of this vaccine (Mallapaty 2021).
BBIBP-CorV: BBIBP-CorV (Biotech Group and Beijing Institute of Biological Products—Coronavirus Vaccine) is another promising vaccine candidate developed by Beijing Institute of Biological Products, China. It is also a whole inactivated virus vaccine developed using the HBO2 strain of SARS-CoV-2 derived from Vero cells. Inactivation was carried out by treating the viral supernatant with β-propiolactone. This vaccine can be stored and transported at refrigeration temperatures (2–8°C). An early trial report conducted at Shangqiu City Liangyuan District Center for Disease Control and Prevention, Henan Province, China, has suggested that BBIP-CorV is an effective vaccine in all the age groups enrolled in the study. Vaccine/placebo recipients were separated randomly into two age groups: 18–59 and 60 years. The vaccine was administered at a two-dose schedule (2, 4, or 8 μg) with a gap of 4 weeks. The same immunogenicity profile was observed for the vaccine in both age groups. The anti-SARS-CoV-2 neutralizing antibody titer was higher at day 42 in the age group 18–59 years. BBIBP-CorV was also found to induce sufficient amount of immune response in participants 60 years and older (Xia et al., 2021). Adverse reactions were reported within 7 days of vaccine inoculation in 29% of the participants; however, these adverse reactions were found to be mild. BBIBP-CorV is currently tested in trial III, which started on October 1, 2021 with the estimated date of completion on September 30, 2024. The study will involve volunteers aged 18 years (NCT04984408).
BBV152: BBV152, with the trade name “Covaxin,” is an inactivated whole pathogen vaccine against SARS-CoV-2. It was developed by Bharat Biotech in collaboration with the Indian Council of Medical Research (ICMR). Bharat Biotech obtained an approval to conduct its early phase drug trials on June 20, 2020. BBV152 is a whole SARS-CoV-2 virus inactivated by β-propiolactone and developed from a strain of SARS-CoV-2 (NIV-2020-770) isolated and sequenced from the National Institute of Virology of ICMR, Pune, and provided to Bharat Biotech for vaccine development. NIV-2020-770 contains a D614G mutation at its spike protein. The whole pathogen vaccines were formulated with alum, which is reportedly less likely to induce cell-mediated immunity. However, considering the desirability of cell-mediated immune response, an imidazoquinoline molecule, a Toll-like receptor (TLR7/8) agonist was used to induce cell-mediated immune response (Philbin et al., 2012). To deliver the vaccine antigen directly to the lymph nodes and avoid direct diffusion into systemic circulation, imidazoquinoline chemisorbed on alum (Algel-IMDG) was designed. Preclinical trials conducted in non-human primates showed enough viral clearance in vaccinated subjects using this strategy (Yadav et al. 2020).
Between July 13 and 30, 2020, a total of 375 participants took part in the first drug trial, among which 100 participants were assigned randomly to receive either one of the three formulations of the vaccine (3 μg Algel-IMDG, 6 μg Algel-IMDG, or 6 μg Algel) and 75 comprised the control group given Algel only (without antigen; NCT04471519). Two doses of the vaccine were administered intramuscularly with a gap of 14 days. Common adverse effects after vaccine administration were injection site pain, headache, vomiting, fever, and nausea. All the adverse effects were mild or moderate and were frequent after the first dose only. The tolerable safety outcomes and the enhanced immune response led both vaccine formulations (3 and 6 μg) to enter phase II of immunogenicity trials (EllaRachers et al., 2021a). This vaccine can be stored at 2–8°C, making it compatible to the cold chain requirements. The Lancet reported interim findings of the safety and immunogenicity of BBV152 at three different formulations and the control group Algel (EllaRachers et al., 2021a). Phase III of the drug trials was conducted between November 16, 2020 and January 7, 2021. In this trial 25,798 participants took part, among which 12,221 received the vaccine (two doses) and 12,198 participants received placebo (NCT04641481). BBV152 was found to be 77.8% efficient against the Wuhan strain of SARS-CoV-2; however, efficacy against a VOC (B.1.617.2, Delta) was observed to be only 65.2% (EllaRachers et al., 2021b). This vaccine obtained emergency use approval in India on January 2, 2021 (Mohapatra and Mishra 2021).
Advantages and Limitations
In an inactivated vaccine, the pathogen loses the infectivity potential faster than in other vaccine types, but the antigenicity profile is maintained for longer. Thus, these vaccines are considered relatively safer than the vaccines based on live pathogens. Furthermore, the immunogenicity of inactivated viruses is lower and needs a booster dose to be administered, which usually increases the cost. The use of adjuvants can cause unwanted inflammatory responses (Gendon 2004). In the past, inactivated vaccines have been known to induce enhanced disease among the recipients. In fact, the trials for formalin-inactivated RSV had disastrous outcomes, as 80% of the vaccine recipients were hospitalized and two recipients died as a consequence of enhanced disease (Kapikian et al., 1969). However, considering the early success of the use of these vaccines for COVID-19, similar approaches may be used for developing vaccines against the emerging VOCs, if needed.
Adenovirus Vector-Based Vaccines
Russian Sputnik V SARS-CoV-2 Vaccine: Gam-COVID-Vac, with the trade name Sputnik V was the first vaccine against COVID-19 announced by the Russian Government on August 11, 2020. The vaccine is based on two human non-replicating adenoviral vectors—recombinant adenovirus 26 (rAd26-S) and recombinant adenovirus 5 (rAd5-S)—both of them carrying the gene related to the spike protein of SARS-CoV-2. It was developed by Gamaleya National Center of Epidemiology and Microbiology, Moscow, Russia (Burki 2020). This approach has been used in the past to develop a vaccine against Ebola (Dolzhikova et al., 2017). The vaccine was made in two formulations, frozen and lyophilized, and is administered intramuscularly. Both formulations require different storage temperatures: −18°C for the frozen formulation and 2–8°C for the lyophilized one. To assess the safety and immunogenicity of both vaccine formulations, a non-randomized study was carried out at Burdenko Hospital and Sechenov University, Moscow, Russia, which included 120 healthy participants aged 18–60 years (NCT04530396). A full dose contained 1011 viral particles, and every participant under study was given a full dose of the vaccine. The volume of the frozen vaccine was 0.5 ml and that of the lyophilized vaccine needed to be reconstituted in 1 ml of sterile water (Logunov et al., 2020). The findings of the phase 1/2 drug trial, as reported by The Lancet, have provided feasible results (Logunov et al., 2020). The vaccine was found safe and well tolerated, with adequate cellular and humoral immune response in healthy volunteers. On day 14 post-administration of rAd26-S and rAd5-S, SARS-CoV-2 receptor-binding domain (RBD)-specific IgGs (neutralizing antibodies) were detected in 88.9% and 84.2% of participants, respectively. The adverse effects reported post-vaccine administration included hyperthermia, headache, muscle and joint pain, and pain at the injection site. No serious adverse effects were reported during the study (Logunov et al., 2020). The neutralizing antibody titer was lower compared to that of mRNA-based vaccines (Jackson ColerMcCullough, 2020). Based on the successful clinical trial results, Sputnik V was approved in more than 60 countries for COVID-19 (Lawton 2021).
Ad26.COV2.S vaccine by Johnson & Johnson: Ad26.COV2.S is a vaccine candidate developed by Janssen Pharmaceuticals of Johnson & Johnson in collaboration with Leiden University Medical Center, Netherlands. It is a replication-defective vaccine expressing the full-length spike glycoprotein of SARS-CoV-2 (Poland et al., 2020). Ad26.COV2.S is in phase 3 trial involving 60,000 participants aged 18 years or older. Induction of strong neutralizing antibodies was observed after a single immunization (1 × 1011 viral particles introduced intramuscularly) of this adenovirus-based vaccine in rhesus macaques (Mercado et al. 2020). This vaccine can be stored at 2–8°C. Drug trial 1/2a was conducted among healthy adults aged 18–55 years (cohort 1) and 65 years and above (cohort 3). The vaccine was administered in a single- or two-dose regimen (5 × 1010 or 1 × 1011 viral particles per vaccination) within an interval of 56 days. Interim results indicated that there was a paramount development of S-binding antibody titer in 90% of the participants regardless of age and vaccine dose (NCT04436276). Detectable neutralizing antibodies were observed in 98% of the participants 29 days after vaccination (Sadoff et al., 2020). Phase 3 trial reports involving around 40,000 participants indicated that a single dose of the Ad26.COV2.S vaccine provides protection against symptomatic and asymptomatic SARS-CoV-2 infections (NCT04505722). Vaccine efficacy was found to be higher against severe to critical COVID-19, around 76.7% for onset at >14 days (Sadoff et al., 2021). The FDA issued emergency use authorization of the Johnson & Johnson COVID-19 vaccine on February 27, 2021.
ChAdOx1 nCoV-19: ChAdOx1 nCoV-19 is a chimpanzee adenovirus-based SARS-CoV-2 vaccine developed by Oxford University (ChAdOx1) and is in the market under the trade name “Covishield.” It is a replication-deficient adenoviral vector carrying the SARS-CoV-2 surface glycoprotein antigen gene (spike protein). This strategy has already been tested in the past for other pathogens such as MERS CoV (Jia et al., 2019). Since the use of human adenoviral vaccines may have a reduced immunogenicity profile due to preexisting immunity to human adenoviruses, using chimpanzee-derived vectors was thus a better strategy of developing a vaccine with better immunogenicity against the SARS-CoV-2 antigen owing to the low seroprevalence of antibodies against chimpanzee-derived adenoviral vectors (Ramasamy et al., 2020). As per previous studies, the prevalence of antibodies against chimpanzee adenoviruses was found to be 0% in tested individuals among the UK population and 9% in the Gambia population, which provided an insight into the safe usage of adenoviral vectors for vaccine delivery (Morris et al., 2016).
Phase 1/2 trial reports published in The Lancet indicated acceptable profiles of immunogenicity and safety related to the ChAdOx1 vaccine (Folegatti et al., 2020a). The report was published from a phase 1/2 trial conducted in the UK on 1,077 participants (18–55 years old) who have received the vaccine (NCT04324606) (Folegatti et al., 2020b). In the phase 2 trial, older participants (>65 years) received the vaccine, and a 62% efficacy was observed in the two full-dose regimen administered with a gap of 1 month (Ramasamy et al., 2020). However, better efficacy was observed when a lower dose of the vaccine was used followed by a full dose. No COVID-19-related hospitalization was reported in the ChAdOx1 vaccine recipients, while 10 volunteers from the control (placebo recipients) group were hospitalized due to unrelated complications (Knoll and Wonodi 2020). Considerable binding and neutralizing antibody induction were observed after the administration of the second dose. This vaccine has been observed to be better tolerated in older participants with uniform immunological profile in all age groups after administration of a booster dose, thus becoming a ray of hope for the elderly population who are at greater risk of severe COVID-19 (Folegattiet al., 2020b). Drug trial 2/3 carried out between May 30 and August 8, 2020 has highlighted the safety and efficacy of ChAdOx1 nCoV-19 in different age groups, especially in the age group 70 years and above (NCT04400838). The vaccine was administered either as a single dose or as a two-dose regimen at a low dose (2.2 × 1010 viral particles) or a standard dose (3.5–6.5  1010 viral particles). Multiplex immunoassay was used to determine the total IgG levels against the trimeric spike protein and RBD. At both dose levels, the anti-spike IgG response was found to be decreased with increasing age. However, participants who received a booster dose had similar antibody titers regardless of age or vaccine dose, and the titer was higher compared to that in participants who did not receive a booster dose. A similar trend was observed with the anti-RBD IgG (Ramasamy et al., 2020). In India, the vaccine is sold under the brand name Covishield and was first approved on December 30, 2020.
Advantages and Limitations
Adenoviral-based vectors are considered relatively safe due to their low immunogenicity in humans. These vectors are efficient in inducing antibody- and cell-mediated immune responses, probably due to the efficient expression of the encoded gene of interest. Long-term immunity requires prime booster doses. Thus, usually, a two-dose regimen is followed for adenoviral vectors to induce memory T- and B-cell immune responses (Geisbert et al., 2011).
Human adenoviruses have long since been known to mankind; thus, preexisting antibodies against these vectors can be a drawback for vaccine development. Certain rare but grave adverse reactions after administration of human adenoviral-based vaccines have been observed, which could be the cause of the preexisting anti-adenoviral immunity in the subjects who have been previously infected by multiple adenoviruses (Kremer 2020a). To induce a stringent amount of immune response and memory cells, adenovirus-based vaccines need booster doses, which may increase the cost of their preparation. Thus, to overcome these limitations, it is imperative to use adenovirus vectors from other species, such as the chimpanzee adenovirus used in ChAdOx1. The long-term side effects of these vaccines will be monitored over the years.
Protein Subunit Vaccines
NVX-CoV2373 vaccine: Novavax developed a recombinant SARS-CoV-2 (rSARS-CoV-2) nanoparticle vaccine against the S-protein also known as NVX-CoV2373. The vaccine was manufactured at Emergent BioSolutions and constructed from the full-length, wild-type SARS-CoV-2 trimeric S-protein with the Matrix-M1 adjuvant. Optimization was done in the already established baculovirus Spedoptera frugiperda (Sf9) insect cell expression system (Tian et al., 2020). The rSARS-CoV-2 vaccine has been modified, wherein certain mutations such as 682QQAQ685 at the S1/S2 cleavage site of the S-protein confer protease resistance to the vaccine and at the same time two proline substitutions in residues K986P and V987P in the S2 subunit help in stabilizing the construct in a profusion conformation. This strategy makes NVX-CoV2373 resistant to proteolytic cleavage and allows it to bind to hACE2 receptors with high affinity. The Matrix-M1 adjuvant is a saponin-based adjuvant, a product of Novavax (Wrapp et al., 2020). Trial 1/2 was initiated to evaluate the safety and immunogenicity of the NVX-CoV2373 vaccine given in 5 and 25 μg doses with or without the adjuvant (NCT04368988). The trial started on May 26, 2020 on 134 study participants, among which 83 participants received the vaccine with adjuvant, 25 without adjuvant, and 23 participants were assigned to receive placebo (0.9% normal saline). Three participants served as a backup during the trial run. Mild side effects were seen, and a few cases of adverse events in different groups were observed, which became stable after a few days (less than 7 days). Thus, overall, no severe adverse events were reported in the early trial results. The primary immunogenicity profile of the 5- and 25-μg doses of the vaccine plus adjuvant showed acceptable neutralizing antibody response correlating with anti-spike IgG (Keech et al., 2020). Both vaccine and adjuvant can be stored at 2–8°C.
Furthermore, in a phase 3 trial, 14,039 participants (7,020 in the vaccine group and 7,019 in the placebo group) were enrolled as per protocol and included for population efficacy (NCT04583995). A two-dose regimen of the NVX-CoV2373 vaccine was given 21 days apart, and an efficacy of 89.7% was observed (Heath et al., 2021a). There were no hospitalizations or deaths among the 10 cases in the vaccine group: however, five cases of severe infection were reported among 96 in the placebo group. It was also worth observing that this vaccine was effective against variant B.1.1.7 and the non-B.1.1.7 variants, and the efficacy rates were observed to be 86.3% and 96.4%, respectively, using a post-hoc analysis (Heath et al., 2021a). Shinde et al. carried out a study on the efficacy of NVX-CoV2373 against the B.1.351 variant of SARS-CoV-2. This was a phase 2-a trial that started in South Africa, where 6,324 participants received a single dose of vaccine/placebo. The recruited participants were either HIV-negative or medically stable HIV-positive. The vaccine was found to be efficacious in preventing COVID-19, with a higher efficacy rate among HIV-negative participants (NCT04533399) (Shinde et al., 2021).
Advantages and Limitations
As the vaccine is devoid of any infectious particle, it is thus safe for use. The benefit of using an adjuvant was clear in terms of the high magnitude of antibody- and cell-mediated immune responses compared to the antigenicity profile of the vaccine without adjuvant. This vaccine can be stored at 2–8°C, thus mitigating cold chain storage and transport demands. The vaccines contain purified antigenic peptides to elicit immune response, thus avoiding the use of live components of the pathogen.
The limitation, as with all other vaccines, is that it needs booster doses to provide long-term immune response against the pathogen. The immune response remains low without the adjuvant; thus, the need of an adjuvant increases the cost of vaccine formulation. Since the isolated peptide is used to design the vaccine, the other limitations related to this technique is that the isolated protein, if denatured, may bind to nonspecific antibodies.
FUTURE PERSPECTIVES
After the onset of the COVID-19 pandemic, an immediate need for treatment arose to limit the spread of the disease. Initially, repurposed antiviral drugs and other anti-inflammatory treatment regimens were tested. Antiviral drugs such as remdesivir had a significant effect of minimizing the hospitalization in a subset of patients, but this drug also fell short of expectations (Hoek and Sarahanne, 2021; Masoomikarimi et al., 2021). Similarly, CPT showed promising results in earlier clinical trials, but this therapy was also limited due to technical difficulties and safety concerns. However, antibody-based therapies presented a promising approach in dealing with SARS-CoV-2 infection, and many therapeutic antibodies were approved for the treatment of patients with mild and moderate symptoms (Ning et al., 2021). Besides the existing approaches for developing therapeutic antibodies, several engineered antibody-based therapies, including antibody cocktails and nasal sprays, showed promising clinical outcomes (Baum et al., 2020). These short-term protective therapeutic modalities may also work against the emerging SARS-CoV-2 VOCs, but a long-term and sustainable treatment is what would change the COVID-19 infection landscape. In this direction, vaccines will remain the mainstay therapeutic modalities for COVID-19, which has already documented successful and lasting protective immunity. Modern vaccines such as those based on mRNAs designate a new era in vaccinology as the approach is being used against infectious diseases, and they appear ideal for use against any emerging SARS-CoV-2 variants and non-pathogenic diseases such as cancer (Pardi et al., 2018). Notably, the pan-COVID-19 vaccine (Saunders et al., 2021), which is in the making, holds an enormous promise to target multiple and any new variants of coronaviruses—a hope for the future.
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Lung cancer is one of the malignant tumors that has seen the most rapid growth in terms of morbidity and mortality in recent years, posing the biggest threat to people’s health and lives. In recent years, the nano-drug loading system has made significant progress in the detection, diagnosis, and treatment of lung cancer. Nanomaterials are used to specifically target tumor tissue to minimize therapeutic adverse effects and increase bioavailability. It is achieved primarily through two mechanisms: passive targeting, which entails the use of enhanced penetration and retention (EPR) effect, and active targeting, which entails the loading recognition ligands for tumor marker molecules onto nanomaterials. However, it has been demonstrated that the EPR effect is effective in rodents but not in humans. Taking this into consideration, researchers paid significant attention to the active targeting nano-drug loading system. Additionally, it has been demonstrated to have a higher affinity and specificity for tumor cells. In this review, it describes the development of research into active targeted nano-drug delivery systems for lung cancer treatment from the receptors’ or targets’ perspective. We anticipate that this study will help biomedical researchers use nanoparticles (NPs) to treat lung cancer by providing more and novel drug delivery strategies or solid ligands.
Keywords: lung cancer, nanoparticle, active targeting, receptors, biological ligands, drug delivery
1 INTRODUCTION
Cancer is a major cause of mortality worldwide, with over 200 distinct types, the most common of which is lung cancer, which is also the leading cause of cancer-related deaths. Lung cancer accounted for 11.6% of the 2.09 million new cancer cases diagnosed in 2018 and 18.4% of the 1.76 million cancer deaths. Among all malignant tumors, men have the highest incidence and mortality rates for lung cancer, while women have the third and second highest incidence and mortality rates for lung cancer, respectively (Bade and Dela Cruz, 2020). Lung cancer is classified as small cell lung cancer (SCLC) or non-small cell lung cancer (NSCLC), with about 80% of cases being NSCLC and 20% being SCLC. NSCLC can be divided into adenocarcinoma, squamous cell carcinoma, large cell carcinoma, and mixtures. SCLC is classified into three subtypes: small cell carcinoma, mixed small cell and large cell carcinoma, and mixed small cell carcinoma, each of which has a distinct therapeutic profile and clinical prognosis (Khanmohammadi et al., 2020). Lung cancer is often treated with surgery, chemotherapy, radiotherapy, and adjuvant therapy (Zappa and Mousa, 2016). Traditional chemotherapy treatments for lung cancer are unable to specifically target tumor cells and cause significant damages to normal cells, including bone marrow arrest, gastrointestinal reactions, and phlebophlogosis (Jin et al., 2018), thus limiting the development of anticancer drugs. In the 20th century, Paul Ehrlich, inspired by Karl Maria von Weber’s opera “DerFreischutz,” coined the term “magic bullet” for the first time and later expanded on the concepts of nanoparticles (NPs) and drug targeting in medicine (Kreuter, 2007). In recent years, advancements in drug nanotechnology have effectively overcome the drawbacks of traditional chemotherapy drugs. NPs have a small particle size, large specific surface area, and good biocompatibility and degradability. The critical point is that NPs may passively target tumor cells, and active targeting can be achieved by modifying the surface of NPs to enhance the therapeutic impact and decrease the toxicity of anticancer drugs (Ahmad et al., 2015).
Nanomedicine is a relatively new form of treatment that focuses on replacing drug delivery and improving therapeutic effects while minimizing adverse effects on normal tissues (Markman et al., 2013). NPs used in the treatment of lung cancer can be divided into two categories: organic and inorganic NPs. The following are the major classes of organic NPs: 1) liposome-cholesterol and phospholipid-like biofilm-like NPs, 2) solid lipid NPs, 3)nanostructured lipid carriers-NPs mixed with solid lipids and liquid lipids, 4) polymeric NPs composed of polymers such as sodium alginate, chitosan, gelatin, polycaprolactone, polylactide, and polylactic acid, 5) Polymeric micelles-colloidal NPs composed of amphiphilic block copolymers, 6) dendrimer-highly branched, symmetrical, radiating NPs. Inorganic NPs are classified into three types: 1) magnetic NPs-superparamagnetic materials with size > 25 nm, 2) carbon nanotubes-hydrophobic tubular structure made by carbon atoms diameters between 4 nm and 100 mm, and 3) quantum dots-colloidal NPs with atomic properties (Sharma et al., 2019). There are three passive targeting techniques. One is to use tumors’ enhanced penetration and retention (EPR) effect to induce NPs to accumulate in tumor tissue, which does not work in humans (Danhier, 2016). The second technique is to use the acidic microenvironment of tumors to limit the action of NPs to acidic conditions (In and Nieva, 2015). Thirdly, tumor cells can be used to carry additional negative charges, since NPs are positively charged (Prabhu et al., 2015). Active targeting couples ligands to NPs via the receptors overexpressed explicitly on the surface of tumor cells or blood vessels, providing NPs with a more precise targeting effect than passive targeting. Additionally, the interaction of certain receptors and ligands has been shown to facilitate cell endocytosis and inhibit tumor multi-drug resistance (Bazak et al., 2015). Antibodies, fragments, aptamers (APTs), or small molecules are frequently used as ligands. Numerous previous studies (Landesman-Milo et al., 2015; Hussain, 2016; Mangal et al., 2017; Yu et al., 2017; Crintea et al., 2021) have described the characteristics and applications of current NPs and ligands for lung cancer treatment. Thus, this review mainly focused on several nanocarriers with active targeting functions for lung cancer treatment in detail from the receptors’ perspective. The studies related to the major biological receptors and their applications are summarized in Table 1. The combined application of biological ligands and NPs are summarized in Figure 1. The oncogenic signaling pathways and drugs targeting abnormal signals in lung cancer therapy are summarized in Table 2.
TABLE 1 | Receptors: principal categories, functions, and applications.
[image: Table 1][image: Figure 1]FIGURE 1 | There are various targets on lung cancer cells, among which VEGFR, αvβ3 Integrin, EGFR, σ Receptor, Folate Receptor, Transferrin Receptor and CD44 are important targets. The nanoparticles with specific ligand structure loaded with anticancer drugs specifically bind to the receptors on the surface of lung cancer and deliver the drugs to the cells.
TABLE 2 | Some drugs and their mechanism of action in lung cancer therapy.
[image: Table 2]2 BIOLOGICAL RECEPTORS AND THEIR APPLICATIONS FOR NANOPARTICLES
2.1 Vascular Endothelial-Derived Growth Factor Receptors
Due to gene mutation and tissue hypoxia in lung cancer, the expression level of vascular endothelial-derived growth factor (VEGF) is increased by hypoxia-inducible factor-1α (HIF-1α) and matrix metalloproteinase (MMP), resulting in an overexpression of vascular endothelial-derived growth factor receptors (VEGFRs) in lung cancer cells and endothelial cells (Prabhu et al., 2015). The primary function of VEGFs is to induce angiogenesis, chemotactic endothelial cells and increase vascular permeability by binding and activating VEGFRs signal cascade. Additionally, VEGF can promote lung cancer metastasis and induce survivin expression, conferring lung cancer drug-resistant (Tran et al., 2002; Herbst et al., 2005). VEGFs are a family of glycoproteins that include VEGF-A, VEGF-B, VEGF-C, VEGF-D, VEGF-E, and placenta growth factor (PGF). VEGFRs have several receptor subtypes: VEGFR-1/Flt-1, VEGFR-2/Flk-1/KDR, VEGFR-3/Flt-4, neuropilin-1(NRP-1), and neuropilin-2(NRP-2), among which VEGFR-2 is the most important and prevalent subtype. VEGFRs consist of an extracellular ligand-binding domain, a transmembrane domain, and a cytoplasmic domain encoding a tyrosine kinase. NRPs consist of extracellular domains, single transmembrane domains, and short intracellular domains lacking intrinsic catalytic function (Frezzetti et al., 2017). VEGFRs are overexpressed on the surface of a wide range of tumor cells and in situ tumor neovasculature, making them prospective targets for “double targeting” (tumor and vascular targeting) tumor therapy (Liu et al., 2011). VEGFRs, in particular, is the better target for overexpression on the cell membrane surface (Liu et al., 2011).
Jin et al. (2018) designed a new type of liposome nanoparticles with an active targeting function for loading parthenolide and ginsenoside compound K (CK) for the treatment of NSCLC. The NPs used tumor homing peptide tLYP-1 (sequence CGNKRTR) as the ligand and had a hydrophilic PEG shell. The particle size was 188 nm. The encapsulation efficiency of CK and parthenolide was 83.4 and 70.7%, respectively, while the drug loading efficiency was 14.8 and 2.9%, respectively. The PEG shell of new NPs can improve its stability, prolong cycle time, and increase solubility. tLYP-1 can enhance its tissue penetration ability, selectively target the over-expressed NRP-1 on the surface of lung cancer cells, and enter the cells via receptor-mediated endocytosis, causing mitochondrial swelling and apoptosis, increasing the level of reactive oxygen species and inducing apoptosis. In vivo studies illustrated that the presence of tLYP-1 can undoubtedly increase the tumor inhibitory effect while minimizing adverse effects by increasing the selectivity of the tumor. It also suggests that researchers can further develop this new strategy for the effective treatment of cancer by using the combination of low-toxic natural products. Liu et al. (2011) developed a nanostructured lipid carrier with active targeting properties for docetaxel (DTX) loading. They studied its uptake in tumor and endothelial cells, as well as its therapeutic effect in vivo and biological distribution. Nanostructured lipid carriers (NLC) was found to be linked to the ligand (VEGFR-2 antibody) through DSPE-PEG-NH2. The average particle size of targeted NLC (tNLC) was 68.70 ± 2.07 nm; the encapsulation efficiency of DTX was 98.43 ± 0.51%; the drug loading rate was 5.55 ± 0.06%, and the average ligand coupling efficiency was 3.34 ± 2.63%. The findings indicated that tNLC first accumulated in tumor tissues via the EPR effect. It was then internalized by tumor cells and endothelial cells via the specific binding of Flk-1 with VEGFR-2, resulting in effective anti-tumor activity. tNLC has little influence on the growth of A549 and HUVEC cells, however, its polyethylene glycol coating can prevent interaction with serum proteins. Flk-1 can undoubtedly boost the tumor inhibitory effect while minimizing adverse effects by binding specifically on and internalization of tumor cells and tumor microvasculature. This study advances the targeted therapy strategy using VEGFR-2, but the precise metastasis mechanism of tNLC remains to be further studied.
Tumor neovascularization not only supplies nutrients to the tumor but also acts as a conduit for tumor diffusion and metastasis. VEGFR inhibition as a target for angiogenesis has become a research hotspot in tumor therapy. The purpose of this review was to summarize previous research on active targeted therapy for lung cancer using VEGFR ligands and NPs. A comparison is made between the new active targeting strategies for targeted-NPs (tNPs) (Table 3). More NPs-targeted drugs will be introduced to anti-lung cancer clinical therapy in the future, providing patients with more precise treatment options with fewer adverse effects.
TABLE 3 | VEGFR antibody for active targeting of nanoparticle drug delivery systems.
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Integrin is a transmembrane glycoprotein heterodimer composed of 18 α and 8 β subunits. There have been 24 distinct subtypes identified thus far, 11 of which specifically bind to the arginine-glycine-aspartic acid (Arg-Gly-Asp, RGD) sequence. The RGD sequence widely exists in extracellular matrix proteins, such as collagen, fibronectin, fibrinogen, laminin, von Willebrand factor, thrombospondin, osteopontin, and vitreous connective protein. Combining the extracellular domain of integrin with an extracellular matrix protein alters the conformation of its transmembrane domain and intracellular domain connected to the actin skeleton, hence regulating cell adhesion, migration, differentiation, proliferation, and survival (Aksorn and Chanvorachote, 2019). avβ3 integrin subtype is highly overexpressed on the surface of lung cancer cells and endothelial cells, promoting tumor angiogenesis and metastasis. Because the RGD sequence can specifically bind to αvβ3 integrin, numerous RGD peptides have been developed. avβ3 integrin biological and kinetic features can be altered by cyclizing, connecting other amino acids on both sides, and altering the stereo configuration or N-methylation. RGD peptides can improve the adherence of nanomaterials to lung cancer and mediate endocytosis into target cells (Marelli et al., 2013).
Babu et al. (2017) developed an RGD peptide modified polylactic acid-glycolic acid (PLGA)- chitosan-based nanoparticle system (CSNP)-RGD, loaded with paclitaxel (PTX) and used for NSCLC targeted drug delivery. The NPs were mainly drug-loaded PLGA, coated with positively charged chitosan, and linked to linear RGD peptides (GRGDSP). Chitosan can improve the stability of particles, control drug release, and increase adhesion. GRGDSP is a linear peptide with strong adhesion that recognizes the cell surface integrins αvβ3 and α5β1. PLGA-CSNP-RGD has an average particle size of 217 nm; the average entrapment efficiency of PTX is 93.7%, and the drug loading rate is 6.5%. The findings indicate that NPs have favorable physical and chemical properties and that NPs without drugs exhibit no apparent cytotoxicity. PTX-PLGA-CSNP-RGD is extremely selective for NSCLC cells such as A549 and H1299, which are overexpressed by integrin αvβ3. It penetrates cells via endocytosis mediated by integrin αvβ3, which inhibits the G2/M cell cycle and induces apoptosis of tumor cells, but has almost no toxicity to normal bronchial epithelial cells. GRGDSP has been shown to suppress tumor growth and alleviate adverse effects in vivo. This study shows PLGA-CSNP-RGD is expected to become a tool for priority drug delivery in lung cancer cells. And what deserves the attention of the researchers is that different normal cell lines need to be wisely evaluated when studying the efficacy of targeted nano-drug delivery systems in the treatment of cancer. Wang et al. (2018) synthesized RGD-modified lipid polymer NPs loaded with PTX and cisplatin (CDDP) (RGD-ss-PTX-CDDP LPNs) and investigated their anti-lung cancer effect in lung cancer cells and tumor-bearing animal models. RGD-ss-PTX-CDDP LPNs are mostly composed of PLGA loaded with PTX and CDDP and coated with soybean lecithin (SL). PTX is linked to the RGD peptide via PEG disulfide bonds, and disulfide bonds utilize a high concentration of glutathione (GSH) in tumor cells to allow specific intracellular drug release. The particle size was 191.3 ± 5.3 nm; the zeta potential was -37.2 ± 3.9 mV; the drug loading rates of PTX and CDDP were 5.4 ± 0.6% and 12.3 ± 1.1% respectively; the encapsulation rates were 85.3 ± 3.3% and 82.7 ± 4.1%, respectively. The results indicated that the NPs’ properties were stable and the structure remained unchanged after 30 days in phosphate buffered saline (PBS) and 5 days in the culture medium. At 100 μg/ml, the drug-free NPs exhibited no apparent cytotoxicity and rarely accumulated in normal tissues. RGD can enhance anti-tumor activity and delay drug release. This study provides a scheme for the preparation of specific RGD modified, redox sensitive, prodrug-based lipid polymer NPs, which can be used in the synergistic combination chemotherapy of PTX and CDDP. RGD-ss-PTX-CDDP LPNs has synergistic anti-tumor effect and low systemic toxicity. The resulting system may become a promising targeted nano-drug for the treatment of lung cancer. Zou et al. (2018) synthesized the cyclic RGD peptide disulfide cross-linked polymer doxorubicin (cRGD-PS-DOX) and studied its targeted therapeutic effect on NSCLC. cRGD-PS-DOX utilizes PEG-P (TMC-DTC), loaded with DOX, as the primary linking ligand cRGD. The particle size of cRGD-PS-DOX was 96nm and the drug loading rate of DOX was 15.2%. It was determined that the release of cRGD-PS-DOX was less than 15% at 37°C, pH = 7.4, and GSH concentration = 2 m within 24 h. The release amount increased with the increase in GSH concentration, demonstrating that NPs had excellent stability in circulation and the capacity to deliver drugs rapidly into cells. The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay demonstrated that drug-free NPs were non-toxic to A549 cells, but drug-loaded NPs had a strong inhibitory effect. Flow cytometry analysis revealed that cRGD-PS-DOX had stronger DOX·HCl intensity than PS-DOX when A549 cells with αvβ3 integrin overexpression were treated respectively. In MCF-7 cells with decreased αvβ3 integrin expression, the two intensities were comparable, demonstrating that cRGD-PS-DOX exhibited a high degree of specificity for NSCLC. Pharmacokinetics analysis revealed that cRGD-PS-DOX accumulates more readily tumors than in normal tissues.
To date, several RGD peptides and their analogues have been developed for targeting integrin αvβ3. However, there are certain drawbacks, including low affinity, poor specificity, and so on. Therefore, the combination of NPs with targeted peptides is critical for lung cancer treatment. A comparison of the tNPs listed above was performed (Table 4).
TABLE 4 | avβ3 antibody for active targeting of nanoparticle drug delivery systems.
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The epidermal growth factor receptor (EGFR) is a member of the class I transmembrane receptor tyrosine kinase superfamily, which is composed of EGFR/ERBB1/HER1, ERBB2/HER2, ERBB3/HER3, and ERBB4/HER4. EGFR is composed of an extracellular ligand-binding region, a transmembrane region, and an intracellular kinase region, which plays an essential role in the physiological process of cell growth, proliferation, and differentiation. EGFR is widely distributed on the surface of mammalian epithelial cells, fibroblasts, glial cells, keratinocytes, etc., and is overexpressed in many cancers. Although the EGFR gene is not overexpressed in SCLC, it is overexpressed in more than 60% of NSCLC (Zhang et al., 2010). The EGFR may bind to seven different ligands: EGF, transforming growth factor-alpha (TGFA), heparin-bound EGF-like growth factor (HBEGF), betamycin (BTC), amphotericin (AREG), insulin (EREG), and epigenetic gene (EPGN). EGF, TGFA, HBEGF, and BTC are considered high-affinity ligands, while AREG, EREG, and EPGN are low-affinity ligands. These ligands activate EGFR to stimulate intracellular signaling processes involved in tumor growth and progression, including proliferation, angiogenesis, invasion, and metastasis (Singh et al., 2016). In addition, EGFR tyrosine kinase inhibitors (EGFRTKIs) such as erlotinib (ER), gefitinib, and afatinib are often utilized targeting ligands (Zhang et al., 2019). Additionally, the anti-EGFR APT is a frequently used targeting ligand (Lv et al., 2018).
Kim and Huang (2012) studied a peptide-based therapy aimed at blocking intracellular protein-protein interactions in EGFR signal transduction. They also evaluated a targeted lipid carrier system capable of delivering peptides to intracellular targets in human cancer cells, thereby validating the concept of intracellular peptide-mediated cancer therapy delivered via well-designed NPs. Zhang et al. (2019) successfully synthesized a redox/pH double reaction nano thermosensitive agent (ECMI) for targeted molecular imaging and synergistic EGFR mutant lung cancer treatment. ECMI utilizes mesoporous silica (MSN) as the main body, supports indocyanine green (ICG) through electrostatic interactions, and fills the pores of MSNs with ZnO quantum dots (QDs). To form a shell, the drug-loaded MSNs were coated with chitosan (Cs) modified by ER, a cross-linked disulfide ligand. The diameter of ECMI was 220.0 ± 3.5 nm; polydispersity indexes (PDI) was 0.41 ± 0.03; Zeta potential was −18.5 ± 1.7 mV; drug loading rate was 15 ± 2 μg/mg, and ER conjugation efficiency was 35 ± 1 μg/mg. In vitro and in vivo studies indicated that EMCI has good biocompatibility and degradability and can accumulate in wild-type A549, ER-sensitive PC-9, and ER-resistant H1975 tumor cells. In PC-9 cells, the average fluorescence intensity of ECMI is more potent than that of CMI, indicating that ER can significantly enhance the targeting effect on PC-9. Zhang et al. (2016) successfully developed a PEG- PLGA-PLL targeting nanoparticle (EGF-PEAL NPs) using EGF as a ligand and loaded DOX and Bcl-2 small interfering RNA (siRNA), respectively, to study the synergistic effect anti-lung cancer effect of DOX-EGF-PEAL NPs and BCL-2-EGF- PEAL NPs. Particle sizes of DOX-EGF-PEAL NPs and Bcl-2-EGF-PEAL NPs were 203.7 ± 7.42 nm and 206.5 ± 6.37 nm; Zeta potentials were 3.5 ± 0.88 mV, and 2.1 ± 1.24 mV; PDI were 0.182 and 0.217, respectively. The results indicated that EGF-PEAL NPs were biodegradable and compatible with H1299 cells and exhibited low toxicity. EGF-PEAL NPs loaded with DOX or Bcl-2-siRNA showed a drug slow-release mode. EGF can significantly boost the dispersion of NPs in tumor tissues, enhance the uptake of NPs by lung cancer cells, and greatly enhance the tumor-killing effect of drugs. At the same time, EGF can decrease the concentration of NPs in the liver, spleen, and kidney and reduce the phagocytosis of NPs by the reticuloendothelial system and mononuclear phagocytic system. AnnexinV/PI staining showed that the combination of DOX-EGF-PEAL NPs and Bcl-2-EGF-PEAL NPs may have the most significant therapeutic effect. Lv et al. (2018) synthesized targeted NPs (AP/ES) with anti-EGFR,APT as ligand, polyamine dendrimer (PAMAM) as the main body, and simultaneously loaded ER and Survivin-short hairpin (shRNA), and studied the therapeutic effects of AP/ES and AP/ES combined with chloroquine (CQ) on EGFR mutant NSCLC. AP/ES exhibits favorable physical and chemical properties, including average particle size of 383.1 ± 0.4 nm, zeta potential of 12.1 ± 0.1 mV, ER drug loading rate of 10.4 ± 0.7%, encapsulation efficiency of 18.7 ± 0.4%, and PDI of 0.27 ± 0.01. The results demonstrate that anti-EGFR APT modified NPs can specifically recognize, bind, and deliver drugs and genes to EGFR overexpressed in NSCLC cells simultaneously. They can significantly improve tumor inhibition, induce apoptosis, and have fewer adverse side effects when compared with non-targeted NPs. The combined use of CQ and AP/ES improves tumor microcirculation and gene transfection efficiency, hence promoting drug delivery and efficacy of AP/ES, and has shown promising results in patients with ER-resistant NSCLC.
With the continuous development of tumor cytology and molecular biology, the potential of EGFR as a targeted therapy for lung cancer has been shown. However, several issues and technological difficulties persist. A comparison of these tNPs was performed (Table 5).
TABLE 5 | EGFR antibody for active targeting of nanoparticle drug delivery systems.
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σ receptor is one of the important targets of lung cancer, which is classified into two subtypes: σ1 and σ2. They are not genetically related, but their functions are similar. Recent studies have shown that the σ1 receptor is a single-channel transmembrane protein, whereas the σ2 receptor is TMEM97, a four-channel transmembrane protein. σ receptor is mainly expressed in the intracellular membrane system, with a small amount expressed in the cell membrane (Schmidt and Kruse, 2019). Additionally, the σ receptor, especially σ2 receptor, is rapidly overexpressed in proliferating normal cells and cancer cells such as malignant melanoma, glioma, breast cancer, prostate cancer, SCLC, and NSCLC. Surprisingly, σ ligands can only cause cancer cell death (van Waarde et al., 2015). σ1 ligand can reduce the invasiveness of tumors, while σ2 ligand can mediate cancer cells’ death via autophagy, cell cycle interference, and apoptosis (Ramzy et al., 2017). σ1 ligand can be classified into Gilligan and Glennon/Ablordeppey models, while σ2 ligand can be classified as amine derivatives with limited conformation, indole analogs related to Siramesine, and amine derivatives with flexible conformation (Georgiadis et al., 2017). Anisamide (AA) is a benzamide derivative with a small molecular weight and is the most common σ ligand.
Yang et al. (2012) developed lipid-calcium-phosphate (LCP) targeting NPs with AA as the ligand and simultaneously loaded three siRNAs (HDM2: c-myc: VEGF = 1: 1: 1, weight ratio) to study the therapeutic effect of AA-siRNA-LCP NPs on NSCLC. With calcium phosphate (CaP)-siRNA as the core, the NPs were stabilized with dioleoylphosphatidic acid (DOPA), coated with 1,2-dioleoyl-3-trimethylammonium-propane chloride salt (DOTAP), and further linked to 2-Distearoryl-sn-glycero-3-phosphoethanol-amine-N-[methoxy (polyethyleneglycol-2000) ammonium salt (DSPE-PEG2000)-AA, and reported a particle size of 38.6 ± 3.6 nm and Zeta potential of 29.1 ± 1.3 mV. The results showed that AA-LCP NPs have a high affinity for nucleic acid. They are biocompatible and biodegradable, and dissolve rapidly in acidic pH. AA-LCP NPs can significantly reduce the reticuloendothelial system (RES) uptake, increase tumor accumulation, and effectively deliver siRNA to NSCLC cells overexpressing the σ receptor. AA can improve the delivery efficiency of siRNA by 9 times, which significantly enhance the inhibition of HDM2/c-myc/VEGF expression, inhibit tumor proliferation and angiogenesis, and induce tumor apoptosis. Targeted LCP is a promising carrier that can deliver multiple siRNA to NSCLC, realize multi-target blocking, and effectively inhibit tumor growth, which suggests pooled siRNA formulated in targeted LCP may become a useful tool for NSCLC therapy. Xiong et al. (2016) designed a cationic liposome (LP) targeted nanocomposite with AA as the ligand and used it to load cisplatin (CDDP) and metformin. Using H460 cell xenotransplantation as a model, the synergistic anticancer effect on NSCLC was studied. Electrostatic complexation of anionic polyglutamic acid (PGA) and cationic polymer metformin (Polymet) created the core of NPs, which is covered with polyglycolic cationic LP and coupled to the ligand AA through DSPE-PEG. The NPs had a particle size of 145 ± 1 nm and a zeta potential of 49 ± 1 mV. The results showed that NPs had a high degree of stability, biocompatibility, and biodegradability. While the combination of CDDP and PGA inhibits medication release and impairs the therapeutic effect, NPs greatly inhibit RES absorption and promote tumor accumulation. AA can target the overexpressed σ receptor, and Polymet and CDDP work synergistically. These improvements not only render drug-loaded NPs statistically equivalent to or even better than free CDDP in terms of effectiveness but also significantly lower systemic toxicity and CDDP resistance. Haloperidol (Hal) is a ligand targeting σ2 receptor overexpressed in NSCLC. Varshosaz et al. (2015) synthesized Hal targeting bovine serum albumin (BSA) NPs for pulmonary delivery of DOX. The tNP size was 218 nm, the zeta potential was −25.4 mV, the drug entrapment efficiency was 89%, and the 2 h release rate was 56%.
There have been few studies on the σ receptor ligands to far, and the most often used ligand is AA. Table 6 compares the binding of AA to NPs. In the future, more researches on the mechanism which causes lung cancer are required to identify additional ligands.
TABLE 6 | σ Receptor antibody for active targeting of nanoparticle drug delivery systems.
