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Abstract

:

Treatment options for COVID-19, a disease caused by Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) infection, are currently severely limited. Therefore, antiviral drugs that efficiently reduce SARS-CoV-2 replication or alleviate COVID-19 symptoms are urgently needed. Inhaled glucocorticoids are currently being discussed in the context of treatment for COVID-19, partly based on a previous study that reported reduced recovery times in cases of mild COVID-19 after inhalative administration of the glucocorticoid budesonide. Given various reports that describe the potential antiviral activity of glucocorticoids against respiratory viruses, we aimed to analyze a potential antiviral activity of budesonide against SARS-CoV-2 and circulating variants of concern (VOC) B.1.1.7 (alpha) and B.1.351 (beta). We demonstrate a dose-dependent inhibition of SARS-CoV-2 that was comparable between all viral variants tested while cell viability remains unaffected. Our results are encouraging as they could indicate a multimodal mode of action of budesonide against SARS-CoV-2 and COVID-19, which could contribute to an improved clinical performance.
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1. Introduction


Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) emerged in December 2019 in China [1] and continues to spread worldwide with a tremendous velocity that requires an unprecedented scientific and pharmaceutical effort to develop novel treatment options and to re-evaluate existing treatments to fight its associated disease, COVID-19. As of 21 April 2020, the National Institute of Health (NIH) recommends treatment with bamlanivimab plus etesevimab [2] or casirivimab plus imdevimab and the FDA-approved antiviral agent remdesivir [3] for outpatients with mild to moderate COVID-19 symptoms and for patients who require supplemental oxygen, respectively. However, due to uncertainty regarding the clinical benefits in severe patients who require high-flow oxygen, noninvasive or invasive mechanical ventilation, remdesivir is not routinely recommended for treatment in these patients [4,5]. Evidently, the development of effective drugs for treatment, especially for individuals suffering from severe symptoms of SARS-CoV-2 infection is becoming increasingly urgent. In addition, the worldwide emergence of novel variants of concern (VOC), including the variant B.1.1.7 (alpha) and variant B.1.351 (beta) [6,7] with enhanced transmission kinetics and/or altered immune recognitions further necessitates rapid and effective antiviral strategies that can complement current vaccination efforts in order to control the current pandemic.



A recent study by Ramakrishnan et al. reported reduced recovery times in cases of mild COVID-19, analyzed in a randomized phase 2 trial, after inhaling a total daily dose of 1600 µg budesonide [8]. Interestingly, this study was inspired by the observation that the prevalence of chronic respiratory diseases among patients with COVID-19 appeared to be lower compared to the general population [9]. Budesonide, a non-halogenated glucocorticoid, is a broadly used anti-inflammatory drug and is commonly applied via inhalation to treat respiratory diseases, such as adult and childhood asthma bronchiale [10,11], and moderate-to-severe chronic obstructive pulmonary disease (COPD) [12]. In addition to anti-inflammatory effects, budesonide has been shown to exert an in vitro antiviral activity against human rhinovirus infection by activation of autophagy via enrichment of reactive oxygen species [13] and has recently been demonstrated to reduce the cytopathic effect of Middle East Respiratory Syndrome (MERS)-CoV infected cells [14]. Along those lines, an earlier study reported an inhibitory effect of budesonide in combination with glycopyrronium and formoterol against the seasonal human coronavirus (HCoV)-229E [15].



However, a direct effect on SARS-CoV-2 has not yet been studied to the best of our knowledge. Hence, we examined a potential antiviral effect of pure compound budesonide and the budesonide suspension Pulmicort® against the SARS-CoV-2 WT strain B1.1.70 and the circulating VOCs B.1.1.7 (alpha) and B1.351 (beta) in vitro. Limited dilution assay was employed to determine viral titers post treatment while cell viability was monitored by LDH release. Our results suggest that treatment with budesonide reduces titers of SARS-CoV-2 and VOCs significantly while cell viability remains unaffected.




2. Materials and Methods


Vero E6 cells were seeded at a density of 30,000 cells per well in a 24 well plate and were maintained at 37 °C and 5% CO2 overnight in DMEM containing 10% fetal calf serum (FCS), 1% L-Glutamine, 1% non-essential amino acids (NEAA) and 1% Penicillin/Streptomycin. Subsequently, cells were treated with budesonide (Selleck Chemicals; dissolved in DMSO, with amounts equivalent to 0.25 % of total volume) or Pulmicort® (AstraZeneca; suspension containing 0.5 mg budesonide per 2 mL) in concentrations of 0.1, 1, 5 and 25 µM. Control cells were treated with equal amounts of solvent (0.25% DMSO). Simultaneously, cells were infected with the SARS-CoV-2 WT strain B1.1.70 (GISAID accession ID: EPI_ISL_1118929) or the circulating variants of concern B.1.1.7 (alpha, GISAID accession ID: EPI_ISL_751799), or B1.351 (beta, GISAID accession ID: EPI_ISL_803957) at a MOI of 0.1. Viral titers were determined by limited dilution assay as TCID50/mL and calculated by the Spearman–Kärber method 24 h post infection. Cytotoxicity was measured with CytoTox 96® non-radioactive cytotoxicity assay (Promega).



Statistical data analysis was performed using GraphPad Prism v9.1 (GraphPad Software, San Diego, CA, USA). Differences in mean titers were tested by ANOVA followed by Dunnett’s corrected t-test versus respective controls. Four parameter log-logistic regression analyses were performed using the least squares fitting method.




3. Results


In order to evaluate a potential antiviral effect of budesonide, Vero E6 cells were infected with SARS-CoV-2 WT (B.1.1.70) or the currently circulating VOC B.1.1.7 (alpha) and B.1.351 (beta) and simultaneously treated with budesonide (dissolved in DMSO