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Folate acid (FA) is a water-soluble vitamin commonly known as vitamin B9. It is required for the body to utilize carbohydrates and amino acids in cell division and growth, nucleic acid, and protein synthesis. Together with vitamin B12, it is known that FA functions in vivo as tetrahydrofolate acid and contributes to the synthesis and transformation of purine and pyrimidine nucleotides, aids in protein metabolism, and promotes the formation and maturation of erythrocytes. Due to the low relative molecular weight of FA, it is easy to modify and penetrate tumor cells and has low immunogenicity. FA offers several benefits, including a short time to reach the target, fast blood clearance, intense penetration, low human immune response, and so on (Prabhu et al., 2015; Sharma et al., 2019). FA be utilized as a tumor-targeting agent and is frequently used in the clinic. The folate receptor (FR) is a 38 kDa glycosyl-phosphatidylinositol binding glycoprotein, which often binds to FA, FA coupling drugs or FA anchored nanocarriers with high affinity, and internalizes FA into cells by mediating the endocytosis of FR. Studies have confirmed that FR is highly expressed on the surface of some tumor cells but has no or little expression in normal tissues, indicating that it has a reasonable tumor tissue specificity and is the most extensively researched tumor marker. In recent years, FRs have gained increasing interest in the domains of targeted drug delivery, cancer, and immunotherapy of rheumatoid arthritis. It is well established that FRs exist in three isomers: FRα, FR β, and FR γ (Bazak et al., 2015). FR α is highly expressed in epithelial cell line tumors, such as ovarian cancer, colorectal cancer, lung adenocarcinoma, etc. FR β is often highly expressed on the surface of tumor cells derived from non-epithelial tissues, such as sarcoma and acute myeloid leukemia. It is a potential target for FR-mediated targeted myeloid leukemia therapy, and FR γ can be used as a serum marker for lymphoma because it is not detected in normal serum (Jin et al., 2018). With the increasing understanding of FRs on the cell membrane, an FA-binding protein that is anchored to the cell membrane by phosphatidylinositol and can be removed by specific phospholipase C or D, it was discovered that the activity and number of FRs on the membrane surface of many types of tumor cells (such as ovarian cancer, colorectal cancer, breast cancer, lung cancer, and renal cell carcinoma) were significantly higher than those of normal cells. It lays a foundation for the study of drug targeting of tumor cells mediated by FA. Due to the high level of expression of FR on the surface of a variety of cancer cells, particularly the surface of malignant epithelial tumors, it is critical in the targeted therapy of nasopharyngeal carcinoma, lung cancer, colon cancer, gastric cancer, and gynecological tumors. By precisely binding to the overexpressed FR on the surface of tumor cells, the FR-mediated targeted drug delivery system can increase the drug’s toxicity to the target and reduce the side effects. However, at present, the targeting evaluation of this kind of targeted drug delivery system is mainly based on in vitro cytotoxicity test and cell uptake rate test; there is a dearth of experimental data in animals, and the targeted therapeutic effect in humans people requires additional investigation.
Kato et al. (2017) found that novel porphyrin lipid NPs targeting folate receptor 1 (FOLR1) can improve the effectiveness and specificity of photodynamic therapy (PDT), which is helpful for the minimally invasive intervention of peripheral lung cancer and advanced lung cancer metastatic lymph nodes. They constructed subcutaneous and in situ lung cancer models in mice and constructed targeted NPs with FA and porphysomes. Porphysomes are unique NPs made of two naturally occurring molecules (chlorophyll and lipids) that have the potential to be used in a wide range of biological photon applications. This nanostructure is like a miniature colorful water balloon through which the drug-loaded NPs may be delivered to the tumor for targeted treatment. These NPs exhibit a broad range of variable absorptivity, structure-dependent fluorescence self-quenching, and unique photothermal and photoacoustic properties (Lovell et al., 2011). Amreddy et al. (2018) demonstrated that the dendrimer (Den) nanoparticle system targeting the FR-α is a suitable carrier for co-delivery of siRNA and chemotherapeutic drugs in lung cancer cells. Den-Polyethlyeneimine (PEI)- cis-diamine platinum (CDDP)-siRNA-FA NPs have low molecular weight (800 MW), well-dispersed spherical particles less than 10 nm in size, encapsulation efficiencies for CDDP 40.52 ± 4.18%, zeta potential +17.2 mV. Muralidharan et al. (2016) established the effectiveness of FR-α (FRA)-targeted DOTAP: Human lung cancer cells were treated with cholesterol lipid NPs containing HuR siRNA (HuR-FNP). HuR-FNP particle size had a diameter of 303.3 nm. Compared with normal lung fibroblast (CCD 16) cells, human lung cancer (H1299) cells had significantly higher uptake of FNP, indicating the existence of receptor dose effect. HuR-FNP zeta potential was 4.3 mV. About 39% of siRNA was released in an acetic acid buffer for the first hour. He et al. (2015) found that the FA modified amphiphilic PEG-PLGA copolymer NPs combined with CDDP and PTX may be used to guide efficient and safe cancer chemotherapy, particularly in tumors with high FA receptor expression. The particle size of Co-FA-NPs (CDDP: PTX = 2:1) was 171.36 ± 8.67 nm, PDI was 0.133 ± 0.008, and zeta potential was 21.50 ± 0.88 mV. The targeted NPs are also effective for the combined delivery of cisplatin and paclitaxel in the treatment of non-small cell lung cancer. Additionally, the tNPs are also effective for delivering cisplatin and paclitaxel in the treatment of NSCLC (He et al., 2016).
Table 7 compares FA binding to NPs. FA combined with NPs provides a new solution to toxicity and side effects, treatment drug resistance, and poor detection strategies of cancer treatment, making it a promising theragnostic ligand.
TABLE 7 | Folate Receptor antibody for active targeting of nanoparticle drug delivery systems.
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Human transferrin (TF) is an iron-binding protein with a molecular weight of 79.57 kDa. It may bind to the transferrin receptor (TFR) to transfer iron absorbed via the digestive tract and iron released by red blood cell degradation into bone marrow in the form of TFR-Fe3+ complex to generate mature red blood cells. Additionally, it is capable of transporting iron into cells that express TFRs. TF is biodegradable, non-toxic, non-immunogenic, and may be used to target particular sites via TFR expression on the cell surface (Vaidya and Vyas, 2012). TFR is expressed at a modest level in all normal nucleated cells. Studies have shown that the expression level is higher in cells with a high proliferation rate, especially in tumor cells, such as liver cancer, chronic lymphocytic leukemia, lung cancer (Daniels et al., 2006; Cheng et al., 2011; Dev and Babitt, 2017), as evidenced by increased cell membrane expression and blood concentration (Feelders et al., 1999). This phenomenon is referred to as iron addiction (Manz et al., 2016), as iron is required for a variety of key biological functions, including cell proliferation and growth (Dev and Babitt, 2017). Because TFR is overexpressed in a variety of tumor cells, TF/TFR-mediated cell events have been used to deliver therapeutic drugs to malignant tumor cells (Tros de Ilarduya and Düzgüneş, 2013).
Zhu et al. (2009) found that the histopathological quantification of TFR expression in lung cancer may be employed in clinical practice to monitor gambogic acid treatment susceptibility. Multi-drug resistance is a fundamental problem in SCLC. Sadava et al. (2002) found that the combination of TFR and artemisinin could reduce small cell lung cancer drug resistance. The low molar concentration of artemisinin after pretreatment could kill the cells in SCLC. Upadhyay et al. (2019) found that thymoquinone-NP modified transferrin successfully couples two distinct miRNA pathways, enhances the apoptosis and death cascade of extremely lethal NSCLC cells, and limits these migration cells without producing any significant toxicity like the widely used combination of chemotherapeutic drugs.
In a nutshell, the transferrin receptor plays an important role in the abnormal iron metabolism of lung cancer cells. Although its mechanism is not fully understood, we can reduce the iron intake of cancer cells through transferrin receptors, thus interfering with the iron metabolism of lung cancer cells and limiting their proliferation, thereby enabling novel therapy options for the treatment of lung cancer diseases. Transferrin receptors will have a good application prospect in the treatment of tumor diseases.
2.7 CD44
CD44 is a membrane-bound glycoprotein that plays an important role in malignant tumor-related activities. It has been demonstrated that it can be used as a cancer stem cell (CSC)/tumor-initiating cells (TIC) marker (Fasano et al., 1997; Du et al., 2008; Ghosh et al., 2012). CSC theory suggests that cancer is composed of tumor cell subsets with the characteristics of stem cells or progenitor cells. These cells are capable of initiating tumor formation and differentiation via a variety of effective pathways and exhibiting a high level of resistance to conventional chemotherapy (Leung et al., 2010). The receptor is overexpressed in various solid tumors, such as pancreatic cancer, breast cancer, and lung cancer (Mattheolabakis et al., 2015). In mechanism, the invasive and metastatic growth of cancer cells can be mediated by the interaction between CD44 on the cell surface and extracellular matrix components such as hyaluronic acid and then induce changes in the cytoskeleton of cancer cells (Marhaba et al., 2008). CD44 is also involved in many signal cascades that mediate tumor enhancement. As a co-receptor with adjacent EGFR or other ErbB family receptor tyrosine kinases, it can indirectly activate cell proliferation pathways through ligands (Bourguignon et al., 2007). Additionally, it can activate anti-apoptotic pathways, such as phosphatidylinositol-3-kinase (PI3K)/protein kinase B (AKT) signal cascade (Bourguignon et al., 2007) and B lymphocyte tumor-2 gene (Bcl-2) and Bcl-xl transcription to enhance the survival ability of tumor cells (Madjd et al., 2009). According to research on SCLC, activation of CD44-MAPK-PI3K signal transduction results in increased expression of urokinase plasminogen activator (uPA)/uPA receptor (uPAR) and multi-drug resistance gene (MDR) 1, resulting in increased invasiveness and multi-drug resistance phenotype of lung cancer cells (Gutova et al., 2007).
Jeannot et al. (2016) proved that the size of hyaluronic acid (HA) NPs plays an important role in cellular uptake and biological distribution. Small NPs exhibit a positive targeting effect on tumors overexpressing CD44, implying that they might be employed as drug delivery systems. Poly-ε-caprolactone (PCL) is a commonly used polymer. Due to its biocompatibility and biodegradability, it has become the preferred targeted drug delivery system for scientists (Amreddy et al., 2017). The anticancer activity of Capsaicin (CAP) has been extensively examined for its anticancer activity in a variety of cancers, including lung cancer, where it has been shown to operate as an anticancer and anti-proliferative agent on a variety of human cancer cell lines (Galano and Martínez, 2012). Parashar et al. (2019) demonstrated that HA-PCL- CAP NPs identified the potential for the treatment of NSCLC and showed enhanced cytotoxicity, anti-proliferation, and apoptosis properties of CAP in A549.
In the future, drug targeted approaches based on CD44 expression on CSCs/TICs should be developed, including cytotoxic drugs now employed in clinics (Ghosh et al., 2012). Increasing our understanding of the molecular function of specific CD44 isoforms, the transcriptional regulation of CD44 expression, and the molecular regulation of CD44 alternative splicing will contribute to targeted therapy (Orian-Rousseau and Ponta, 2015; Yan et al., 2015).
2.8 Others
Overall, the main players in the field of nanomaterial-assisted lung cancer therapy are summarized. Still some new receptors or therapies are worth giving an update. Hsu et al. (2017) concluded estrogen and its receptor may be a predictor and therapeutic target for lung cancer after evaluating the expression and prognostic effects of estrogen receptor in lung cancer and clinical trials of a combination of estrogen receptor antagonist and EGFR antagonist. Madan et al. (2014) established the feasibility of using estrogen-coupled NPs to target breast cancer cells. Orphan receptors play important roles in development, cellular homeostasis, and diseases, including cancer, and overexpression or underexpression of some receptors has prognostic implications for patient survival, suggesting that they may be novel targets for lung cancer therapy (Safe et al., 2014; Moreno et al., 2018). Currently, immunotherapy has been widely used to treat lung cancer. Lung cancer-borne immunological targets like T-lymphocytes, myeloid-derived suppressor cells (MDSCs), tumor-associated macrophages (TAMs), and dendritic cells (DCs) may be used to modulate tumor activity by targeting various surface-expressed receptors or by interfering with immune cell-specific pathways (Jeanson et al., 2019; Xia et al., 2019; Larionova et al., 2020; Yang et al., 2020; Yu et al., 2020). Nano-drug delivery targeting tumor microenvironment components may enhance the efficacy of immune checkpoint blocking (Kim et al., 2021). Kang et al. (2020) confirmed the anti-tumor effect of T-cell-membrane-coated nanoparticles (TCM NPs) in the treatment of lung cancer in an antigenic non-specific way. The combined application of PD-1/PD-L1 inhibitors and novel platinum-loaded composite NPs has been shown to have a positive synergistic effect (Xue et al., 2021). Cui et al. (2018) demonstrated that glutathione-triggered NPs can enhance the chemotherapy of lung cancer by reconstructing the tumor microenvironment. Zhou et al. (2020) found that the nano-vaccine was very effective in enhancing cell uptake through macrophage phagocytosis, and significantly promoted DCs maturation and antigen presentation.
3 CONCLUSION
To date, we have summarized representative examples of biological targets or receptors regarding lung cancer. Numerous receptors, including VEGFR, integrin, EGFR, FR, TFR, CD44, and σ receptor capable of increasing the specific binding of NPs containing drugs to disease cells, thereby increase the efficacy of chemotherapy. For example, σ ligands induce significant cell death and apoptosis only in tumor tissue, but not in proliferating normal cells such as stem cells (Georgiadis et al., 2017). The weak expression of the TFR in normal lung tissue and the high expression in lung adenocarcinoma tissue indicate that the expression of TFR is related to the histological type of lung cancer, and the expression in lung adenocarcinoma is significantly higher than that in other histological types. Numerous trials have established that TF plays an important role in the abnormal iron metabolism of lung cancer cells; however, the mechanism by which it does so is unknown; we can reduce iron uptake by cancer cells via TF, thereby interfering with the iron metabolism of lung cancer cells, inhibiting lung cancer cell proliferation, and providing new ideas for the treatment of lung cancer diseases. TF has good application prospects in the treatment of tumor diseases. Additionally, the evidence demonstrated that the activity and number of FRs on the membrane surface of a variety of tumor cells (such as ovarian cancer, colorectal cancer, breast cancer, lung cancer, and renal cell carcinoma) were significantly higher than those of normal cells, laying the foundation for the study of drug targeting tumor cells mediated by FA. Reuter et al. (2015) demonstrated that RGD peptide-modified NPs accumulate less in tumors than control PEG-modified NPs. It indicated that researchers should avoid exaggerating the influence of biological ligands. Rather than that, researchers might focus their efforts on receptors to identify more qualified and high-quality ligands. Another important consideration of receptors is the fact that many are overexpressed in tumor cells. We anticipate that specificity comparison trials will become increasingly common as they provide greater benefit in terms of reducing side effects and improving treatment effectiveness. Additionally, several novel targets were investigated that previously received little attention, such as the orphan receptor, bombesin receptor subtype-3 (Moreno et al., 2018).
As we all know, nanotechnology has fundamentally altered the way carriers are used to treat lung cancer and holds enormous possibilities for the future (Parvanian et al., 2017; Sivarajakumar et al., 2018; Mottaghitalab et al., 2019). Physicochemical properties such as size, shape, rigidity, or surface properties, all play a significant role in determining their large-scale distribution (Yoo et al., 2019). NPs of 10–100 nm with a molecular weight above 50 kDa are ideal nanoparticle drug delivery systems (In and Nieva, 2015), considering that tumor blood vessels have wide gap connections with a size of 100–600 nm (Maeda and Matsumura, 1989; Yuan et al., 1995; Maeda, 2012), NPs smaller than 150 nm might escape capture by macrophages in the RES (Aderem and Underhill, 1999; Feelders et al., 1999) and NPs larger than 10nm might avoid leakage into capillaries (Gaucher et al., 2005), but the restriction on size is not absolute and needs to be further studied. It is also important for nanocarriers to overcome the lung’s physiological and anatomical barrier and precisely deliver drugs to tumor cells. Meanwhile, it also faces difficulties in transforming pragmatic medical technology like many new techniques. Additional researches or trials, whether animal or human, are required.
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GLOSSARY
AA anisamide
AKT protein kinase B
APT aptamer
CK compound K
CSC cancer stem cell
CSNP chitosan-based nanoparticle system
DOTAP 1,2-dioleoyl-3-trimethylammonium-propane chloride salt
DOX doxorubicin
DTX docetaxel
EGFR epidermal growth factor receptor
EPR enhanced penetration and retention
ER erlotinib
FR folate receptor
GSH glutathione
HA hyaluronic acid
HIF-1α hypoxia-inducible factor -1α
LCP lipid-calcium-phosphate
LP liposome
LPN lipid polymer nanoparticle
MMP matrix metalloproteinase
NLC nanostructured lipid carriers
NPs nanoparticles
NRP neuropilin
NSCLC non-small cell lung cancer
PBS phosphate buffered saline
PDI polydispersity indexes
PGF placenta growth factor
PLGA polylactic acid-glycolic acid
PTX paclitaxel
RES reticuloendothelial system
RGD arginine-glycine-aspartic acid
SCLC small cell lung cancer
SL soybean lecithin
TFR transferrin receptor
TIC tumor initiating cells
VEGF vascular endothelial-derived growth factor
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Acute respiratory distress syndrome (ARDS) is a common destructive syndrome with high morbidity and mortality rates. Currently, few effective therapeutic interventions for ARDS are available. Clinical trials have shown that the effectiveness of aspirin is inconsistent. The contribution of platelets to the inflammatory response leading to the development of ARDS is increasingly recognized. The antiplatelet agent aspirin reportedly exerts a protective effect on acid- and hyperoxia-induced lung injury in murine models. Our previous study showed that pretreatment with aspirin exerts protective effects on hyperoxia-induced lung injury in mice. However, the mechanisms and therapeutic efficacy of aspirin in the posttreatment of hyperoxia-induced acute lung injury (ALI) remain unclear. In this study, we used a homozygous NF-κB-luciferase+/+ transgenic mouse model and treated mice with low-dose (25 μg/g) or high-dose (50 μg/g) aspirin at 0, 24, and 48 h after exposure to hyperoxia (inspired oxygen fraction (FiO2) > 95%). Hyperoxia-induced lung injury significantly increased the activation of NF-κB in the lung and increased the levels of macrophages infiltrating the lung and reactive oxygen species (ROS), increased the HO-1, NF-κB, TNF-α, IL-1β, and IL-4 protein levels, and reduced the CC10, SPC, eNOS, Nrp-1, and IκBα protein levels in the lung tissue. Pulmonary edema and alveolar infiltration of neutrophils were also observed in the lung tissue of mice exposed to hyperoxia. However, in vivo imaging revealed that posttreatment with aspirin reduced luciferase expression, suggesting that aspirin might reduce NF-κB activation. Posttreatment with aspirin also reduced hyperoxia-induced increases in the numbers of lung macrophages, intracellular ROS levels, and the expression of TNF-α, IL-1β, and IL-4; it also increased CC10, SPC and Nrp-1 levels compared with hyperoxia exposure alone. Lung histopathology also indicated that the aspirin posttreatment significantly reduced neutrophil infiltration and lung edema compared with hyperoxia exposure alone. Aspirin effectively induces an anti-inflammatory response in a model of hyperoxia-induced lung injury. Thus, aspirin may have potential as a novel treatment for hyperoxia-induced ALI.
Keywords: acute lung injury, acute respiratory distress syndrome, aspirin, hyperoxia, therapeutic efficacy
INTRODUCTION
Acute respiratory distress syndrome (ARDS) is a common destructive clinical syndrome characterized by alveolar-capillary membrane injury and hypoxemic respiratory failure that leads to mechanical ventilation and often to multiple organ failure. Due to endothelial injury and epithelial injury, alveolar epithelium and obvious hyaline membranes are observed (Ware and Herridge, 2013; Matthay et al., 2019). The strong inflammatory response is driven by oxidants, proteases and other potentially toxic substances released by activated white blood cells (Babior et al., 2003).
Few effective interventions for ARDS are available (Boyle et al., 2013; Boyle et al., 2014). Currently, mechanical ventilation with a lower tidal volume (Oba and Salzman, 2000) and early application of prolonged prone-positioning sessions (Guérin et al., 2013) result in decreased mortality in patients with ARDS. Emerging evidence has also suggested the effectiveness of extracorporeal therapies (Fitzgerald et al., 2014). Platelets play a profound role in the inflammatory response leading to the development of ARDS. The possible mechanisms of platelet-induced ARDS include activation of endothelial cells through the release of proinflammatory mediators (Kiefmann et al., 2004; Yadav and Kor, 2015) and adhesion of platelets to pulmonary capillary endothelial cells, which lead to the activation of attached white blood cells (Zarbock and Ley, 2009). Based on accumulating evidence, platelets are instrumental in both the onset (Zarbock and Ley, 2009) and resolution (Ortiz-Muñoz et al., 2014) of acute lung injury (ALI). Previous studies indicated a potential preventive effect of antiplatelet therapy on high-risk patients with ARDS (Ortiz-Muñoz et al., 2014; Boyle et al., 2015; Chen et al., 2015).
Aspirin is an irreversible and noncompetitive inhibitor of arachidonic acid cyclooxygenase metabolism and is widely used in the clinic. Aspirin inhibits platelet activation to mediate the recruitment of neutrophils to the lungs of rats with acid-induced lung injury (Zarbock et al., 2006). We previously reported that an aspirin pretreatment exerted protective effects on hyperoxia-induced lung injury in mice (Chen C. M. et al., 2020). Preclinical studies have shown that aspirin prevents neutrophil activation and recruitment to the lungs, and reduces TNF-α expression in macrophages in pulmonary blood vessels, thromboxane B2 levels in plasma, and platelet isolation in the lungs (Looney et al., 2009; Eickmeier et al., 2013; Tuinman et al., 2013). Aspirin also reduces the severity of edema and vascular permeability in individuals with ALI caused by oxidative stress (Wahn and Hammerschmidt, 2001). In human studies, the results of aspirin therapy have been inconsistent because of heterogeneity of the patient’s performance, course, and outcome that meet the clinical definition of ARDS. Kor et al. (Kor et al., 2016) found that aspirin use did not reduce the risk of ARDS at 7 days after hospitalization compared to the placebo. As shown in our previous study, aspirin pretreatment exerted protective effects on hyperoxia-induced lung injury in mice (Chen C. M. et al., 2020). However, most people do not have the habit of taking aspirin, except for people with cardiovascular disease and Western populations (Antithrombotic Trialists, 2002; Gao and Li, 2010). To the best of our knowledge, no study has focused on the mechanism and therapeutic efficacy of an aspirin posttreatment on hyperoxia-induced ALI. Thus, we investigated the therapeutic efficacy of an aspirin posttreatment in terms of its anti-inflammatory effects.
MATERIALS AND METHODS
Murine Models
NF-κB-luciferase+/+ transgenic mice express the luciferase gene driven by the NF-κB promoter; therefore, luciferase activity reflects NF-κB activity, according to previous studies (Ho et al., 2007; Hsiang et al., 2009). NF-κB-luciferase+/+ transgenic mice on the FVB/NJNarl background were bred in our laboratory, provided a standard laboratory diet and distilled water ad libitum and housed in a temperature-controlled (24°C ± 2°C) animal center with a 12:12 h light–dark cycle. This study was approved by the Institutional Animal Care and Utilization Committee (IACUC) of National Chung Hsing University, Taichung, Taiwan (Approval No: IACUC-102–77). Eight-week-old NF-κB-luciferase+/+ transgenic mice were randomly assigned to four groups (n = 6 mice per group) as follows: 1) intraperitoneal injection of phosphate-buffered saline (PBS) at 0, 24, and 48 h and exposure to normoxia (negative control); 2) intraperitoneal injection of PBS at 0, 24, and 48 h after hyperoxia exposure (mock group); 3) intraperitoneal injection of low-dose aspirin (25 μg/g) at 0, 24, and 48 h after hyperoxia exposure (A25 group); and 4) intraperitoneal injection of high-dose aspirin (50 μg/g) at 0, 24, and 48 h after hyperoxia exposure (A50 group). At the end of the experiment after 72 h of hyperoxia exposure, we anesthetized each mouse and collected pulmonary tissues for bronchoalveolar lavage, pathological histology, and protein extraction.
Hyperoxia-Induced ALI in Mice
As described in our previous study (Yen et al., 2011), mice exposed to hyperoxia were housed in a hyperoxia chamber under normal pressure with 99% oxygen. The mice were sacrificed after oxygen exposure and aspirin treatment.
Imaging of Luciferase Activity
As described in our previous study (Yen et al., 2020), NF-κB-luciferase+/+ transgenic mice were imaged after the intraperitoneal injection of luciferin (150 mg/kg) using the IVIS Imaging System (IVIS Imaging System 200 Series; Xenogen Corp, Alameda, CA, United States ). Photon intensity was recorded as photons/s/cm2 using Living Image software (Xenogen).
Histopathological Analysis
Lung tissues were perfused to remove red blood cells (RBCs) and then preserved in 4% formaldehyde overnight, dehydrated through a graded series of alcohol solutions and embedded in paraffin wax. Serial sections with a thickness of approximately 4 µm were stained with hematoxylin and eosin (H&E) for histological examinations, as described in a previous study (Chen Y. H. et al., 2020). The frequency of neutrophils in the alveolar space, neutrophils in the interstitial space, and hyaline membranes in lung tissues was blindly evaluated by a pathologist.
Analysis of Inflammation in Bronchoalveolar Lavage Fluid
Bronchoalveolar lavage fluid (BALF) was collected by lavaging the lungs with 500 μL of sterile endotoxin-free saline and centrifuging the samples at 500 g at 4°C. The cell pellet was resuspended, and the number of BALF cells was determined using an automatic cell counter (Yen et al., 2011). Approximately 5 × 102 BALF cells were centrifuged, transferred to a glass slide and stained with Liu’s stain. Lymphocytes and macrophages were subsequently classified.
Measurement of Extracellular and Intracellular Reactive Oxygen Species Generation
BALF was centrifuged at 500 g at 4°C to obtain the supernatant and cell pellet for measurements of extracellular and intracellular reactive oxygen species (ROS) levels. ROS generation in the BALF of perfused lungs was monitored using 2′,7′-dichlorodihydrofluorescein diacetate (H2DCF-DA) fluorescence, as described in a previous study (al-Mehdi et al., 1994).
Western Blot Analysis
Protein expression in the pulmonary tissues was measured using Western blot analysis as previously described (Chen et al., 2021). In the present study, the primary antibodies were anti-CC10 (clone EPR19846, 1:2000, Abcam, Cambridge, UK), anti-SP-C (clone EPR19839, 1:2000, Abcam), anti-p-ERK (clone E4, 1:500, Santa Cruz Biotech. Inc, Santa Cruz, CA, United States ), anti-p-p38 (clone E1, 1:500, Santa Cruz Biotech. Inc.), anti-HO-1 (clone P249, 1:2000, Cell Signaling Technology, Danvers, MA, United States ), anti-eNOS (clone M221, 1:2000, Abcam), anti-NRP-1 (clone BGO-14, 1:1000, BosterBio, Pleasanton, CA, United States ), anti-NF-κB (clone D14E12, 1:2000, Cell Signaling Technology), anti-IκBα (clone 44D4, 1:2000, Cell Signaling Technology), anti-TNF-α (clone TN3-19.12, 1:500, Santa Cruz Biotech. Inc.), anti-IL-1β (clone 3A6, 1:2000, Cell Signaling Technology), anti-IL-4 (clone C1, 1:2000, Abcam), and anti-β-actin (clone C4, 1:10,000, Santa Cruz Biotech. Inc.). The membranes were developed using an enhanced chemiluminescence detection system (GE Health Care, Mississauga, Canada). The bands were quantified relative to β-actin bands using ImageJ software.
Immunohistochemical Staining
Lung tissue sections were examined using immunohistochemical (IHC) staining as previously described (Tung et al., 2011). Primary rabbit monoclonal antibodies against CXCL4 and CC10 were used. The reactions were visualized using the Vectastain ABC kit (universal, Vector Laboratories, CA, United States ). Diaminobenzidine (DAB) was used as the chromogen, and hematoxylin was used as the counterstain.
Statistical Analysis
Data are presented as the means ± standard errors of the means (SEM). Differences between groups were analyzed using one-way ANOVA followed by Tukey’s test, and p values <0.05 were considered significant.
RESULTS
Therapeutic Efficacy of Aspirin in Hyperoxia-Induced NF-?b Activation
NF-κB-luciferase+/+ transgenic mice express a luciferase gene driven by an NF-κB response element in the promoter. Therefore, the luciferase signal reflects the activity of NF-κB (Hsiang et al., 2009). Mice were treated with 25 or 50 μg/g aspirin at 0, 24, and 48 h after exposure to hyperoxia. Hyperoxia stimulated the luminescent signal in the lung tissue; however, the luciferase signals in the A50 group were lower than those in the mock group (Figure 1). Therefore, posttreatment with 50 μg/g aspirin at 0, 24, and 48 h after hyperoxia exposure in NF-κB-luciferase+/+ transgenic mice reduced ALI caused by hyperoxia (FiO2 > 95%).
[image: Figure 1]FIGURE 1 | Bioluminescence imaging indicating the therapeutic efficacy of aspirin in the lung tissues of NF-κB-luciferase+/+ transgenic mice exposed to hyperoxia. NF-κB-luciferase+/+ transgenic mice were assigned to four groups (n = 6 mice per group): N.C, treatment with PBS at 0, 24, and 48 h and exposure to normoxia; Mock, treatment with PBS at 0, 24, and 48 h and exposure to 72 h of hyperoxia; A25, treatment with 25 μg/g aspirin at 0, 24, and 48 h and exposure to 72 h of hyperoxia; and A50, treatment with 50 μg/g aspirin at 0, 24, and 48 h and exposure to 72 h of hyperoxia.
Therapeutic Efficacy of Aspirin Against Hyperoxia-Induced Histological Changes in the Lung
A histopathological examination of the lung was performed after 72 h of hyperoxia to further confirm the therapeutic effect of aspirin on hyperoxia-induced ALI. Erythematous swelling and bleeding were more obvious in the lungs of the mock group, and these changes were ameliorated in the A25 and A50 groups (Figure 2). Histological evidence revealed that the mock group developed ALI, with a greater degree of pulmonary edema and alveolar infiltration of neutrophils than the negative control group (Figure 2). However, mice posttreated with 25 or 50 μg/g aspirin exhibited reduced neutrophil infiltration and lung edema. As revealed in Figure 2B and Table 1, mice in the A25 (p < 0.05) and A50 groups (p < 0.01) presented significantly lower lung-to-body weight ratios and lung damage (neutrophils in the alveolar space, neutrophils in the interstitial space, and hyaline membranes) than those in the mock group.
[image: Figure 2]FIGURE 2 | Therapeutic efficacy of aspirin against lung inflammation in mice (A) Gross appearance of the lungs from NF-κB-luciferase+/+ transgenic mice exposed to hyperoxia. Scale bar: 1 cm (B) Histological changes in the lungs of NF-κB-luciferase+/+ transgenic mice exposed to hyperoxia. Scale bars for the upper panel represent 200 µm and lower panel represent 50 µm (C) Lung-to-body weight ratio of NF-κB-luciferase+/+ transgenic mice exposed to hyperoxia. The values are reported as the means ± SEM (n = 6 mice per group). ##p < 0.01 compared with the N.C. group; *p < 0.05 and **p < 0.01 compared with the Mock group. N.C, treatment with PBS at 0, 24, and 48 h and exposure to normoxia; Mock, treatment with PBS at 0, 24, and 48 h and exposure to hyperoxia for 72 h; A25, treatment with 25 μg/g aspirin at 0, 24, and 48 h and exposure to hyperoxia for 72 h; A50, treatment with 50 μg/g aspirin at 0, 24, and 48 h and exposure to hyperoxia for 72 h. Arrow: red blood cells in the intra-alveolar space, consistent with hemorrhage. Triangle: intrapulmonary hemorrhage with some histiocyte aggregation.
TABLE 1 | Histopathological scoring of the therapeutic effect of aspirin on hyperoxia-induced acute lung injury in lung tissues (n = 6) of NF-κB-luciferase+/+ transgenic mice.
[image: Table 1]Therapeutic Efficacy of Aspirin in Reducing the Numbers of Total Cells, Macrophages and Lymphocytes and Extracellular and Intracellular ROS Generation in Lung Tissue Induced by Hyperoxia
Macrophages are essential cellular effectors of innate immune defenses, and circulating monocytes also play a critical role in defending against inflammation. Total cell counts and the relative cell counts of macrophages and lymphocytes in the BALF were analyzed (Figures 3A–C). Hyperoxia significantly increased the total cell counts and relative cell counts of macrophages and significantly reduced the numbers of lymphocytes compared with the negative control group. Following lung injury, monocytes are rapidly recruited into the lungs, where they differentiate into macrophages. However, compared with the mock group, treatment with 25 or 50 μg/g aspirin slightly reduced the number of macrophages and increased the number of lymphocytes. Extracellular and intracellular ROS generation in the BALF was significantly increased in the mock group compared with the negative control group (Figures 3D,E). However, only posttreatment with 50 μg/g aspirin resulted in a significant decrease in intracellular ROS generation compared with the mock group (p < 0.05). Thus, aspirin posttreatment reduced the number of circulating macrophages and intracellular ROS levels. The decrease in the number of macrophages and intracellular ROS levels might rescue the lung from a severe inflammatory response.
[image: Figure 3]FIGURE 3 | Therapeutic efficacy of aspirin against acute lung injury in mice (A) Total cells in the bronchoalveolar lavage fluid (BALF) from NF-κB-luciferase+/+ transgenic mice exposed to hyperoxia (B) The percentage of macrophages among total cells (C) The percentage of lymphocytes among total cells (D) The generation of intracellular reactive oxygen species (ROS) in bronchoalveolar lavage fluid (BALF) from NF-κB-luciferase+/+ transgenic mice exposed to hyperoxia (E) The generation of extracellular ROS in bronchoalveolar lavage fluid (BALF) from NF-κB-luciferase+/+ transgenic mice exposed to hyperoxia. The values are reported as the means ± SEM (n = 6 mice per group). #p < 0.05 and ###p < 0.001 compared with the N.C. group; *p < 0.05 compared with the Mock group. N.C, treatment with PBS at 0, 24, and 48 h and exposure to normoxia; Mock, treatment with PBS at 0, 24, and 48 h and exposure to hyperoxia for 72 h; A25, treatment with 25 μg/g aspirin at 0, 24, and 48 h and exposure to hyperoxia for 72 h; A50, treatment with 50 μg/g aspirin at 0, 24, and 48 h and exposure to hyperoxia for 72 h.
Effect of Aspirin on the Hyperoxia-Induced Expression of Proteins Related to Survival and Stress Response in the Lung Tissue
In this study, cell death and the induction of stress responses were analyzed. Hyperoxia-induced changes in the mRNA levels of lung epithelial proteins (CC10 and SP-C) have previously been shown to play an important role in the pathways involved in hyperoxia-induced injury or oxidative stress (Matthew et al., 2003). The CC10 and SP-C levels in the mock group were decreased compared with those in the negative control group. However, posttreatment with 50 μg/g aspirin significantly restored the expression of the CC10 and SP-C proteins compared with the mock group (Figure 4 and Supplementary Figure S1). Compared with the negative control group, the expression level of the p-p38 protein was increased in the mock group. However, posttreatment with 25 μg/g aspirin significantly reduced the level of the p-p38 protein (Figure 4). A significant increase in the nuclear localization of NF-κB was observed in the mock group compared with the negative control group. However, posttreatment with 25 or 50 μg/g aspirin resulted in a decrease in the expression of the NF-κB protein compared with the mock group (Figure 5 and Supplementary Figure S2). Moderate expression heme oxygenase-1 (HO-1) exerts a protective effect on various organs by modulating tissue responses to injuries, including lung injury associated with hyperoxia (Pereira et al., 2018). In the present study, hyperoxia significantly increased the HO-1 protein expression level compared with that in the negative control group. However, treatment with 25 μg/g aspirin reversed the hyperoxia-induced increase in HO-1 expression. eNOS is involved in endothelial cell proliferation, and Nrp-1 is related to cell growth. Hyperoxia reduced the expression of the eNOS and Nrp-1 proteins. However, posttreatment with 25 or 50 μg/g aspirin resulted in a significant increase in the expression of the Nrp-1 protein compared with that in the mock group (Figure 4). Additionally, a significant dose-dependent effect on Nrp-1 expression was observed.
[image: Figure 4]FIGURE 4 | Therapeutic efficacy of aspirin in improving survival and ameliorating the stress response in the lung tissue of NF-κB-luciferase+/+ transgenic mice exposed to hyperoxia. The bands were quantified relative to β-actin bands using ImageJ software. The values are reported as the means ± SEM (n = 6 mice per group). #p < 0.05, ##p < 0.01, and ###p < 0.001 compared with the N.C. group; *p < 0.05, **p < 0.01, and ***p < 0.001 compared with the Mock group. N.C, treatment with PBS at 0, 24, and 48 h and exposure to normoxia; Mock, treatment with PBS at 0, 24, and 48 h and exposure to hyperoxia for 72 h; A25, treatment with 25 μg/g aspirin at 0, 24, and 48 h and exposure to hyperoxia for 72 h; A50, treatment with 50 μg/g aspirin at 0, 24, and 48 h and exposure to hyperoxia for 72 h.
[image: Figure 5]FIGURE 5 | Therapeutic efficacy of aspirin in inhibiting hyperoxia-induced inflammation in the lung tissue of NF-κB-luciferase+/+ transgenic mice. The bands were quantified relative to β-actin bands using ImageJ software. The values are reported as the means ± SEM (n = 6 mice per group). #p < 0.05, ##p < 0.01, and ###p < 0.001 compared with the N.C. group; *p < 0.05 and **p < 0.05 compared with the Mock group. N.C, treatment with PBS at 0, 24, and 48 h and exposure to normoxia; Mock, treatment with PBS at 0, 24, and 48 h and exposure to hyperoxia for 72 h; A25, treatment with 25 μg/g aspirin at 0, 24, and 48 h and exposure to hyperoxia for 72 h; A50, treatment with 50 μg/g aspirin at 0, 24, and 48 h and exposure to hyperoxia for 72 h.
Therapeutic Efficacy of Aspirin Against Hyperoxia-Induced Inflammation in the Lung Tissue
Hyperoxia activates the transcription factor NF-κB, which induces inflammation through the ubiquitination or proteasomal degradation of IκBα and the translocation of activated NF-κB from the cytoplasm to the nucleus (Figure 5). Oxidative stress activates the p-ERK, p-p38 and NF-κB signaling pathways, which converge and result in the expression of survival and stress response proteins and ultimately lead to inflammation. Posttreatment with 25 μg/g aspirin decreased the phosphorylation of p38. However, both doses of aspirin significantly decreased nuclear levels of the NF-κB protein and increased the expression of the IκBα protein compared with the mock group (Figure 5). The levels of the inflammatory signaling proteins TNF-α, IL-1β and IL-4 were markedly increased in the mock group compared with the negative control group (Figure 5). Posttreatment with 25 or 50 μg/g aspirin significantly reduced proinflammatory protein levels (i.e., TNF-α, IL-1β and IL-4). Therefore, posttreatment with 25 or 50 μg/g aspirin reduced the expression of proinflammatory proteins, minimizing inflammation and improving ALI.
Effect of Aspirin on Platelet-Derived Mediators and Pulmonary Fibrosis Induced by Hyperoxia
The most abundant protein released from platelets is CXCL4 (Mussbacher et al., 2021). CXCL4 is a platelet-derived chemokine and molecular mediator of fibrotic lung injury. It is a key chemokine that is initially secreted by activated platelets (Silva-Cardoso et al., 2020). Compared with the negative control group, CXCL4 expression increased in the alveoli (Figure 6A) and bronchi (Figure 6B) of the mock group. Simultaneously, posttreatment with 25 or 50 μg/g aspirin significantly reduced the CXCL4 protein level; however, aspirin treatment did not alter the protein levels in blood vessels (Figure 6C). CC10, a sensitive marker of lung injury, is primarily secreted by Clara cells. Compared with the negative control group, CC10 levels in the mock group were decreased. However, posttreatment with 25 or 50 μg/g aspirin restored the level of the CC10 protein (Figure 7). The Western blot results confirmed that CC10 expression was reduced following hyperoxia exposure but rescued after treatment with 50 μg/g aspirin (Figure 4). Therefore, hyperoxia causes lung injury in alveoli, but aspirin attenuates this damage.
[image: Figure 6]FIGURE 6 | Therapeutic efficacy of aspirin in altering levels of the CXCL4 protein induced by hyperoxia in NF-κB-luciferase+/+ transgenic mice, as detected using immunohistochemical (IHC) staining (A) Images of alveoli; scale bars for the upper panel represent 200 µm and middle panel represent 50 µm (B) Images of bronchi; scale bars for the upper panel represent 200 µm and middle panel represent 50 µm (C) Images of blood vessels. Scale bars for the upper panel represent 200 µm and middle panel represent 50 µm. DAB-specific threshold selection (red selection) was performed using ImageJ software. NF-κB-luciferase+/+ transgenic mice were assigned to four groups (n = 6 mice per group): Mock group, treatment with PBS at 0, 24 and 48 h, and exposure to hyperoxia for 72 h. A25 group, treatment with 25 μg/g aspirin at 0, 24 and 48 h, and exposure to hyperoxia for 72 h. A50 group: treatment with 50 μg/g aspirin at 0, 24 and 48 h, and exposure to hyperoxia for 72 h.
[image: Figure 7]FIGURE 7 | Immunohistochemical staining indicating the therapeutic efficacy of aspirin at altering levels of the CC10 protein in NF-κB-luciferase+/+ transgenic mice exposed to hyperoxia. Scale bars for the upper panel represent 200 µm and lower panel represent 50 µm. NF-κB-luciferase+/+ transgenic mice were assigned to four groups (n = 6 mice per group): Mock group, treatment with PBS at 0, 24, and 48 h and exposure to hyperoxia for 72 h; A25 group, treatment with 25 μg/g aspirin at 0, 24, and 48 h and exposure to hyperoxia for 72 h; A50 group, treatment with 50 μg/g aspirin at 0, 24, and 48 h and exposure to hyperoxia for 72 h.
DISCUSSION
ALI and ARDS are common disorders that affect approximately 200,000 people each year in the United States (Rubenfeld et al., 2005). The incidence of ARDS ranges from 1.5 to 79 cases per 100,000 in European countries (Confalonieri et al., 2017). Because of coronavirus disease 2019 (COVID-19), approximately 33% of hospitalized patients with COVID-19 develop ARDS, and the mortality rate of patients with COVID-19-associated ARDS is 45% (Tzotzos et al., 2020). In human studies, the results of aspirin treatment have been inconsistent because of heterogeneity in the performance, course, and outcome of patients who meet the clinical definition of ARDS. Hamid et al. (Hamid et al., 2017) reported that both low-dose and high-dose aspirin inhibit pulmonary neutrophil inflammation in bronchoalveolar lavage fluid. Even after adjustment for the propensity of prehospital aspirin use, prehospital aspirin use is independently associated with a reduced ARDS risk (Chen et al., 2015) and is related to a reduced risk of mortality for patients in intensive care units. However, Kor et al. (Kor et al., 2016) found that aspirin use did not reduce the ARDS risk at 7 days after hospitalization compared with the placebo. However, the mechanism and efficacy of aspirin in the treatment of ALI caused by hyperoxia are unclear. Hyperoxia exposure is widely used as an experimental model for ARDS (Reddy et al., 2009).
Oxidant- or toxicant-mediated abnormal tissue repair and inflammation lead to the occurrence and development of various lung diseases (Reddy et al., 2009). A relatively short exposure time of hyperoxia (48–72 h) produces ALI, which is used as a model to study the mechanisms that control lung injury, repair, and inflammation (Reddy et al., 2009). Acute exposure to hyperoxia (72 h) reportedly induces inflammation and damage to the lungs, leading to impaired respiratory function, and prolonged exposure (96–120 h) results in rodent death (Hamid et al., 2017). However, prolonged exposure to hyperoxia (65% O2) may aggravate lung symptoms and cause ALI (Ware and Herridge, 2013). Therefore, we established hyperoxia (FiO2 > 95%)-induced ALI in NF-κB-luciferase+/+ transgenic mice as a model to evaluate the therapeutic efficacy of aspirin in lung injury.
After mice were exposed to hyperoxia for 72 h, luciferase signals were elevated compared with those in the negative control group; however, in the A25 and A50 groups, luciferase signals were decreased compared with the group treated only with hyperoxia. Therefore, posttreatment with aspirin reduced the hyperoxia-induced increase in NF-κB expression. In addition, after hyperoxia, lungs exhibited pulmonary edema, alveolar infiltration, a greater number of macrophages, and a lower number of lymphocytes compared with the negative control group. Song et al. (Song et al., 2020) also indicated that as ARDS severity increases, lymphocyte counts decrease. However, the groups posttreated with 25 or 50 μg/g aspirin exhibited less pulmonary edema and alveolar infiltration, a lower number of macrophages, and a greater number of lymphocytes than the group exposed to hyperoxia alone. As shown in our previous study (Chen C. M. et al., 2020), the group pretreated with aspirin for 3 days after hyperoxia exhibited an obvious decrease in hyperoxia-induced macrophages. Wahn and Hammerschmidt (Wahn and Hammerschmidt, 2001) suggested that aspirin reduces the severity of edema and vascular permeability in individuals with ALI caused by oxidative stress. ROS play a vital role in physiological and pathophysiological processes, but high ROS levels are considered toxic and cause cell damage and death (Valko et al., 2007). Hyperoxia produces a large amount of extracellular and intracellular ROS, and posttreatment with 50 μg/g aspirin significantly reduced intracellular ROS production. Increases in exogenous ROS (i.e., free radicals produced by hyperoxia) levels were not reversed by the aspirin posttreatment. However, endogenous ROS are produced by mitochondria, and mitochondria are also targets of ROS. In addition, our previous study (Chen C. M. et al., 2020) indicated that pretreatment with aspirin (12.5 μg/g or 100 μg/g) obviously reduced ROS production. According to Cox et al. (Cox et al., 2015), aspirin-induced resolvin D1 expression significantly inhibits oxygen-induced pulmonary edema, permeability and inflammation and therefore is an effective treatment for damage induced by prolonged hyperoxia exposure.
Alveolar macrophages secrete cytokines such as IL-1, IL-6, IL-8, IL-10 and TNF-α that act locally to stimulate chemotaxis and activate neutrophils. An imbalance between proinflammatory and anti-inflammatory mediators is observed in ARDS (Ware and Herridge, 2013). In the current study, hyperoxia significantly increased p-ERK, nuclear translocation of NF-κB p65, TNF-α, IL-1β, and IL-4 levels, and reduced IκBα levels. However, posttreatment with aspirin significantly reduced NF-κB p65, TNF-α, IL-1β, and IL-4 levels and increased IκBα levels in the lung tissues of NF-κB-luciferase+/+ transgenic mice. Based on these results, aspirin modulates NF-κB p65, IκBα, TNF-α, IL-1β, and IL-4, all of which reduce the inflammatory response. A previous study showed that anti-inflammatory factors, e.g., IL-10 and IL-4, play vital roles in protecting the lung from lipopolysaccharide (LPS)-induced ALI (Cox et al., 2015). In addition, IL-4 inhibits the transcriptional activity of NF-κB and IL-1, IL-6, and TNF-α expression (Huang et al., 2019). As shown in our previous study, pretreatment with aspirin obviously decreases the hyperoxia-induced increase in p-AKT, NF-κB, IL-6, and TNF-α protein levels (Chen C. M. et al., 2020). Wang et al. (Wang et al., 2011) documented that aspirin obviously decreases the nuclear translocation of NF-κB p65 and the degradation of its inhibitor IκB, p-ERK, and p38 MAPK in LPS-activated microglia. Liu et al. (Liu et al., 2019) also reported that aspirin reduces levels of oxygen free radicals (ROS and nitric oxide) and inflammatory cytokines (IL-1β, IL-6, and TNF-α) in LPS-induced nucleus pulposus cells. Aspirin may prevent or treat ARDS by reducing the activation and recruitment of neutrophils to the lung, the expression of TNF-α in pulmonary vascular macrophages, the plasma thromboxane B2 level, and the sequestration of platelets in the lung (Chen et al., 2003; Looney et al., 2009; Eickmeier et al., 2013; Tuinman et al., 2013; Huang et al., 2019). In patients who took 300 mg of aspirin the day before surgery, delayed postoperative neutrophil apoptosis was significantly preserved after surgery, indicating that aspirin promotes the resolution of persistent inflammation (Bates et al., 2004).
The present study revealed that posttreatment with aspirin exerted significant anti-inflammatory effects. Hyperoxia reduced the CC10 protein level; however, aspirin posttreatment obviously increased CC10 protein levels. CC10 is the main protein secreted by Clara cells. Because of its anti-inflammatory properties, CC10 is considered to exert a protective effect on the lungs (Bolton et al., 2008). Tokita et al. (Tokita et al., 2014) indicated that CC10 reduces LPS-induced mucus secretion in airway cells, partially due to the inhibition of NF-κB phosphorylation. Lopez et al. (Lopez et al., 2020) revealed that rhCC10 significantly reduces ARDS progression and lung dysfunction caused by smoke inhalation injury. Therefore, posttreatment with aspirin might increase CC10 expression to inhibit anti-inflammation in models of hyperoxia-induced ALI and systemic oxidative stress. The chemokine CXCL4 is released from activated platelets during platelet aggregation. According to Bdeir et al. (Bdeir et al., 2017), CXCL4 contributes to the development of ALI by increasing inflammation and pulmonary vascular permeability. Exposure to hyperoxia increased CXCL4 expression, causing serious inflammation in alveoli and bronchi, but the aspirin treatment ameliorated this phenomenon. However, no significant differences in blood vessels were observed among the normal control, mock, A25 and A50 groups because CXCL4 is derived from platelets. The proposed pathway by which the aspirin posttreatment regulates ALI is shown in Figure 8. Cells sense the exposure to hyperoxia and activate a series of cellular responses to oxidative stress. The increase in NF-κB activity is essential for inflammatory responses. NF-κB plays a critical role in regulating the survival and activating the transcription of cytokines or additional inflammatory mediators. The secretion of cytokines, such as TNF-α and IL-1β, promotes the activation of NF-κB. However, our results indicated that posttreatment with aspirin rescues lung injury by attenuating the inflammatory response.
[image: Figure 8]FIGURE 8 | Schematic of the pathway by which the aspirin posttreatment regulates hyperoxia-induced acute respiratory distress syndrome (ARDS) by suppressing pulmonary inflammation via NF-κB signaling.
CONCLUSION
In the present study, treatment of NF-κB-luciferase+/+ transgenic mice exposed to 95% hyperoxia for 72 h with aspirin at 0, 24, and 72 h reduced macrophages infiltration, ROS production, NF-κB activation, and lung edema compared with hyperoxia exposure alone. Furthermore, posttreatment with aspirin significantly reduced p-ERK, p-p38, TNF-α, IL-1β, and IL-4 levels, and increased IκBα levels in the lung tissues of NF-κB-luciferase+/+ transgenic mice. Therefore, we concluded that the anti-inflammatory effect of aspirin on hyperoxia-induced ALI and its therapeutic effect on inhibiting ROS-induced damage are mediated by the NF-κB signaling pathway.
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Background: Ultrasound-guided rhombic intercostal block (RIB) is a novel regional block that provides analgesia for patients who have received video-assisted thoracoscopic surgery (VATS). The anesthetic characteristics of ultrasound-guided RIB with different concentrations of ropivacaine are not known. This research primarily hypothesizes that ultrasound-guided RIB, given in combination with the same volume of different concentrations of ropivacaine, would improve the whole quality of recovery-40 (QoR-40) among patients with VATS.
Approaches: This double-blinded, single-center, prospective, and controlled trial randomized 100 patients undergoing VATS to receive RIB. One hundred patients who have received elective VATS and satisfied inclusion standards were fallen into four groups randomly: control group with no RIB and R0.2%, R0.3%, and R0.4%; they underwent common anesthesia plus the RIB with ropivacaine at 0.2%, 0.3%, and 0.4% in a volume of 30 ml.
Outcomes: Groups R0.2%, R0.3%, and R0.4% displayed great diversities in the overall QoR-40 scores and QoR-40 dimensions (in addition to psychological support) by comparing with the control group (Group C) (p < 0.001 for all contrasts). Groups R0.3% and R0.4% displayed great diversities in the overall QoR-40 scores and QoR-40 dimensions (in addition to psychological support) by comparing with the R0.2% group (p < 0.001 for all contrasts). The overall QoR-40 scores and QoR-40 dimensions [physical comfort (p = 0.585)] did not vary greatly between Groups R0.3% and R0.4% (p > 0.05 for all contrasts). Groups R0.2%, R0.3%, and R0.4% showed significant differences in numerical rating scales (NRS) score region under the curve (AUC) at rest and on movement in 48 h when compared with the Group C (p < 0.001 for all contrasts). Groups R0.3% and R0.4% displayed great diversities in NRS score AUC at rest and on movement in 48 h when compared with the R0.2% group (p < 0.001 for all contrasts). The NRS mark AUC at rest and, on movement in 48 h, did not vary greatly between the Group R0.3% and R0.4% (p > 0.05 for all contrasts).
Conclusion: In this study it was found that a dose of 0.3% ropivacaine is the best concentration for RIB for patients undergoing VATS. Through growing ropivacaine concentration, the analgesia of the RIB was not improved greatly.
Clinicaltrials.gov Registration: https://clinicaltrials.gov/, identifier ChiCTR2100046254.
Keywords: rhomboid intercostal blocky, quality of recovery, video-assisted thoracoscopic surgery, anesthesia, analgesic
INTRODUCTION
Post-video-helped thoracoscopic surgery (VATS) pain is a serious and ongoing widespread concern (Jung et al., 2016; Rodriguez-Aldrete et al., 2016; Umari et al., 2018). Moderate to severe pain after VATS is associated with longer hospital stays, readmissions, low patient satisfaction, increased costs, decreased quality of life, and development of chronic pain (Bendixen et al., 2016; Wang et al., 2017; Sun et al., 2020). A variety of analgesic methods have been used to reduce the intensity of acute pain after VATS, including intravenous opioids, local anesthetic drug infiltration, intercostal nerve blocks, paravertebral blocks, and thoracic epidural blocks (Piccioni et al., 2018; Umari et al., 2018; Martin and Mehran, 2019; Bai et al., 2020; Dastan et al., 2020; Taketa et al., 2020). Opioids alone appear to be effective in controlling persistent pain but not episodic pain associated with cough and movement (Hah et al., 2019; Nobel et al., 2019). This would require higher plasma levels of these drugs, which would cause the resulting side effects of sedation and hypoventilation (Umari et al., 2018), weak analgesic effect of local anesthetic infiltration, and intercostal nerve block with short analgesic duration (Kaushal et al., 2019; Sheets et al., 2020). Aravertebral blocks and thoracic epidurals can cause total spinal anesthesia and parasympathetic symptoms, leading to hypotension, bradycardia, and even cardiac arrest (Yeung et al., 2016; Taketa et al., 2020).
The rhomboid intercostal block (RIB) is a novel kind of plane block illustrated by Elsharkawy et al. (2016) recently. They found that local anesthetic spreads across the interfascial plane between the intercostal muscles, penetrates deeply into the anterior serratus muscle, and extends through the rhomboid intercostal plane to the erector spinae; this fascial block has the most significant advantage, as it covers both dorsal rami and lateral cutaneous branches of the thoracic nerves (Altıparmak et al., 2019). Recent studies have shown that RIB can provide good analgesia after VATS and that its analgesic effect is also good compared to other nerve blocks (Adderley and Mullins, 1987; Ince et al., 2020; Deng et al., 2021a; Deng et al., 2021b; Jiang et al., 2021). However, the analgesic effects of different concentrations of RIB blockade after VATS have not been reported in clinical randomized controlled trials, and in order to enable patients to receive both adequate analgesia and reduce unnecessary adverse effects of local anesthetics, we compared the analgesic effect of different concentrations of ropivacaine RIB block after VATS. The experimental study by Deng et al. (2020) used 0.2%, 0.3%, and 0.4% concentrations of ropivacaine for thoracic nerve block and were safe and effective. However, the safety of using higher concentrations of 0.5% and 0.75% ropivacaine for thoracic nerve blocks remains controversial, so 0.2%, 0.3%, and 0.4% ropivacaine were chosen for RIB blocks for the safety of patients in this experiment.
As reported in previous studies, the quality of recovery-40 (QoR-40) provides a broad and valid evaluation on patients’ recovery quality after anesthesia and surgery, which can appropriately reflect the quality of postoperative recovery in a scope of clinical and study situations (Myles et al., 2000; Kim et al., 2018). Up to now, the analgesic effects of different concentrations of ropivacaine RIB after VATS were not evaluated by prospective researches with QoR-40.
In consideration of the gaps in scientific literature, this research primary aimed to compare the analgesic roles of 0.2, 0.3, and 0.4% ropivacaine after VATS by QOR-40 scores after 24 h. The secondary aim was to compare the need for 0.2, 0.3, and 0.4% ropivacaine RIB for the region under the receiver operating characteristic curve (AUC) of numerical rating scale (NRS) pain marks, postoperative opioid consumption, and rescue analgesia after VATS.
APPROACHES
Participants and Research Design
The research was a prospective, single-center, and randomized-controlled trial. This study was ethically approved by the Ethics Committee of the Affiliated Hospital of Jiaxing University (LS2021-KY-061), Jiaxing, China on April 16, 2021. The following principles summarized in the Declaration of Helsinki were performed. The registration of research protocol was made in the Chinese Clinical Trial Register (ChiCTR2100046254, links to registration documents: https://www.chictr.org.cn/edit.aspx?pid=126397&htm=4). The Chinese Clinical Trial was registered on May 12, 2021 (May 12, 2021), and patients were enrolled on May 14, 2021 (May 14, 2021). All patients who were screened and met the eligibility standards were invited to take part in the trial, and patients enrolled provided written informed consent. Patients were required to give consent on arrival at the operating room or if they were hospitalized at the night before the surgery. Inclusion standards were American Society of Anesthesiologists (ASA) grades 1–3, age 18–80 years, patients receiving general anesthesia for unilateral VATS, and no contraindications to peripheral regional anesthetic block. Exclusion standards were contraindication to local anesthesia, pre-existing infection at the block site, pre-existing chronic pain or cognitive dysfunction, and history of opioid abuse that would prevent patients from accurately participating in postoperative quality of recovery and analgesia assessment.
Anesthesia Application
All patients were monitored in the operating room (OR) using standard ECG, non-invasive blood pressure, peripheral oxygen saturation, and dual frequency index (BIS). First, heart rate and mean arterial pressure (MAP) were measured as baseline (minute 0). After placing the 22-gage intravenous (IV) line, a 15 ml/kg/h isotonic saline IV infusion was performed among all patients under the same general anesthesia. Pre-oxygenation was employed to induce anesthesia for 3 min, and the intravenous injection of midazolam (0.05 mg/kg), sufentanil (0.5 μg/kg), propofol (2–3 mg/kg), and rocuronium (0.6 mg/kg) was made. The end-tidal carbon dioxide extent of 35–40 mmHg was kept with a double-lumen endotracheal catheter adopted for positive-pressure ventilation, and a fiber-optic bronchoscope was used to determine the correct location. During operation, the anesthesia maintenance regimen was propofol (50–150 μg kg−1 min−1) and remifentanil (0.1 μg−1 kg−1 min−1). An anesthesiologist was employed to titrate the minimum alveolar concentration of sevoflurane, and the BIS value of between 40 and 60 was kept. Volume control ventilation was applied with the coefficients below: tidal volume, 6–8 ml/kg; respiratory rate, 12–20 beats/min; and 2 L gas with 70% oxygen and 30% air.
During anesthesia, the intravenous administration of 0.1 μg/kg sufentanil was made when the heart rate or blood pressure was 20% higher than the basic value; the administration of 0.5 mg atropine was made when the heart rate was <50 beats/min, and the intravenous injection of ringer’s lactate solution of 250 ml or ephedrine of 0.1 mg kg−1 was made when the blood pressure was lower than 20% of the elementary value.
The administration of granisetron 3 mg was made 30 min before the surgery, so as to stop postoperative nausea and vomiting. All patients were sent to the postanesthesia care unit (PACU) after surgery. The administration of atropine of 0.01 mg/kg and neostigmine of 0.05 mg kg−1 was made to reverse the muscle relaxation role of rocuronium as required. The patients were sent to the surgery ward when they met the PACU discharging standard.
Surgical Procedures
In patients with one trochlear port, a single 3.0–4.0 cm incision was made in the fourth or fifth intercostal space of the anterior axillary line and a trochal port was inserted on the chest wall; then, the surgery procedure was performed via the trochal port. A thoracic drainage tube was inserted through the incision before the skin of the fourth or fifth intercostal segments was closed.
Patient Grouping and Randomization
Eligible patients were recruited by surgeons and research nurses. Patients were grouped into four, namely, group control (Group C), group R0.2%, R0.3%, and R0.4%, according to the ratio of 1:1:1:1 randomly. Random numbers were produced on computer and kept in sealed opaque envelopes. After the final part of the trial was randomized, the principal investigator (who would not receive any surgery) decided the four surgeons who would perform the surgery to balance the number of VATS steps for every surgeon. The main investigator or research nurse informed the surgeon of patient assignment the day before surgery and the operating room team on the day of surgery. After induction of anesthesia, RIB was done by an anesthesiologist who has experience in more than 30 cases of RIB independently. The researcher responsible for the 48-h postoperative follow-up was blind to the randomization group. In addition, during the preoperative follow-up, patients were instructed on how to apply a patient-stipulated intravenous analgesia (PCA) device for pain management and how to assess pain at rest and on movement applying the NRS scale.
Application of Block Intervention
After induction of anesthesia, RIB was conducted according to the past description (Elsharkawy et al., 2016). A high-frequency linear ultrasonic probe (LOGIQ e ultrasound system, Deutschland GmbH and Co. KG, Solingen, Germany) was used. The medial placement of oblique sagittal plane was made on the medial margin of the scapula. Ultrasound identified trapezius, intercostal, rhomboid, pleura, and lung markers. Under aseptic conditions, the insertion of an 80-mm gauge 21 needle was conducted at the ultrasonic section T5–6. In the group R0.2%, the injection of a dose of 30 ml of 0.2% ropivacaine was performed in the fascial plane between the rhomboid and intercostal muscles; in the group R0.3%, the injection of a dose of 30 ml 0.3% ropivacaine was performed in the fascial plane between the rhomboid and intercostal muscles; and in the group R0.4%, the injection of a single dose of 30 ml 0.4% ropivacaine was performed in the fascial plane between the rhomboid and intercostal muscles. The diffusion of local anesthetic fluid under rhomboid muscle was observed by ultrasound.
Analgesic Protocol and Assessment of Pain and Sensorial Block
In the PACU, all patients underwent patient-stipulated intravenous analgesia (PCIA): 150 μg sufentanil with a total of 150 ml, loading dose of 2 ml, background dose of 2 ml, and locking time of 15 min. Another blinded anesthesiologist made pain evaluation, about 30 min after being blocked with the 11-point NRS, ranging from 0 (no pain) to 10 (worst pain imaginable). In the surgical ward, the postoperative assessment of patients was made again at 0.5, 1, 3, 6, 12, 18, 24, 36, and 48 h. In case of the NRS mark of >3, the physician pressed the analgesia pump once and evaluate pain after 15 min. If the NRS mark was >3 continuously, the physician pressed the analgesia pump again. Rescue analgesia was made on basis of the anesthesiologist’s estimate with parecoxib sodium of 40 mg.
Outcome Methods
This research held the main results of the overall QoR-40 scores 24 h after surgery between the four groups. There were a total of 40 questions for the assessment of five rehabilitation areas in this questionnaire: 12 items about physical comfort, 9 items about emotional state, 5 items about physical independence, 7 item about psychological support, and 7 item about pain (Kim et al., 2018). The secondary result methods were AUC of the NRS for pain at rest and on movement over 48 h, time of first postoperative analgesic request, postoperative 48-h opioid dosage, and satisfaction mark of patients (1–10, where 10 is the highest). Except these methods, dosage of propofol and remifentanil, PACU duration, postoperative nausea and vomiting (PONV), and total number of patients with a postoperative complication were put into record.
Sample Size
The Power Exploration and Sample Size (PASS) 15.0 program (NCSS, LLC., Kaysville, UT, United States) was adopted to calculate the sample size of this research. Based on past researches, the 10-point diversities in QoR-40 marks between the group R0.2% and group R0.4% was considered clinically important (Myles et al., 2018; Altıparmak et al., 2020). On the basis of our preliminary research on 20 patients, the QoR-40 mark of group R0.2% was 164.7 ± 5.5, and the QoR-40 mark of the group R0.4% was 170.3 ± 5.9. Assuming α error = 0.05 (two-tailed), β error = 0.1 with a power of 0.90, at least 23 participants were required per group, considering the 20% dropout rate (on basis of a preliminary research); while increasing the sample scale, the research finally included 29 patients in every group.
Statistical Exploration
SPSS version 25.0 (IBM Corp., Armonk, NY, United States) was adopted for data analysis. For every patient, the time interval with the NRS score was multiplied to calculate their AUC of NRS pain marks both on movement and at rest with GraphPad Prism version 7 (GraphPad Software Inc., San Diego, CA, United States). Continuous data were examined and tested for distribution with the Shapiro–Wilk test. One-way analysis of variance was adopted to explore normally distributed data for the comparison of group-wise diversities in the result coefficients [BMI, age, operation time, anesthesia time, remifentanil dosage, propofol dosage, preoperative QoR-40 mark, QoR-40 mark, physical comfort, emotional state, psychological support, physical independence, pain, the NRS mark curve (AUC) for pain at rest and on movement, time to first postoperative analgesic request, PACU duration, postoperative 48-h total amount of opioids, satisfaction score of patients, and parecoxib sodium for injections]. Normally distributed data are shown as mean ± standard deviation. The diversities among male/female, ASAI/II/III, total number of patients with a postoperative complication, operation procedure, and surgical incision (left chest/right chest) were compared with the chi-square test. Operation procedure and PONV scores were analyzed using Kruskal–Wallis test, and a 5-point numerical scale (0 = no symptom, 1 = scarcely, 2 = usually, 3 = most of the time, 4 = all the time) was adopted to assess PONV. p-values <0.05 were regarded significant for the test outcomes displayed.
RESULTS
The flowchart for reporting trials of the consolidated standards is shown in Figure 1. One hundred thirty patients were initially enrolled, out of which 10 patients did not satisfy the inclusion standards, four patients rejected to take part in, and 116 patients were eventually categorized into four groups. Five patients in the Group C were excluded due to uncompleted QoR-40 scores and PCA failure. Three patients in the group R0.2% were excluded due to uncompleted QoR-40 scores. Four patients in the group R0.3% were excluded because of uncompleted QoR-40 scores and PCA failure. Four patients in the group R0.4% were excluded due to failure to complete QoR-40 scores and PCA failure. Therefore, 24 patients in the Group C, 26 patients in the group R0.2%, 25 patients in the group R0.3%, and 25 patients in the group R0.4% were analyzed.
[image: Figure 1]FIGURE 1 | Consolidated standards of reporting trials statement flow diagram for the study.
No diversities were observed in the baseline features between the groups (Table 1). QOR-40 scores are shown in Table 2. A great diversity was found between the mean global QoR-40 marks of the groups. Scores of all QoR-40 dimensions (except psychological support) varied statistically among four groups. Groups R0.2%, R0.3%, and R0.4% displayed great diversities in the overall QoR-40 scores and QoR-40 dimensions (except psychological support) when compared with the Group C (p < 0.001 for all contrasts). Group R0.3% and R0.4% displayed great diversities in the overall QoR-40 scores and QoR-40 dimensions (except psychological support) when compared to the R0.2% group (p < 0.001for all comparisons). The global QoR-40 scores (p = 0.054) and QoR-40 dimensions [physical comfort (p = 0.585), emotional status (p = 0.101), physical independence (p = 0.731), pain (p = 0.306)] did not vary greatly between the groups R0.3% and R0.4%.
TABLE 1 | Descriptive variable characteristics of patients in four groups ([image: image] ± SD).
[image: Table 1]TABLE 2 | Global and dimension QoR-40 questionnaire score at 24th hour after operation in four groups ([image: image] ±SD).
[image: Table 2]The difference in NRS score AUC at rest and on movement in 48 h was statistically significant in both groups (Table 3). Groups R0.2%, R0.3%, and R0.4% displayed great diversities in NRS score AUC at rest and on movement in 48 h when compared with the Group C (p < 0.001 for all contrasts). Group R0.3% and R0.4% displayed great diversities in NRS score AUC at rest and on movement in 48 h when compared with the R0.2% group (p < 0.001 for all contrasts). The NRS score AUC at rest and on movement in 48 h did not vary greatly between the Group R0.3% and R0.4% (p > 0.05 for all contrasts).
TABLE 3 | The AUC pain NRS vs time at rest and on movement of four groups ([image: image] ± SD).
[image: Table 3]Time of first postoperative analgesic request, postoperative 48-h total amount of opioids, parecoxib sodium for injections, and satisfaction score of patients in the groups R0.2%, R0.3%, and R0.4% displayed great diversities when compared with the group C (p < 0.001 for all contrasts) (Figures 2A–D), and time to first postoperative analgesic request, postoperative 48-h total amount of opioids, parecoxib sodium for injections, and satisfaction score of patients in the R0.3% and R0.4% also displayed great diversities when compared with Group R0.2%, (p < 0.001 for all contrasts) (Figures 2A–D). The time to first postoperative analgesic request (p = 0.5), postoperative 48-h total amount of opioids (p = 0.526), parecoxib sodium for injections (p = 0.750), and satisfaction score of patients (p = 0.671) did not vary greatly between the groups R0.3% and R0.4%.
[image: Figure 2]FIGURE 2 | (A). Time to first postoperative analgesic request, (B). Postoperative 48-h total amount of opioids, (C). Parecoxib sodium for injections, (D). Satisfaction score of patients.*p < 0.05 compared with R0.2%, R0.3%, and R0.4% groups, #p < 0.05 compared with R0.3% and R0.4% groups.
Groups R0.2%, R0.3%, and R0.4% displayed great diversities in the dose of propofol and remifentanil applied and recovery room duration when compared to the Group C (p < 0.001 for all contrasts) (Table 4). Groups R0.3% and R0.4% displayed great diversities in the dose of propofol and remifentanil applied and recovery room duration when compared to the R0.2% group (p < 0.001 for all comparisons). The dose of propofol (p = 0.562) and remifentanil (p = 0.498) used and recovery room duration (p = 0.664) did not vary greatly between the groups R0.3% and R0.4%. No great diversities were shown in PONV scores (p = 0.851 for all contrasts) and total number of patients with a postoperative complication (p = 0.924 for all contrasts) among the four groups (Table 5).
TABLE 4 | Intraoperative anesthetic dosage, postoperative analgesic, and recovery of four groups ([image: image] ± SD).
[image: Table 4]TABLE 5 | Postoperative complications in four groups ([image: image] ± SD).
[image: Table 5]DISCUSSION
This is the first randomized, double-blind clinical trial that compared different concentrations of ropivacaine RIB block in VATS with the patient-centered result method, QoR-40. A clinically meaningful improvement was shown in QoR at 24 h for patients who underwent 0.3% ropivacaine RIB in comparison with a 0.2% ropivacaine RIB. Furthermore, 0.3% ropivacaine RIB had a smaller burden of pain over time (AUC of NRS) at rest and on movement and less total amount of opioids. The highest concentration of ropivacaine (0.4%) did not show a great merit in terms of postoperative analgesia applying the RIB.
A current international movement uses more patient-centered results in assessing the effectiveness of anesthetic interventions. While lower pain marks are significant, patients may not consider it an excellent recovery experience with other debilitating side effects. The QoR-40 scores are internationally recognized as a valid method to assess patients’ quality of recovery after surgery (Kim et al., 2018).
To the best of our ability to review the literature, this trial is the first to assess the effectiveness of various concentrations of ropivacaine RIB in postoperative analgesia in thoracic surgery using QoR-40. Deng et al. (2020) found that 0.3% ropivacaine was the best concentration for pectoral nerve block type II (PECS II block) among patients who have received modified radical mastectomy (MRM) for breast cancer and that a 0.3% concentration provided effective analgesia for MRM for 48 h. Increasing the concentration of ropivacaine did not significantly enhance the analgesic effect of the PECS II block. Su et al. (2015) found that in ultrasound-guided regional anesthesia, growing the concentration of ropivacaine at the same volume led to a progressive growth in analgesia, and 0.4% ropivacaine was not superior to 0.3% ropivacaine in terms of analgesia. At the same time, increasing the blood concentration of ropivacaine may increase the risk of neurotoxicity. Some investigators have applied in vivo or ex vivo animal models to study the neurotoxicity of local anesthetics, and both showed a concentration-dependent effect on the degree of nerve damage, with higher concentrations resulting in more severe damage. However, it remains to be further studied clinically as to which concentrations are also associated with which adverse effects. In the present experiment, no serious adverse reactions were observed with RIB blockade at 0.2%, 0.3%, and 0.4% concentrations of ropivacaine (Brull et al., 2007).
Our findings, by comparing the QoR-40 scores of 0.2%, 0.3%, and 0.4% ropivacaine RIB, were similar to theirs, but their assessed result was confined to pain severity and time to postoperative opioid demands. Our study showed that improvement of QoR-40 scores after VATS by RIB with ropivacaine relied on the concentration of ropivacaine; 0.2% ropivacaine did not improve QoR-40 scores after VATS, and 0.3% ropivacaine RIB improved QoR-40 scores significantly after VATS in patients, but when the concentration of ropivacaine was increased to 0.4% VATS, there was no great change in QoR-40 scores in patients after surgery.
Most of the existing methods focus on minimizing the loss of sample pairs. However, in many applications, the number of intra- and interclass sample pairs may be highly unbalanced, which may lead to deteriorating or suboptimal performance, and for such unbalanced distribution problems, AUC can be considered as a more meaningful performance metric (Huo et al., 2018). Therefore, in this study, we used AUC to count NRS scores over 48 h. Then, we found that the AUC of NRS in 48 h was significantly improved with 0.3% ropivacaine as compared to 0.2% ropivacaine; however, no great change was found in the AUC of NRS when it was increased to 0.4%. In addition, time of first postoperative analgesic request, recovery time, postoperative 48-h opioid dosage, and satisfaction score of patients can also be proved. At 0.2% ropivacaine RIB, the patient’s time to first postoperative analgesic request is short, postoperative 48-h opioid dosage is large, the injection amount of parecoxib sodium is large, and the patient satisfaction is also low. When the ropivacaine concentration grew to 0.3%, there was a significant improvement, but when the ropivacaine concentration grew to 0.4%, there was no significant change.
It is also important to note that in this trial, when comparing the AUC of NRS scores at 0–48 h between the four groups, in order to compensate for the true number of patients in Group C, Group R0.3%, and Group R0.4%, we used the mean of the NRS in each group to replace the number of patients missing, with two patients missing in Group C and one patient each in Group R0.3% and Group R0.4%.
Our study has some restrictions. First, a sham block was not given to the control group due to the ethical considerations of making an injection with no administration of a therapeutic drug. Second, no concentration gradient was used to decrease the number of groups and false-negative outcomes from various comparisons; ropivacaine studies at higher concentrations were not performed. Third, there was no measurement of plasma ropivacaine levels at various concentrations; although past studies have not reported any RIB-related adverse reactions, pharmacokinetic studies were not performed.
CONCLUSION
In this study, it was found that a dose of 0.3% ropivacaine is the best concentration for the RIB for patients who have received VATS. Through increasing ropivacaine concentration, the analgesia of the RIB was not improved greatly.
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Asthmatics are highly susceptible to developing lower respiratory tract infections caused by Streptococcus pneumoniae (SPN, the pneumococcus). It has recently emerged that underlying allergic airway disease creates a lung microenvironment that is defective in controlling pneumococcal lung infections. In the present study, we examined how house dust mite (HDM) aeroallergen exposure altered immunity to acute pneumococcal lung infection. Alveolar macrophage (AM) isolated from HDM-exposed mice expressed alternatively activated macrophage (AAM) markers including YM1, FIZZ1, IL-10, and ARG-1. In vivo, prior HDM exposure resulted in accumulation of AAMs in the lungs and 2-log higher bacterial titres in the bronchoalveolar (BAL) fluid of SPN-infected mice (Day 2). Acute pneumococcal infection further increased the expression of IL-10 and ARG1 in the lungs of HDM-exposed mice. Moreover, prior HDM exposure attenuated neutrophil extracellular traps (NETs) formation in the lungs and dsDNA levels in the BAL fluid of SPN-infected mice. In addition, HDM-SPN infected animals had significantly increased BAL fluid cellularity driven by an influx of macrophages/monocytes, neutrophils, and eosinophils. Increased lung inflammation and mucus production was also evident in HDM-sensitised mice following acute pneumococcal infection, which was associated with exacerbated airway hyperresponsiveness. Of note, PCV13 vaccination modestly reduced pneumococcal titres in the BAL fluid of HDM-exposed animals and did not prevent BAL inflammation. Our findings provide new insights on the relationship between pneumococcal lung infections and allergic airways disease, where defective AM phagocytosis and NETosis are implicated in increased susceptibility to pneumococcal infection.
Keywords: asthma, house dust mite, Streptococcus pneumoniae, phagocytosis, NEtosis
INTRODUCTION
Asthma is a chronic airway inflammatory disease characterised by pathological airway remodelling that leads to variable and reversible airflow obstruction. A major consequence of chronic asthma and its related immunopathology is that asthmatics can be particularly vulnerable to respiratory infections, which can trigger potentially life-threatening acute exacerbations. Asthmatics have a heightened risk of developing pneumonia caused by Streptococcus pneumoniae (SPN, the pneumococcus) (Juhn et al., 2008; Castro-Rodriguez et al., 2020), which is a leading cause of community acquired pneumonia (CAP). The risk of hospitalisation by pneumonia is 2–4 times higher in asthmatics, where severe asthmatics are at even greater risk (Ekbom et al., 2019). This could be due to increased pneumococcal oropharyngeal carriage in both adults and children with asthma (Jounio et al., 2010; Esposito et al., 2016), as the pneumococcus usually infects the lungs by escaping from the upper respiratory tract (Bogaert et al., 2004). The risk of developing asthma is also significantly increased in children that are colonised with pathogenic bacteria including SPN in the upper airways as neonates (Bisgaard et al., 2007). Hence, asthmatics are regarded as a high-risk group where pneumococcal disease can be more severe. Protection of such “high-risk” asthmatics through vaccination continues to be an important priority, although it is unclear as to whether the efficacy of SPN vaccines is compromised in asthmatics (Sheikh et al., 2002).
Whilst SPN vaccines are central to reducing the risk of acquiring SPN and developing pneumonia, they may offer limited protection once SPN infects the lungs of asthmatics where the relationship between asthma and S. pneumoniae is complex. Alveolar macrophages (AMs) are the first cellular defence to bacterial pathogens entering the lungs (Franke-Ullmann et al., 1996) where they coordinate operational phagocytosis, which is essential for the removal of pathogenic microorganisms. AMs isolated from adults with severe asthma, phagocytose bacterial pathogens such as H. influenzae and S. aureus at a reduced capacity (Liang et al., 2014). A similar phenomenon is also observed in children with severe asthma (Fitzpatrick et al., 2008). Type-2 immune cytokines such as IL-4 and IL-13 can also drive the emergence of alternatively activated macrophage (AAM) phenotypes, which express a distinct set of genes that may compromise pathogen control (Varin et al., 2010; Abdelaziz et al., 2020). In addition to AM-mediated pathogen control, neutrophils play a pivotal role in clearing remaining pneumococci within the alveolar spaces. Neutrophil-mediated clearance of SPN involves both the killing of phagocytosed bacteria with stored serine proteases like neutrophil elastase and cathepsin G (Standish and Weiser, 2009), and the formation of neutrophil extracellular traps (NETs) (Mori et al., 2012); a process called NETosis. NETs are found in bronchial biopsies from patients with allergic asthma (Dworski et al., 2011), and their ex vivo formation is inversely correlated to lung function (Pham et al., 2017).
How phagocytic cells deal with SPN infections within the allergic airways is still being defined at a cellular and molecular level and there is conflicting data. For example, reduced TLR2 expression in lung phagocytic cells of house dust mite (HDM)-sensitised mice resulted in a failure to effectively clear SPN due to reduced neutrophil migration into the lungs (Habibzay et al., 2012). Contrastingly, in an OVA-model of allergic disease, there was a similar reduction in neutrophil migration in response to acute SPN infection; however, this was associated with an improvement in bacterial clearance due to expansion of a distinct SiglecFlow macrophage population (Sanfilippo et al., 2015). In this study, we examined whether acute pneumococcal lung infection altered the phenotype and function of AMs following HDM exposure. We also evaluated the formation of NETs following SPN infection of HDM-sensitised mice and assessed whether the pneumococcal conjugate vaccine (PCV13) restores dysfunctional bacterial clearance in HDM-sensitised mice.
METHODS AND MATERIALS
Mice and Experimental Asthma Exacerbation Model
Specific pathogen-free 6-week-old female BALB/C mice were purchased from the Animal Resources Centre (Western Australia). All mice were housed under normal 12-h day/night cycle at 22°C with free access to food and water. All animal experiments were approved by the Animals Ethics Committee of RMIT University (AEC #1805) and conducted in compliance with the National Health and Medical Research Council of Australia guidelines for experimental animal use and care. Mice were lightly anaesthetised in an induction chamber filled with 4% isoflurane in oxygen and 25 μg of HDM ([D. Pteronyssinus], Stellergenes Greer, United States) in 35 μL of saline was intranasally administered into the nostrils. In total, mice were exposed to HDM aeroallergen three times per week for 3 weeks. Vehicle exposed mice were treated in the same manner receiving 35 μL of saline alone. Twenty-four hours after the last HDM challenge, mice were inoculated with 106 CFU S. pneumoniae (strain EF3030, serotype 19F), in 35 ml saline delivered by intranasal delivery under light anaesthesia. A separate cohort of mice were vaccinated with the pneumococcal conjugate vaccine (Prevnar 13 [PCV13], Pfizer, United States), where the vaccine was diluted 1:10 with saline prior to administration. Mice received PCV13 via intraperitoneal injection (100 μL per mouse) 1 week prior to initiation of the HDM protocol and a second booster shot was delivered 2 weeks later, as previously described (Ohori et al., 2020).
Isolation of Alveolar Macrophages by Flow Cytometry and Phagocytosis Assay
Mice were killed by an overdose of sodium pentobarbital (240 mg/kg, Virbac, Australia) and lung lobes from saline or HDM challenged mice were dissected and finely minced in a petri dish. Lung cells were dissociated in 4 ml of Liberase™ (Sigma-Aldrich, United States) at 37°C. Following removal of residual tissue debris and erythrocytes, single cell suspensions were stained with an antibody cocktail including Anti-CD45-FITC, Anti-F4/80-APC, Anti-CD11b-eFluor450, and anti-CD11c-PE-Cy7 (Thermo Fisher Scientific, United States). Alveolar macrophages were sorted using the FACSAria™ Fusion (BD Biosciences, United States) under a strict gating strategy. Briefly, dead cells, cellular debris, and cell doublets were excluded using PI viability dye, side scatter (SSC), and forward scatter (FCS) gates. From this population of live singlets, haemopoietic cells were selected based on high CD45+ expression. All F4/80- cells were then excluded from the analysis, and alveolar macrophages were differentiated based upon CD11chigh and CD11blow expression. Freshly isolated alveolar macrophages were used for mRNA extraction.
Lung Function, and Assessment of BAL and Lung Inflammation
Mice were anesthetised by ketamine (125 mg/kg) and xylazine (25 mg/kg), after which tracheotomy was performed by inserting an 18G canular into the trachea. Airway reactivity in response to increased doses of methacholine (MCh) was measured in vivo with the Flexivent FX1 (SCIREQ® Montreal, QC, Canada) as previously described (Wang et al., 2019). Mice were subsequently killed by an overdose of sodium pentobarbital (240 mg/kg, Virbac, Australia) and lungs were then lavaged using the same cannula with a total volume of 1.3 ml PBS to retrieve the bronchoalveolar (BAL) fluid, as previously described (Wang et al., 2017; Wang et al., 2019; Wang et al., 2021). The total number of viable BAL cells was determined by acridine orange/ethidium bromide viability staining and a hemocytometer chamber. BAL cytospins were prepared by centrifugation using the Cytopsin 3 (Thermo Shandon, United States) at 400 x g for 10 min. Cytospins were air dried, stained using the Kwik-Diff Kit®stain (Thermo Fischer Scientific, United States) procedure and cover slipped, as per the manufacturer’s instructions. Differential cell counts were determined based on standard morphological features observed under microscopy with a minimum of 300 cells per slide enumerated. Representative images of macrophages were taken using brightfield microscopy (BX60 microscope, Olympus, Japan).
Following BAL, the left lung lobe was removed and fixed in 10% neutral buffered formalin for histological processing. In order to assess lung inflammation, H&E-stained slides were blindly scored by two assessors for peribronchiolitis and alveolitis, where lung lobe sections were scored based on a scale of 1–5: 0, healthy lungs i.e. no inflammation; 1, very mild; 2, mild; 3, moderate; 4, severe; 5, extremely severe changes, as previously described (Wang et al., 2021). Alcian blue-periodic acid-Schiff (AB-PAS)-stained slides were also analysed to evaluate presence of goblet cell hyperplasia. Slides were captured using a whole slide scanner and analysed using the Olympus CellSens software (V1.18, Olympus, Japan). The mucus positive area fraction (%) within the airways was calculated for four small airways (100–400 μm in diameter) per section using a standardised hue, saturation and value threshold consistent across all samples.
Bacterial Enumeration in Nasal Tissue and Lungs
Nasal tissue was dissected and placed in 1 ml of Dulbecco’s Modified Eagle Medium ([DMEM], Gibco™, Thermo Fischer Scientific, United States) prior to homogenisation using the T18 digital ULTRA-TURRAX® (IKA, Germany). Pneumococcal loads were determined by viable count using BAL fluid and homogenised nasal tissue, which was serially diluted 10-fold in PBS. 15 μL of each dilution was pipetted onto horse blood agar (HBA) + 5% gentamycin (5 μg/ml) plates (Media Preparation Unit, The University of Melbourne, Australia) in triplicate. Following overnight incubation, the highest dilution with countable colonies was enumerated and the number of viable pneumococci was expressed as CFU/mL.
Immunohistochemistry for NETs and dsDNA Determination
Unstained lung tissue slides were rehydrated and incubated in antigen retrieval buffer (Tris-EDTA Buffer, 10 mM Tris, 1 mM EDTA, 0.05% Tween 20, pH 9.0). Slides were permeabilised in PBS 0.5% Triton X-100 and blocked (5% horse serum + 5% BSA + 300 mM Glycine in PBS-Tween 0.05%). Slides were then incubated with goat anti-mouse MPO (R&D Systems, United States) and rabbit anti-mouse citrullinated histone H3 (Abcam, United Kingdom) for 2 h, washed and incubated with the secondary antibodies Alexa Fluor 568 donkey anti-rabbit IgG and Alex Fluor 488 donkey anti-goat IgG. Slides were washed three times in PBS-Tween and coverslips were mounted using Fluoroshield™ with DAPI histology mounting medium (Sigma-Aldrich, United States). The mean overlapping histone-MPO area fraction (%), depicted by the yellow staining regions, was determined using a whole slide scanner and the Olympus CellSens software (V1.18, Olympus, Japan). The concentration of dsDNA in the BAL fluid was measured using the Quant-iT™ PicoGreen™ Assay Kit (Thermo Fischer Scientific, United States) as per the manufacturer’s instructions.
RTqPCR Analysis of Isolated Alveolar Macrophages and Lung Tissue
Frozen lung tissue was ground to a fine powder using a mortar and pestle. RNA from isolated alveolar macrophages or lung tissue were purified using the RNeasy mini kit as per manufacturers instruction (Qiagen, GMH Germany). The NanoDrop200 (Thermo Fischer Scientific, United States) was used to determine the concentration and purity of extracted RNA and the High-Capacity RNA to cDNA kit (Thermo Fischer Scientific, United States) was used to generate complementary DNA (cDNA). RT-qPCR was performed using the QuantStudio 7 system (Thermo Fischer Scientific, United States), TaqMan primers and the Taqman Fast Advanced Master Mix, as per manufacturer’s instructions. The relative expression of each gene was normalised against the housekeeping gene glyceraldehyde phosphate dehydrogenase (GAPDH) and determined using the ΔΔCt value method, as previously described (Wang et al., 2018; Wang et al., 2019).
RESULTS
HDM Aeroallergen Compromised Clearance of SPN in the Lungs
AMs were isolated using a cell sorting procedure from mice exposed to HDM aeroallergen or saline for 3 weeks. Freshly isolated AMs from control (saline) mice maintained a stereotypical AM morphology, whereas AMs isolated from HDM-exposed mice displayed an enlarged and highly vacuolated morphology (Figure 1A). The change in morphology was associated with a marked increase in the expression of the two alternatively activated macrophage (AAM) markers, YM1, and FIZZ1 (Figures 1B, C). In addition, IL-10 and ARG1 expression was markedly increased in HDM-exposed AMs (Figures 1D, E). To determine whether prior HDM exposure impacted pneumococcal clearance in vivo, HDM-sensitised mice were acutely infected with SPN and bacterial titres were evaluated 48 h following SPN inoculation as summarised in Figure 2A. Pneumococcal loads remained consistent between HDM and VEH-exposed mice in the nasal tissue (Figure 2B); however, SPN titres in the BAL fluid were over 3-log higher in HDM-exposed mice compared to VEH-exposed mice (Figure 2C). We next assessed whether an AAM population had emerged in vivo as seen in the isolated AM population, where the common AAM markers (FIZZ1, YM1, ARG1, and IL-10) were measured in lung via RT-qPCR. HDM sensitisation increased the expression of all four AAM markers and of note, combined HDM exposure and acute SPN infection (HDM-SPN) lead to a further increase in the relative expression of IL-10 and ARG1 compared to HDM alone-exposed mice (Figures 2D–G).
[image: Figure 1]FIGURE 1 | HDM aeroallergen alters the phenotype of lung macrophages. (A) Alveolar macrophages were isolated by FACS sorting from the lungs of mice exposed to saline (SAL) or house dust mite (HDM) aeroallergen over 3 weeks and images of representative cytospins were taken. (B–E) The expression of alternative activation markers including YM-1, FIZZ1, IL-10, and ARG1 were analysed by RTqPCR using Taqman primers. Data was generated using pooled alveolar macrophages from n = 5–10 mice per treatment group. Data are presented as mean ± SEM.
[image: Figure 2]FIGURE 2 | HDM suppresses bacterial clearance and increases IL10/ARG1 expression in SPN-infected mice. (A) Mice were sensitized to HDM over three 3 weeks and subsequently infected with SPN via intranasal inoculation, and outcomes were assessed 2 days later. Pneumococcal load in the (B) nasal tissue and (C) BAL fluid was determined. (D–G) Expression of the alternative activation markers FIZZ1, YM1, ARG1, and IL-10 in lung tissue was analysed by RTqPCR using Taqman primers. n = 7–10 mice per group. RT-qPCR data are presented as mean ± SEM and statistical comparisons were determined using one-way ANOVA at *p < 0.05, **p < 0.01, ****p < 0.0001, followed by Tukey’s post hoc test. SPN titres are presented as the geometric mean ± 95% confidence interval (CI) and statistical comparisons were determined using the Mann-Whitney U test at ****p < 0.0001.
Since pneumococcal lung infection promotes the migration of neutrophils into the airspaces to assist with pathogen removal, BAL neutrophils were analysed in our model. There was a significant increase in the number of BAL neutrophils in response to acute pneumococcal infection and the numbers were not significantly altered by prior HDM exposure (Figure 3A). The levels of dsDNA in the BAL fluid were also measured as a marker for the release of NETs, where dsDNA levels were significantly increased in mice infected with SPN (Figure 3B). Of importance, there was a marked reduction in dsDNA levels in the BAL fluid in mice exposed to HDM prior to SPN infection relative to SPN-infected mice. Complementing these findings, lung sections were co-stained for citrullinated histone H3 (red) and MPO (green), two key components of NETs. Overlapping yellow regions were used to define regions of NETs, which were observed in the lungs of SPN-infected mice, as presented in Figure 3C. The quantification of co-stained regions displayed a mean area fraction of 0.11% in SPN-infected mice, compared to just 0.045% in SPN-infected animals previously exposed to HDM, although this difference fell short of significance (Figure 3D).
[image: Figure 3]FIGURE 3 | Netosis markers are reduced in HDM-exposed mice infected with SPN. (A) BAL neutrophil numbers were enumerated on BAL cytospots. (B) The levels of dsDNA were quantified in the BAL fluid. (C) NET staining was performed on lung sections and identified yellow regions of H3 and MPO co-staining that is representative of NET formation. (D) The area of co-staining was quantified on a slide scanner using cell sense software in SAL and HDM treated mice infected with SPN. n = 6–10 mice per group. Data are presented as mean ± SEM and statistical comparisons were determined using one-way ANOVA for more than two groups, or Students t-test for two groups at **p < 0.01, ****p < 0.001, followed by Tukey’s post hoc test.
Increased Pneumococcal Load Worsened Inflammation and Airway Hyper-Responsiveness
In addition to the influx of neutrophils, differential cell counting revealed that acute pneumococcal infection in HDM-exposed mice significantly increased the total number of BAL macrophages, whereas HDM or SPN alone did not alter BAL macrophage numbers (Figure 4A). In addition, eosinophilic inflammation induced by HDM exposure was further increased by concurrent acute pneumococcal infection in HDM-exposed mice (Figure 4B). To interrogate the molecular mechanisms that are driving this distinct BAL inflammatory profile in HDM-SPN mice, a panel of immunoregulatory genes were measured in the lungs by RTqPCR. As expected, the classic type-2 cytokines IL4, IL5, and IL-13 were increased in the lungs of HDM-exposed mice (Figures 4C–E), and pneumococcal infection did not alter their respective levels. In contrast, the expression of the CCL2 (MCP1) and CCL3 (MIP1a) chemokines were not increased by HDM or SPN alone; however the combination of HDM and SPN significantly increased their levels (Figures 4F, G). The expression of CCL11 (eotaxin-1) was increased in HDM-exposed mice and levels were not further altered with SPN infection (Figure 4H).
[image: Figure 4]FIGURE 4 | CCL2 and CCL3 are associated with increased BAL macrophages and eosinophils. (A) BAL macrophage and (B) BAL eosinophil numbers were enumerated on BAL cytospots. (C–E) Expression of the TH2 markers including IL4, IL5, and IL13 were analysed by RTqPCR using Taqman primers. (F–H) Expression of CCL chemokines including CCL2, CCL3, and CCL11 were analysed by RTqPCR using Taqman primers. n = 6–10 mice per group. Data are presented as mean ± SEM and statistical comparisons were determined using one-way ANOVA at *p < 0.05, **p < 0.01, ***p < 0.005, followed by Tukey’s post hoc test.
We next investigated whether there were any noticeable histological changes to the airways and parenchyma. To determine the level of peribronchiolitis and alveolitis, whole-lung sections stained with H&E (Figure 5A) were blindly scored. SPN infection or HDM exposure alone resulted in increased peribronchiolar (Figure 5B) and alveolar inflammation (Figure 5C). The combined HDM-SPN exposure specifically led to a significant increase in peribronchiolitis when compared to the HDM alone group. Mucus production around the small airways (<200 μm) was also investigated via AB-PAS staining of the whole lung, where mucus positive cells were rarely observed within the airways of VEH or SPN treated mice (Figure 6A). HDM exposure resulted in a mean mucus staining airway wall area fraction of 25.77% that significantly increased to 36.35% with combined acute SPN infection (Figure 6B). Lung function parameters were also measured, and dose response analysis revealed that at the maximum nebulised dose of methacholine (100 mg/ml), total resistance (Rrs) peaked in HDM-SPN animals (Figure 6C). Comparison of maximal responses revealed that SPN did not significantly increase Rrs, whereas HDM alone increased Rrs, and the combination of HDM and SPN caused a further significant rise in Rrs (Figure 6D).
[image: Figure 5]FIGURE 5 | Lung inflammation and injury is increased in HDM-SPN infected mice. (A) Lungs were processed for histology and slides were stained with H&E, and whole lung lobes were captured using the VS120 slide scanner. The level of (B) peribronchial inflammation and (C) alveolitis was blindly scored by two observers. n = 7–10 mice per group. Data are presented as mean ± SEM and statistical comparisons were determined using one-way ANOVA at *p < 0.05, **p < 0.01, followed by Tukey’s post hoc test.
[image: Figure 6]FIGURE 6 | Mice sensitised with HDM and infected with SPN display increased airways hyper-reactivity. (A) Lungs were processed for histology and slides were stained with AB-PAS, and whole lung lobes were captured using the VS120 slide scanner. (B) The area of mucous staining within the airways was blindly evaluated using Cell Sense software. Lung function in response to increasing concentrations of methacholine was performed, where (C) total resistance (Rrs) was presented as a dose response and (D) maximal Rrs responses at 100 mg/ml MCh were compared across the different groups. n = 8–10 mice per group. Data are presented as mean ± SEM and statistical comparisons were determined using one-way ANOVA at *p < 0.05, **p < 0.01, followed by Tukey’s post hoc test.
We next determined whether prior HDM exposure impacted pneumococcal clearance in PCV13 vaccinated mice by evaluating bacterial titres during the acute phase of infection as summarised in Figure 7A. Pneumococcal loads were high in the nasal tissue with slightly higher bacterial titres in the nasal tissue of PCV13-vaccinated compared to unvaccinated mice (Figure 7B). While PCV-13 did not alter SPN loads in the BAL fluid of VEH-exposed animals, vaccination lead to a significant decrease in pneumococcal CFU in the HDM-exposed group compared to HDM-unvaccinated mice (Figure 7C). Immune cell infiltration in the BAL compartment was next assessed where differential cell counting revealed that macrophage/monocyte infiltration remained significantly higher in PCV13-vaccinated HDM-SPN mice (Figure 7D). A significant increase in the total number of neutrophils was observed in the PCV13-SPN group compared to VEH (Figure 7E); however, this did not differ to PCV13-HDM-SPN animals. In addition, HDM exposure alone also resulted in significant BAL eosinophilia in PCV13-vaccinated animals and numbers were significantly higher in vaccinated HDM-SPN animals compared to vaccinated HDM-exposed animals (Figure 7F). Hence, the BAL inflammatory profile in vaccinated mice is very similar to unvaccinated mice.
[image: Figure 7]FIGURE 7 | SPN lung clearance is improved in PCV13-vaccinated and HDM-exposed mice. (A) Mice were vaccinated with PCV13 at weeks 1 and 2, sensitized to HDM over three 3 weeks and subsequently infected with SPN via intranasal inoculation. Outcomes were assessed 2 days later. Pneumococcal load in the (B) nasal tissue and (C) BAL fluid was determined. (D) BAL macrophage, (E) BAL neutrophils, and (F) BAL eosinophil numbers were enumerated on BAL cytospots. n = 4-5 mice per group. SPN titres are presented as the geometric mean ± 95% confidence interval (CI) and statistical comparisons were determined using a mixed-effects model with Sidak’s post hoc test at *p < 0.05. BAL inflammatory cell numbers are presented as mean ± SEM and statistical comparisons were determined using one-way ANOVA at **p < 0.01, ****p < 0.0001, followed by Tukey’s post hoc test.
DISCUSSION
Our results confirm that animals with a HDM-driven allergic airway phenotype are inadequate at clearing pneumococci from the lower airways, as observed previously (Habibzay et al., 2012). To the best of our knowledge, our study describes for the first time how specific facets of macrophage and neutrophil anti-pneumococcal immunity are altered following aeroallergen exposure. We also show that prior PCV13 vaccination modestly accelerates pneumococcal clearance in HDM-exposed animals. Our study demonstrates that during the acute phase of infection, SPN lung titres are over 2-log higher in HDM-exposed mice despite the presence of nearly double the number of BAL macrophages/monocytes in the airways. AMs must engulf and internalise SPN (Franke-Ullmann et al., 1996) before using protease- and nitric-oxide dependant apoptotic pathways for bacterial removal (Marriott et al., 2004; Marriott et al., 2006). A similar phenomenon has been observed in AMs isolated from adults with severe asthma in response to H. influenzae and S. aureus (Liang et al., 2014). Consequently, a reduction in the phagocytic capacity could contribute towards bacterial outgrowth in the lower airways and may in part underpin why asthmatics have a heightened risk of developing pneumococcal pneumonia (Jounio et al., 2010; Castro-Rodriguez et al., 2020).
Pneumococcal infection in mice results in the robust recruitment of monocytes at day 2 post infection under the direction of the CCL2 chemokine, which enhances the killing of pneumococcus (Winter et al., 2007; Anthony et al., 2020). This recruitment is necessary to replenish local macrophage pools because SPN can induce apoptosis of resident macrophages to enhance pneumococcal killing (Aberdein et al., 2013). It has been reported that approximately 60% of alveolar macrophages are replaced by monocyte derived CD11b+ exudative macrophages following pneumococcal lung infection (Taut et al., 2008). The A limitation of our study is that we did not differentiate between resident alveolar macrophages, monocytes and monocyte derived exudative macrophages. As we have investigated the outcomes at Day 2 post infection, there will be a significant pool of monocyte derived macrophages in the lungs. Our findings suggest that this recruited pool is defective in bacterial clearance as pneumococcal load was 4-log higher in HDM-SPN infected mice compared to SPN-infected mice. Future studies should isolate the individual macrophage populations and investigate their relative capacity to ingest and kill SPN in order to establish whether this defect is shared or restricted across discrete macrophage subsets. In addition, female mice were used in this study as the prevalence of asthma is higher in females then males after puberty. Future studies should investigate whether defective pneumococcal clearance is also seen in male mice exposed to HDM aeroallergen.
Th2 immune cytokine, such as IL-4, IL-5, and IL-13 drive the emergence of AAMs. It was evident from our observations that HDM exposure generated a dominant AAM phenotype, as shown by the increased expression of typical AAM markers ARG1, YM1, IL-10, and FIZZ1 in the lung tissue and from isolated AMs. The polarisation of AAMs with IL-4 impairs the non-opsonic phagocytic uptake of N. meningitidis, which was associated with a defect in phagosome formation (Varin et al., 2010). We demonstrate that combined HDM exposure and SPN infection significantly increases the expression of ARG1 and IL-10 in murine lungs. IL-13-induced ARG1 expression in murine lungs has been shown to attenuate pneumococcal killing (Knippenberg et al., 2015). The upregulation of arginase depletes arginine and supresses iNOS protein expression, in turn decreasing NO production (El-Gayar et al., 2003). Since iNOS and NO production is important for reducing pneumococcal viability in macrophage-mediated phagocytosis, their suppression by increased arginase may result in loss of bacterial clearance. In addition, the bacterial virulence factor pneumolysin (PLY) increases the expression of arginase, which promotes endothelial barrier dysfunction by reducing nitric oxide generation (Lucas et al., 2012).
A fine balance between attenuating excessive inflammation without compromising bacterial clearance must exist. This especially applies to the role of IL-10 during anti-pneumococcal immune responses. Mice deficient of IL-10 display severe lung histopathology, sustained neutrophil infiltration and increased mortality following SPN infection [258]. Interestingly, pneumococcal titres in the lungs were significantly decreased in IL-10−/− mice compared to WT (Peñaloza et al., 2015). Conversely, others have found that IL-10 diminishes pneumococcal clearance in the lungs and promotes bacterial spread (Peñaloza et al., 2015). Therefore, it is plausible that in our study increased IL-10 expression could contribute towards diminished SPN clearance in the airways. On the other hand, IL-10 plays an important role in reducing airway inflammation in OVA-induced asthma as IL-10 deficient mice display greater peribronchiolar inflammation consisting of lymphocytes, macrophages and eosinophils (Tournoy et al., 2000). Considering the multifaceted role IL-10 plays in infection and in allergy, a greater understanding of IL-10 during asthma exacerbations is needed.
We propose that mediators released in the allergic environment drive an alternately activated macrophage phenotype that is defective in pneumococcal clearance and killing. Whilst therapies such as corticosteroids can reduce allergic type-2 inflammation, they can also potentially suppress bacterial clearance. Hence, our pre-clinical model can be used to screen for novel therapies that improve bacterial clearance in the allergic lung environment. Another novel finding from our study is that HDM exposure attenuates the release of NETs in response to acute pneumococcal infection. Neutrophil-mediated removal of SPN involves both the killing of phagocytosed bacteria with stored serine proteases (El-Gayar et al., 2003) and the formation of NETs (Mori et al., 2012). As their name suggests, NETs form net-like structures that trap and kill pathogens (Brinkmann et al., 2004). In addition to neutrophils, eosinophils also produce extracellular traps. To highlight the presence of NETs, we co-stained lung sections with MPO and histone H3, and specifically measured the overlap of these two markers. There was also a significant reduction in dsDNA in the BAL fluid. The reduction in NETosis in HDM-SPN mice was not due to a decrease in the number of infiltrating neutrophils, as similar number of neutrophils were recruited to the airways in HDM-SPN and SPN groups. Key modulators of NETosis are still being defined. However, it has been highlighted that anti-inflammatory cytokines can inhibit the formation of NETs (Vorobjeva and Chernyak, 2020). Increased IL-10 production by dendritic cells disrupts the formation of NETs; a mechanism employed by HIV-1 to avoid NET-mediated clearance (Saitoh et al., 2012). Therefore, it is possible that increased IL-10 expression in HDM-exposed animals could limit NETosis in our model and enable SPN to evade NET-dependant anti-bacterial responses. SPN can also express a surface endonuclease allowing the bacterium to escape NETosis by breaking down DNA structures (Beiter et al., 2006). It is possible by virtue of the increased number of pneumococci in the lower airways of HDM-exposed mice (via impaired alveolar macrophage phagocytosis), that endonuclease expression is higher allowing for NET degradation.
The present study shows that acute SPN infection exacerbates airway hyperresponsiveness in HDM-exposed mice, which was associated with increased airway inflammation and mucus production. In addition, we showed that CCL2 expression in the lungs is significantly greater in HDM-SPN mice and is likely to drive the recruitment of monocytes to the airways in our model. While eotaxin-1 expression was not markedly higher in combined HDM-SPN animals, increased CCL3 expression may promote the recruitment of eosinophils in murine lungs. Interestingly, administration of the pneumococcal conjugate vaccine (PCV7) can supress type-2 inflammation in OVA-sensitised mice via increasing the induction of suppressive T-regulatory (Treg) cells (Thorburn et al., 2010). We investigated whether pneumococcal vaccination also improved bacterial clearance in HDM-exposed mice, as to the best of knowledge, this has not been described before. It was evident from our study that prior PCV13 vaccination modestly accelerated pneumococcal clearance in HDM-exposed mice, however as the reduction in bacterial load was small, BAL inflammation was still evident.
In this study, we specifically investigated the clearance of SPN during the early phase of infection (2 days post infection), where neutrophils and monocytes are recruited into the airways and play a major role in phagocytosing and killing pneumococcus. The significance of this early innate response is exemplified by the finding that CXCR2 knockout mice that recruit significantly fewer neutrophils and exudative macrophages during pneumococcal infection, display a major defect in bacterial clearance (Herbold et al., 2010). Our data suggests that this early innate response required to eradicate bacteria is defective in HDM-exposed mice. A limitation of our study is that we did not evaluate bacterial BAL titres at later timepoints following vaccination and pneumococcal infection (e.g., Day 3, 4, and 6), as it is plausible that vaccinated mice clear bacteria more effectively at the later timepoints. Furthermore, we did not evaluate antibody titres generated against PCV13 and/or pneumococcus. Future studies should investigate whether antibodies titres against PCV13 are altered in HDM-exposed mice and whether this impacts bacterial clearance at later timepoints. Nonetheless, our findings emphasise that there is a need to develop novel therapies that decrease type-2 and neutrophilic inflammation whilst improving phagocytosis and clearance of respiratory pathogens such as pneumococcus, and our pre-clinical model can be used to screen for such therapeutics.
In summary, we have shown that HDM-exposure reduces pneumococcal-specific AM-mediated phagocytosis and the formation of NETs; a phenomenon which may underpin the observed increase in SPN titres in HDM-exposed animals. We have also demonstrated PCV13-vaccination can enhance pneumococcal clearance in HDM-exposed mice. Our findings provide exciting new insights into the relationship between pneumococcal lung infections and allergic airways disease. The scope of this defect in asthma is accentuated by the fact that there is also a complex interplay between respiratory pathogens and asthma, where respiratory viruses such as rhinovirus can impair the phagocytic clearance of bacteria by human alveolar macrophages (Oliver et al., 2008). Future research should continue to focus on developing therapies that reduce bacterial loads and immunopathology in the background of allergic airways disease, and the pre-clinical model described in this study can contribute to progressing this strategy.
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Acute lung injury (ALI) and its severe manifestation, acute respiratory distress syndrome (ARDS), are treated with high concentrations of supplementary oxygen. However, prolonged exposure to high oxygen concentrations stimulates the production of reactive oxygen species (ROS), which damages the mitochondria and accumulates misfolded proteins in the endoplasmic reticulum (ER). The mitochondrial protein A-kinase anchoring protein 1 (Akap1) is critical for mitochondrial homeostasis. It is known that Akap1 deficiency results in heart damage, neuronal development impairment, and mitochondrial malfunction in preclinical studies. Our laboratory recently revealed that deleting Akap1 increases the severity of hyperoxia-induced ALI in mice. To assess the role of Akap1 deletion in ER stress in lung injury, wild-type and Akap1−/− mice were exposed to hyperoxia for 48 h. This study indicates that Akap1−/− mice exposed to hyperoxia undergo ER stress, which is associated with an increased expression of BiP, JNK phosphorylation, eIF2α phosphorylation, ER stress-induced cell death, and autophagy. This work demonstrates that deleting Akap1 results in increased ER stress in the lungs of mice and that hyperoxia exacerbates ER stress-related consequences.
Keywords: ALI, ARDS, ROS, ER stress, Akap1
INTRODUCTION
The most common treatment for human acute respiratory distress syndrome is supplemental oxygen (Kallet and Matthay, 2013). However, prolonged exposure to high concentrations of supplementary oxygen leads to increased production of reactive oxygen species (ROS). This prolonged exposure induces hyperoxic acute lung injury in rodent models (Galam et al., 2015), leading to death (Kwak et al., 2006; Kallet and Matthay, 2013). This hyperoxia-induced stress (Fukumoto et al., 2013) can cause protein misfolding in the ER and trigger unfolded protein response (UPR) (Gewandter et al., 2009). The endoplasmic reticulum (ER) possesses receptors to alleviate stress by activation of PERK (protein kinase-like ER kinase), activation of transcription factor 6 (ATF6), and inositol requiring enzyme 1 (IRE1α) (Gewandter et al., 2009). The binding immunoglobulin protein (BiP) also promotes proper folding of proteins (Sano and Reed, 2013). ER stress leads to C-junction N-terminal kinase (JNK) phosphorylation, eukaryotic initiation factor (eIF2α) phosphorylation, ER stress-induced cell death, and autophagy (Sano and Reed, 2013; Lee et al., 2015; Hoffman et al., 2016; Cnop et al., 2017). The rodent hyperoxia model mimics the clinical presentation of ALI by augmenting oxidative stress (Kallet and Matthay, 2013) and exacerbating respiratory failure through ER stress, events for which there are no viable treatments (Gewandter et al., 2009). Therefore, investigating the pathways and mechanisms of acute lung injury in rodents caused by hyperoxia is crucial to finding an effective treatment for acute lung injury in humans. Likewise, the mechanistic role of mitochondrial proteins in hyperoxia-induced ALI needs clarification.
Mitochondria play an essential role in oxidative metabolism, ROS generation, cell cycle progression, and other key biological pathways (McBride et al., 2006; Nagar et al., 2018). Mitochondrial integrity is affected by hyperoxia as it enhances ROS production and thus the levels of lipid peroxidation byproducts, including the reactive aldehyde 4-hydroxy-2-nonenal (4-HNE) (Kolliputi and Waxman, 2009a; Galam et al., 2015; Breitzig et al., 2016; Narala et al., 2018). The resultant mitochondrial disturbances are associated with ER stress due to cross talk between mitochondria and the ER (Malhotra and Kaufman, 2011; van Vliet and Agostinis, 2018; Chu et al., 2019). ER stress is also associated with neurodegenerative diseases, ophthalmological disorders, cancer, inflammation, and metabolic diseases (Sano and Reed, 2013). The cross-link between mitochondria and the ER suggests that targeting ER stress can offer novel insights into the treatment of acute lung injury.
Within mitochondria, Akap1, a scaffolding protein, plays an important role in PKA regulation, cAMP signaling, and maintenance of mitochondrial homeostasis (Carlucci et al., 2008a; Merrill and Strack, 2014). Akap1 is abundantly expressed in the liver, heart, brain, kidney, and skeletal muscles and has three isoforms: AKAP121 (mouse), AKAP149 (human), and AKAP84 (alternative splicing) (Merrill and Strack, 2014). The downregulation of Akap1 causes mitochondrial damage, cardiac dysfunction, lung injury, and neuronal death (Perrino et al., 2010; Merrill and Strack, 2014; Narala et al., 2018). Akap1 deletion is associated with autophagy, mitophagy, and apoptosis in murine studies (Merrill and Strack, 2014; Narala et al., 2018). The significance of Akap1 has been extensively studied in hypoxia-induced cardiac disease. Our laboratory has studied the role of Akap1 in hyperoxic lung injury. However, the role of Akap1 concerning ER stress during hyperoxia is unknown. It is hypothesized that Akap1 deletion will exacerbate ER stress associated with hyperoxia.
MATERIALS AND METHODS
Mice
All animal procedures were approved by the Institutional Animal Care and Use Committee of the University of South Florida. Dr. Stanley McKnight (University of Washington) generated the Akap1−/− mice (Newhall et al., 2006) and donated them to Dr. Stefan Strack (The University of Iowa). The Akap1−/− mice were generously donated by Dr. Stefan Strack. All the mice aged 7–9 weeks were accommodated in individually ventilated cages and maintained under similar conditions of a dark–light cycle, humidity (60 ± 5%), and temperature (22 ± 1°C). The mice were fed a regular diet ad libitum.
Genotyping
The Akap1 genotype was determined by PCR, and primers were used according to a previous study (Flippo et al., 2018).
In Vivo Hyperoxia Exposure
Wild-type (Wt) and Akap1−/− mice were kept in cages within an airtight hyperoxia cabinet (75 × 50 × 50 cm) and exposed to 100% oxygen for 48 h in a specific pathogen-free environment. The oxygen concentration was measured by using a proOx p100 sensor (Biospherix, New York, NY) as described previously (Kolliputi and Waxman, 2009a).
Quantitative Real-Time PCR
Wt and Akap1−/− mice lungs were collected after normoxia and hyperoxia (48 h) exposure. Total RNA was extracted from the lungs by using RNeasy kit (Qiagen, Hilden, Germany) and reverse-transcribed by using the iScript cDNA synthesis kit (Biorad Laboratories, Hercules, CA) and 1 ug of total RNA was used. qRT-PCR was performed for PERK, IRE1α, and ATF6 by using the SsoFast EvaGreen Supermix kit as per the manufacturer’s instructions (Bio-Rad). The primer sequences for PERK (Saito et al., 2011), IRE1α (Tsuru et al., 2016), ATF6α (Egawa et al., 2011), and 18s (Chen et al., 2009) were obtained from previous studies; and 18s was used as an internal calibrator. The experiment was performed using the Bio-Rad CFX96 real-time system (C1000 Thermal Cycler) as per the manufacturer’s guidelines. A relative fold change was analyzed by CFX Manager software (Bio-Rad) based on the ΔΔCT method. The sequences of the primers are as follows.
PERK forward: 5′- TCTTGGTTGGGTCTGATGAAT -3’.
PERK reverse: 5′- GAT​GTT​CTT​GCT​GTA​GTG​GGG​G -3’.
Ire1α forward: 5′-GCC​GAA​GTT​CAG​ATG​GAA​TC-3'.
Ire1α reverse: 5′-ATC​AGC​AAA​GGC​CGA​TGA-3'.
Atf6α forward: 5′-TTA​TCA​GCA​TAC​AGC​CTG​CG-3’.
Atf6α reverse: 5′- CTT​GGG​ACT​TTG​AGC​CTC​TG-3’.
18s forward primer: 5′-GGC​CCT​GTA​ATT​GGA​ATG​AGT​C-3’.
18s reverse primer: 5′-CCA​AGA​TCC​AAC​TAC​GAG​CTT-3’.
Western Blotting
Wild-type (Wt) and Akap1−/− mice following normoxia and hyperoxia (48 h) exposure were euthanized, and the lungs were collected, snap-frozen, and stored in liquid nitrogen. The lungs were pulverized and lysed in lysis buffer (20 mM Tris–HCl, pH 7.4, 150 mM NaCl, and 0.5%, Triton X-100), and the supernatant was collected by centrifugation at 21,000 rpm for 15 min at 4°C. The amount of protein was assessed by using the BCA assay kit (Pierce, Rockford, Waltham, MA), and equal amounts of protein (5 µg) were separated by using the SDS-PAGE, followed by transfer onto PVDF membranes. The membranes were blocked in 5% BSA and washed with TBST, followed by incubation with specific primary and secondary antibodies, respectively. The primary antibodies used were BiP, JNK, p-JNK, eIF2α, p-eIF2α, Atg12, Beclin-1, CHOP (C/EBP homologous protein), Lc3b, β-actin (Cell Signaling Technology, Danvers, MA), and Erp57 (Stressgen, Farmingdale, NY), and the secondary antibodies used were anti-rabbit and anti-mouse conjugated to HRP (Jackson ImmunoResearch, West Grove, PA). The proteins were visualized by using Kwik quant ECL solution (Kindle Biosciences, Greenwich, CT) and quantified by using ImageJ (NIH, Bethesda, MD). The ratio of protein to its loading control (β-actin) was recorded. A master mix was prepared by diluting lung lysates to get a protein concentration of 1 µg/µl. From this master mix, equal amount of protein (5 µg) was separated on SDS-PAGE and probed with anti-β-Actin HRP conjugated antibody. The same set of β-Actin control image is shown in multiple figures as it represents identical set of lung lysates used for western blot analyses.
Immunohistochemistry
After euthanizing the mice, the left lung was fixed in 4% paraformaldehyde; immunohistochemistry (IHC) was performed on paraffin-embedded lung tissue sections. In brief, the paraffin-embedded lung sections were deparaffinized with xylene, and the tissue sections were subjected to heat-induced antigen retrieval in a Tris buffer (10 mM Tris–HCl buffer at pH 9). Furthermore, endogenous peroxidase activity was quenched by incubating the sections in 3% hydrogen peroxide for 20 min, and the tissue sections were blocked with 10% goat serum for 20 min. The sections were incubated with specific primary antibodies (BiP, p-JNK, Erp57, and Lc3b) overnight at 4°C. The following day, the sections were probed with goat anti-rabbit antibodies (HRP-conjugated). Finally, detection of protein was carried out by using the Immpact VIP peroxidase substrate kit (Vector Laboratories, Burlingame, CA) (Fukumoto et al., 2019). The sections were imaged by using a microscope (Olympus BX43, Tokyo, Japan), attached to an Olympus DP21. The images were processed using Adobe Photoshop ver C56.
Statistical Analysis
The data are represented as mean ± S.E.M. Statistical analysis was carried out using GraphPad Prism (ver 10, San Diego, CA). Comparisons of multiple groups utilized one-way ANOVA, followed by Tukey’s post hoc test, for normally distributed data, and p < 0.05 was considered statistically significant.
RESULTS
Genotyping and Expression of Akap1 Mice
The genotyping was confirmed by PCR. The agarose gel shows the Wt band (600 bp) and the Akap1 KO band (400 bp) (Supplementary Figure S1). The basal protein levels of Akap1 were previously demonstrated by Western blot (Narala et al., 2018).
Effect of Akap1 Deletion on ER Stress Receptor Transcripts After Hyperoxia
Wt and Akap1−/− mice were exposed to normoxia and hyperoxia as described in earlier studies to investigate the impact of Akap1 deletion on ER stress receptors (Kolliputi and Waxman, 2009b; Kolliputi et al., 2010). The lung samples were subjected to qRT-PCR analysis in Akap1−/− versus Wt mice under normoxia, and the data show a 1.35-, 1.36-, and 1.35-fold increase in PERK, IRE1α, and ATF6α, respectively (Figures 1A–C) However, no significant increase was observed under hyperoxia exposure, suggesting that Akap1−/− may cause slight upregulation of unfolded protein response (UPR) at the transcript level under normoxia.
[image: Figure 1]FIGURE 1 | Effect of Akap1 genetic deletion on ER stress-related receptor transcripts: Wt and Akap1 mice were exposed to normoxia and hyperoxia for 48 h. After hyperoxia, the mice were euthanized, and total RNA was isolated from the lungs and subjected to qRT-PCR analysis and quantified using the ΔΔCt method. Relative fold change in (A) PERK, (B) IRE1α, and (C) ATF6α is shown. Data are expressed as mean ± SEM (n = 4 mice per group). NS, not significant; NO, normoxia; HO, hyperoxia; AK, Akap1; KO: Knockout.
Akap1 Deletion Enhances BiP Levels After Hyperoxia
Wt and Akap1−/− mice were exposed to hyperoxia or kept in normoxia to evaluate the interaction between Akap1 deletion and BiP. A significant increase of 3.28-fold occurred in the BiP expression (Figure 2) in Akap1−/− versus Wt mice exposed to hyperoxia in the lung lysates subjected to Western blot analysis. There was a non-significant 1.61- and 2.25-fold increase in BiP expression in Akap1−/− mice under normoxia versus Wt normoxia and Wt hyperoxia, respectively. Enhanced BiP signals in the lung samples as evaluated by IHC were observed in the alveolar and peribronchial regions in Akap1−/− versus Wt mice exposed to hyperoxia (Supplementary Figures S2A,B).
[image: Figure 2]FIGURE 2 | Akap1 genetic deletion activates BiP after hyperoxic exposure: Wt and Akap1 mice were exposed to normoxia and hyperoxia for 48 h. After hyperoxia, the mice were killed, and protein from the lungs was extracted and subjected to Western blot analysis to evaluate the expression of BiP, and β-actin was used as a loading control. Densitometry analysis of protein was carried out, and fold change was calculated after normalizing to β-Actin. Data are shown as mean ± S.E.M (*p < 0.05) (n = 5 mice per group), NO, normoxia; HO, hyperoxia; AK, Akap1; KO: Knockout.
Akap1 Deletion Activates JNK After Hyperoxia
Wt and Akap1−/− mice were exposed to normoxia or hyperoxia to investigate the relationship between Akap1 deletion and JNK. The immunoblot analysis showed a 4.1-fold significant increase in the expression of the p-JNK (Figure 3) in Akap1−/− versus Wt mice exposed to hyperoxia. There was no difference under normoxia between Wt and Akap1−/− mice. The expression of p-JNK was evaluated by IHC in the lung samples. Increased p-JNK signals (Supplementary Figure.S3) were observed in the peribronchial region of Akap1−/− versus Wt mice exposed to hyperoxia.
[image: Figure 3]FIGURE 3 | Akap1 genetic deletion activates JNK after hyperoxic exposure: Wt and Akap1 mice were exposed to normoxia and hyperoxia for 48 h. After hyperoxia, the mice were killed, and protein from the lungs was extracted and subjected to Western blot analysis to evaluate the expression of JNK and p-JNK. Densitometry analysis was carried out, and after normalization with β-actin, the results were expressed in fold change. Data are shown as mean ± S.E.M (**p < 0.01) (n = 5 mice per group), NO, normoxia; HO, hyperoxia; AK, Akap1; KO: Knockout.
Akap1 Deletion Causes Phosphorylation of Eukaryotic Initiation Factor
Wt and Akap1−/− mice were exposed to normoxia or hyperoxia to investigate the interaction between Akap1 deletion and eIF2α. Immunoblot results showed a 4-fold significant increase in the expression of p-eIF2α (Figure 4) in Akap1−/− versus Wt mice in normoxia and a 2-fold significant increase in Akap1−/− versus Wt following hyperoxia.
[image: Figure 4]FIGURE 4 | Akap1 genetic deletion causes phosphorylation of eukaryotic initiation factor (eIF2α): Wt and Akap1 mice were exposed to normoxia and hyperoxia for 48 h. After hyperoxia, the mice were killed, and protein was extracted from the lungs and subjected to Western blot analysis. Following densitometry analysis and normalization with β-actin, the ratio of p-eIF2α to eIF2α protein levels was evaluated. Results are expressed in fold change. Data are shown as mean ± SEM (*p < 0.05) (n = 5 mice per group). NO, normoxia; HO, hyperoxia; AK, Akap1; KO: Knockout.
Akap1 Deletion Causes ER Stress-Induced Cell Death After Hyperoxia
Wt and Akap1−/− mice were exposed to normoxia or hyperoxia to investigate the connection between Akap1 deletion and ER stress-induced cell death. Western blot analysis indicated that there were significant increases in the expression of ERp57 (3.13-fold) and CHOP (2.56-fold) (Figure 5) in Akap1−/− versus Wt mice exposed to hyperoxia for 48 h. Furthermore, mouse lung tissue samples were subjected to IHC to confirm ER stress-induced cell death. ERp57 signals (Supplementary Figures S4A,B) were more abundant in the alveolar and peribronchial regions of Akap1−/− versus Wt mice exposed to hyperoxia for 48 h.
[image: Figure 5]FIGURE 5 | Akap1 genetic deletion enhances ER stress-induced cell death after hyperoxic exposure: Wt and Akap1 mice were exposed to normoxia and hyperoxia for 48 h. After hyperoxia, the mice were killed, and protein was extracted from the lungs and subjected to Western blot analysis to evaluate the expression of CHOP and Erp57. β-actin was used as a loading control. Densitometry analysis of CHOP and Erp57 protein was followed by normalization to β-actin. Data are expressed as mean ± SEM (*p < 0.05, **p < 0.005) (n = 5 mice per group). NO, normoxia; HO, hyperoxia; AK, Akap1; KO: Knockout.
Akap1 Deletion Causes Autophagy After Hyperoxia
The protein autophagy-related gene 12 (ATG12) plays a key role in the formation of the autophagosome (Otomo et al., 2013), and the Beclin-1 and Lc3b proteins induce autophagy (Wirawan et al., 2012; Satyavarapu et al., 2018; Vega-Rubín-de-Celis, 2019). Wt and Akap1−/− mice were exposed to normoxia or hyperoxia to investigate the effect of Akap1 deletion on autophagy. Immunoblot results indicate a significant 3.42- and 1.67-fold increase in the expression of ATG12 and Beclin-1 (Figure 6), respectively, in Akap1−/− versus Wt mice exposed to hyperoxia for 48 h. Mouse tissue samples were subjected to IHC analysis to investigate the effects on autophagy. The Lc3b (Supplementary Figures S5A,B) was highly expressed in the alveolar and peribronchial regions of Akap1−/− versus Wt mice exposed to hyperoxia for 48 h.
[image: Figure 6]FIGURE 6 | Akap1 genetic deletion enhances autophagy after hyperoxic exposure: Wt and Akap1 mice were exposed to normoxia and hyperoxia for 48 h. After hyperoxia, the mice were killed, and protein was extracted from the lungs and subjected to Western blot analysis to evaluate the protein expression of Atg12 and Beclin-1. β-actin was used as a loading control. Densitometry analysis of Atg12 and Beclin-1 was followed by normalization with β-actin. Data are shown as mean ± S.E.M (*p < 0.05, **p < 0.01) (n = 5 mice per group). NO, normoxia; HO, hyperoxia; AK, Akap1; KO: Knockout.
DISCUSSION
These studies indicate that Akap1 genetic deletion exacerbates ER stress associated with hyperoxia. Akap1 deletion results in the following: 1) partial activation of the ER stress receptors under normoxia, 2) BiP activation after hyperoxic exposure, 3) JNK phosphorylation following hyperoxic exposure, 4) phosphorylation of eukaryotic initiation factor, 5) an increase in ER stress-induced cell death, and 6) increased autophagy.
The ER plays an important role in the homeostasis of cells by regulating lipid synthesis, protein secretion, calcium homeostasis, and protein folding (Szegezdi et al., 2006). Disturbance in the homeostasis of the ER triggers UPR by activating the ER receptors PERK, IRE1α, and ATF6 (Malhotra and Kaufman, 2007). In this study, Akap1 deletion shows a minimal increase in UPR receptor proteins versus Wt mice under normoxia. In this study, the mice were exposed to hyperoxia for 48 h which did not seem to affect the ER stress receptors (Figures 1A–C). This corroborates with another study which showed that hyperoxia does not impact ER receptors in Wt mice exposed to hyperoxia for 64 h (Gewandter et al., 2009). A short period of hyperoxia exposure (3–6 h) may be required to observe the effect of hyperoxia on ER stress receptor transcripts.
BiP is a hallmark of ER stress response and UPR (Ron and Walter, 2007). The consistent protein aggregation from ER stress causes a transition from pro-survival to pro-apoptotic/ER stress-induced cell death (Lu et al., 2015). Increased BiP levels were found in Akap1−/− versus Wt mice exposed to normoxia and hyperoxia, indicating that Akap1−/− mice are susceptible to ER stress and that hyperoxia exacerbates this stress by causing the aggregation of misfolded proteins (Lu et al., 2015). BiP expression can be increased in cancer, drug-resistant cancer cells, and dormant cancer cells (Li et al., 2011).
PKA protects cells from ER stress and Akap1 regulates PKA (Gewandter et al., 2009; Aguileta et al., 2016). The presence of PKA negatively regulates the JNK protein (Zeitlin et al., 2011). JNK, as with oxidative stress, environmental stress, and the presence of pro-inflammatory cytokines, is phosphorylated under stress conditions (Yamasaki et al., 2017). Our data indicate that Akap1 deletion depletes PKA levels and elevates the phosphorylation of JNK. Hyperoxia treatment also augments p-JNK levels, in agreement with our previous studies (Kolliputi and Waxman, 2009b; Galam et al., 2016). Additionally, hydrogen peroxide treatment also activates JNK for initiating apoptosis (Kolliputi and Waxman, 2009b; Wei et al., 2010). JNK phosphorylation can occur during mitochondrial dysfunction, atherosclerosis, and metabolic diseases (Sano and Reed, 2013).
Prolonged hyperoxia exposure cause UPR and can induce eIF2α phosphorylation under stress conditions (Konsavage et al., 2012; Lu et al., 2015). The eIF2α phosphorylation also inhibits protein translation to induce endoplasmic stress-associated degradation (ERAD) (Ohno, 2014). Akap1 is predominantly a mitochondrial protein. The shorter form of Akap1 (N0) is known to target mitochondria, while the longer form (N1) targets the ER (Konsavage et al., 2010). It is plausible that the ER effects due to the Akap1 deletion may be attributed to the N1 form. As previously observed, deletion of Akap1 alters the size and structure of mitochondria (Schiattarella et al., 2016; Narala et al., 2018; Schiattarella et al., 2018). eIF2α phosphorylation is seen in Parkinson’s disease and Alzheimer’s disease (Sano and Reed, 2013; Ohno, 2014). These results suggest that Akap1 deletion leads to eIF2α phosphorylation under normoxic and hyperoxic conditions. Further studies are required to evaluate the interaction between Akap1 and eIF2α phosphorylation in human cell lines.
CHOP is expressed during ER stress and can lead to apoptosis (Xu et al., 2009; Hoffman et al., 2016). This protein is usually present at low levels but is upregulated and activated by eIF2α phosphorylation during ER stress, which causes DNA damage and growth arrest (Oyadomari and Mori, 2004; Xu et al., 2009; Hoffman et al., 2016). The protein, ERp57, is also expressed during ER stress and causes apoptosis (Xu et al., 2009; Hoffman et al., 2016). The data show an increase in ER stress-induced cell death markers, CHOP and ERp57, in Akap1−/− versus Wt mice exposed to hyperoxia. CHOP expression was seen in viral infection, neurodegenerative disease, atherosclerosis, metabolic disease, inflammation, and ophthalmology disease (Sano and Reed, 2013). The Akap1−/− mice under normoxia have increased expression of eIF2α phosphorylation but do not undergo CHOP mediated cell death. Akap1−/− mice under normoxia display enhanced ERp57 expression. It is possible that Akap1−/− mice may suffer ERp57-mediated cell death via the NFκB or STAT3 pathway (Liu et al., 2019). A wide array of evidence shows that ERp57 dysregulation occurs in melanoma, laryngeal cancer, and leukemia (Liu et al., 2019). ERp57 deletion causes a decrease in inflammatory cells, epidermal growth factor, periostin, and increased airway resistance (Hoffman et al., 2016).
ER stress leads to cellular degradation, apoptosis, inflammation, autophagy, mitophagy, and protein degradation (Senft and Ronai, 2015). The protein ATG12 plays a role in autophagy initiation and causes mitochondrial apoptosis (Rubinstein et al., 2011), while Beclin-1 is a regulator of autophagy, and LC3b is a marker of autophagy (Meyer et al., 2013). The data suggest that Akap1 deletion induces autophagy compared to Wt mice exposed to hyperoxia. The expression of ATG12 in Wt mice is higher than that of Akap1−/− mice under normoxia. This suggests that certain cells undergo the formation of autophagosomes to maintain mitochondrial homeostasis due to damaged mitochondria (Radoshevich et al., 2010). Also, Lc3b−/- mice demonstrate decreased caspase activity (Sauler et al., 2015). Cho et al., 2009 found that Beclin-1 links apoptosis to autophagy in HELA cells mediated by caspases (Cho et al., 2009). Autophagy is also associated with neurodegenerative disease and cancer promotion, suggesting the impact of Akap1−/− on autophagy (Sano and Reed, 2013).
These findings suggest that Akap1 has a crucial role in the lung in the setting of hyperoxic exposure. Akap1-knockout mice exposed to hyperoxia show activation of BiP, JNK phosphorylation, ER stress-induced cell death, autophagy, and eIF2α phosphorylation (even under normoxia). Therefore, Akap1 is a potential therapeutic target in ALI for patients who require supplemental oxygen.
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Pulmonary arterial hypertension (PAH) is an incurable disease with high mortality. Chemerin has been found to be associated with pulmonary hypertension (PH). However, the specific role of chemerin in mediating PH development remains unclear. This study aimed to elucidate the regulatory effects and the underlying mechanism of chemerin on PH and to investigate the expression levels of chemerin protein in plasma in PAH patients. In vivo, two animal models of PH were established in rats by monocrotaline (MCT) injection and hypoxia. We found that the expression levels of chemerin and its receptor, chemokine-like receptor 1 (CMKLR1), were significantly upregulated in the lungs of PH rats. Primary cultured pulmonary arterial smooth muscle cells [(PASMCs) (isolated from pulmonary arteries of normal healthy rats)] were exposed to hypoxia or treated with recombinant human chemerin, we found that CMKLR1 expression was upregulated in PASMCs in response to hypoxia or chemerin stimulation, whereas the exogenous chemerin significantly promoted the migration and proliferation of PASMCs. Notably, the regulatory effects of chemerin on PASMCs were blunted by PD98059 (a selective ERK1/2 inhibitor). Using enzyme linked immunosorbent assay (ELISA), we found that the protein level of chemerin was also markedly increased in plasma from idiopathic pulmonary arterial hypertension (IPAH) patients compared to that from healthy controls. Moreover, the diagnostic value of chemerin expression in IPAH patients was determined through receiver operating characteristic (ROC) curve analysis and the result revealed that area under ROC curve (AUC) for plasma chemerin was 0.949. Taken together, these results suggest that chemerin exacerbates PH progression by promoting the proliferation and migration of PASMCs via the ERK1/2 signaling pathway, and chemerin is associated with pulmonary hypertension.
Keywords: chemerin, chemokine-like receptor 1, pulmonary arterial hypertension, pulmonary arterial smooth muscle cells, ERK1/2
INTRODUCTION
As a serious life-threatening disease, pulmonary arterial hypertension (PAH) is characterized by pulmonary vascular remodeling, which often leads to progressive increases in pulmonary arterial pressure (PAP) and pulmonary vascular resistance (PVR), eventually resulting in right heart failure and death (Rich and Rich 2014). The primary pathological signs of pulmonary vascular remodeling include media hypertrophy, intimal proliferation, and adventitial thickening and fibrosis (Tuder 2017). Of note, among them, the proliferation of pulmonary arterial smooth muscle cells (PASMCs) is the main pathological feature of pulmonary vascular remodeling (Morrell et al., 2009). Mechanistically, inappropriate activation of the ERK1/2 signaling pathway plays a crucial role in the regulation of pulmonary vascular remodeling, and suppressing ERK1/2 activation effectively delays PH progression (Yu et al., 2017; Xing et al., 2019; Yang et al., 2021).
Chemerin, which is encoded by retinoic acid receptor responder 2 (RARRES2), is an adipokine secreted by the liver and adipocytes and is closely associated with inflammation, adipocyte growth, angiogenesis, and energy metabolism (Kennedy and Davenport 2018). Chemerin can bind to the following three receptors: chemokine-like receptor 1 (CMKLR1), C-C motif chemokine receptor like 2 (CCRL2) and G protein-coupled receptor 1 (GPR1) (Kennedy and Davenport 2018). Among them, CCRL2 elevates the local concentration of chemerin to promote chemerin binding to GPR1 and CMKLR1 (Zabel et al., 2008). Although GPR1 may be associated with glucose homeostasis, little is known about its specific biological effects (Rourke et al., 2014). In fact, chemerin participates in a variety of biological processes mainly by activating CMKLR1 (Kennedy et al., 2016; Wen et al., 2019). Therefore, the chemerin/CMKLR1 axis plays an important role in tumorigenesis, cardiovascular disease, metabolic syndrome and other conditions (Kunimoto et al., 2015; Weng et al., 2017; Jiang et al., 2018; Shin and Pachynski 2018). Furthermore, a study on systemic hypertension demonstrated that the chemerin/CMKLR1 axis regulated the activation and transduction of ERK1/2 signaling during vascular remodeling (Kunimoto et al., 2015), which has led to interest in exploring the association between chemerin and PH.
A recent study showed that chemerin and its receptor (CMKLR1) could be detected in the pulmonary arterial tissues of rats (Hanthazi et al., 2020). Chemerin-9-induced contraction was enhanced through the upregulation of CMKLR1 in the isolated pulmonary arteries of PH rats (Omori et al., 2020). Recombinant chemerin protein exogenously enhanced the effect of endothelin (ET) on the proliferation and migration of PASMCs (Hanthazi et al., 2020); however, chemerin alone failed to promote the proliferation of PASMCs directly. Accordingly, the specific role of chemerin in mediating PH has not been fully elucidated, and the expression levels of chemerin protein in plasma in PAH patients was not known.
In the present study, we examined alterations in the chemerin/CMKLR1 axis both in monocrotaline (MCT)/hypoxia induced PH rats and in hypoxia-treated PASMCs. Moreover, the effects of chemerin on pulmonary vascular remodeling and the underlying mechanisms in PASMCs were also explored using recombinant chemerin protein. Furthermore, expression levels of chemerin protein in the plasma of idiopathic pulmonary arterial hypertension (IPAH) patients were determined and the diagnostic value of chemerin expression in IPAH patients was estimated using receiver operating characteristic (ROC) curve analysis.
MATERIALS AND METHODS
Study Population
This clinical study was approved by the Ethics Committee of the First Affiliated Hospital of Chongqing Medical University. Written informed consent was obtained from all the participants. In this study, control subjects (n = 21) were recruited from healthy volunteers, and IPAH patients (n = 14) were enrolled at the First Affiliated Hospital of Chongqing Medical University from april 2016 to December 2020. IPAH was diagnosed according to the following criteria: mean pulmonary arterial pressure (mPAP) > 20 mmHg, pulmonary artery wedge pressure (PAWP) ≤ 15 mmHg and PVR ≥3 Wood units measured at rest and at sea level by right heart catheterization (RHC) (Rosenkranz et al., 2019). No etiology or familial history of PAH was identified in IPAH patients. All clinical data and samples were collected during the patient admission at the first visit. Plasma samples were collected as follows: whole blood was collected and centrifuged (3,000 rpm, 10 min), and plasma was collected and stored at −80°C.
Enzyme Linked Immunosorbent Assay
Plasma levels of chemerin were measured using ELISA kit (Ruixin Biotech, Quanzhou, China). Blank control, standard and sample wells were set following the manufacturer’s instructions. Then, each well was added with HRP-labeled antibody (100 μL/well) followed by shaking gently. After being incubated at 37°C for 30 min, the reaction plates were rinsed repeatedly with a washing liquor. Next, 100 μL of substrate mixture was added to each well and incubated at 37°C for 15 min. Finally, 50 μL of stop solution was added per well and the absorbance was read at 450 nm wavelength. The plasma concentrations of chemerin were calculated using the standard curve.
Animal Experiments
Specific pathogen-free (SPF) male Sprague-Dawley (SD) rats (n = 20,180–200 g) were purchased from the Experimental Animal Center of Chongqing Medical University (Chongqing, China) and raised in individual ventilated cages (IVCs) in the animal experiment room. All experiments were conducted in accordance with the guidelines of the Ethics Committee of Chongqing Medical University and in compliance with the Guidelines for the Care and Use of Laboratory Animals published by the National Institutes of Health (Bethesda, MD, United States). Twenty SD rats were randomly divided into the control and monocrotaline (MCT, Mengbio, Chongqing, China) groups (n = 10 per group). MCT (500 mg) was dissolved in anhydrous alcohol (10 ml) and saline (40 ml). Rats in the MCT group were intraperitoneally (i.p.) injected with MCT (55 mg/kg), and the remaining rats were injected with equal volumes of a mixture of alcohol and saline (1:4) as controls. And other twelve rats were randomly divided into the nomoxia and hypoxia groups (n = 6 per group). Rats in the hypoxia group were housed in a closed chamber with 12% oxygen concentration for 4 weeks to induce PH and there was no intervention in the control rats.
Echocardiography
On the 21st day after MCT injection, the rats were anesthetized with 2% pentobarbital sodium (Merck KGaA; 60 mg/kg, i. p.), and the fur on the left chest was removed with depilatory cream. Then, echocardiography was performed with an ultrasound system (IE33, Philip, Holland) to examine right ventricular structure and function.
RHC
Hemodynamic data of rats were measured by RHC. A polyethylene catheter (inner diameter, 0.5 mm; outside diameter, 0.9 mm) filled with heparinized saline was connected to the MP150 multi-channel physiological recorder (BIOPAC Systems, CA, United States). Subsequently, the anesthetized rats were fixed on the operating table and the right external jugular vein was exposed through surgery. Finally, the catheter was inserted into the right ventricle (RV) by cutting a V-shaped incision on the external jugular vein and introduced into pulmonary artery (PA) under the guidance of the pressure waveforms. The right ventricular systolic pressure (RVSP) and mPAP were measured by recorded waveforms of RV and PA, respectively.
Histochemistry
Rat pulmonary tissues were fixed with 4% paraformaldehyde at 4°C, embedded in paraffin, and sectioned at a thickness of 5 µm for hematoxylin-eosin (HE) staining (Servicebio, Wuhan, China). Images of pulmonary arterioles were captured with a microscope (Leica Microsystems DFC550, Germany).
Immunofluorescent Staining
Paraffin section of lung tissue were dewaxed and progressively rehydrated in alcoholic baths. Nonspecific binding sites were blocked with 3% bovine serum albumin (BSA) (Servicebio, Wuhan, China); After overnight incubation with a polyclonal rabbit anti-rat CMKLR1 (Affinity Antibodies, United States) or a polyclonal rabbit anti-rat chemerin (Invitrogen Antibodies, United States) and a polyclonal rabbit anti-rat α-SMA (Boster, Wuhan, China), sections were incubated for 50 min with corresponding secondary fluorescent-labeled antibodies [Goat Anti-Rabbit IgG(H + L)-Cy3, AIFang biological, Changsha, China]. Nuclei were counterstained with 4’,6-diamidino-2-phenylindole[(DAPI) (Servicebio, Wuhan, China)]. Images were taken using a fluorescence microscope (Leica Microsystems DFC550, Germany).
Immunohistochemistry Staining
The lung tissue sections were deparaffinized and rehydrated in graduated alcohol. The endogenous peroxidase activity was blocked by incubation with 0.3% hydrogen peroxide at room temperature for 25 min. Then the sections were blocked with 3% bovine serum albumin (BSA) (Servicebio, Wuhan, China) for 30 min and then incubated with a polyclonal rabbit anti-rat α-SMA (Boster Antibodies, Wuhan, China) antibodies overnight, followed by incubation with the secondary antibody [Goat Anti-Rabbit IgG(H + L)-HRP, AIFang biological, Changsha, China] for 50 min. After the colour development through incubation with diaminobenzidine, the sections were counterstained with haematoxylin. The developed tissue sections were imaged under a microscope (Leica Microsystems DFC550, Germany).
Isolation and Identification of PASMCs
Primary PASMCs were obtained from SD rats (6–8 weeks, 180–200 g) as previously described (Tang et al., 2020). Briefly, the lungs were rapidly excised after the rats were anesthetized with 2% pentobarbital sodium (Merck KGaA; 120 mg/kg, i. p.). The pulmonary arteries were isolated from the lungs in phosphate-buffered saline (PBS, HyClone, Utah, United States) and cut along the long axis of the vessel with ophthalmic scissors. Then, the endothelial cells and adventitial fibroblasts were gently removed by rubbing the internal and external surfaces of the pulmonary artery with tweezers. Subsequently, the remaining smooth muscle layer was cut into pieces, transferred to a culture dish with Dulbecco’s modified Eagle’s medium/nutrient mixture F-12 (DMEM/F-12, HyClone, Utah, United States) containing 20% fetal bovine serum (FBS, PAN-Biotech, Adenbach, Germany), and cultured in a humidified incubator at 37°C with 5% CO2. The purity of PASMCs was identified by immunofluorescence staining with an α-SMA antibody. Cells at passages 3-6 were used for subsequent experiments.
Quantitative Reverse Transcription PCR
Total RNA was extracted from rat lung tissue with TRIzol reagent (Invitrogen, CA, United States). Then, cDNA was prepared by reverse transcription using the PrimeScript RT reagent kit with gDNA Eraser (TaKaRa, Japan) according to the manufacturer’s instructions. Subsequently, real-time quantitative PCR was conducted using SYBR® Premix Ex Taq (TaKaRa, Japan) on an ABI7500 quantitative PCR instrument. PCR primers were designed using NCBI Primer-BLAST and synthesized by Tsingke (Chongqing, China). The sequences of primers used in the present study were as follows: Chemerin, 5′-AGG​GCC​TCT​CTA​AAG​CAA​CGA-3’ (Forward), 5′-CAA​GCT​CTG​TCC​CGT​GTA​TGT-3’ (Reverse); CMKLR1, 5′-TGT​GCT​TCC​TCG​GGA​TCC​TA-3’ (Forward), 5′-GGT​GAT​GTG​GAT​GGG​CAA​GA-3’ (Reverse); and β-actin, 5′-TCA​GGT​CAT​CAC​TAT​CGG​CAA​T-3’ (Forward), 5′-ACT​GTG​TTG​GCA​TAG​AGG​TCT​T-3’ (Reverse). The relative mRNA expression was calculated by the 2-△△Ct method. β-actin was used as an internal control for normalizing the expression of the target genes.
Western Blotting
Proteins were extracted from rat pulmonary tissues and PASMCs in RIPA lysis buffer with PMSF on ice. The protein concentration was determined by a BCA protein assay kit (MultiSciences, Hangzhou, China). Protein samples (15–25 μg) were separated by 12% SDS-PAGE and then transferred onto PVDF membranes (Bio-Rad, California, United States). After being blocked with 5% nonfat milk at room temperature for 1.5 h, the membranes were incubated with primary antibodies overnight at 4°C. Then, the membranes were incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies (MultiSciences, Hangzhou, China) at room temperature for 1 h. Immunoreactive bands were visualized using an enhanced ECL kit (Beyotime, Shanghai, China). GAPDH,α-Tubulin or β-actin served as an endogenous control for equal sample loading. The primary antibodies used in this study were as follows: Chemerin (Invitrogen, CA, United States), CMKLR1 [(Bauer et al., 2011) (Abcam, Cambridge, UK)], proliferating cell nuclear antigen (PCNA) [(Hu et al., 2019) (Proteintech, Wuhan, China)], p-ERK1/2 (Thr202/Tyr204)[ (Karadeniz et al., 2021) (Cell Signaling Technology, Massachusetts, United States)], ERK1/2 [(Karadeniz et al., 2021) (Cell Signaling Technology, Massachusetts, United States)], β-actin [(Zhao et al., 2018) (Proteintech, Wuhan, China)], α-Tubulin [(Zhang et al., 2019) (Proteintech, Wuhan, China) ]and GAPDH [(Zhang et al., 2018) (Proteintech, Wuhan, China)].
EdU Staining
A BeyoClick™ EdU-555 Cell Proliferation Kit (Beyotime Bio, Shanghai, China) was used for the cell proliferation assay. The PASMCs were incubated with10 μmol/L EdU for 2 h at 37 °C after treatment. The cells were permeabilized with Enhanced Immunostaining Permeabilization Buffer for 15 min after fixation with 4% formaldehyde for 15 min at room temperature. After three washes with PBS, the cells were incubated with click additive solution for 30 min. PASMC nuclei stained with Hoechst-33,342 were used for the cell counts and examined using fluorescence microscope.
Scratch Wound Healing Assay
PASMCs at 90% confluence were wounded with a 200 µL pipette tip in 6-well plates. Then, the cells were washed three times to remove cell debris, pretreated with or without PD98059 (MCE, New Jersey, United States) for 30 min and cultured with recombinant human chemerin (R&D, Minneapolis, United States) as indicated. Wound closure was observed and photographed at 0 and 12 h with a microscope (Leica Microsystems DFC550, Germany).
Transwell Migration Assay
The Transwell migration assay was performed in 24-well plates with Transwell chambers (8-μm pores; Biofil, Guangzhou, China). Briefly, PASMCs were trypsinized and resuspended in serum-free medium. Subsequently, 1 × 104 cells were added to the upper chamber, while 500 μL of complete medium containing chemerin with or without PD98059 was placed in the lower chamber. After 12 h, the cells that failed to migrate from the upper chamber were removed with cotton swabs. Then, the migrated cells on the lower side of the membrane were photographed after being stained with 1% crystal violet (Mengbio, Chongqing, China).
Statistical Analysis
The results are presented as the mean ± standard error of the mean (SEM), median or percentages. Unpaired t-tests were used for comparisons between two groups. One-way ANOVA followed by the LSD test was used to assess statistical significance among groups. The diagnostic value of plasma chemerin for PAH was evaluated by receiver operating characteristic (ROC) curve analysis. A value of p < 0.05 was considered statistically significant.
RESULTS
Chemerin and CMKLR1 Were Upregulated in the Lung Tissues of PH Rats
To evaluate the PH rat model, HE staining showed that the walls of pulmonary arterioles were significantly thickened and that the lumens were obviously narrowed in PH rats (Figure 1A). Moreover, Immunohistochemistry and Immunofluorescent staining of pulmonary arteries stained with α-SMA were used to further evaluate the PH model, and indicated that the walls of PH groups’ pulmonary arterioles were significantly thickened (Figures 1B,C). These data suggested that the PH rat models were successfully established by MCT administration and hypoxia.
[image: Figure 1]FIGURE 1 | Localization and expression of Chemerin and its receptor CMKLR1 in rat lungs. Characterizing the localization of chemerin and its receptor CMKLR1 expression in rat lung tissues. (A) Representative images of H&E-stained lung tissues (original magnification, × 200, scale bars, 100 um). (B) Immunohistochemistry staining of pulmonary arteries stained with α-SMA (original magnification, × 200, scale bars, 100 um). (C) Immunofluoresce staining of pulmonary arteries stained with α-SMA (red) and DAPI (blue) (original magnification, × 400, scale bars, 50 um). (D) Representative immunofluorescence images of chemerin (green), α-SMA (red) and DAPI (blue) in normal and PH rat lung tissues (original magnification, × 400, Scale bars, 50 um). (E) Representative immunofluorescence images of CMKLR1(green), α-SMA (red) and DAPI (blue) in normal and PH rat lung tissues (original magnification, × 400, Scale bars, 50 um).
Next, to localize and identify chemerin and its receptor CMKLR1, we co-immunostained lung tissues, with either antibody against chemerin and its receptor CMKLR1 together with a smooth muscle-specific marker, the α-smooth muscle actin. In control rat lungs, microscopic analysis revealed a strong staining of chemerin and its receptor CMKLR1 within the intimal layer (Figures 1D,E). However, as illustrated in Figures 1D,E, chemerin/CMKLR1 was upregulated within the media of PH rat lungs compared to the controls.
Then, the mRNA and protein expression levels of chemerin and CMKLR1 were measured in the rat lungs. As shown in Figure 2A, the mRNA levels of chemerin and CMKLR1 in the MCT group were significantly higher than those in the control group (both p < 0.01, Figure 2A), and these elevations were also verified by Western blot analysis (chemerin, p < 0.01, Figures 2C,E; CMKLR1, p < 0.05, Figures 2C,D). We also observed this phenomenon in the hypoxia group (both p < 0.01, Figure 2B; chemerin, p < 0.05, Figures 2F,H; CMKLR1, p < 0.05, Figures 2F,G).
[image: Figure 2]FIGURE 2 | The mRNA and protein expression levels of chemerin and CMKLR1 are upregulated in MCT/hypoxia induced PH rat lungs. The mRNA and protein expression levels of chemerin and CMKLR1 in rat lungs. (A) The mRNA expression levels of chemerin and CMKLR1 in MCT group (n = 4 per group, **p < 0.01 vs. control group). (B) The mRNA expression levels of chemerin and CMKLR1 in hypoxia group (n = 3 in each group, **p < 0.01 vs. control group). (C–E) Western blot analysis of chemerin (C and E) and CMKLR1(C and D) expressions in the lungs of MCT group (n = 4 per group, *p < 0.05 vs. control group; **p < 0.01 vs. control group). (F–H) Western blot analysis of chemerin (F and H) and CMKLR1(F and G) expressions in the lungs of hypoxia group (n = 3 per group, *p < 0.05 vs. control group).
Hypoxia Upregulated CMKLR1 Expression in PASMCs
To mimic PH conditions in vitro, PASMCs were exposed to hypoxia (2%) for 12 and 24 h, respectively. As shown in Figure 3, the protein level of CMKLR1 was markedly increased in the hypoxia groups compared to the control group (both p<0.01).
[image: Figure 3]FIGURE 3 | CMKLR1 expression is upregulated in PASMCs under hypoxic conditions. To mimic PH in vitro, PASMCs were exposed to hypoxia (2%) for two different durations (12 and 24 h). (A,B) Western blot analysis of CMKLR1 expression in the groups. **p < 0.01 vs. the control group.
Chemerin/CMKLR1 Promoted the Proliferation and Migration of PASMCs
PASMCs were treated with various concentrations of exogenous recombinant chemerin protein. As shown in Figures 4A,C, after stimulation for 24 h, the expression of CMKLR1 was significantly increased in the chemerin groups (10–300 ng/ml) compared to the control group (10 ng/ml, 100 ng/ml, and 200 ng/ml, all p<0.05; 300 ng/ml, p < 0.01). Furthermore, as the concentration of chemerin increased, the protein expression of PCNA was gradually upregulated compared to that in the control group (100 ng/ml, 200 ng/ml, 300 ng/ml, and 400 ng/ml, all p < 0.05, Figures 4B,D). To further elucidate whether the chemerin promotes the proliferation of PASMCs, we conducted the EdU assay. As shown in Figures 4E,F, chemerin can significantly promote the proliferation of PASMCs measured by EdU compared to control group (10 ng/ml, 100 ng/ml, 400 ng/ml, all p < 0.05, 200 ng/ml, 300 ng/ml, p < 0.01).
[image: Figure 4]FIGURE 4 | Chemerin/CMKLR1 promotes the proliferation of PASMCs. PASMCs were stimulated with various concentrations of chemerin. (A–D) Western blot analysis of the expression of CMKLR1 (A and C) and PCNA (B and D) in PASMCs after 24 h of treatment. (E and F) PASMCs proliferation was measured by an EdU staining assay after 24 h of treatment. (original magnification, ×100, scale bars, 200 μm). *p<0.05 vs. the control group; **p<0.01 vs. the control group.
As shown in Figures 5A,B, as the concentration of chemerin increased, the migration distance of PASMCs gradually increased (100 ng/ml, 200 ng/ml, 300 ng/ml, and 400 ng/ml, all p < 0.01, Figures 5A,B). Consistent with the scratch assay results, the number of migrated cells was similarly increased by chemerin stimulation, as shown in the Transwell migration assay (100 ng/ml, p < 0.05; 200 ng/ml, 300 ng/ml, and 400 ng/ml, all p < 0.01, Figures 5C,D).
[image: Figure 5]FIGURE 5 | Chemerin/CMKLR1 promotes the migration of PASMCs. PASMCs were stimulated with various concentrations of chemerin. (A–B) Images of scratches in PASMCs photographed at 0 and 12 h under different treatment conditions (original magnification, × 50, scale bars, 500 μm). (C–D): Transwell migration assays of PASMCs after different treatments for 12 h (original magnification, × 100, scale bars, 200 μm). *p < 0.05 vs. the control group; **p < 0.01 vs. the control group.
Chemerin Mediated PASMCs Proliferation and Migration by Activating the ERK1/2 Signaling Pathway
To investigate the potential mechanism of chemerin-induced phenotypic changes in PASMCs, the key regulatory proteins in the ERK1/2 signaling pathway were analyzed by Western blotting. As shown in Figures 6A,B, under exogenous chemerin stimulation, the ERK1/2 signaling pathway was significantly activated, as indicated by the increased p-ERK/ERK ratios in the chemerin group compared with the control group, and the increase was reduced by PD98059 (an inhibitor of ERK1/2 signaling) (*p < 0.05 vs. control group, &&p < 0.01 vs. chemerin group). Furthermore, PD98059 pretreatment eliminated the increase in PCNA expression in chemerin-treated PASMCs (*p < 0.05 vs. control group, &p < 0.05 vs. chemerin group, Figures 6C,D). Similarly, The proliferation promoting effect of chemerin on PASMCs can be decreased by PD98059 (*p < 0.05 vs. control group, &p < 0.05 vs. chemerin group, Figures 6E,F). In addition, the migration assays showed that chemerin induced sharp increases in the migration distance and number of migrated PASMCs, which were reversed by PD98059 (**p < 0.01 vs. control group, &&P < 0.01 vs. chemerin group, Figures 6G,H and Figures 6I,J).
[image: Figure 6]FIGURE 6 | Chemerin induces phenotypic changes in PASMCs via the ERK1/2 signaling pathway. PASMCs were pretreated with PD98059 (50 µM) 30 min prior to chemerin treatment (300 ng/ml). (A and B) Western blot analysis of p-ERK1/2 and ERK1/2 expression in PASMCs after stimulation by chemerin with or without PD98059 pretreatment for 12 h. (C and D) Western blot analysis of PCNA expression in chemerin-treated cells with or without PD98059 pretreatment for 24 h. (E and F) PASMC cell proliferation was measured by an EdU staining assay after 24 h of treatment (original magnification, × 100, scale bars, 200 μm). (G and H) Images of scratches in PASMCs photographed at 0 and 12 h under different treatment conditions (original magnification, × 50, scale bars, 500 μm). (I and J) Transwell migration assays of PASMCs after different treatments for 12 h (original magnification, ×100, scale bars, 200 μm). *p < 0.05 vs. the control group; **p < 0.01 vs. the control group; & p < 0.05 vs. the chemerin group. && p < 0.01 vs. the chemerin group.
Plasma Chemerin Levels Were Significantly Upregulated in IPAH Patients
The clinical characteristics of all participants were summarized in Table 1. The median age of control individuals was 25 years and that of IPAH patients was 31.5 years. The proportion of females was 85.7% in the IPAH group, and 61.9% in the control group. The median mPAP was 53 mmHg, the median PAWP was 7.5 mmHg, the median PVR was 13.06 Wood units, and median cardiac output (CO) was 3.85 L/min in the IPAH group.
TABLE 1 | Basic demographics of all participants in clinical trials. The mPAP (mean pulmonary arterial pressure), PAWP (pulmonary artery wedge pressure) and PVR (pulmonary vascular resistance) and CO (cardiac output) were measured by the right cardiac catheterization (RHC). The Treatment means that the patient has been treated with targeted drugs for IPAH (idiopathic pulmonary arterial hypertension), before the RHC for the first time at the First Affiliated Hospital of Chongqing Medical University.
[image: Table 1]ELISA assay result showed that compared to the control group, the plasma level of chemerin was markedly increased in the IPAH group (581.7 ± 24.9 pg/ml vs. 407.5 ± 10.23 pg/ml, p < 0.01, Figure 7).
[image: Figure 7]FIGURE 7 | Plasma chemerin levels are increased in IPAH patients. Human plasma chemerin protein levels were measured by ELISA in the control and IPAH groups. Quantitative analysis of chemerin protein expression in the plasma of each group was also performed (control, n = 21; IPAH, n = 14). **p < 0.01 vs. the control group.
Diagnostic Value of Chemerin Expression in IPAH
To assess the diagnostic value of plasma chemerin, we generated a ROC curve using the expression data measured by ELISA. As shown in Figure 8, the area under the ROC curve (AUC) reached 0.949 [95% confidence interval (CI): 87.3–100%], and plasma chemerin had a satisfactory sensitivity (85.7%) and specificity (100%) at a concentration of 471.76 pg/ml (p<0.001), which indicated considerable diagnostic value for IPAH.
[image: Figure 8]FIGURE 8 | Diagnostic value of chemerin expression in IPAH. A ROC curve of plasma chemerin for discriminating IPAH patients from healthy controls.
DISCUSSION
The present study revealed that chemerin/CMKLR1 promoted the proliferation and migration of PASMCs via activating the ERK1/2 signaling pathway in PH rats and the plasma level of chemerin was markedly increased in iPAH patients. The main findings are as follows: 1) the expression of chemerin and CMKLR1 was upregulated in the lungs of MCT/hypoxia induced PH rats; 2) CMKLR1 expression was significantly increased in PASMCs under hypoxic conditions; 3) PASMC stimulation with exogenous chemerin promoted cell proliferation and migration via the ERK1/2 signaling pathway; and 4) the expression of chemerin protein was significantly increased in plasma of IPAH patients. Increasing evidence has shown that chemerin is closely associated with cardiovascular diseases; in addition to regulating systemic blood pressure and promoting intimal hyperplasia, chemerin contributes to angiogenesis and vascular remodeling in hypertension (Kunimoto et al., 2015; Xiong et al., 2016; Liu et al., 2019; Wen et al., 2019). Besides, chemerin can enhance vascular responses to vasoconstrictors in the pulmonary artery and reduce acetylcholine-induced pulmonary artery vasodilation partly by nitric oxide (NO) signaling and oxidative stress (Hanthazi et al., 2019). Furthermore, as an active fragment of chemerin, chemerin-9 augmented the contraction of isolated pulmonary arteries from MCT rats at least partially through enhancing CMKLR1 activity in smooth muscle (Omori et al., 2020). In this study, for the first time, we revealed that chemerin was significantly upregulated in the lung tissues of MCT/hypoxia induced PH rats, indicating that chemerin associated with PH.
CMKLR1, as a functional receptor, directly interacts with chemerin, contributing to various biological processes, such as inflammation, immune responses, adipogenesis and angiogenesis (Goralski et al., 2007; Nakamura et al., 2018; Pachynski et al., 2019; Xie et al., 2020). Omori A et al. reported that the protein levels of CMKLR1 were markedly increased in the lungs and PASMCs of MCT-induced PH rats (Omori et al., 2020). Similarly, in the present study, we showed that CMKLR1 was sharply upregulated in the lungs of MCT and hypoxia induced-PH rats and further demonstrated that the expression of CMKLR1 was significantly elevated in isolated PASMCs under hypoxic conditions.
Excessive PASMC proliferation and migration play crucial roles in pulmonary vascular remodeling, thus facilitating PH development (Tuder 2017). A previous study demonstrated that silencing CMKLR1 could alleviate the proliferation of thoracic aortic smooth muscle cells (SMCs) in mice, which was associated with a decrease in p-JNK expression (Liu et al., 2016). Here, we showed that chemerin significantly upregulated CMKLR1 expression in PASMCs even at very low concentrations, indicating that the regulatory effects of chemerin on PASMCs may ultimately be mediated by CMKLR1. However, this finding was different from a recent study, which indicated that chemerin alone did not exert a positive effect on PASMCs proliferation (Hanthazi et al., 2020). These discrepant results may result from different cell treatment conditions and variable cell proliferation protocol. Nevertheless, other than CMKLR1, whether the other receptors of chemerin participate in theses signal transduction needs to be further investigated.
ERK1/2 signaling is a major member of the MAPK family, which is widely involved in many physiological and pathological processes (Tian et al., 2018; Bao et al., 2019; Hu et al., 2020; Zou et al., 2020). It has been demonstrated that the ERK1/2 signaling pathway is significantly activated in a variety of PH animal models, while knockdown of the ERK1/2 gene effectively suppresses pulmonary vascular remodeling, ultimately preventing PH development (Yu et al., 2017). The intrinsic links between chemerin and the ERK1/2 signaling pathway have been verified in a few pathological processes, including systemic hypertension, lipolytic metabolism and insulin resistance (Zhang et al., 2014; Fu et al., 2018; Jiang et al., 2018). Lobato et al. found that chemerin increased the contractile response of the aorta to phenylephrine (PE) and ET-1 by activating ERK1/2 (Lobato et al., 2012). Kunimoto H et al. reported that chemerin stimulated the proliferation and migration of SMCs via oxidative-dependent phosphorylation of ERK1/2 in hypertension (Kunimoto et al., 2015). Similarly, we found that chemerin could activate the ERK1/2 signaling pathway in PASMCs and PD98059 reversed the regulatory effects of chemerin on PASMCs. In addition, a previous study indicated that chemerin expression was elevated through ERK1/2 signaling in human coronary artery endothelial cells in response to hypoxia (Chua et al., 2016). These data suggest that there may be crosstalk between chemerin and ERK1/2 signaling under different pathological conditions.
Evidence from multiple clinical studies suggests that circulating chemerin levels are associated with cardiovascular diseases (Ji et al., 2014; Zhang et al., 2017; Wójcik et al., 2020). On that basis, Zhou X et al. reported that serum chemerin levels could be used to predict the presence of adverse cardiovascular events in patients with chronic heart failure (Zhou et al., 2019). Interestingly, in our clinical study, we also found that chemerin expression was significantly upregulated in the plasma of IPAH patients, which was consistent with the results of the rat experiment mentioned previously. Moreover, ROC curve analysis indicated that plasma chemerin may have a considerable diagnostic value for IPAH as its high sensitivity and specificity with an AUC of 0.949. These data demonstrated that plasma chemerin level is closely related to PAH. However, a study with larger sample size of IPAH patients and long-term follow-up is needed to further confirm the potential association between chemerin plasma levels and PAH outcomes.
In conclusion, our study reveals that the chemerin/CMKLR1 axis promotes PASMC proliferation and migration by activating the ERK1/2 signaling pathway, and chemerin protein levels are increased in the plasma of IPAH patients. The present study provides significant insights intothe development of potential therapies for PH.
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Cannabis (marijuana) is the most commonly used illicit product in the world and is the second most smoked plant after tobacco. There has been a rapid increase in the number of countries legalizing cannabis for both recreational and medicinal purposes. Smoking cannabis in the form of a joint is the most common mode of cannabis consumption. Combustion of cannabis smoke generates many of the same chemicals as tobacco smoke. Although the impact of tobacco smoke on respiratory health is well-known, the consequence of cannabis smoke on the respiratory system and, in particular, the inflammatory response is unclear. Besides the combustion products present in cannabis smoke, cannabis also contains cannabinoids including Δ9-tetrahydrocannabinol (Δ9-THC) and cannabidiol (CBD). These compounds are hydrophobic and not present in aqueous solutions. In order to understand the impact of cannabis smoke on pathological mechanisms associated with adverse respiratory outcomes, the development of in vitro surrogates of cannabis smoke exposure is needed. Therefore, we developed a standardized protocol for the generation of cannabis smoke extract (CaSE) to investigate its effect on cellular mechanisms in vitro. First, we determined the concentration of Δ9-THC, one of the major cannabinoids, by ELISA and found that addition of methanol to the cell culture media during generation of the aqueous smoke extract significantly increased the amount of Δ9-THC. We also observed by LC-MS/MS that CaSE preparation with methanol contains CBD. Using a functional assay in cells for CB1 receptors, the major target of cannabinoids, we found that this CaSE contains Δ9-THC which activates CB1 receptors. Finally, this standardized preparation of CaSE induces an inflammatory response in human lung fibroblasts. This study provides an optimized protocol for aqueous CaSE preparation containing biologically active cannabinoids that can be used for in vitro experimentation of cannabis smoke and its potential impact on various indices of pulmonary health.
Keywords: fibroblast, inflammation, cannabis smoke, thc, cbd, lungs, CB1, BRET
INTRODUCTION
Cannabis has been used for medical purposes for thousands of years (Hillig, 2005; Rana, 2010; Atakan, 2012). Cannabis, commonly referred as marijuana, is a flowering plant belonging to the family Cannabaceae. There are three main subspecies of cannabis: C. sativa, C. indica and C. ruderalis, which are differentiated by key physical characteristics and production of cannabinoids (Hillig, 2005; Rana, 2010; Atakan, 2012). Cannabis produces more than 100 cannabinoids (Baron, 2018) that have many effects in the human body, including modulation of mood, memory and the immune response. One of the major cannabinoids is Δ9-tetrahydrocannabinol (Δ9-THC), which is responsible for the psychotropic effect of cannabis via activation of cannabinoid-1 (CB1) receptors in the brain (Mersiades et al., 2018). Cannabidiol (CBD), cannabigerol (CBG) and cannabichromene (CBC) are other cannabinoids currently under scientific investigation for their therapeutic potential. Of these, CBD has gained the most interest, particularly as an anti-inflammatory agent that lacks the psychoactive properties of Δ9-THC (Rajan et al., 2016; Morales et al., 2017).
Δ9-THC and CBD are produced in the trichomes of the female inflorescence as acidic precursors THCA and CBDA, respectively, that undergo decarboxylation when heated by consumption methods such as smoking (Tahir et al., 2021). According to the World Health Organization (WHO), approximately 15 million people (3% of world population) consume cannabis each year, making this the most widely-used illicit drug in the world. Currently, cannabis is the second most-smoked plant after tobacco (Baron, 2018; Brown, 2020; Campeny et al., 2020; Li et al., 2020), making inhalation of cannabis smoke the most common consumption method (Schuermeyer et al., 2014). Smoking cannabis provides the fastest Δ9-THC delivery to the body, resulting in rapid onset of psychoactive effects. Like tobacco smoke, cannabis smoke also contains carcinogens [e.g., polycyclic aromatic hydrocarbons (PAHs)] and other toxicants (e.g., carbon monoxide) (Moir et al., 2008; Maertens et al., 2009; Graves et al., 2020). A recent study showed that there are 4,350 and 2,575 compounds in tobacco and cannabis smoke, respectively. Of these, 69 were common in both and are known to have adverse health risks through carcinogenic, mutagenic, or other toxic mechanisms (Graves et al., 2020). Unlike tobacco smoke, where the adverse respiratory effects are well-established (Strzelak et al., 2018), there are significant gaps in our understanding of the impact of cannabis smoke on respiratory health. Based on a limited number of studies, there is evidence that cannabis smoking is associated with inflammation and chronic bronchitis (Yayan and Rasche, 2016; Urban and Hureaux, 2017). Cannabis smoke can also negatively affect physical (e.g., mucociliary clearance) and immunological respiratory defense mechanisms (Chatkin et al., 2017). Regular cannabis use may also increase risk for asthma and accelerate the decline in lung function (Chatkin et al., 2019). However, the net effects of cannabis smoke on respiratory health, and in particular inflammation, remain largely unknown and such findings are often complicated by concurrent tobacco use in human participants. Thus, there is a pressing need to understand the consequences of cannabis smoke on the inflammatory response.
Our understanding of the ill health effects of tobacco smoke were driven in part by preclinical models of exposure. There are now established in vitro and in vivo models that recapitulate many of the exposure parameters observed in humans. These models have been extensively used to evaluate the mechanistic impact of tobacco smoke exposure (Carp and Janoff, 1978; Aoshiba et al., 2001; Carnevali et al., 2003; Baglole et al., 2006; Damico et al., 2011; Zago et al., 2013; de Souza et al., 2014; Guerrina et al., 2021a; Rico de Souza et al., 2021). Of these, cigarette smoke extract (CSE) is a widely-utilized in vitro surrogate for tobacco smoke exposure, and protocols for the generation of CSE are established and readily adaptable by many laboratories (Carp and Janoff, 1978; Martey et al., 2005; Baglole et al., 2006; Baglole et al., 2008b; Bertram et al., 2009; Damico et al., 2011). However, no such standardized protocol for cannabis smoke extract (CaSE) currently exists, greatly limiting investigation into the impact of cannabis smoke on biological and toxicological indices. Therefore, we developed a standardized protocol for the preparation of an aqueous cannabis smoke extract (CaSE) for in vitro evaluation. We used a legal cannabis source with a described composition and developed a protocol for standardization that allows for comparison between studies; this CaSE can be prepared and standardized using common laboratory equipment. Importantly, we confirmed that these CaSE preparations contain pharmacologically active Δ9-THC using a signaling pathway downstream of the CB1 receptor: the Rho small G protein, with a Bioluminescence Resonance Energy Transfer (BRET) assay for this effector (Namkung et al., 2018). Finally, we used CaSE to show that key inflammatory markers are induced in human lung cells, suggesting that cannabis smoke is not harmless. With more countries legalizing cannabis for medical purposes, additional research is needed to better understand the cellular and molecular consequences of cannabis smoke exposure.
MATERIALS AND METHODS
Chemicals
All chemicals were obtained from Sigma (St. Louis, MO) unless otherwise indicated. Coelenterazine 400a was purchased from Nanolight™ Technology. 2-AG, Δ9-THC and CBD are from Cayman Chemical (Ann Arbor, MI). The sp-hCB1 encoding plasmid (signal peptide human CB1) was a gift from Michel Bouvier, (University of Montreal).
Preparation of Cigarette Smoke Extract (CSE)
Research grade cigarettes (3R4F) with a filter were acquired from the Kentucky Tobacco Research Council (Lexington, KY). Research grade cigarettes (3R4F) contain 0.73 mg of nicotine, 9.4 mg of tar, and 12.0 mg of CO as described by the manufacturer. CSE was produced as previously described by us (Baglole et al., 2008a; Zago et al., 2013; Guerrina et al., 2021a; Guerrina et al., 2021b). Briefly, CSE was prepared by bubbling smoke from a cigarette through 10 ml of serum-free cell culture medium with the exception that some extracts were prepared with 30% methanol (MeOH). The CSE was then sterile-filtered with a 0.45-μm filter (25-mm Acrodisc; Pall Corp., Ann Arbor, MI). Standardization was done for each CSE preparation by spectrophotometer using an OD320 nm of 0.65 to represent 100% CSE as described (Baglole et al., 2006; Zago et al., 2013).
Preparation of Cannabis Smoke Extract
Cannabis was purchased from the Société québécoise du cannabis SQDC online store (Quebec, Canada). Whole flower cannabis that was selected for purchase contained varying cannabinoid profiles based on THC/CBD content. Those purchased were as follows: 1) Indica-THC dominant; contains 16–22% THC and 0–0.1% CBD (#688083002311). 2): Sativa-CBD dominant; contains 0.1–2% THC and 13–19% CBD (#694144000219) and 3) Hybrid-Balanced: contains 5–11% THC and 5–11% CBD (#688083002588). Cannabis joints (cigarettes) were hand-rolled by grinding the dried cannabis flower with a plastic grinder and packing the product into classic 1 1/4 size rolling paper (RAW®). Each cannabis cigarette contained 0.5 ± 0.05 g of cannabis. A slim unrefined cellulose filter (RAW®) was added to the end of the joint. Then, CaSE was produced as previously described for CSE (Baglole et al., 2008a; Zago et al., 2013; Guerrina et al., 2021b) where the smoke from the lit cannabis cigarette was bubbled through 10ml of serum-free cell culture Dulbecco’s modified Eagle’s medium (DMEM) with or without 30% methanol (MeOH) or 30% ethanol (EtOH). CaSE was then filtered using a 0.45-μm filter (25-mm Acrodisc; Pall Corp., Ann Arbor, MI). Because the tar components in tobacco and cannabis are similar (Tashkin, 2013), and chemical species of tobacco tar absorb light at 320 nm (Taylor et al., 2020), we standardized each CaSE preparation as previously described for CSE (Baglole et al., 2008a; Zago et al., 2013; Guerrina et al., 2021a; Guerrina et al., 2021b) to ensure consistency in CaSE preparations between experiments. Similar to CSE preparation described above, an optical density of 0.65 was considered to represent 100% CaSE. Then, the CaSE solution was diluted with serum-free MEM for further analysis. The pH of 2% CaSE and 5% CaSE was 7.3 ± 0.06 and 7.7 ± 0.08, respectively.
Enzyme-Linked Immunosorbent Assay
Δ9-THC concentration in CaSE was analyzed by a direct competitive THC Forensic ELISA kit (NEOGEN®) according to manufacturer’s instructions. The concentration of interleukin-8 (IL-8) in the cell culture supernatant was determined by ELISA (Human IL-8 ELISA Duo Set, R&D Systems, United States) according to the manufacturer’s instructions. The absorbance was read at 450 and 570 nm within 15 minutes by infinite TECAN (M200 pro, TECAN, CA).
Cell Culture and Transfection
Human embryonic kidney (HEK) 293 cells were cultured in DMEM supplemented with 10% fetal bovine serum (FBS) and gentamicin (20 μg/ml). Cells were grown at 37°C in 5% CO2 and 90% humidity. HEK293 cells were seeded at a density of 1 × 106 cells per 100-mm dish and transfected the next day with 3 µg of sp-hCB1 with 120 ng of PKN-RBD-RlucII and 480 ng of rGFP-CAAX using PEI methods as described previously (Boussif et al., 1995; Namkung et al., 2018). Briefly, a total of 6 µg of DNA (adjusted with pcDNA3.1 zeo (+)) in 0.5 ml of PBS was mixed with 12 µl of PEI (25 kDa linear, 1 mg/ml) in 0.5 ml PBS and then incubated for 20 min at RT prior to applying to the cells. After 24 h, cells were detached and seeded onto poly-ornithine-coated 96-well white plates at a density of 25,000 cells per well for the BRET assays, which were performed 48 h after transfection.
Primary human lung fibroblasts (HLFs) were isolated from cancer-free lung tissue by explant procedure as described (Baglole et al., 2005). This study was approved by the Research Ethics Board of St. Joseph’s Healthcare Hamilton and informed written consent was obtained from each patient. Experiments were conducted with fibroblasts from three different individuals of the non-smoker group (Normal; M/F = 1/2; age 68 ± 9 years) and within passage six to nine. HLFs were cultured in 10% MEM and treated with THC dominant CaSE for 6 and 24 h.
Rho BRET Assay
BRET assay for detecting Rho activation was performed as previously described (Namkung et al., 2018). Briefly, cells in 96 well plates were washed once with 150 µl/well of Tyrode’s buffer (140 mM NaCl, 2.7 mM KCl, 1 mM CaCl2, 12 mM NaHCO3, 5.6 mM D-glucose, 0.5 mM MgCl2, 0.37 mM NaH2PO4, 25 mM HEPES, pH 7.4) and left in 80 µl/well of Tyrode’s buffer. 2-AG, THC, and CBD were serially diluted in 15% MeOH in Tyrode’s buffer. The final concentration of MeOH in the assay is 3.75%. For BRET assay, the cells were loaded with 10 µl of coelenterazine 400a (final concentrations of ∼3.5 µM) and then the cells were stimulated with 30 µl of ligands or two-fold diluted CaSE in Tyrode’s buffer for 4 min prior to BRET measurement. Thus, final concentrations of CaSE were 12.5% (8-fold dilution of original CaSE). BRET signals were measured using a Synergy2 (BioTek) microplate reader. The filter was set at 410/80 nm and 515/30 nm for detecting the RlucII Renilla luciferase (donor) and rGFP (acceptor) light emissions, respectively. The BRET ratio was determined by calculating the ratio of the light emitted by rGFP over the light emitted by the RlucII.
Liquid Chromatography With Tandem Mass Spectrometry
CaSE culture media samples were diluted 1:20 v/v by adding 10 µl to 190 µl of MeOH containing an internal standard CBD-d9 (10 pmol); 10 µl was subsequently analyzed by LC-MS/MS. In some cases, a 1:2 dilution was prepared by mixing 100 µl of CaSE culture medium with 100 µl of methanol containing internal standard CBD-d9 (10 pmol). CBD was chromatographed on a Waters UPLC reversed phase column (100 × 2.1 mm i.d.) using a blend of water and acetonitrile containing 0.1% acetic acid with a flow rate of 0.2 ml/min. The eluate was directed into a Thermo Quantum Access Max triple-quadrupole mass spectrometer and the CBD and CBD-d9 detected by single-reaction monitoring. The peak area for CBD was normalized by the peak area for the internal standard (CBD-d9) and the ratio compared to an external calibration curve for CBD prepared in MeOH. The limit of quantitation for CBD was 10 nM.
Western Blot
HLFs were grown to approximately 70–80% confluence and cultured with serum-free MEM for 18 h before the treatment. Total cellular protein was extracted using RIPA lysis buffer (Thermo Scientific, Rockford) containing Protease Inhibitor Cocktail (PIC, Roche, United States). Ten to 20 μg of protein lysate were subjected to 10% SDS-PAGE gels and transferred onto Immuno-blot PVDF membranes (Bio-Rad Laboratories, Hercules, CA). Then, the membrane was blocked for 1 hour at room temperature in blocking solution (5% w/v of non-fat dry milk in 1x PBS/0.1% Tween-20). The primary antibodies, COX-2 (1:1,000; Cell Signaling Technology, CA) and β-Tubulin (1:50000; Sigma, CA) were added to the membranes and incubated overnight at 4°C or 1 h at room temperature. After several washes, membrane was incubated with secondary antibodies goat anti-rabbit IgG HRP-linked (1:10000, Cell Signaling Technology, CA) or HRP-conjugated horse anti-mouse IgG (1:10000, Cell Signaling Technology, CA). Detection of protein was done by enhanced chemiluminescence (ECL) and visualized using a ChemiDoc™ MP Imaging System (Bio-Rad, CA). Densitometric analysis was performed using Image Lab™ Software Version 5 (Bio-Rad, CA). Protein expression was normalized to β-tubulin and the data presented as the fold-change relative to the untreated condition.
Quantitative RT-PCR
Using the Aurum™ Total RNA Kit (Bio-Rad, CA), total RNA was isolated according to the manufacturer’s instructions. Quantification of RNA was conducted on a Nanodrop 1,000 spectrophotometer. Reverse transcription of RNA was carried out using iScript™ Reverse Transcription Supermix (Bio-Rad, CA). Then, using this cDNA template, mRNA levels of PTGS2, CXCL8 and S9 were analyzed by quantitative PCR (qPCR) by using 1 µl of cDNA (10 ng/μl) and 0.5 µM primers with SsoFast™ EvaGreen® (Bio-Rad, CA). Sequences of gene-specific primers are listed in Table 1. PCR amplification was performed using a CFX96 Real-Time PCR Detection System (Bio-Rad, CA). Thermal cycling was initiated at 95°C for 3 min and followed by 39 cycles denaturation at 95°C for 10 s and annealing at 59°C for 5 s. Gene expression was analyzed using the ΔΔCT method, and results are presented as fold-change normalized to housekeeping gene (S9).
TABLE 1 | Primer sequences used for qRT-PCR analysis.
[image: Table 1]Statistical Analysis
Using GraphPad Prism 6 (v. 6.02; La Jolla, CA), statistical analysis was performed using a one-way analysis of variance (ANOVA) followed by Dunn’s multiple comparisons test to assess differences between treatments. Groups of two were analyzed by paired t-test. A two-way analysis of variance (ANOVA), followed by Tukey’s multiple comparisons test was used to evaluate differences between groups and conditions of more than two. Results are presented as mean ± standard error of the mean (SEM) or as mean ± standard deviation (SD) of the fold-changes compared to control cells. Experimental readings were done in triplicate and averaged; statistical analysis was therefore done using averaged values from three to five independent experiments unless otherwise indicated. In all cases, a p value <0.05 is considered statistically significant. For Tables 4, 5, the standard THC concentration response curve was obtained from a nonlinear regression curve fitting in GraphPad Prism software. The mean, upper limits, and lower limits of the unknowns were interpolated from the fitted standard curve with a confidential interval of 95%.
RESULTS
Generation of Cannabis Smoke Extract Preparations That Contains Δ9-THC and CBD
Like tobacco, cannabis smoke contains hundreds of combustion products. However, cannabis also contains cannabinoids that exert biological and pharmacological effects. Standardized preparations of aqueous cigarette smoke extract (CSE) are well-described in the literature and are used to understand the consequences of tobacco exposure (Carnevali et al., 2003; Baglole et al., 2006; Baglole et al., 2008b; Hecht et al., 2014); no such standardized extract for cannabis smoke exists. Moreover, CSE prepared in cell culture media or PBS contains water soluble gas and particle phases of cigarette smoke (Kim et al., 2018). While many of these same compounds would be captured from cannabis smoke, cannabis also contains cannabinoids which are hydrophobic (Huestis, 2007) and unlikely to be present in an aqueous extract suitable for in vitro testing. Therefore, we sought to develop a cannabis smoke extract (CaSE) that contains biologically active cannabinoids. First, we utilized a semi-quantitative THC Forensic ELISA kit for which we developed a standard curve using Δ9-THC to allow for subsequent quantification. The standard curve was first prepared to calculate the relative concentration of Δ9-THC relative to the absorbance. We diluted Δ9-THC (in the ELISA buffer) from a starting concentration of 1 mg/ml to an upper limit of 4 μg/ml. The concentration of this Δ9-THC standard curve therefore ranged from 0 μg/ml (buffer only)- 4 μg/ml (0–12.7 µM) (Figure 1) and was used for analysis with all CaSE preparations.
[image: Figure 1]FIGURE 1 | The standard curve for Δ9-THC. Δ9-THC was diluted in ELISA buffer from a starting concentration of 1 mg/ml to an upper limit of 4 μg/ml. Then, the concentration of this Δ9-THC standard curve was ranged from 0 μg/ml (buffer only)- 4 μg/ml (0–12.7 µM). Results are expressed as the mean ± SEM of two to four independent experiments.
Next, we evaluated Δ9-THC level by ELISA and CBD level LC-MS/MS in various aqueous CaSE preparations. Given that cannabinoids are hydrophobic, we compared Δ9-THC levels in CaSE prepared in standard cell culture media with and without MeOH. As additional controls, we also evaluated Δ9-THC concentrations in CSE prepared from research grade cigarettes. As expected, cell culture media alone with 30% MeOH as well as CSE (with 30% MeOH) contained no Δ9-THC or CBD (Table 2). We also measured Δ9-THC and CBD concentrations in CaSE prepared from the different strains of cannabis with reported varying amounts of Δ9-THC and CBD. Δ9-THC levels in CaSE generated from the Δ9-THC dominant and THC/CBD balanced strains with 10% MeOH were 0.62 ± 0.2 and 0.36 ± 0.02, respectively, and were therefore similar to the level in CaSE without MeOH. However, in CaSE generated from the Δ9-THC dominant strain with 30% MeOH, there were significantly higher levels of Δ9-THC compared to the CaSE without MeOH (THC dominant CaSE; Table 2). CBD levels were below the limit of detection by LC-MS/MS. Here, the estimated Δ9-THC concentration was 6.7 ± 0.29 µM in CaSE prepared in cell culture media with 30% MeOH. Preparation of CaSE from the balanced cannabis strain with 5–10% THC and 5–11% CBD also yielded significant Δ9-THC levels only when CaSE was prepared in media containing 30% MeOH. Finally, CaSE prepared from the CBD dominant cannabis strain in media with 30% MeOH has less Δ9-THC compared to CaSE prepared from the other two cannabis strains (Table 2). In CaSE generated from the balanced cannabis strain with 5–10% THC and 5–11% CBD, there were higher levels of CBD compared to the CaSE without MeOH (THC/CBD balanced CaSE; Table 2). CaSE prepared from the CBD dominant cannabis strain in media with 30% MeOH has higher CBD compared to CaSE prepared from the THC dominant strains. However, CBD levels are similar between CBD dominant and THC/CBD balanced strains (Table 2). We also generated CaSE from the Δ9-THC dominant strain in media with 30% EtOH. We found that the Δ9-THC level was slightly less in CaSE containing EtOH (5.7 ± 0.35 µM) comparing to CaSE with MeOH (6.7 ± 0.29 µM). These data show that preparation of CaSE in cell culture media with MeOH yields significantly higher concentrations of Δ9-THC and CBD compared to CaSE prepared without MeOH. Thus, the remainder of experiments were conducted with CaSE prepared in media with 30% MeOH and is refereed to hereafter as CaSE.
TABLE 2 | Estimated concentration of Δ9-THC and CBD in CaSE.
[image: Table 2]Standardization of Cannabis Smoke Extract Using OD320
The tar components in tobacco and cannabis are similar (Tashkin, 2013), and chemical species of tobacco tar absorb light at 320 nm (Taylor et al., 2020). Thus, to ensure consistency in CaSE preparations between experiments, we standardized each CaSE preparation as previously described for CSE (Baglole et al., 2008a; Zago et al., 2013; Guerrina et al., 2021a; Guerrina et al., 2021b). Nine extracts from THC dominant cannabis were prepared and two measurements were taken for fresh extracts and after thawing of the same extracts that had been frozen at −80°C for 16 weeks. The optical density (OD) at 320 was 0.7 ± 0.05 and 0.64 ± 0.05 for fresh and frozen extracts, respectively (Table 3). Given that an OD of 0.65 is used to represent 100% CaSE, the percentage of CaSE averaged to be 110% ± 8 and 99% ± 7.7 for fresh and frozen extracts, respectively. We also evaluated Δ9-THC content by ELISA. The estimated Δ9-THC concentration of fresh and frozen extracts was similar and was approximately 12 µM. These data suggest that storage of CaSE extracts up to 16 weeks at −80°C does not affect Δ9-THC concentration and that an OD320 can be used to standardize aqueous CaSE to minimize batch-to-batch variability.
TABLE 3 | Δ9-THC absorbance (OD320) and estimated concentration by ELISA.
[image: Table 3]Cannabis Smoke Extract Activates CB1 Receptors
Δ9-THC has high affinity to CB1 and CB2 receptors (Pertwee, 2010), which are G protein coupled receptors (GPCRs). CB1 couples to not only Gi/o but also to the G12/13 subfamily and activates the down-stream protein Rho (Inoue et al., 2019; Krishna Kumar et al., 2019; Avet et al., 2020). To determine whether there is sufficient Δ9-THC in the CaSE preparations to activate CB1, we used a BRET-based Rho biosensor (Namkung et al., 2018). We transiently transfected HEK293 cells with signal-peptide-human CB1 (CB1) along with PKN-RBD-RLucII and rGFP-CAAX (Rho sensor) and stimulated the cells with Δ9-THC, CBD and 2-arachidonoylglycerol (2-AG), an endogenous CB ligand (Figure 2). The BRET signal increased in response to Δ9-THC and 2-AG but not to CBD (Figure 2A). Further, we observed that AM251, a CB1-specific antagonist, abolished the THC- and 2-AG- promoted BRET signals (Figure 2B). To verify the specificity of AM251 on CB1-mediated Rho activation, we examined the effect of AM251 on angiotensin II type 1 receptor (AT1R)-mediated Rho activation, which also couple to this pathway (Namkung et al., 2018). AM251 showed no effect on the basal BRET whereas AngII induced a BRET signal in HEK293 cells expressing AT1R along with Rho sensor (Figure 2C). These data show that Δ9-THC- and 2-AG- promoted CB1 activation and signaling to the G12/13-Rho pathway.
[image: Figure 2]FIGURE 2 | Validation of CB1-mediated Rho activation. (A). Concentration response curves of Rho activation in HEK293 cells expressing CB1, PKN-RBD-RLucII and rGFP-CAAX. Cells were stimulated with either 2-AG (blue square), THC (turquoise triangle) or CBD (red circle). CB1 was activated with 2-AG and Δ9-THC but not with CBD. Data represent means ± SEM of four independent experiments performed in triplicate. (B). Validation of CB1-mediated Rho activation by CB1 antagonist AM-251. Cells were stimulated with control, 2-AG (10 µM) or Δ9-THC (THC, 10 µM) in the absence (vehicle, 0.1% DMSO (black bar)) or presence of 10 µM of AM-251 (grey bar). There was an increase in Rho activation in cells exposed to 2-AG (****p < 0.0001) and Δ9-THC (***p < 0.0002). AM251 abolished 2-AG- and THC-induced CB1 activation (§§§§p < 0.0001). (C). Cells expressing AT1R, PKN-RBD-RLucII and rGFP-CAAX were stimulated with control or with 100 nM of AngII, agonist for AT1R, with 0.1% of DMSO (black bar) or 10 µM of AM-251 (grey bar). There was an increase in AT1R-mediated Rho activation in cells exposed to AngII (****p < 0.0001). There was no effect of AM251 on AT1R-mediated Rho activation. Data represent means ± SEM of three independent experiments.
We next vetted three different extracts prepared from THC dominant or THC/CBD balanced cannabis prepared in media with or without 30% MeOH to verify that these CaSE preparations contained biologically active Δ9-THC; we utilized the same extracts as for the data presented in Table 2. First, the activation of CB1 in response to different concentrations of Δ9-THC (0.3–25 µM) was assessed. There was a concentration-dependent activation of CB1 by Δ9-THC (Figure 3). Furthermore, there was an increase in CB1 activation in cells treated with CaSE from THC dominant or THC/CBD balanced cannabis prepared in media with 30% MeOH (Figure 3). Extracts in media without 30% MeOH did not show BRET signals in our assay (data not shown). Based on CB1 activation by Δ9-THC (Figure 3), we extrapolated that CaSE prepared from THC-dominant cannabis activates CB1 in concentrations equivalent to 5–7 µM of Δ9-THC (Table 4). CaSE from THC/CBD balanced cannabis also activates the receptor, which is equivalent to 3–50 µM of Δ9-THC (Table 4).
[image: Figure 3]FIGURE 3 | CaSE promotes Rho activation in CB1 expressing cells. HEK293 cells expressing CB1 along with PKN-RBD-RLucII and rGFP-CAAX were stimulated with indicated concentrations of Δ9-THC in buffer or 8-fold diluted CaSE (15 µl in total 120 µl assay volume, 12.5% CaSE) from Δ9-THC dominant and THC/CBD balanced strains prepared in media with 30% MeOH. There was an increase in CB1 activation in a concentration-dependent manner by Δ9-THC. There was an increase in the activation of CB1 in cells treated with CaSE from THC dominant or THC/CBD balanced cannabis. Buffer was 8-fold dilution of 30% MeOH/DMEM with Tyrode’s buffer. Data represent means ± SD of triplicate (THC) and duplicate (CaSE) of a representative experiment. Similar results were obtained with 20 µl or 10 µl application of CaSE.
TABLE 4 | Estimation of THC concentrations in 100% CaSE. THC concentrations in CaSE were estimated from interpolation of standard THC concentration response curve in Figure 3.
[image: Table 4]We then tested whether the receptor itself was affected by the MeOH and evaluated the specificity of the system by adding CSE prepared in media with 30% MeOH; we also included CaSE from all three cannabis strains (see Table 2). We found that there was no Rho activation with media containing 30% MeOH or CSE (Figure 4). CaSE from THC dominant, THC/CBD balanced, and CBD-dominant cannabis all activated Rho signaling (Figure 4), at levels that corresponded approximately to between 4–22 µM of Δ9-THC present in the extracts (Table 5). Thus, CaSE, but not media containing MeOH or CSE, activates the CB1 receptor. Finally, we used the CB1 antagonist AM251 to confirm that CaSE is specific in its ability to activate CB1. AM251 inhibited THC-induced Rho activation. We also found that AM251 significantly inhibits CaSE-induced Rho activation for the CaSE prepared from the THC-dominant and THC/CBD balanced strains (Figure 5). Thus, CaSE induces Rho activation through CB1. Taken together, these data show that a standardized preparation of CaSE contains biologically active cannabinoids.
[image: Figure 4]FIGURE 4 | CaSE promotes Rho activation in CB1 expressing cells in comparison to Δ9-THC. HEK293 cells expressing CB1 along with Rho sensor were stimulated with indicated concentrations of Δ9-THC in buffer or 8-fold diluted indicated extracts prepared in media with 30% MeOH: Media with only 30% MeOH, CaSE and CSE. There was an increase in CB1 activation in cells exposed to CaSE from THC dominant, THC/CBD balanced and CBD-dominant cannabis, but not Media with MeOH or CSE. Buffer was 8-fold dilution of 30% MeOH/DMEM with Tyrode’s buffer. Data were expressed as a ligand-promoted BRET (ΔBRET) by subtracting BRET ratio in control media. Data represent mean ± SEM of three to five independent experiments.
TABLE 5 | Estimation of THC concentration in 100% CaSE. THC concentrations in CaSE were estimated from interpolation of standard THC concentration response curve in Figure 4.
[image: Table 5][image: Figure 5]FIGURE 5 | CaSE-induced Rho activation is mediated by CB1. HEK293 cells expressing CB1 and Rho sensor were stimulated with Δ9-THC (25 µM) or indicated CaSE (12.5%) in the absence (0.1% DMSO, black bar) or presence of AM 251 (10 µM) (grey bar). AM 251 abolished the Δ9-THC- and CaSE-mediated Rho activation in CaSE prepared from THC dominant and THC/CBD balanced strains (*p < 0.05). CSE treatment did not increase Rho activity compared to buffer; AM 251 had no effect. Data represent mean ± SD from two independent experiments.
COX-2 and IL-8 Are Increased in HLFs Exposed to Cannabis Smoke Extract
COX-2 and IL-8 are among the proinflammatory mediators that are induced by tobacco smoke (Martey et al., 2004; Li et al., 2007). IL-8 is also elevated in serum from cannabis smokers (Bayazit et al., 2017). To explore whether we could replicate these findings, we characterized the effect of CaSE exposure on the expression of COX-2 and IL-8 at the mRNA and protein levels in primary HLFs. For these experiments, HLFs were treated with either 2% or 5% CaSE that was prepared from THC dominant cannabis. Selection of these concentrations was based on our previous publications with CSE (Baglole et al., 2008a; Guerrina et al., 2021a). These concentrations of CaSE did not affect cell viability (data not shown). The concentration of Δ9-THC in 2% CaSE was 0.18 ± 0.003 µM and in 5% CaSE was 0.45 ± 0.006 µM (n = 3). The mRNA for PTGS2 did not increase with 6 h of CaSE (Figure 6A). However, there was a significant increase in PTGS2 mRNA upon exposure to 5% CaSE for 24 h- but not 2% CaSE. Accordingly, there was a significant increase in COX-2 protein with 5% CaSE (Figure 6B). There was also a significant increase in CXCL8 mRNA in response to 5% CaSE for 24 h (Figure 6C). At the protein level, IL-8 was also induced upon 5% CaSE treatment for 24 h (Figure 6D). These data indicate that a standardized CaSE preparation, containing biologically active cannabinoids, induces an inflammatory response in primary HLFs.
[image: Figure 6]FIGURE 6 | CaSE induces COX-2 and IL-8 expression in human lung fibroblasts. (A). PTGS2 mRNA: there was a slight increase, but not statistically significant, in PTGS2 mRNA in HLFs exposed to 2 and 5% CaSE for 6 h and in HLFs exposed to 2% CaSE for 24 h compared to corresponding control. There was significant increase in PTGS2 mRNA in HLFs exposed to 5% CaSE for 24 h (**p = 0.009) compared to corresponding control. Results are expressed as the mean ± SEM of 4 independent experiments of HLFs used from 3 Normal subjects. (B). COX-2 Protein-densitometry: there was significant increase in COX-2 protein levels in HLFs exposed to 5% CaSE for 24 h (*p = 0.04) compared to corresponding control. Results are expressed as the mean ± SEM of 3 independent experiments (HLFs used from 3 Normal subjects). (C). CXCL8 mRNA: there was a slight -but not statistically significant-increase in CXCL8 mRNA in HLFs exposed to 2 and 5% CaSE for 6 h There was significant increase in CXCL8 mRNA in HLFs exposed to 5% CaSE for 24 h (*p = 0.01) compared to corresponding control. Results are expressed as the mean ± SEM of 4 independent experiments (HLFs used from 3 Normal subjects). (D). IL-8 Protein: there was an increase in IL-8 protein levels in the media from HLFs exposed to 5% CaSE for 24 h compared to corresponding control. Results are expressed as the mean ± SEM of 3 independent experiments (HLFs used from 3 Normal subjects).
DISCUSSION
Cannabis is the most commonly-smoked plant after tobacco (Baron, 2018; Brown, 2020; Campeny et al., 2020; Li et al., 2020). Recently, the personal use of cannabis has been approved in nine states of the United States as well as in Uruguay and Canada (Campeny et al., 2020). Cannabis smoke is often considered to be harmless compared to tobacco smoke (Sinclair et al., 2013). However, cannabis smoke contains many chemicals (toxicants, irritants, carcinogens, and fine particles) as does tobacco smoke (Moir et al., 2008; Manolis et al., 2019; Graves et al., 2020). The latest report from the Canadian Centre on Substance Use and Addiction (CCSA) highlights the risks of cannabis smoking to the heart and lungs as heavy users of cannabis can potentially develop cardiovascular and respiratory diseases (Canadian Centre on Substance Use and Addiction, 2020). Cannabis smoking is associated with a greater incidence of respiratory symptoms including sore throat, productive cough and shortness of breath (Henderson et al., 1972). These symptoms are likely due to harmful impacts of cannabis smoke on the respiratory system. Indeed, there is evidence of goblet cell hyperplasia, squamous metaplasia and inflammation in tracheobronchial specimens of cannabis smokers compared to non-smokers (Fligiel et al., 1997) as well as airway inflammatory changes in asymptomatic marijuana smokers compared to non-smokers (Roth et al., 1998). This is also supported by in vivo studies which showed that exposing mice to cannabis smoke alters the immune cell populations in the airways and lung tissue (Fantauzzi et al., 2021) and induces bronchial hyperreactivity, inflammation, and tissue destruction (Helyes et al., 2017). Thus, cannabis smoke may cause adverse respiratory features, and may increase the risk of developing lung diseases similar to tobacco smoke. However, the number of studies investigating the health effects of cannabis smoke exposure remains limited, and it is not well understood if there is a link between exposure to cannabis smoke and respiratory disease development. Thus, there is a need for experimental models into order to investigate the impact of cannabis smoke on respiratory health.
Despite this need, there are no validated experimental models with which to perform detailed evaluations on the effect of cannabis smoke in vitro. We are only aware of one study utilizing a cannabis smoke extract for in vitro assessment (Aguiar et al., 2019). However, the cannabis smoke extract in that study was prepared without adding a solvent to capture the cannabinoids in the aqueous solution; the presence of Δ9-THC or other cannabinoids was also not measured (Aguiar et al., 2019). Based on our results, an aqueous preparation of cannabis smoke-as in the study by Aguiar and colleagues-likely did not contain active cannabinoids. Therefore, we sought to develop a standardized protocol for the preparation of CaSE utilizing a protocol similar to that used in the generation of CSE (Baglole et al., 2008a; Zago et al., 2013; Guerrina et al., 2021a; Guerrina et al., 2021b) but one that contains cannabinoids. To achieve this, we made a modification to the preparation via the addition of MeOH to the cell culture media, as cannabinoids are hydrophobic (Huestis, 2007) and MeOH is a suitable solvent for the isolation of fat-soluble compounds (Rozanc et al., 2021). Thus, the addition of MeOH significantly increased the concentration of Δ9-THC and CBD in the extract compared to negligible levels in CaSE prepared in culture media alone. One of the advantages of this standardized method is that it can be performed using common laboratory equipment, allowing for easy adaptation. Here, we followed the same standardization method for CSE by measuring the absorbance of CaSE at 320 nm, similar to what we have previously used for CSE (Martey et al., 2004; Baglole et al., 2008a; Zago et al., 2013; Zago et al., 2014). Because the tar components in tobacco and cannabis are similar (Tashkin, 2013) and the chemical species of tar in tobacco absorb light at 320 nm (Taylor et al., 2020), standardization can be performed via spectroscopy, and confirmation of cannabinoid presence made by a commercial ELISA. One of the limitations of this study is that we measured only Δ9-THC and CBD levels in CaSE, and thus cannot provide information on the presence or absence of additional cannabinoids or other compounds, including those could also affect the activity of the CB1 receptor. Another limitation that we did not assess whether MeOH affects the solubility of the chemical species found in the tar fraction. Nonetheless, this methodology allows for robust and reliable generation of a cannabis extract that contains biologically-active cannabinoids (Δ9-THC and CBD) to allow for consistency between experiments and comparison between studies.
The detection of cannabinoids in CaSE is important as cannabinoids carry out a variety of physiological functions by engaging with receptors present in the body, including cannabinoids receptors (CBR) (Reggio, 2010). The first discovered CBRs are CB1 and CB2, which belong to the GPCR superfamily. CB1 is expressed predominantly in the central nervous system (CNS), particularly in the basal ganglia, hippocampus, cortex, and cerebellum; these CB1 receptors mediate the psychoactive effects from Δ9-THC (Sim-Selley, 2003; Kawamura et al., 2006). Δ9-THC also binds to CB2 receptors with similar binding affinity (Pertwee, 2010). CB2 receptors are present mainly on the surface of immune and hematopoietic cells (Graham et al., 2010). In the respiratory system, CB1 and CB2 receptors are both expressed on epithelial cells with alveolar type II cells displaying CB1 receptor and lung fibroblasts having CB2 receptor (Kicman et al., 2021). Although lung fibroblasts provide structure and support to the lungs by synthesizing and maintaining an extracellular matrix (ECM) (White, 2015), fibroblast activation also leads to the production of several cytokines and chemokines (Buckley et al., 2001; Davidson et al., 2021). The effects of CSE on lung fibroblasts is well-described by us and others (Carnevali et al., 2003; Martey et al., 2004; Baglole et al., 2006; Baglole et al., 2008a; Baglole et al., 2008b), making these a relevant lung cell type. Herein, we observed that the CaSE-like CSE-induces an inflammatory response in primary lung fibroblasts, including induction of COX-2 and IL-8 levels by 5% CaSE derived from the THC dominant strain. By our estimation, this preparation contains ∼0.45 µM of Δ9-THC, which is similar to the plasma levels of THC in cannabis smokers (∼ 1 µM) (Azorlosa et al., 1992). The ability of 5% CaSE to induce COX-2 and IL-8 expression occurred despite the presence of cannabinoids at physiologically-relevant concentrations. It could be that Δ9-THC itself induced the inflammatory response; this would be in line with another publication whereby COX-2 is induced by Δ9-THC in neurons and astroglial cells (Chen et al., 2013). It could also be that the cannabinoids present in the extract could not compensate for products of combustion-which promote an inflammatory response typified by the induction of COX-2 (Martey et al., 2004). Of note is the absence of CBD from extracts prepared from the THC dominant strain. CBD has anti-oxidative and anti-inflammatory properties (Atalay et al., 2019). Comparison of CaSE prepared from different cannabis strains (with varying THC/CBD ratios) may shed light on whether all CaSE preparations have the same inflammatory potential.
In order for Δ9-THC and CBD to be biologically active, the acidic precursors THCA and CBDA need to undergo decarboxylation, a process that is facilitated by combustion. Our standardized CaSE indeed contained forms of cannabinoids that activated the CB1 receptor. As the CB1 receptor is coupled to Gi/o and G12/13 subfamilies and activates its down-stream Rho (Inoue et al., 2019; Krishna Kumar et al., 2019; Avet et al., 2020), we transfected cells with CB1 receptors along with Rho sensor to evaluate CB1 receptor activation. Here, it was only with CaSE prepared with MeOH that activated the CB1 receptor, with highest activation in extracts from the THC/CBD balanced strain. This was surprising, given that CBD has relatively low affinity for the CB1 receptor (McPartland et al., 2015) and our result showed that pure CBD does not activate CB1. However, it is still possible that CBD may modulate the activity of the receptor (McPartland et al., 2015) or that CBD and/or other cannabinoids in the extract affects the binding of Δ9-THC to the CB1 receptor. We also found that the estimated Δ9-THC concentration in these extracts from the functional assay was 3–50 μM, which is higher than the estimated concentration from the ELISA (∼5.5 µM). Nonetheless, the presence of biologically-active cannabinoids in this CaSE preparation further highlights its utility in evaluating the physiological and pathological implications of cannabis smoke.
A limitation of this study is that we did not assess additional signaling mechanisms that may account for the induction of inflammation of CaSE or the ability of CaSE to activate other receptors. For example, Δ9-THC also binds to the CB2 receptor (Pertwee, 2010) with CB2 activation controlling inflammation and immune functions (Turcotte et al., 2016). Δ9-THC can also activate the nuclear factor-κB (NF-κB) pathway (Do et al., 2004), a transcription factor that regulates genes involved inflammation, such as COX-2 and IL-8 (Ahn and Aggarwal, 2005). As lung fibroblasts express the CB2 receptor (Kicman et al., 2021), it may be that CaSE induces inflammation via the activation of CB2 receptor and/or NF-κB. However, Δ9-THC can also activate other GPCRs such as GPR55 (Sharir and Abood, 2010) which is also expressed in the lung (Ryberg et al., 2007). Interestingly, agonist interaction with GPR55 can also activate NF-κB (Henstridge et al., 2010). However, direct regulation of cannabinoids on the activation of GPR55 still needs to be elucidated. Finally, one of the downstream signaling pathways of the CB1 receptor is p38 MAPK (Chen et al., 2013). It is well studied that cigarette smoke can also active p38 MAPK to induce an inflammatory response (Moretto et al., 2012; Marumo et al., 2014). However, nothing is known about the effect of cannabis smoke on this- and other-signaling pathways in pulmonary cells, a deficit in knowledge that can be addressed by utilization of this standardized extract.
In this study, we sought to develop a protocol for the preparation of a cannabis smoke extract that could be used to investigate the effect of cannabis smoke in vitro. We successfully captured Δ9-THC and CBD within an aqueous preparation (CaSE), which allowed us to recapitulate as closely as possible to what smokers are inhaling; this includes cannabinoids and combustion products. Our data also revealed that this CaSE activates CB1 receptors, further highlighting that it contains biologically active cannabinoids. Importantly, this extract can be prepared and standardized using common laboratory equipment. This CaSE can be used for further molecular investigation into the downstream mechanisms of cannabis smoke/cannabinoids that will ultimately improve our understanding about the effect of cannabis smoke on features of lung pathology.
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Midkine-Notch2 Pathway Mediates Excessive Proliferation of Airway Smooth Muscle Cells in Chronic Obstructive Lung Disease
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Inflammation-induced proliferation of airway smooth muscle cells (ASMCs) and subsequent airway remodeling is a hallmark of chronic obstructive lung disease (COPD). The role of midkine (MK) in COPD is unclear. In this work, we explored the role of MK-Notch2 signaling in COPD by inhibiting the expression of MK using lentivirus shRNA in ASMCs in vitro and instillation of AAV9-MK in the airway of a COPD rat model in vivo. The results demonstrated that LPS decreased ASMC migration and proliferation, increased apoptosis and induced the expression of MK and Notch2 signaling molecules. Inhibition of MK exacerbated the changes in migration and proliferation but decreased the expression of MK and Notch2 signaling molecules. Rats treated with smoke fumigation and LPS showed features of COPD. The small airways of COPD rats were remodeled and lung function was significantly reduced. The expressions of TGF-β, ICAM-1, HA, MMP-9, PC-III, and LN in BALF and the expression of MK and Notch2 signaling molecules were significantly increased in the COPD rats compared with controls. Inhibition of MK reversed these changes. In conclusion, the MK-Notch2 pathway plays a key role in airway remodeling induced by ASMC proliferation. Targeting the MK-Notch2 pathway may be a new strategy for improving airway remodeling and preventing progressive decline of pulmonary function in COPD.
Keywords: Midkine-Notch2 pathway, inflammation, chronic obstructive lung disease, ASMC proliferation, airway remodeling
INTRODUCTION
Chronic obstructive pulmonary disease (COPD) is the third leading cause of death in the world, following myocardial infarction and stroke. With the increase in the number of smokers and the aggravation of air pollution, the incidence of COPD is predicted to continue to rise. The estimated annual death toll from COPD in 2050 is approximated at close to 6 million. At present, the number of COPD patients in China has exceeded 100 million, with a male to female ratio of approximately 2:1. The incidence rate among individuals over 60 years old is 27% (Spero et al., 2017; Disease, 2018) COPD is not only detrimental to the health, quality of life and longevity of the individual, but also poses a heavy burden on the family and society (Iheanacho et al., 2020)
Cigarette smoking is the primary cause of COPD. Harmful particles in smoke directly damage bronchial mucosa, cause chronic inflammation in the small airways and stimulate airway smooth muscle cell (ASMC) proliferation, leading to smooth muscle hypertrophy. Chronic inflammation weakens the immune defense of the respiratory system (Ritchie and Wedzicha, 2020). Macrophages that are recruited to the sites of inflammation release proteases that break down the airway epithelial basement membrane. Decomposition of extracellular matrix produces hyaluronic acid (HA), laminin (LN) and type III procollagen (PC-III), which are deposited in the airway to cause airway remodeling. Together, these processes lead to non-reversible airway remodeling and COPD (Hatipoğlu, 2018). Together, airway remodeling is a complex pathological process that consists of multiple factors and components interacting to cause structural changes in the airway resulting in progressive worsening of airflow limitation. Current treatment of airway remodeling is mostly centered on the release of airway smooth muscle spasm, airway dilation, anti-infection, and anti-inflammation. Overproliferation of ASMCs is also an important cause of airway remodeling, and targeted therapy for airway smooth muscle cell proliferation has rarely been reported (Chan et al., 2019).
Midkine (MK) is a novel heparin-binding growth factor discovered by Japanese researchers in the late 1980s (Kadomatsu et al., 1988). MK is a pleiotropic molecule that is involved in functions such as chemotaxis, mitosis, anti-apoptosis activity and carcinogenesis (Muramatsu, 2014; Sato and Sato, 2014). MK is highly expressed in many malignant tumors, including pancreatic cancer and neuroblastoma. Notch2 is one of the receptors for MK in humans (Kosugi et al., 2007). MK activates the Notch2 signaling pathway, up-regulates the downstream target HES1 and promotes tumor cell proliferation while inhibiting tumor cell apoptosis (Kishida et al., 2013) Notch signaling has been found to be upregulated in pulmonary fibrosis, and inhibition of Notch significantly alleviated pulmonary fibrosis. Our preliminary results showed that MK was highly expressed in a rat model of COPD. We speculate that the MK-Notch2 signaling pathway may promote inflammation and excessive proliferation of ASMCs, resulting in airway stenosis and the progressive decline of pulmonary function in patients with COPD. In this work, the role of MK-Notch2 signaling in COPD was explored by inhibiting the expression of MK using lentivirus shRNA in ASMCs in vitro and instillation of AAV9-MK in the airway of a COPD rat model in vivo. The study aims to provide new ideas for therapeutic strategies that have the potential of slowing down the progressive decline of pulmonary function in patients with COPD.
MATERIALS AND METHODS
Cell Culture
Rat ASMCs (Shanghai Qingqi, China) were cultured, passaged and cryopreserved in a complete high-glucose medium supplemented with 10% fetal bovine serum (FBS) (BI, Israel). Cell experiments were conducted in a high-glucose medium supplemented with 3% FBS. In experiments, the ASMCs were divided into the following six groups: control, non-target shRNA, shRNA 413, control+LPS, non-target+LPS and shRNA 413+LPS. Lentivirus shRNA used to inhibit the expression of MK were designed and purchased from Jikai Gene, Shanghai, China. Successful transfection was observed under fluorescence microscope and verified by western blot and qPCR methods.
Animal Model
Adult male SD rats, weighing 160 ± 10 g, were purchased from Tianqin, Hunan, China and housed in the Drug Safety Evaluation Center of Hainan Medical College. All animal experiments were carried out in accordance with the recommendations of the International guidelines for the care and use of laboratory animals. The experimental protocols were approved by the Animal Ethics Committee of Hainan Medical College. Rat model of COPD was established by exposure to LPS combined with smoking. LPS (200 µL) was instilled via tracheal intubation 10 min after anesthesia with sodium pentobarbital (40 μg/g) injected intraperitoneally. LPS was instilled at day 1, 10, 25, 40, 55, 70, and 85. Rats were exposed to cigarette smoke for 40–45 min each time via a homemade smoking box once in the morning and once in the evening for 100 days. The cigarette used for smoking had a nicotine content of 1.2 mg and tar content of 13 mg per cigarette. A total of 24 rats were divided into 4 groups with 6 rats in each group: control, COPD, COPD+AAV9-non-target and COPD+AAV9-MK. The control group received 300 μL of normal saline (NS) per rat. The COPD group was exposed to combined smoke fumigation and instillation of LPS for 100 days. The COPD group received 300 μL of normal saline (NS) per rat. The COPD + AAV9-non-target rats were instilled with 1.5 × 1011 vg/300 µL AAV9-non-target per rat. The COPD + AAV9-MK rats were instilled with 1.5 × 1011 vg/300 µL AAV9-MK per rat. The rats were sacrificed 21 days after AAV9 instillation. AAV9 were designed and purchased from Jikai Gene, Shanghai, China Table 1.
TABLE 1 | Gene sequence of AAV9-MK-shRNA.
[image: Table 1]Migration Assay
ASMCs were seeded in a 6-well plate, and the scratch test was performed by scratching the cell monolayer with a 200 μL pipette tip. Cell migration before and after treatment with 300 μg/ml LPS was observed under a light microscope. Images were taken at 0, 24, 48 and 72 h. The rates at which cells repopulate were analyzed by ImageJ software.
Cell Proliferation and Apoptosis Assays
ASMCs were seeded in a 96-well plate and CCK-8 reagent (Dojindo, Japan) was added. They assay was performed according to the manufacturer’s instructions. The cell proliferation rate was calculated based on OD values. ASMCs were seeded in a 6-well plate and apoptosis was detected with an apoptosis detection kit (Shanghai Yisheng, China). The ASMCs were digested by EDTA-free trypsin and centrifuged. The supernatant was discarded. The cells were diluted to 3 × 106 cells/ml. Six replicate tubes were divided into 6 groups. For each group, 100 µL of cell solution was added. The cells were centrifuged, and supernatant was discarded, 100 µL of Binding Buffer was added, 5 µL of Annexin V-FITC, 10 µL of PI Staining Solution, and then 400 µL of 1 × Binding Buffer was added. The solution was thoroughly mixed and FACS was used to detect the apoptosis rate of each group.
Pulmonary Function Test
The rats were anesthetized by intraperitoneal injection of sodium pentobarbital (40 μg/g), tracheostomized and connected to a lung function instrument (Shanghai Tawang, China). The FEV mode was used to measure 0.3s FEV/FVC and maximal mid-expiratory flow (MMEF).
ELISA
ELISA kits (Qingdao Baizhou, China) were used to quantify the levels of MK-Notch2 signaling molecules in vitro. Intracellular molecules were released from the cells by repeated freeze and thaw cycles. The cells were centrifuged and the supernatant was collected for quantification of MK, HES1, and Notch2 using ELISA. ELISA kits were also used to quantify the levels of inflammatory mediators transforming growth factor-β (TGF-β), intercellular adhesion molecule 1 (ICAM-1), HA, matrix metalloproteinase-9 (MMP-9), PC-III and LN in the bronchoalveolar lavage (BALF) of rats. Experiments and standard curves were performed according to the manufacturer’s instructions.
qPCR
The mRNA levels of MK-Notch2 signaling molecules MK, Notch2 and HES1 were semi-quantified with qPCR. RNA extraction, reverse transcription and fluorescence quantification were carried out with kits purchased from Yisheng, Shanghai, China. Primers were designed by Shanghai Shenggong, China; the primer sequences are listed in Table 2. The PCR amplification program consisted of 40 cycles. Actin mRNA was used for the normalization of gene expression.
TABLE 2 | Primer sequences.
[image: Table 2]Hematoxylin and Eosin staining
Lung tissue from rats were fixed with 4% formaldehyde, dehydrated and embedded in paraffin. The paraffin blocks were sectioned into thin slices and stained with H&E (Biosharp, China) after deparaffination and rehydration.
Immunofluorescence
Cryosectioned lung tissue was immersed in 4°C acetone and washed with PBS, and the cell membranes were permeabilized with 0.3% Triton X-100 (Biosharp, China). The slides were incubated with antibody against green florescent protein (GFP, 1:500, Abcam, UK) under room temperature and washed with PBS. The cell nuclei were visualized with DAPI (1:2000, Abcam, United Kingdom).
Western Blot
Protein extraction was performed using RIPA lysis buffer (Wuhan Boster, China). Protein samples were separated by electrophoresis and transferred to polyvinylidene difluoride (PVDF) membranes. The membrane was blocked with 5% skimmed milk for 90 min at room temperature. The PVDF membrane was incubated with the primary antibody at 4 °C overnight on a shaker. The membrane was then incubated with secondary antibody at room temperature for 1 h. The membrane was placed into a chemiluminescence machine to visualize the protein bands after washing. ImageJ software was used to analyze band densities. Tubulin was used as a loading control. All antibodies were purchased from Abcam, UK; the antibody dilutions used were as follows: MK 1:1000; Notch2, 1:1000; HES1, 1:500.
Immunohistochemistry
Lung tissue slices were deparaffinized and washed with PBS, immersed in citric acid for antigen retrieval and incubated with 3% H2O2. The slices were washed with PBS and blocked with 4% sheep serum before incubation with the primary antibody (same concentrations as for western blot) under room temperature. The slides were stained with DAB, counterstained with hematoxylin and dehydrated with increasing concentrations of alcohol and xylene before sealing.
Data and Statistical Analysis
Results are expressed as mean ± standard deviation (x ± SD). Sample means were compared pairwise using one-way ANOVA. p < 0.05 was considered statistically significant. All statistical analysis was carried out by Graphpad software.
RESULTS
IC50 of LPS in ASMCs and the Efficacy of Different Lentivirus shRNAs in Silencing MK
The injury of ASCMs was first induced with LPS and the IC50 value of LPS was determined. ASMCs were stimulated with increasing concentrations of LPS (1 μg/ml, 5 μg/ml, 25 μg/ml, 100 μg/ml, 300 μg/ml, 800 μg/ml, 1500 μg/ml and 3000 μg/ml) and the effect of LPS on proliferation was detected using the CCK-8 kit. The results showed that increased concentration of LPS caused decreased cell viability and that the cell viability was close to zero at the highest LPS dose (3000 μg/ml) (Figure 1A). The IC50, i.e. the concentration of LPS that inhibits ASMC activity by 50%, was found to be 300 μg/ml. Then, we transfected ASCMs with different lentivirus shRNAs targeting MK and examined the expression of GFP under a fluorescence microscope at 72 h after transfection. There was no expression of GFP in the control group and strong fluorescence expression in the non-target group. Among the different shRNAs targeting MK, shRNA 411, shRNA 412 and shRNA 413 all resulted in different florescence intensities, and shRNA 413 displayed the strongest fluorescence signal (Figure 1B). We also performed western blot analysis on ASMCs transfected with lentivirus shRNAs. The expression level of MK mRNA was also quantified with qPCR. While there was no significant difference in MK protein (Figures 1C,D) or mRNA expression level (Figure 1E) between the non-target shRNA group and the control group, MK protein and mRNA expression levels in the shRNA 411, 412 and 413 groups were all significantly lower than that in the control group. MK levels were the lowest in the shRNA 413 group; the inhibition rate of MK protein was 91 and 93% for MK mRNA.
[image: Figure 1]FIGURE 1 | IC50 of LPS in ASMCs by LPS and the efficacy of different lentivirus shRNAs in silencing MK. (A) Dose-response curves for determining the IC50 of LPS in ASMCs. n = 5, x±SD. (B) The expression of different lentivirus in ASMCs (200x). (C) Western blot analysis of ASMCs transfected with the indicated lentivirus. (D) Quantification of the MK protein content relative to the tubulin loading control. (E) qPCR was performed on ASMCs transfected with the indicated lentivirus; the relative MK mRNA expression levels normalized to the control group are shown. * p < 0.05 and ** p < 0.01 compared with the control group.
Cell Migration, Proliferation and Apoptosis of ASMCs Before and After LPS Treatment and Inhibition of MK Expression
Next, we used scratch assay, flow cytometry and CCK-8 to explore the effect of MK on the migration, apoptosis and proliferation of ASMCs. As illustrated in Figure 2A, the results of the scratch test showed that there was no significant difference in the scratch healing rate between the non-target shRNA and control groups. The scratch healing rate of the shRNA 413 group (91.66%) was not significantly different from that of control group (91.33%) (Figure 2B). The scratch healing rate of control + LPS group (42%) was not significantly different from non-target + LPS group (41.33%), but the rate was significantly lower than that of the control group. The scratch healing rate of the shRNA 413+LPS group (15.66%) was significantly lower than that of the control + LPS group. The apoptosis rate of cells in each group was detected by flow cytometry after 72 h of treatment. The results showed that there was no significant change in apoptosis rate between the non-target (5.13%), control (5.67%) and shRNA 413 groups (5.92%) (Figures 2C,D). The apoptosis rate in the control + LPS group (28.66%) was significantly higher than that in the control group (5.67%). There was no significant difference in the apoptosis rate between the non-target + LPS (28.29%) and control + LPS groups (28.66%). The apoptosis rate in the shRNA 413+LPS group (36.7%) was significantly higher than that in the control + LPS group (28.66%). The proliferation rate of cells in each group was detected by CCK-8 assays after 72 h of treatment. The results showed that the proliferation rate of the non-target group (96.67%) and shRNA 413 group (95%) were not significantly different from that of the control group (95.33%) (Figure 2E). The proliferation rate of the control + LPS group (49%) was significantly lower than that of the control group. The proliferation rate of the non-target + LPS group (49.67%) was not significantly different from that of the control + LPS group. The proliferation rate of the shRNA 413+LPS group (30%) was significantly lower than that of the control + LPS group.
[image: Figure 2]FIGURE 2 | Cell migration, proliferation and apoptosis of ASMCs before and after LPS treatment and inhibition of MK expression. (A) Images taken at 0, 24, 48 and 72 h after the cell scratch. (B) The scratch healing rate of each group was calculated by ImageJ software after 72 h. (C) Flow cytometry analysis of cells in each group. (D) The apoptosis rate of each group was determined. (E) The cell proliferation rate was detected by CCK-8 assay. n = 3, x±3. * p < 0.05, ** p < 0.01 compared with the control group. # p < 0.05, ## p < 0.01 compared with control+LPS.
Characterization of the MK-Notch2 Signaling Pathway in vitro
The relationship between MK and Notch2 signaling pathway in the injury of ASMCs was investigated. As depicted in Figure 3, western blot analysis of MK protein, ELISA of MK in cell supernatants and qPCR of MK mRNA expression showed that there was no significant difference in MK protein and mRNA expression between the non-target group and control group. MK was significantly lower in the shRNA 413 group and significantly higher in the control + LPS compared with the control group. MK in the non-target + LPS group was not significantly different from that of the control + LPS group, but MK in the shRNA 413+LPS group was significantly lower than that of the control + LPS group (Figures 3A,B,E,H). ELISA of MK from the supernatant of cells showed a similar trend as the qPCR results (Figure 3H). The protein and mRNA expression patterns of HES1 and Notch2 were similar. There was no significant difference in HES1 and Notch2 expression between the non-target, shRNA 413 and control groups. HES1 and Notch2 were significantly higher in the control + LPS group than in the control group. HES1 and Notch2 were not significantly different in non-target + LPS group compared with the control + LPS group. Both HES1 and Notch2 expressions in the shRNA 413+LPS group were significantly lower than those in the control + LPS group (Figures 3C,D,F,G). The expressions of HES1 and Notch2 were also detected in the supernatant by ELISA after repeated freeze-thawing and centrifugation (Figures 3I,J). The trend of HES1 and Notch2 expression was the same as that observed in qPCR.
[image: Figure 3]FIGURE 3 | Characterization of the MK-Notch2 signaling pathway in vitro. (A) Western blot analysis. (B) Quantification of MK levels normalized to tubulin. (C) Quantification of HES1 levels normalized to tubulin. (D) Quantification of Notch2 levels normalized to tubulin. (E) The relative expression of MK mRNA. (F) The relative expression of HES1 mRNA. (G) The relative expression of Notch2 mRNA. (H) MK concentration detected by ELISA. (I) HES1 concentration detected by ELISA. (J) Notch2 concentration detected by ELISA.
Inhibition of MK Expression in COPD Rats Alleviated COPD-Induced Morphological Changes in the Lungs
It was well known that inhibiting the proliferation of ASMCs could improve airway remodeling. Therefore, we would observe the changes in rat lung tissue and airway remodeling by inhibiting the expression of MK in COPD rat model. As shown in Figure 4a1, the surface of the lungs from rats in the control group was smooth, pinkish and without edema or nodule. Lungs of rats from the COPD and COPD + AAV9-non-target groups showed clear signs of inflammation and edema, with rough surface and congestion (Figures 4a2,a3). The signs of inflammation and edema were alleviated in the COPD + AAV9-MK group (Figure 4a4). H&E staining of lung tissue showed that the control group had no inflammatory cell infiltration. The small airway smooth muscle layer and lumen size were normal (Figure 4b1). The COPD and COPD + AAV9-non-target groups showed significantly increased small airway smooth muscle cells, airway muscle layer thickening, lumen deformation, stenosis, remodeling and peripheral inflammatory cell infiltration (Figures 4b2,b3). In the COPD + AAV9-MK group, the infiltration of inflammatory cells around the small airway was significantly reduced, the small airway smooth muscle cells decreased, the airway muscle layer became thinner, the lumen widened and the airway remodeling improved compared with the COPD + AAV9-non-target group (Figure 4b4). Cryosectioned lung tissue showed that the smooth muscle layer and lumen of the small airway in the control group were normal under DAPI mode and no green fluorescence was seen under GFP mode (Figures 4c1–c3). In the COPD group, the lumen was deformed, narrowed and remodeled under DAPI mode and no green fluorescence was seen under GFP mode (Figures 4c4–c6). In the COPD + AAV9-non-target group, the small airway lumen was deformed and narrowed, and the degree of remodeling was similar to that in COPD group under DAPI mode; green fluorescence was observed under GFP mode (Figures 4c7–c9). In the COPD + AAV9-MK group, the airway remodeling was improved and the lumen of small airway was widened; green fluorescence was observed under GFP mode (Figures 4c10–c12).
[image: Figure 4]FIGURE 4 | Morphology of lungs of COPD rats with or without inhibition of MK expression and the expression of GFP. (A1–A4) Representative photos of lung tissue. (B1–B4) H&E staining of lung tissue. (C1–C12) Fluorescence microscopy photos under GFP, DAPI and merge (synthesis) mode. Note: GFP expression is green, DAPI is blue (200x).
Inhibition of MK Expression in COPD Rats Improves Lung Function and Decreases Inflammatory Mediators in BALF
In COPD rats, the relationship between MK expression, inflammatory mediators in BALF and lung function was further explored. As illustrated in Figures 5A,B, the pulmonary function parameters 0.3sFEV/FVC and MMEF were measured using the FEV mode. The results showed that 0.3sFEV/FVC and MMEF in the COPD group were significantly lower than those in control group. There was no significant difference in 0.3sFEV/FVC between the COPD + AAV9-non-target group and COPD group. The COPD + AAV9-MK group had significantly improved 0.3sFEV/FVC and MMEF compared with the COPD group. The levels of TGF-β, ICAM-1, HA, MMP-9, PC-III, and LN were measured in BALF by ELISA (Figures 5C–H). The results showed that levels of TGF-β, ICAM-1, HA, MMP-9, PC-III and LN were significantly higher in the COPD group than the control group. These inflammatory mediators were not significantly different between the COPD + AAV9-non-target and COPD group, but were significantly lower in the COPD + AAV9-MK group compared with the COPD group.
[image: Figure 5]FIGURE 5 | Pulmonary function and inflammatory mediators in BALF. (A) Pulmonary function parameter 0.3sFEV/FVC. (B) Pulmonary function parameter MMEF. (C–H) The concentrations of TGF-β, ICAM-1, HA, MMP-9, PC-III and LN in BALF. n = 6, x ± SD. * p < 0.05, ** p < 0.01 compared with the control group; # p < 0.05, ## p < 0.01 compared with the COPD group.
Characterization of the MK-Notch2 Signaling Pathway in vivo
As depicted in Figure 6A, IHC of lung tissue showed that the expression of MK, HES1 and Notch2 was increased in COPD group compared with control. There was no significant difference in MK, HES1 and Notch2 expression between the COPD + AAV9-non-target and COPD group. The expression of MK, HES1 and Notch2 was significantly lower in the COPD + AAV9-MK group than that in the COPD group. A similar expression pattern was seen in the western blot analysis of protein extracted from lung tissue as well as the mRNA expressions of these signaling molecules by qPCR (Figures 6B–H).
[image: Figure 6]FIGURE 6 | Characterization of the MK-Notch2 signaling pathway in vivo. (A) IHC of MK, HES1 and Notch2 protein in the lung tissue of the control group by IHC (200x). (B) Western blot analysis of MK, HES1 and Notch2 protein. (C–E) Quantification of MK, HES1 and Notch2 protein relative to tubulin. (F–H) Quantification of the relative expression of MK, HES1 and Notch2 mRNA in the lung tissue. * p < 0.05, ** p < 0.01 compared with the control group; # p < 0.05, ## p < 0.01 compared with the COPD group.
DISCUSSION
MK is highly expressed in a variety of inflammatory diseases such as rheumatoid arthritis and Crohn’s disease (Shindo et al., 2017). MK is chemotactic and promotes the accumulation and infiltration of inflammatory mediators (Inoh et al., 2004; Zhang et al., 2015). MK also stimulates the release of macrophage inflammatory protein (MIP-2), which attracts and recruits macrophages and neutrophils. In the airway, MK-stimulated neutrophil recruitment aggravates the inflammatory response (Sato et al., 2002; Weckbach et al., 2014). Cigarette smoking is the most important risk factor for COPD. Harmful substances in smoke cause ASMC injury and stimulate the repair process, which lead to excessive proliferation of ASMCs. ASMC proliferation is closely related to the occurrence of COPD.
In our study, we induced injury of ASMCs with LPS and investigated the role of MK on proliferation, migration and apoptosis of injured ASMCs by inhibiting MK expression in ASMCs by lentiviral shRNA. Our results showed that inhibition of MK did not cause any changes in cell migration, proliferation and apoptosis in ASMCs that were not treated with LPS. Some studies have shown that the expression of MK is high in the embryo and decreases after birth, and the expression of MK in the kidney, small intestinal epithelium and other parts of the body is very low in healthy adult animals (Kadomatsu and Muramatsu, 2004). Inhibition of MK does not affect normal physiological function in healthy people. This is consistent with our finding that inhibition of MK expression in normal ASMCs had no effect on cell migration, proliferation and apoptosis. However, when the ASMCs were exposed to LPS, the expression of MK began to increase. The cells showed signs of acute injury, with decreased migration and increased apoptosis. When the expression of MK was inhibited in cells treated with LPS, ASMC viability and migration further decreased, and the apoptosis rate was higher. These results support the role of MK in cell proliferation, migration and inhibition of cell apoptosis in response to injury.
Research on COPD has been performed using a wide range of animal models (Wright and Churg, 2010; Polverino et al., 2015). Many animals have been used to establish COPD models, including mice, SD rats, goats, dogs and monkeys. However, rats and mice are considered the best choice because their genome has been sequenced in detail and the relatively low price associated with this model system. There is currently no national or international consensus on the evaluation criteria for COPD models in rats. In a review of the literature, 0.3sFEV/FVC, MMEF, histopathological signs on H&E staining and inflammatory factors in BALF were identified as common criteria (Ghorani et al., 2017). In this study, the COPD rats had a significantly lower 0.3sFEV/FVC and MMEF than control rats, suggesting airflow limitation and pulmonary function decline. The measured inflammatory mediators were all significantly increased in BALF, suggesting chronic inflammation in the airway. H&E staining showed neutrophil infiltration around the airway, airway smooth muscle thickening, deformation and stenosis of airway lumen, suggesting airway remodeling. Taken together, the results show that our rat COPD model reflects the pathophysiological changes of COPD.
Long-term smoke causes chronic airway inflammation in patients with COPD, stimulating airway mucosa to produce TGF-β and MMP-9, which leads to protease/anti-protease imbalance, alveoli destruction, hydrolyzed alveolar elastic fibers, alveolar fusion, and finally emphysema (Vlahos and Bozinovski, 2014). MMP-9 can directly damage the basement membrane of airway epithelium and cause breakdown of the extracellular matrix (ECM), releasing HA, LN and PC-III (Seemungal et al., 2008). Airway injury activates TGF-β and promotes the secretion of HA, LN and PC-III from the ECM (Mahmood et al., 2017; Di Stefano et al., 2018). HA, LN and PC-III deposit in the airways, leading to accelerated airway stenosis and remodeling (Westergren-Thorsson et al., 2018). Airway injury can also cause upregulated expression of ICAM-1 to promote the adhesion of neutrophils to airway epithelial cells, drive neutrophils to migrate into the airway, and thereby aggravate the inflammatory response (Zimmerman et al., 1994). Chronic airway inflammation accelerates the destruction of lung tissue and leads to airway remodeling, persistent airflow limitation, decreased lung function, and finally COPD. In our in vivo experiments, we also found that the expression of TGF-β, ICAM-1, HA, MMP-9, PC-III, and LN in BALF were significantly increased in COPD rats. Decreased pulmonary function and airway remodeling were also seen. Upon inhibition of MK expression in COPD rats with AAV9-MK, the lung function parameters 0.3sFEV/FVC and MMEF both increased, while the inflammatory mediators in BALF and neutrophil infiltration decreased; the airway smooth muscle layer also became thinner and the airway lumen widened. We also saw an improvement of airway remodeling in H&E-stained lung tissue sections. Taken together, the results suggest that MK plays an important role in COPD pathology and targeting the MK-related signaling pathways can reduce the inflammatory reaction, improve airway remodeling and enhance lung function.
MK expression is significantly increased in many malignant tumors, including gastric cancer, pancreatic cancer, lung cancer, breast cancer, colorectal cancer, esophageal cancer, hepatocellular carcinoma and bladder cancer (Ren and Zhang, 2006; Krzystek-Korpacka et al., 2012; Zhao et al., 2012; Yao et al., 2014; Li et al., 2015; Yuan et al., 2015; Song et al., 2016; Vu Van et al., 2016). MK has been shown to promote tumor cell proliferation and inhibit tumor cell apoptosis. The specific inhibitor of MK APT-1 significantly reduced the volume and weight of neuroblastoma and also reduced the expression of the nuclear transcription factor HES1 in the Notch2 signaling pathway. The HES1 transcription factor promotes downstream cell proliferation and inhibits apoptosis. The Notch2 signaling pathway has also been shown to be involved in the chemotactic inflammatory response (Danahay et al., 2015; Zhang et al., 2017; Carrer et al., 2020). In patients with asthma, inhibiting the Notch signaling pathway in goblet cells reduces inflammation and metaplasia and improves airway remodeling. MK promotes epithelial-mesenchymal transition (EMT), and inhibiting both MK and Notch signaling pathways alleviates pulmonary fibrosis. These studies suggest that the MK-Notch2 signaling pathway plays an important role in cell proliferation, inflammation and remodeling, which is consistent with the results of this study.
In the in vitro experiments, LPS was used to establish an acute injury model of ASMCs, and lentivirus shRNA was used to inhibit the expression of MK in ASMCs. We measured changes in MK and Notch2 signaling pathway factors (MK, Notch2 and HES1) and found that the MK-Notch2 signaling pathway in ASMCs was activated following acute injury. Inhibition of MK expression weakened the expression of Notch2 signaling pathway–related factors, as well as decreased ASMC proliferation and migration while increasing apoptosis. These results are consistent with findings from our in vivo experiments. In the COPD rat model, both MK and Notch2 signaling pathways were highly expressed. After inhibiting MK by AAV9, the expression of Notch2 signaling pathway factors also decreased. The NTM transmembrane protein is a factor in the Notch2 signaling pathway and is responsible for signal transduction; HES1 is a transcription factor downstream in the Notch2 signaling pathway that promotes cell proliferation and inhibits cell apoptosis. Thus, MK may enhance the signal transduction of the Notch2 signaling pathway through upregulation of the expression of the Notch2 receptor, the transmembrane protein NTM and downstream target HES1, and thereby regulate the cell cycle of AMSCs, promote ASMC proliferation, inhibit apoptosis, and lead to airway narrowing, thereby play a role in the development of COPD.
In summary, our findings showed that inhibiting the expression of MK in vitro and in vivo reduced the proliferation of ASMCs, decreased pulmonary inflammation and improved lung function and remodeling. Targeting MK, for example, by gene therapy, may be a new strategy to improve airway remodeling and prevent the progressive decline of pulmonary function in COPD.
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Acute respiratory distress syndrome (ARDS), a devastating complication of numerous conditions, is often associated with high mortality. It is well known that endothelial cell (EC) damage and inflammation are vital processes in the pathogenesis of ARDS. Nevertheless, the mechanisms of EC damage are largely unknown. In the present study, we investigated the role of pyroptosis in the initiation of ARDS and demonstrated that endothelial pyroptosis might play a pivotal role in the pathophysiology of ARDS. Metformin, an antidiabetic drug, exhibited a protective effect in lipopolysaccharide (LPS)-induced lung injury, and we hypothesized that metformin alleviated LPS-induced lung injury via inhibiting ECs pyroptosis. In vivo, male ICR mice were intratracheally injected with LPS, and metformin was previously administered intraperitoneally. Morphological properties of lung tissues were detected. We showed that metformin inhibited NLRP3 inflammasome activation and NLRP3-stimulated pyroptosis induction, as shown by decreased levels of cleaved caspase-1, N-terminal fragment of GSDMD, and protein contents of IL-1β in lung tissues of mice exposed to LPS. LPS-induced expression of vascular adhesion molecules was also reduced after the treatment with metformin. In vitro, exposure of pulmonary ECs to LPS resulted in increased expression of NLRP3 and pyroptosis-associated indicators. By inhibiting the expression of NLRP3 with NLRP3 inhibitor MCC950, pyroptosis-related markers and vascular adhesion molecules were ameliorated. Moreover, metformin treatment significantly inhibited the NF-κB signaling pathway and increased the expression of sirtuin 1 (SIRT1) both in LPS-stimulated lung tissues and pulmonary ECs. Administration of the selective SIRT1 inhibitor nicotinamide significantly reversed the protective effect of metformin against endothelial pyroptosis and lung injury in LPS-treated ECs and LPS-induced acute lung injury (ALI). Thus, these findings demonstrated that metformin alleviated LPS-induced ALI by inhibiting NF-κB-NLRP3–mediated ECs pyroptosis, possibly by upregulating the expression of SIRT1.
Keywords: ARDS, endothelial pyroptosis, metformin, NLRP3, SIRT1
INTRODUCTION
Acute lung injury (ALI) or acute respiratory distress syndrome (ARDS) is a devastating complication triggered by various factors (Han and Mallampalli, 2015), and it is often associated with high mortality. It is characterized by difficult breathing and low blood oxygen, thereby leading directly to respiratory failure and death in fatal COVID-19 cases (Zhang et al., 2020). ARDS and sepsis share some of the underlying mechanisms, which include inflammatory responses and endothelial damage. Lung vascular endothelium injury is the most important initial cause of ARDS following sepsis, which affects pulmonary homeostasis (Matthay and Zemans, 2011). At present, advances in rescue therapies, including lung-protective ventilation (Amato et al., 2015), prone positioning (Guerin et al., 2013), infusion of neuromuscular blockade (Papazian et al., 2010), and extracorporeal life support (Peek et al., 2009), have improved the outcome of ARDS in recent years. However, there is no specific treatment strategy for ARDS. Therefore, further studies are needed to explore the pathogenesis and treatment modalities of ARDS.
Pyroptosis is a specialized form of cell death, different from apoptosis and necrosis (Shi et al., 2015). Canonical pyroptosis can be activated by inflammasomes (Jia et al., 2019). NLRP3 inflammasome can recognize microbial and endogenous danger signals and trigger innate immune responses. After priming, cytosolic NLRP3 oligomerizes with other proteins of the inflammasome complex, primarily ASC and pro-caspase-1 (Broz, 2019), and pro-caspase-1 is subsequently activated, leading to the cleavage of gasdermin D (GSDMD). After the activation, the N-terminal fragment of GSDMD oligomerizes and forms membrane pores, thereby causing cellular swelling, plasma membrane rupture, and release of cytoplasmic contents. Activation of caspase-1 also cleaves proinflammatory cytokines IL-1β and IL-18 into their functional conformation (Herman and Pasinetti, 2018; Mathur et al., 2018). Lung endothelial cells (ECs) are an important source of IL-1β, and the production of active IL-1β is controlled by the inflammasome. Pyroptosis has been shown to play a requisite role in endotoxemic lung injury, suggesting that inhibiting endothelial pyroptosis may offer an important therapeutic strategy for the treatment of ALI (Cheng et al., 2017).
Metformin is an effective antidiabetic drug which exhibits pulmonary protective effects in diverse ALI models, including ventilator-induced lung injury (Tsaknis et al., 2012), PM 2.5–induced lung injury (Gao et al., 2020), and endotoxemia-induced lung injury (Wu et al., 2018). In addition, metformin decreases the disease severity and mortality in COVID-19 patients (Bramante et al., 2021). Current evidence suggests that metformin alleviates endothelial dysfunction in the vasculature (de Aguiar et al., 2006). Metformin also protects from vascular endothelial dysfunction in type 2 diabetes patients with metabolic syndrome (Nafisa et al., 2018) and women with polycystic ovary syndrome (PCOS) (Heidari et al., 2019). NLRP3 inflammasome activation in lung vascular ECs is associated with different pulmonary disorders (Xiang et al., 2011; Wang et al., 2017; Ito et al., 2020). A previous study has demonstrated that metformin treatment ameliorates the NLRP3 inflammasome-mediated pyroptosis in diabetic periodontitis (Zhou et al., 2020); however, it remains unclear whether metformin reverses pulmonary endothelial dysfunction during the pathogenesis of ARDS.
Sirtuin 1 (SIRT1) is an NAD+ -dependent protein deacetylase that is involved in a wide range of cellular processes, including cellular metabolism and embryogenesis (Wang et al., 2008; Tang et al., 2014). There is emerging evidence that SIRT1 regulates NLRP3 in vascular ECs, thereby inhibiting the inflammatory response (Li et al., 2016; Li et al., 2017; Wang et al., 2017). NF-κB, a proinflammatory gene, activates a variety of genes in the nucleus, including NLRP3. Therefore, the present study investigated the effect of metformin in NLRP3 inflammasome activation-mediated pyroptosis exposed to lipopolysaccharide (LPS) and in LPS-treated lung ECs. Here, we demonstrated that metformin blunted the severity of LPS-induced ARDS and inflammasome activation. We hypothesize that metformin exerts the pulmonary protective role by upregulating the expression of SIRT1, thereby inhibiting NF-κB-NLRP3–triggered ECs pyroptosis. Therefore, we suggest that metformin, a safe and inexpensive antidiabetic drug, may be useful for the treatment of ARDS.
MATERIALS AND METHODS
Animals and Experimental Design
Institute of Cancer Research (ICR) mice (25–30 g) were purchased from Shanghai Sippr-BK laboratory animal Co. Ltd. (Shanghai, China). The mice were acclimated to standard conditions (22 ± 2°C; 12 h light/dark periods) with access to food and water ad libitum for 7 days prior to conducting experiments. All animal studies were implemented in accordance with the principles of the Ethical Committee of Xinhua Hospital affiliated with Shanghai Jiao Tong University, School of Medicine. In addition, LPS from Escherichia coli O111:B4 (L2630, Sigma-Aldrich, St. Louis, MO, United States, 5 mg/kg) was intratracheally injected via a 22-gauge catheter, and the mice were euthanized 9 h later. Metformin (Bristol Myers Squibb, Shanghai, China) was administered intraperitoneally, 50 mg/kg, 30 min prior to the LPS challenge (Park et al., 2012; Vaez et al., 2016). SIRT-1 inhibitor nicotinamide (NAM, 60 mg/kg, Sigma) was given intraperitoneally 1 h before metformin treatment. At the indicated time, the mice were sacrificed, and the left lower lung lobes were removed and fixed in 4% formalin for morphological evaluation. Other lobes were frozen at −80°C for further analysis.
Pulmonary ECs Cells Culture and Treatment
Mouse lung vascular ECs were isolated in accordance with a previously published article (Dong et al., 2015). In brief, ICR mice weighing around 15 g were anesthetized; their lungs were inflated with cold phosphate buffer saline (PBS) to remove blood; peripheral tissues were cut into small pieces. Dulbecco’s modified Eagle’s medium (DMEM) with 20% fetal bovine serum (FBS) was added as a culture medium. ECs crawled out beneath the lung tissue 60 h later. The adherent cells were grown in DMEM supplemented with 10% FBS for 3 days after removal of the tissue dices. Mouse lung ECs were characterized by their cobblestone morphology, and factor VIII-related antigen staining and CD31 staining were performed to identify their purity. The cells were exposed to 1 μg/ml LPS with/without pretreatment with metformin (10 mM), MCC950 (10 μM), NAM (1 mM), or SIRT1 siRNA (sc-40987, Santa Cruz). The supernatants were collected and stored at −80°C until assayed.
Monocyte–ECs Adhesion
For activation, HMEC-1 cells (human microvascular endothelial cell-1) were cultured in 24-well plates and incubated with LPS and metformin in the presence or absence of NAM for 24 h. For monocyte–ECs adhesion experiments, assays were performed by adding 5  ×  105 THP1 cells (Zhong Qiao Xin Zhou Biotechnology Co., Ltd., Shanghai, China) that were labeled with 2 µM calcein-AM with green fluorescence (Beyotime Biotechnology, China) to 1  ×  105 confluent HMEC-1 cells (FuHeng Biology, Shanghai, China) for 2  h (Lin et al., 2018). THP-1 cells that were firmly bound to HMEC-1 were observed with a fluorescence microscope (Olympus, Tokyo, Japan).
Histological Evaluation
Fixed lung specimens were embedded in paraffin, and tissue sections (4 μm) were stained with hematoxylin and eosin (H&E) to detect pathological changes.
Lung Wet-To-Dry Ratio
The extent of lung edema was evaluated by the wet-to-dry (W/D) ratio. The wet weight was measured immediately after the excision of the lung, and the dry weight was recorded after drying in an oven at 60°C for 48 h. The lung W/D ratio was calculated as wet weight/dry weight.
Evans Blue Albumin
An Evans blue dye–labeled albumin mixture (EB, 40 mg/kg, Sigma) was injected into the left jugular vein of each mouse 45 min before the mice were killed. The lungs were perfused with PBS and weighed. The lung tissues were homogenized in PBS and incubated with 2 ml formamide at 60°C overnight. The homogenate was centrifuged for 30 min at 5,000 g. The optical density of the supernatant was observed at 620 nm (A620) spectrophotometrically. Extravasated EB concentrations in the lung homogenate were presented as micrograms of Evans blue dye per gram of tissue.
Immunohistochemistry and Immunofluorescence of Lung Samples
In brief, lung sections (4 μm) were deparaffinized, hydrated, and transferred to citrate buffer (pH = 6.0) for antigen retrieval, followed by cooling for 20 min. Endogenous peroxidase activity was blocked by H2O2, and incubation with normal goat serum was performed to reduce nonspecific binding. The lung sections were incubated with primary antibodies specific for F4/80 (a macrophage marker) and myeloperoxidase (MPO, a neutrophil marker). NLRP3 and caspase-1 activation in pulmonary endothelium was detected by immunofluorescence co-staining with the endothelial marker CD31 in accordance with standard protocols. The sections were imaged through an Olympus fluorescence microscope.
Immunofluorescence Staining of Endothelial Cells
After the treatments, endothelial cells were fixed with 4% paraformaldehyde for 10–20°min, permeabilized with 0.3% Triton X-100 in PBS-Tween, and blocked with 5% BSA for 30°min, followed by incubation with primary antibody against NLRP3 (1:200, ABclonal) or CD31 (1:200, Servicebio) at 4°C overnight. FITC-conjugated or CY3-conjugated secondary antibodies were used for immunodetection. After washing three times, nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI, Beyotime) for 5 min. Then, the cells were observed, and images were captured under a fluorescence microscope (Olympus).
TUNEL Assay
DNA fragmentation of endothelial cells was measured by TdT-mediated dUTP nick-end labeling (TUNEL) staining in line with the manufacturer’s protocol (Beyotime). In brief, endothelial cells were fixed and permeabilized, as described earlier. After rinsing with PBS, the cells were incubated with a one-step TUNEL reaction mixture for 1 h at 37°C in a humidified chamber in the dark. Finally, nuclei were counterstained with DAPI (Beyotime). Images were observed, and photographs were taken under a fluorescence microscope (Olympus).
Western Blot Analysis
Lung samples and cell lysates were prepared in cold RIPA buffer containing a protease inhibitor cocktail (Sigma). Equal amounts of proteins (40 μg) were separated by SDS-PAGE and then transferred to PVDF membranes. The membranes were blocked with 5% nonfat milk and incubated with the following primary antibodies: anti-NLRP3 (1:1,000, Cell Signaling Technology, CST, Inc., United States), anti-caspase-1 (1:1,000, ABclonal), anti-GSDMD (1:500, Abcam, Cambridge, MA, United States), anti-SIRT1 (1:1,000, CST), anti-NF-κB p65 (1:1,000, CST), anti-phosphorylated (p)-NF-κB p65 (1:1,000, CST), anti-IκB-α (1:1,000, CST), anti-Acetyl-NF-κB p65 (Lys310) (1:500, CST), anti-PCNA (D3H8P) (1:500, CST), anti-ICAM-1 (1:1,000, Servicebio), and anti-VCAM-1 (1:1,000, Servicebio) overnight at 4°C. After that, the membranes were incubated with HRP-conjugated secondary antibody for 1–2 h. The blots were detected with an enhanced chemiluminescence (ECL) system (Thermo Fisher Scientific). The protein band intensity was normalized to β-actin (1:3,000, Sigma) and expressed as a ratio of the control.
Nuclear and Cytoplasmic Protein Extraction
The nuclear and cytoplasmic protein extraction was conducted by following the manufacturer’s instructions of the commercial kit (P0028, Beyotime).
ELISA
The concentrations of IL-1β in lung tissues and cell supernatants were determined by enzyme-linked immunosorbent assay (ELISA) kits in accordance with the manufacturer’s instructions (Elabscience Biotechnology Co., Ltd., Wuhan, China).
Statistical Analysis
All data are expressed as the mean ± standard error of mean (SEM). Differences among different groups were analyzed by one-way analysis of variance (ANOVA), followed by a post-hoc Tukey’s multiple-comparison test using SPSS software. The significance level was set at p < 0.05.
RESULTS
Metformin Ameliorates LPS-Induced Lung Injury in Mice
To examine the effects of metformin on LPS-induced ALI, we assessed morphological characteristics, performed immunohistochemical analysis of F4/80 and MPO in lung tissues of mice to show the changes in terms of inflammation and neutrophils, and evaluated lung W/D and EBA to determine pulmonary endothelial permeability. Compared with the control group, LPS administration resulted in severe lung injury; in contrast, metformin pretreatment significantly improved LPS-induced lung injury, as reflected by decreased intra-alveolar and interstitial edema (Figure 1A). Metformin also strongly inhibited infiltration by macrophages and neutrophils (Figures 1B and C). LPS administration damaged the pulmonary vascular endothelium as evidenced by increased W/D ratio and degree of EBA extravasation, but these effects were also reduced by metformin (Figures 1D and E).
[image: Figure 1]FIGURE 1 | Metformin ameliorates the morphological characteristics and vascular endothelial hyperpermeability of LPS-induced ALI in mice. Mice were subjected to LPS, with or without metformin treatment for 9 h. (A) Representative hematoxylin and eosin staining of the lung tissues. (B) Immunohistochemistry analysis was used to measure the intensity of F4/80. (C) Immunohistochemistry was used to measure the intensity of myeloperoxidase. (D and E) Lung W/D and Evans blue dye extravasation were determined as indexes of pulmonary edema. Original magnification, ×200. Scale bar, 50 μm. Data are presented as the mean ± SEM (n = 7). **p < 0.01 vs. Control group, ##p < 0.01 vs. LPS group. Myeloperoxidase, MPO.
Metformin Suppresses LPS-Induced Endothelial Cell Pyroptosis and Vascular Adhesion Molecules In Vivo
To investigate whether the mitigation of lung injury by metformin was associated with pyroptosis, the expression levels of pyroptosis-related proteins were detected. As expected, the protein levels of NLRP3, activated caspase-1 (caspase-1 p20), and the N-terminal fragment of GSDMD and IL-1β level were significantly increased in lung tissues of mice exposed to LPS, and metformin pretreatment significantly decreased the levels of these pyroptosis-related proteins (Figures 2A and B). The results showed that the administration of LPS caused a significant increase in the expression of vascular adhesive molecules, including ICAM-1 and VCAM-1, while metformin pretreatment significantly decreased the expression levels of ICAM-1 and VCAM-1 (Figure 2C). To further demonstrate that pyroptosis occurred in pulmonary endothelium, CD31/NLRP3 and CD31/caspase-1 double staining were performed. As shown in Figures 2D–G, the percentage of NLRP3- and caspase-1-positive cells was markedly increased in the pulmonary endothelium of lung tissues following the LPS challenge, but the supplementation of metformin significantly decreased active NLRP3 and caspase-1-positive cells. Collectively, these results showed that metformin inhibited pulmonary EC pyroptosis and vascular adhesive molecules during LPS-stimulated lung injury.
[image: Figure 2]FIGURE 2 | Metformin reduces the LPS-induced release of pyroptotic proteins and vascular adhesion molecules in mouse lung tissues. (A) Western blotting was used to determine the levels of NLRP3, cleaved caspase 1 (p20), and N-terminal fragment of GSDMD. Indicative bands are shown. (B) ELISA was used to determine the protein levels of IL-1β. (C) Representative protein bands and corresponding histogram of ICAM-1 and VCAM-1 are shown. (D) Lung tissues were stained with NLRP3 (green) and CD31 (red). Nuclei were counterstained with 4’6-diamidino-2-phenylindole (DAPI) (blue). (E) Percentages of CD31+NLRP3+ cells are shown as histograms. (F) Lung tissues were stained with caspase-1 (green) and CD31 (red). Nuclei were counterstained with DAPI (blue). (G) Percentages of CD31+Caspase-1+ cells are shown as histograms. Original magnification, ×200. Scale bar, 50 μm. Data are presented as the mean ± SEM (n = 7). **p < 0.01 vs. Control group, ##p < 0.01 vs. LPS group.
Metformin Suppresses LPS-Induced Endothelial Cell Pyroptosis In Vitro
To further explore the role of metformin in LPS-induced endothelial injury, mouse lung ECs were exposed to LPS with or without metformin added. As shown in Figure 3A, the protein levels of NLRP3, cleaved caspase-1, and N-terminal fragment of GSDMD were increased in LPS-treated ECs. IL-1β in cell supernatant was also elevated after LPS administration (Figure 3B). Metformin pretreatment also inhibited the expression of ICAM-1 and VCAM-1 (Supplementary Figure S2). Furthermore, the immunofluorescence staining of NLRP3 and TUNEL staining, respectively, revealed that NLRP3-positive cells and apoptotic cells were remarkably increased by LPS treatment, whereas all these effects were attenuated after pretreatment with metformin (Figures 3C–E).
[image: Figure 3]FIGURE 3 | Metformin and NLRP3 inhibitor reduce the LPS-induced release of pyroptotic proteins and inflammatory cytokines in primarily cultured pulmonary ECs of mice. Pulmonary ECs were pretreated with metformin (10 mM) and NLRP3 inhibitor (MCC950, 10 μM), and then ECs were exposed to LPS for 24 h. (A) Indicative protein bands of NLRP3, cleaved caspase 1 (p20), and N-terminal fragment of GSDMD. (B) ELISA was used to determine the protein levels of IL-1β in the supernatant. (C) ECs were stained with NLRP3 (green). Apoptotic cells were evaluated using TUNEL staining. The nuclei were stained blue using DAPI. (D) and (E) Percentages of NLRP3-positive cells and TUNEL-positive cells. (F) Effect of MCC950 pretreatment on the expression levels of pyroptosis-related proteins was analyzed by Western blotting. Quantitative analysis of pyroptosis-related protein expression was conducted. Representative bands are shown on the left of the histogram. (G) ELISA was used to determine the protein levels of IL-1β in supernatants. (H) DNA fragmentation was determined using TUNEL staining. The nuclei were stained blue using DAPI. (I) Percentage of TUNEL-positive cells. Magnification: ×200. Scale bar, 50 μm. Data are presented as the mean ± SEM (n = 4). **p < 0.01 vs. Control group, #p < 0.05, ##p < 0.01 vs. LPS group.
NLRP3 Inflammasome Induces Pyroptosis Activation in LPS-Treated ECs
NLRP3 inflammasome is well known for its involvement in the activation of caspase-1 and subsequent pyroptosis (Wang et al., 2019). To confirm our hypothesis, NLRP3 inhibitory experiments with the NLRP3 inhibitor MCC950 were performed. Notably, the results showed that MCC950 treatment significantly inhibited the LPS-induced increases in the protein levels of activated caspase-1 (p20) and N-terminal fragment of GSDMD, and the LPS-induced release of IL-1β was also suppressed by MCC950 treatment (Figures 3F and G). The expression levels of vascular adhesion molecules ICAM-1 and VCAM-1 were equally diminished following MCC950 treatment (Supplementary Figure S3). Moreover, the percentages of TUNEL-positive cells were reduced after the treatment with MCC950 in LPS-treated ECs (Figures 3H and I). Therefore, these data provided strong evidence that ECs pyroptosis in LPS-stimulated lung injury was mediated by NLRP3 inflammasome activation.
Effects of Metformin on the Expression of SIRT1/NF-κB Pathway In Vivo and In Vitro
Subsequently, we assessed the effects of metformin on the protein levels of SIRT1 in the lungs of the mouse ARDS model and LPS-treated pulmonary ECs. Western blot analysis indicated that the relative level of SIRT1 in the LPS group decreased to 43% of the control level, whereas further treatment with metformin increased it to nearly 75% of the control level (Figure 4A). Similarly, in pulmonary ECs exposed to LPS, the protein level of SIRT1 was decreased, while metformin administration restored the expression level of SIRT1 (Figure 4B). Phosphorylated NF-κB p65 subunit was increased, whereas IκB-α was decreased in the LPS group compared with the control group; however, metformin reversed these effects both in vivo (Figure 4A) and in vitro (Figure 4B). These results indicated that metformin increased the expression of SIRT1 and decreased the level of phosphorylated NF-κB p65. It has been reported that SIRT1 reduces NF-κB activity by decreasing the acetylation level of lysine 310 of the NF-κB p65 subunit; as expected, the enhancement of p65 lysine 310 acetylation after LPS administration was detected, but it decreased after metformin treatment both in vivo and in vitro (Figures 4C and D).
[image: Figure 4]FIGURE 4 | Metformin suppresses the LPS-induced downregulation of SIRT1 both in vivo and in vitro. (A) Effects of metformin on the expression level of SIRT1 and NF-κB signaling pathway in pulmonary tissues of mice that received LPS intratracheally. Indicative bands are shown on the top of the histogram. Data are presented as mean ± SEM (n = 7). (B) Effects of metformin on the expression level of SIRT1 and NF-κB signaling pathway in primarily cultured pulmonary ECs. Representative bands are shown. Data are presented as mean ± SEM (n = 4). (C) Effects of metformin on the expression level of p65 lysine 310 acetylation in LPS-challenged mouse lung tissues. Data are presented as mean ± SEM (n = 7). (D) Effects of metformin on the expression level of p65 lysine 310 acetylation in LPS-treated pulmonary ECs. Data are presented as mean ± SEM (n = 4). **p < 0.01 vs. Control group, #p <0.05, ##p < 0.01 vs. LPS group.
Inhibition of SIRT1 Eliminates the Protective Effect of Metformin on Endothelial Cell Pyroptosis In Vitro
A former study demonstrated that the activation of SIRT1 inhibited NLRP3 inflammasome activation and subsequent caspase-1 cleavage and IL-1β secretion (Li et al., 2017). In our experiment, we examined whether the inhibition of NLRP3 inflammasome mediated by metformin was regulated by SIRT1. The ECs were incubated with the SIRT1 inhibitor NAM before LPS and metformin treatment. Western blotting indicated that the protein levels of NLRP3, cleaved caspase-1, and N-terminal fragment of GSDMD were increased in the LPS group; however, these proteins decreased in the LPS + Met group and increased again in the LPS + Met + NAM group (Figure 5A). Furthermore, ELISA indicated that the suppression of SIRT1 reversed the effects of metformin on IL-1β levels in LPS-treated pulmonary ECs (Figure 5B). Similarly, treatment with NAM blocked the protective effect of metformin on LPS-induced expression of vascular adhesion molecules (Supplementary Figure S4). Phosphorylated NF-κB p65 subunit was increased, and IκB-α was decreased in the LPS + Met + NAM group compared with the LPS + Met group (Figure 5C). Moreover, p65 lysine 310 acetylation was increased after SIRT1 inhibitor treatment (Supplementary Figure S5B). Meanwhile, SIRT1 siRNA was used to specifically knockdown the expression of SIRT1 in mouse pulmonary ECs; NF-κB p65 was assessed in nuclear lysates and cytoplasm, and representative bands are shown in Supplementary Figure S6. Furthermore, NLRP3 fluorescence intensity and TUNEL-positive endothelial cells, which were attenuated after treatment with metformin, were reversed by NAM administration (Figures 5D–G).
[image: Figure 5]FIGURE 5 | The SIRT1 inhibitor nicotinamide prevents metformin from reducing LPS-induced pyroptosis in mice pulmonary ECs. (A) Western blotting analysis was used to determine the levels of NLRP3, cleaved caspase 1 (p20), and N-terminal fragment of GSDMD. Indicative bands are shown on the left of the histogram. (B) ELISA was used to determine the protein levels of IL-1β in supernatants. (C) Representative protein bands of NF-κB signaling pathway after pretreatment with NAM. (D) ECs were stained with NLRP3 (green). (E) Apoptotic cells were evaluated using TUNEL staining. The nuclei were stained blue using DAPI. (F and G) Percentage of NLRP3- and TUNEL-positive cells. Magnification: ×200. Scale bar, 50 μm. Data are presented as the mean ± SEM (n = 4). *p < 0.05, **p < 0.01 vs. Control group, #p < 0.05, ##p < 0.01 vs. LPS group. &p < 0.05, &&p < 0.01 vs. LPS + Met group.
Inhibition of SIRT1 Reverses the Anti-Pyroptosis and Anti–Vascular Adhesion Molecules Effects of Metformin in Mice With LPS-Induced ALI
The role of the SIRT1 inhibitor in the anti-pyroptosis and anti–vascular adhesion molecules effects of metformin in LPS-induced ALI mice was further verified. As shown in Figure 6A, metformin significantly inhibited the expression levels of pyroptosis-associated proteins, including NLRP3, caspase-1 p20 fragment, and GSDMD p30 fragment, in the lung tissues of the mice challenged with LPS. However, when NAM was used to inhibit SIRT1, the anti-pyroptosis effects of metformin were suppressed. NAM also reversed the effects of metformin on IL-1β levels in the lungs of the mice exposed to LPS (Figure 6B). We also detected the protein levels of vascular adhesion molecules ICAM-1 and VCAM-1; the results indicated that after treatment with NAM, metformin no longer showed an inhibitory effect on vascular adhesion molecules (Figure 6C). The lung tissue level of the phosphorylated NF-κB p65 subunit was increased, whereas that of IκB-α was decreased in the LPS + Met + NAM group compared with the LPS + Met group (Figure 6D). The enhancement of p65 lysine 310 acetylation post-NAM treatment was also detected (Fig. S5A). CD31+ NLRP3+ and CD31+ caspase-1+ cells were markedly reduced in lung tissues of ALI mice after treatment with metformin, and treatment with NAM reversed the inhibitory effect of metformin on NLRP3 and caspase-1 activation in the pulmonary endothelial cells of mice exposed to LPS administration (Figures 6E–H).
[image: Figure 6]FIGURE 6 | The inhibition of SIRT1 prevents metformin from suppressing pyroptosis and vascular adhesion molecules in the lungs of LPS-induced ALI mice. (A) Represented pyroptosis-associated proteins in lung tissues of LPS-induced ALI mice after administration of NAM. (B) IL-1β protein level was detected. (C) Representative protein bands of ICAM-1 and VCAM-1 in lung tissue. (D) Representative protein bands of the NF-κB signaling pathway in lung tissues after pretreatment with NAM. (E) Lung tissues were stained with NLRP3 (green) and CD31 (red). Nuclei were counterstained with 4’6-diamidino-2-phenylindole (DAPI) (blue). (F) Lung tissues were stained with caspase-1 (green) and CD31 (red). Nuclei were counterstained with DAPI (blue). (G) Percentage of CD31+NLRP3+ cells. (H) Percentage of CD31+Caspase-1+ cells. Original magnification, ×200. Scale bar, 50 μm. Data are presented as the mean ± SEM (n = 7). **p < 0.01 vs. Control group, ##p < 0.01 vs. LPS group. &&p < 0.01 vs. LPS + Met group.
Inhibition of SIRT1 Eliminates the Protective Effect of Metformin on LPS-Induced Lung Injury in Mice
The SIRT1 inhibitor was used to evaluate the protective role of metformin on LPS-induced lung injury. As shown in Figures 7A–C, the treatment with NAM reversed the protective effects of metformin on LPS-stimulated lung injury, macrophage, and neutrophil infiltration. The W/D ratio and EBA extravasation were also elevated in the LPS + Met + NAM group compared with the LPS + Met group (Figures 7D and E), indicating that SIRT1 was a crucial facilitator in the protective effect of metformin in the lungs of LPS-induced ALI mice.
[image: Figure 7]FIGURE 7 | The inhibition of SIRT1 prevents metformin from ameliorating the morphological characteristics and endothelial hyperpermeability of ALI. NAM (60 mg/kg) was administered 1 h before metformin administration. (A) Representative HE staining of lung tissues. (B) Immunohistochemistry analysis of F4/80. (C) Immunohistochemistry of MPO. (D and E) Lung W/D and Evans-blue dye extravasation were determined as indexes of pulmonary edema. Original magnification, ×200. Scale bar, 50 μm. Data are presented as the mean ± SEM (n = 7). **p < 0.01 vs. Control group, ##p < 0.01 vs. LPS group. &&p < 0.01 vs. LPS + Met group.
DISCUSSION
In the current study, we illustrated that ECs pyroptosis plays a pivotal role in the pathogenesis of LPS-induced ARDS. We showed that the activation of pyroptosis was mediated by NF-κB, leading to elevated expression of NLRP3 and subsequent caspase-1 activation to produce and release inflammatory cytokines. Metformin, an antidiabetic drug, exhibited protective effects against LPS-induced ARDS via the activation of SIRT1, thereby inhibiting NF-κB/NLRP3 pathway–mediated pulmonary vascular ECs pyroptosis.
ARDS is a life-threatening lung injury of seriously ill patients, which is manifested by acute hypoxic respiratory failure and pulmonary inflammatory infiltrates (Diamond et al., 2021). A retrospective cohort study showed that metformin reduced mortality in COVID-19 patients in women with obesity or type 2 diabetes (Bramante et al., 2021). The protective effect of metformin may be attributed to its additional impact on inflammation (Valencia et al., 2017), given that the levels of high-sensitivity C-reactive protein after metformin treatment are reduced in women with diabetes compared with the placebo group (Haffner et al., 2005). Furthermore, short-term metformin treatment of non-diabetic subjects prevents acute inflammatory responses, such as ARDS. Researchers have demonstrated that metformin treatment prevents and ameliorates ARDS induced by LPS in mice, accompanied by abrogated NLRP3 inflammasome activation in macrophages, and attenuates pulmonary inflammation in COVID-19 patients (Xian et al., 2021). In the present study, we showed that metformin alleviated LPS-induced lung inflammation, including decreased MPO and macrophage infiltration. Notably, endothelial hyperpermeability in the lungs of LPS-induced ALI mice was also improved by metformin.
Metformin has been reported to improve vascular endothelial reactivity in type 2 diabetes patients with metabolic syndrome, which is a novel function in addition to its well-known antihyperglycemic effects (de Aguiar et al., 2006). Moreover, metformin protects against endothelial dysfunction in patients with metabolic syndrome by improving insulin resistance (Vitale et al., 2005). The effects of metformin in non-metabolic disease have also been studied. Current evidence suggests that concomitant administration of metformin during radiotherapy in rats decreases the expression of E-selectin, ICAM-1, and VCAM-1, thereby acting as a potent heart protector from endothelial dysfunction-induced damage (Karam and Radwan, 2019). There are multiple mechanisms by which metformin improves endothelial dysfunction, including the inhibition of an important mediator, LOX-1 signaling, thereby decreasing intracellular oxidative stress (Hattori et al., 2006; Xu et al., 2013). Other mechanisms underlying the protective effect of metformin in endothelial dysfunction also include inhibition of endothelial senescence and apoptosis (Arunachalam et al., 2014). In the present study, we found that metformin pretreatment effectively prevented pyroptosis in LPS-induced ARDS mice and LPS-treated lung ECs.
In eukaryotic cells, pyroptosis induced by inflammatory caspases serves as an innate immune strategy to protect against microbial infections (Bergsbaken et al., 2009; Jorgensen and Miao, 2015). Unlike the other forms of programmed cell death, here, the activation of caspases triggers lytic cell death, and GSDMD leads to pore formation, finally resulting in the cleavage of inflammatory cytokine IL-1β (Wallach et al., 2016). Unfettered pyroptosis can induce injury of multiple tissues, including ALI (Hou et al., 2018; Zeng et al., 2019); thus, targeting caspase-mediated pyroptosis in specific cell types, such as macrophages (Li et al., 2018), endothelial cells (Cheng et al., 2017), and epithelial cells (Zhang et al., 2018), may be a potential therapeutic strategy to alleviate inflammatory lung damage and organ failure, without degradation of the host defense barrier. Although the protective effects of metformin against lung injury have been well-demonstrated in various models (Tsaknis et al., 2012; Chen et al., 2015; Wu et al., 2018; Cheng et al., 2021), its protective effect against pulmonary ECs injury has not yet been reported. ECs line the surface of lung vasculature; thus, they are the first point of contact for pathogens and bacterial toxins and also the first point to respond to them. Vascular endothelial barrier refers to a semipermeable barrier that regulates the exchange of blood fluid and electrolytes across the blood vessel wall. At the blood–tissue interface, host defense is activated by an endothelial-based LPS detection system, which provides a defense mechanism. Therefore, the critical role of ECs in the systemic immune response to severe bacterial infection should be highlighted. Inflammasome and subsequent proinflammatory mediators release can be activated by administration of LPS into the lung tissue. It has been shown that LPS induces activation of inflammasome in mouse pulmonary ECs, thereby resulting in caspase-1 activation (Yang et al., 2016). In our study, mice lung tissues and ECs exposed to LPS showed increased expression levels of NLRP3 and cleaved GSDMD fragment and release of the proinflammatory cytokine IL-1β. Administration of metformin and NLRP3 inhibitor MCC950 remarkably decreased inflammasome activation and the level of pyroptosis-related indicators in LPS-treated pulmonary ECs and LPS-induced ALI mice, indicating that the potential therapeutic role of metformin in targeting the endothelial pyroptosis in ALI may be attributed to the activation of NLRP3 inflammasome. This is consistent with a recently published article that showed metformin abrogated macrophage NLRP3 inflammasome activation and pulmonary inflammation (Xian et al., 2021). Considering that metformin significantly inhibited macrophage inhibition, we detected the expression of vascular endothelial cell adhesion molecules ICAM-1 and VCAM-1 both in vivo and in vitro. We also examined the attachment of monocytes onto the activated endothelial cells. All these results suggested the underlying role of metformin in inhibiting macrophage infiltration.
K+ efflux, reactive oxygen species (ROS) release, and lysosomal disruption can activate the NLRP3 inflammasome (Sutterwala et al., 2014). In addition, NF-κB is a central mediator of the priming signal of NLRP3 inflammasome activation; namely, activated NF-κB is translocated from cytoplasm to nucleus, whereby it transcriptionally activates the secretion of pro-IL-1β, pro-IL-18, and NLRP3, which are crucial for the induction of pyroptosis in several diseases (Li et al., 2019). Hattori et al. (2006) showed that metformin inhibited the cytokine-induced expression of proinflammatory and adhesion molecule genes by blocking NF-κB activation in vascular endothelial cells via AMPK activation. In this study, metformin inhibited NF-κB phosphorylation in pulmonary tissues and mouse lung ECs following LPS treatment, indicating that metformin inhibited the NF-κB signaling pathway in LPS-induced pulmonary endothelial injury. SIRT1 has been reported to inhibit NF-κB by directly deacetylating the p65/RelA at lysine 310 (Yeung et al., 2004) or activating AMPK and PPARα, thus inhibiting the NF-κB pathway (Zhang et al., 2017). Notably, our study also demonstrated that the beneficial effects of metformin were mediated by SIRT1, as shown by the effects of the SIRT1 inhibitor NAM. Significant elevation of NF-κB phosphorylation and NLRP3-mediated pyroptosis-associated proteins due to inhibited SIRT1 expression by NAM was shown. Usually, NF-κB is bound in the cytoplasm by its inhibitor IκB. Upon stimulation, IκB is degraded so that NF-κB can translocate to the nucleus and stimulate inflammatory gene expression. In this study, SIRT1 inhibitors increased NF-κB p65 phosphorylation, showing that NF-κB p65 acts as a downstream target of SIRT1. Acetylation of the p65 at lysine 310 is a possible mechanism underlying the proinflammatory effect of the SIRT1 inhibitor (Schug et al., 2010). In this study, we also showed that SIRT1 reduced NF-κB activity by decreasing the acetylation level of lysine 310 of the NF-κB p65 subunit. However, we believe that it may not be the sole explanation because SIRT1 deletion inhibited the expression of IκB-α, which is an upstream signal of p65 nuclear translocation. Thus, further studies are warranted with regard to how SIRT1 regulates the NF-κB pathway.
In the present study, we observed elevated expression levels of NLRP3 and pyroptosis-associated proteins in LPS-treated endothelial cells and in the mouse lung tissues exposed to LPS. Furthermore, pyroptosis may play a crucial role in the development of LPS-induced inflammatory lung injury, whilst pulmonary endothelium is impaired and unable to provide barrier support effectively. Metformin recovered those detrimental changes, protected against endothelial dysfunction, and ultimately repaired the impaired lung functions, and the underlying mechanisms may be related to the activation of SIRT1. In summary, these results suggested that inhibition of endothelial pyroptosis and metformin treatment could be used as a novel therapeutic intervention strategy for ARDS treatment.
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CaSE Est. Concentration (M) 95% CI

THC dominant 139 10.0-19.5
THC/CBD balanced 221 16.7-30.3
CBD dominant 45 3.0-6.7
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Extract ODy  Percentage  THCELISA  A°-THC (uM)

Fresh CaSE 0.7 £ 0.06 110% + 8 0.06 + 0.0005 124 £02
Frozen CaSE  0.64 + 0.05 99% + 7.7 0.066 + 0.001 12202

Results presented as mean + SEM, of 9 independent extracts.
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Major categories of lung cancer
drug therapy

Chemotherapy

Targeted therapy

Immunotherapy

Natural antitumor products

Mechanism of action

Platinum: By binding to the DNA in the nucleus, it destroys the DNA of tumor

cells and induces apoptosis (Diruba and Kalayda, 2016).

Taxane-type anticancer drugs: Through the unique microtubule stabilization

mechanism, they act on the mitoic process, thus reducing the proliferation of

cancer oells (Wen et al., 2016)

Gemcitabine: By infiltrating the intracellular DNA, it inhibits DNA synthesis, and

ultimately leads to apoptosis (Miak et al,, 2016).

Etoposide(VP-16): It acts on DNA topoisomerase Il, causing DNA damage and

promoting apoptosis (Nam et al., 2010).

Tyrosine kinase inhibitors (TKIs): It can inhibit the growth and induce apoptosis

of tumor cels by inhibiting the two signal transduction pathways of RAS/RAF/

MAPK/ERK and PIBK/AKT/mTOR. (Dienstmann et al., 2011).

Receptor tyrosine kinase (RTK) inhibitor: Anti-tumor angiogenesis by

selectively inhibiting vascular endothelial growth factor receptor-2 (EGFR-2) (Li

etal, 2010; Ding et al, 2013).

Programmed cell death (PD)-1 immune checkpoint inhibitors: By combining

with PD-1 receptor highly expressed on T cells, it can block the signal pathway

induced by PD-L1 and PD-L2, and restore the function of T cells (Wang et al.,

2014; Oya et al., 2017).

Combining the tumor targeting carriers with natural anti-tumor drugs in an

appropriate way can improve the anti-tumor efficacy (Jin et al., 2018).

« Parthenolide: It can achieve anti-tumor effect by inhibiting B-Raf/MAPK/Erk
signaling pathway, inhibiting NF-xB activation, and inhibiting PIBK/AKT
signaling pathway (Jeyamohan et al., 2016; Kim etal,, 2017; Linet al., 2017).

 CK: It can induce apoptoss through glycogen synthase kinase 33(GSK3p)
signaling pathway and regulating reactive oxygen species (ROS). It can
inhibit angiogenesis by inhibiting sphingosine kinase -1 (Kim et al., 2013;
Shin et al., 2014; Kwak et al, 2015)

Drugs

Platinum: cisplatin, carboplatin and oxaliplatin

Taxane-type anticancer drugs: paciitaxel, docetaxel
and cabazitaxel

Gemcitabine
Etoposide (VP-16)

Tyrosine kinase inhibitors (TKIs): gefitinib and
erlotinib

Apatinib

Nivolumab, pembrolizumab

Parthenolide ginsenoside compound K
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Types Encapsulation percentage,EN% Loading efficiency,LE% Size (nm)

tLYP-1-PEG-NP Jin et al. (2018) CK:83.4 14.8 188
Parthenolide:70.7 29
Flk-1-DSPE-PEG-NH2-NLC Liu et al. (2011) CTX:98.43 + 0.51 3.34 + 263 168.70 + 2.07
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Types Encapsulation percentage,EN% Loading efficiency,LE% Size (nm)

PLGA-CSNP-RGD Babu et al. (2017) PTX93.7 6.5 217
RGD-ss-PTX/CDDP LPNs Wang et al. (2018) PTX 853 + 3.3 5406 191.3+53
CDDP 82.7 + 4.1 123+1.1

cRGD-PS-Dox Zou et al. (2018) 15.2 96
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s/ Vaccine

No.

1 Pfizer

2 Moderna

3 CoronaVac

4 BBIBP-CorV

5 BBV152

6 Sputnik

7 Ad26.CoV2.8

8 Covisheild

9 NVX-
CoV2373

VOCs. variants of concem

Phase of drug trial

Phase Il trial completed
Under phase Il drug trial
Under phase lll drug trial
Under phase lll drug trial
Under phase llldrug trial

Under phase llldrug trial
Under phase lll drug trial

Under phase llldrug trial

Under phase lll drug trial

Trial number

NCT04368728
NCT04470427
NCT04582344
NCT04984408
NCT04641481

NCT04656613
NCT04505722

NCT04324606, NCT04400838
NCT04444674
NCT04611802

Effectiveness against VOCs

B.1.351, P.1, B.1.427/B.1.419, P.2, and B.1.526
B.1.427/B.1.429 and B.1.526

P.1and P.2

No information

B.1.617.2 and B.1.617.1

No information

B.1.351, P.1, B.1.427/B.1.429, P.2, B.1.526,
and C.37

B.1.17, B1.351, P.1, B.1.427/B.1.429, P2,
B.1.526, and C.37

B.1.17, B.1.351, B.1.427/B.1.429, and B.1.526

Reference

Polack et al. (2020b)
Baden et al. (2021)
Tanriover etal. (2021)
Aletal. (2021)

Ella, Reddy, et al.
(2021)

Callaway (2020)
Sadoff et al. (2021)

Voysey et al. (2021)

Heath et al. (2021b)





OPS/images/fphar-12-781425/crossmark.jpg
©

|





OPS/images/fphar-12-781425/fphar-12-781425-g001.gif





OPS/images/fphar-12-781425/fphar-12-781425-t001.jpg
Major
categories of receptors

VEGFR

avB3 Integrin

EGFR

s Receptor

Folate Receptor

Transferrin Receptor

CD44

Functions and applications

Functions: inorease vascular permeabilty; make lung cancer drug-resistant Tran et al. (2002), Herbst et al. (2005)
 tLYP-1(NRP-1)enhanced the tumor inhibitory effect and reduced the side effects Jin et al. (2018)
 Fik-1(VEGFR-2)enhanced the tumor inhibitory effect and reduced the side effects on heart and kidney Liu et al. (2011)

Functions: promoting tumor angiogenesis and tumor metastasis Marell et al. (2013)
© GRGDSP(avB3 and a5p1)inhibited tumor growth and reduced side effectsBabu et al. (2017)

 RGD (ntegrin) improved the anti-tumor activity and delayed the release of loaded drugs Wang et dl. (2018)
 cRGD (integrin) -PS-DOX was more likely to accumulate in tumors Zou et al. (2018)

Functions: involve in tumor growth and progression, including proliferation, angiogenesis, invasion and metastasis Singh

etal. (2016)

« ER (EGFR) enhanced the targeting effect on PC-9 Zhang et al., 2019)

 EGF (EGFR) increased the distribution of NPs in tumor tissues, enhanced the uptake of NPs by lung cancer cels, and
greatly enhanced the tumor-kiling effect of drugs Zhang et al. (2016)

© APT improved tumor inhibition, induced apoptosis, and had more minor side effects Lv et al. (2018)

Functions: overexpressed in rapidly proliferating norml cells and cancer cels such as malignant melanorma, glioma, breast
cancer, prostate cancer, SCLC and NSCLC van Waarde et al. (2015)

© AAimproved the delivery efficiency of SIRNA by 9 times Yang et al. (2012)

© AA can target the overexpressed o receptor Xiong et al. (2016)

Functions: tumor tissue specificity; tumor marker

« Improved the effectiveness and specificity of photodynamic therapy (PDT) Kato et al. (2017)

« Den NPs:suitable carrier for co-delivery of SRNA and chemotherapeutic drugs inlung cancer cells Amreddy et al. (2018)

o Efficacy of folate receptor-a (FRA)-targeted DOTAP Muralidharan et . (2016)

« FA modified amphiphilic PEG-PLGA copolymer NPs carried with CDDP and PTX He et al. (2015); aiso effective for the
combined delivery of cisplatin and paciitaxel He et al. (2016)

Functions: expression level is higher in cells with a high proliferation rate, especially in tumor cells Daniels et al. (2006), Cheng
et al. (2011), Dev and Babitt, (2017)

« As a monitoring index of gambogic acid therapy sensitiity Zhu et al. (2009)

« Combination of TFR and artemisinin could reduce smal cell lung cancer drug resistance Sadava et al. (2002)
 Thymoquinone-NP modified transferrin successfully couples two different miRNA pathways Upadhyay et al. (2019)

Functions: plays an important role in malignant tumor-related activities
« HA-PCL- CAP nanoparticles identified the potential for the treatment of non-small cell lung cancer Parashar et al. (2019)
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TDF-domains Barriers Cohen’s kappa®

Knowledge Knowledge of asthma 077
Knowledge of ICS medication 035
Belefs about consequences Expectations of ICS medication 052
Experience of side-effects 054
Emotion Concerns about ICS inhaler 041
Social discomfort of inhaling with ICS in public 088
Skils Understanding and application of ICS inhaler techniques 058
Memory, attention and decision process (Un)Conscious adherence to prescribed ICS medication regimen 068
Shared treatment decision making 064
Behavioral regulation Existence of structure in ICS medication intake 096

“Cohen’s kappa values higher or equal to 0.6 were considered acceptable and are printed in bold.
Abbreviations: RACE: respiratory adherence care enhancer: TDF: theoretical domains framework: ICS: inhaled corticosteroids; AUROC: area under the receiver operating characteristic.
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NO. 5 STEM Loop STEM 3

Midkine-shRNA (413)-a ACCGG CTGAAGAAGGCTCGGTACAAT TTCAAGAGA ATTGTACCGAGCCTTCTTCAG TTTTT
Midkine-shRNA (413)-b TCTAAAAAA CTGAAGAAGGCTCGGTACAAT TCTCTTGAA ATTGTACCGAGCCTTCTTCAG [}
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Name primer sequence length

ACTIN F:GCCTTCCTTCCTGGGTATGG
RTCCGATTCAACTCATACTGC
Midkine F:TTGCTACACCTAGTACCCAAAG
R:CTCGATAACAGGTATCAGGGTG
HES1 F:-GTAGGGGTCAGTGGCTTAGC
R:GAGGGTGGGGTAGGCTAAGA
Notch2 F-TGCGAGACCAACATCAACGAGTG

RTCAGGCAGAAGCAGAGGTAGGC

186 bp
169 bp
106 bp

128 bp
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TDF-domain Barrier Reliability Criterion validity
Cronbach’s ~ Cut-  Sensitivity  Specificity ~AUROC  p-value®

o off (%) (%)
Knowledge Knowledge of asthma 067 35 50.3 706 070 0.007
Knowledge of ICS medication 065 35 409 718 053 0724
Beliefs about consequences  Expectations of ICS medication 089 35 60.0 824 081 0.002
Experience of side-effects 066 25 58.3 918 073 0014
Emotion Concerns about inhaler medication 080 35 75.0 733 077 0002
Social discomfort of inhaling with ICS in public N.A® 15 474 8.7 069 0022
Skils Understanding and appiication of ICS inhaler 058 25 50.0 67.3 069 0042
techniques
Memory, attention and decision  (Unjconscious adherence to prescribed ICS 077 35 833 79.1 086 0.000
process medication regimen
Shared treatment decision making 066 55 65.7 731 076 0001
Behavioural regulation Existence of structure in ICS medication intake NAS 15 643 89.4 080 0.001

*Cronbach’s alpha values between 0.6 and 0.7 indicate an acceptable level of reliability and values between 0.7 and 0.9 indicate a good level of reliabilty.

"p-value <0.05 was setas statisticall significant for the assessment of the accuracy of the barriers to discriminate between the presence and absence of the barrier and are printedin bold.
“The intemal consistency test was not applicable (N.A.) as only one question was included in the barrier.

Abbreviations: RACE: respiratory adherence care enhancer; TOF: theoretical domains framework; ICS: inhaled corticosteroids; AUROC: area under the receiver operating characteristic;
N.A.: not applicable.
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TDF-domains

Knowledge

Beliefs about
consequences

Emotion

Skills

Memory, attention and
decision process

Behavioral regulation

Barriers

Knowledge of asthma

Knowledge of ICS medication

Expectations of ICS medication

Experience of side-effects

Concerns about ICS inhaler

Social discomfort of inhaling with
1CS in public

Understanding and appiication of
ICS inhaler techniques

(Unjconscious adherence to
prescribed ICS medication regimen

Shared treatment decision making

Existence of structure in ICS
medication intake

Questions

1a. | know what triggers an asthma attack

1b. | know how to prevent an asthma attack

2a. | know that my anti-inflammatory inhaler reduces the
swelling of the lining in my airways

2b. | know that my anti-inflammatory inhaler improves the
condition of my ainways

2c. | know that my anti-inflammatory does not provide quick
refief of my asthma symptoms but it tackles the cause of my
asthma®

3a. | need my anti-inflammatory inhaler to keep my asthma
stable

3b. | need my anti-inflammatory inhaler to prevent my asthma
from getting worse

4a. | experience side-effects from my anti-inflammatory
inhaler

4b. The side-effects of my anti-inflammatory inhaler reduce
my daily functioning

5a. | am concerned about possible side-effects from my
anti-inflammatory inhaler

5b. | am concerned about long-term side-effects from my
anti-inflammatory inhaler

50. | dread having to inhale regularly with an anti-inflammatory
inhaler for my asthma

6. | prefer not to use my inhaler in public®

7a. 1 understand the instructions on how to use my
anti-inflammatory inhaler

7b. With the instructions | am capable of using my
anti-inflammatory inhaler properly

7c. Ifind it difficult to inhale properly with my anti-inflammatory
inhaler

8a. | use my anti-inflammatory inhaler every day

8b. | use my anti-inflammatory inhaler as prescribed by my
healthcare provider

8c. Sometimes | forget to use my anti-inflammatory inhaler
9a. My healthcare provider (doctor, nurse, pharmacist or lung
specialist) has discussed with me in which way my asthma
can best be treated

9b. My healthcare provider (doctor, nurse, pharmacist or lung
specialist) has asked me which type of inhaler | prefer

9c. My healthcare provider (doctor, nurse, pharmacist or lung
specialist) has discussed with me how | can best use my
anti-inflammatory inhaler to prevent an asthma attack

10. I inhale at a fixed time of the day

Score®

40
40
40
40

40

4-0

40

0-4

04

04

04

04

04

4-0

4-0

04

4-0
4-0

04
4-0

4-0

4-0

40

Total
score®

0-8

0-12

0-8

0-8

0-12

0-4

0-12

0-12

0-12

0-4

Interpretation

BA: 0-3

BP: 4-8

BA: 0-2

BP: 3-8

BA: 03

BP: 4-12

BA: 0-1
BP: 24
BA: 0-2

BP: 3-12

BA: 0-3
BP: 4-12

BA: 0-5

BP: 6-12

BA: 0-1
BP: 24

*Responses to the questions are provided on a 5-point Likert scale with the following options: | disagree completely, | disagree mostly, | agree somewhat, | agree mostly and | agree
completely. Scores to these options vary from O to 4 or 4 to O dependent on the question.

®Sum scores per barrier can be computed by adding the scores of the responses on the questions per barrier.

“Additional adjustments have been implemented on this question after validation. Former question: | know how to use my ICS inhaler.
“Aditional adfustments have been implemented on this question after validation. Former question: | am embarrassed to use my inhaler in public.

Abbreviations: RACE: respiratory adherence care enhancer: TDF: theoretical domains framework: ICS: inhaled corticosteroids: BA: barrier absent: BP: barrier present.





OPS/images/fphar-13-767705/fphar-13-767705-g004.gif





OPS/images/fphar-12-767092/fphar-12-767092-t001.jpg
TDF-domains Barriers Questions (n)° Total score®

Knowledge Knowledge of asthma 2 0-8
Knowledge of ICS medication 3 0-12
Belefs about consequences Expectations of ICS medication 2 0-8
Experience of side-effects 2 0-8
Emotion Concerns about ICS inhaler 3 0-12
Sodial discomfort of inhaling with ICS in public 1 04
Skills Understanding and application of IS inhaler techniques 3 0-12
Memory, attention and decision process (U)Conscious adherence to prescribed ICS medication regimen 3 0-12
Shared treatment decision making 3 0-12
Behavioural regulation Existence of structure in ICS medication intake 1 04

“Responses o the questions are provided on a 5-point Likert scale with the following options: I disagree completely, | disagree mostly, | agree somewhat, | agree mostly and | agree
completely. Scores to these options vary from 0 to 4 or 4 to 0 dependent on the question.

Sum scores were computed per barrer by adcing the scores of the corresponding questions. Total scores achievable for  barrier difer for the number of questions included, with a
maximum of 4 points to be obtained per question.

Abbreviations: RACE: respiratory adherence care enhancer: TOF: theoretical dormains framework: ICS: inhaled corticosteroids.
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Variables

Gender (Female)
Type of inhaler used
pMDI
DPI
Unknown
Reliever ICS therapy
Maintenance ICS therapy
Adequate asthma control

Number (Percentages)
45 (70.3%)

25 (39.1%)
38 (59.4%)
1(1.6%)
6 (0.4%)
58 (90.6%)
25 (39.1%)

Abbreviations: pMDI: pressurized Metered Dose Inhaler; DPI: dry powder inhaler; ICS:

inhalad corticosteroids.
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Extract THC Absorbance (ELISA) A°-THC (M) (ELISA) CBD (M) (LC-MS/MS)

Media +30% MeOH 1.662 ] <0.01
CSE+ 30% MeOH 1.398 0 <0.01
THC dominant CaSE 0.29 + 0.02 067 + 0.05 <0.01
THC dominant CaSE +30% MeOH 0.08 + 0.002 6.7 + 0.29" <0.01
THC/CBD balanced CaSE 0.4538 + 0.037 0.34 + 0.05 <0.01
THC/CBD balanced CaSE +30% MeOH 0.087 + 0.008 5.5 + 0.46™ 10.31 £+9.125
CBD dominant CaSE+ 30% MeOH 0.16 + 0.01 17£04 7.733  2.652

“THC dominant CaSE+30% MeOH was significantly higher (p < 0.03) compared to THC dominant CaSE without MeOH.; **THC/CBD balanced CaSE+30% MeOH was significantly higher
O < 0.008) compared to THC/CBD balanced CaSE without MeOH., Results are expressed as the mean + SEM, of three to five independent extracts.
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Gene Forward Primer Sequence Reverse Primer Sequence

PTGS2 TCA CAG GCT TCC ATT GAC CAG CCG AGG CTT TTC TAC CAG A
CXCL8 GAT GTC AGT GCA TAA AGA CAT ACT CCA A GCT CTC TTC CAT CAG AAA GCT TTA CAA TA
S9 CAG CTT CAT CTT GCC CTC A CTG CTG ACG CTT GAT GAG AA
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Baseline demographics Participants

Control (n = 21) IPAH (n = 14)

Age (year)

Mean (SEM) 2567 (0.78) 295 (2.72)

Median (range) 25 (23-36) 31.5 (10-52)
Sex

Female, % (n) 61.9% (13) 85.7% (12)

Male, % (r) 38.1% (8) 14.3% (2)
mPAP (mmHg)

Mean (SEM) _ 55.57 (4.20)

Median (range) _ 53 (27-90)
PAWP (mmHg)

Mean (SEM) N 7.71(1.11)

Median (range) = 7.5 (0-14)
PVR (Woods units)

Mean (SEM) = 14.44 (2.77)

Median (range) ~ 13.06 (3.62-42)
CO (L/min)

Mean (SEM) _ 4.26 (0.45)

Median (range) _ 3.85 (15-72)

hitos:/Awww.jianguoyun.comvo/DQIvGOQQURICRIZIGYE
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Group C Group Rozs Group Roas Group Ro.s p-value

Sample size, n 24 26 25 25

Total number of patients with a postoperative complication 0.924*
Postoperative pneumonia

Surgical site infection

Recurrent pneumothorax/air leak requiring further intervention
Arthythmia

Bleeding requiring transfusion

Unplanned ICU admission

Acute kidney injury

coa--0cow
co-ococo=m
co-ococo=wn
comooo-wm

Statistical test:

*o value is obtained with Pearson’s y° test.
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Types

ECMI Zhang et al. (2019)
Dox-EGF-PEAL NPs.

Bcl-2-EGF-PEAL NPs Zhang et al. (2016)

AP/ES Lv et al. (2018)

PDI

0.41+0.03
0.182
0.217

0.27 + 0.01

Zeta potential (mV)

-185+1.7
35+0.88
21+124
121401

Size (nm)

2200 +35
203.7 £ 7.42
206.5 + 6.37
383.1 +0.4
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Types Size (nm)  Zeta potential (mV)

AA-SRNA-LCP NPs Yang et al. (2012) 386 +36 20113
AA-Cationic-LP NPs Xiong et al. (2016) 145 % 1 49:1
Hal-BSA NPs Varshosaz et al. (2015) 218 254
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Types Size (nm) Zeta potential (mV)

Den-PEI-CDDP-siRNA-FA NPs Amreddy et al. (2018) <10 172
HuR-FNP Muralidharan et al. (2016) Diameter 303.3 4.3
Co-FA-NPs He et al. (2015) 171.36 + 8.67 21.50 + 0.88
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Group C

Sample size, n 24
Remifentanil (ug) 4638 £ 772
Propofol (mg) 4779+ 78
PACU duration (mir) 22450
PONV scores, n (%)

0 12

1 4

2 5

3 2

4 i

PONV was assessed using a 5-point numerical scale (0 = no symptom, 1 = scarcely, 2 = usually, 3 = most of the time, 4 = all the fime).

“p value is obtained with one-way analysis of variance.
"p value is obtained with Pearson’s x° test.
PONV scares were analyzed using Kruekal-Walls test

Group Roz:,

26

415.4 + 52.8
4219+ 59.7
182+25

15
7
3
1
0

Group Roas

25

353.6 + 64.9
341.2+ 749
156+ 13

7

8
0
0
0

Group Ro.

25

341.2+61.8
3292 +78.0
163+13

8

7
0
0
[

p-value

<0.001*
<0.001*
<0.001*
0.851*
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Group C

Sample size, n 24
Age (years) 700+47
Gender (male/female) 12/12
BMI (kg/m?) 232+34
Procedure duration (min) 109.1 +28.8
Duration of anesthesia (min) 180.6  40.7
ASA class I/l 2/18/4
Surgical incision (eftright) 816
Pre-QoR-40 score 182.4 + 4.7
Operation procedure

Wedge resection 15 (63%)

Bullectomy 7 (29%)

Lobectomy 2(8%)

Statistical tests: *p value is obtained with one-way analysis of variance. *p value is obtained with Pearson’s x2 test. *'p value is obtained with Kruskal-Wallis test.

Group Rozs

26

66.6 + 5.2
14/12
241 +34
104.5 +21.7
126.0 + 23.2
3/19/4
8/18
1816+ 3.9

17 (65%)
8(31%)
1 (4%)

Group Ro.s

25

67.1+5.1
14/11
232+26
105.9 + 25.5
127.2 + 37.0
2/20/3
101156
181.3+3.3

14 (56%)
9 (36%)
2(8%)

Group Ro.as

25

68.3+ 4.7
14/11
227¢21
105.8 + 26.0
125.8 + 30.2
319/3
10/15
181.8+38

16 (64%)
8 (32%)
1(4%)

p value

0.604*
0.972*
0.295"
0.608"
0.062"
0.994"
0.866"
0.804"
0.996"
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Sample size, n

Giobal QOR-40 score
Physical comfort
Emotional status
Physical independence
Psychological support
Pain

Group C

24

151.7 + 38
438+ 29
34321
198+1.7
20913
239+ 1.6

Group Rozs

26

164.3+ 3.8
495+ 19
372115
204 +23
302+ 1.4
27117

Statistical tests: Statistical tests: "p value is obtained with one-way analysis of variance.

Group Ros

25

1728 + 34
507 +1.8
38919
21611
304+ 14
312+11

Group Ro.s

25

1746 +2.4
510+ 1.5
39817
21811
305+ 1.3
316+ 1.0

p value

<0.001*
<0.001*
<0.001*
<0.001*
0.440°

<0.001*
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Group C

Sample size, n 24
AUG pain NRS vs. time (at rest)

0-6 h postoperatively 72114

0-12 h postoperatively 234430

0-24 h postoperatively 597452

0-48 h postoperatively 1169+ 85
AUG pain NRS vs. time (on movement)

0-6 h postoperatively 173421

0-12 h postoperatively 552435

0-24 h postoperatively 119.9 + 6.0

0-48 h postoperatively 2119+ 116

Statistical tests: "p value is obtained with one-way analysis of variance.

Group Ro.y;

26

49+14
17.4£23
46.8 + 5.0
94.2 + 80

11£14
403 +43
9.7 £74

170.7 £ 114

Group Ro.q,

25

3116
129+24
326 +4.7
70.4 £ 8.1

88+15
31.5+27
74548
1366+ 7.5

Group Ro.ax

25

24+15
11.4£29
298+ 5.8
64.4 +10.3

79+ 14
299 + 3.1
71654
1207 + 89

p value

<0.001*
<0.001*
<0.001*
<0.001*

<0.001*
<0.001*
<0.001*
<0.001*
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Variable N.C? Mock A25 A50

Neutrophils in the alveolar space 1(16.79%) 6 (100%) 2(33.3%) 2(33.3%)
Neutrophils in the interstitial space 1(16.7%) 4 (66.7%) 3 (50%) 1(16.7%)
Hyaline membranes 1(16.7%) 5(83.3%) 4(66.7%) 2(33.3%)

“Abbreviations: N.C, treatment with PBS, at 0, 24, and 48 h and exposure to normoxia; Mock, treatment with PBS, at 0, 24, and 48 hand exposure to hyperoxia for 72 h; A5, treatment
with 25 o/ aspirin at 0, 24, and 48 h and exposure fo hyperoxia for 72 h: AS0, treatment with 50 po/o aspiin at 0, 24, and 48 h and exposure fo hyperoxia for 72 h.
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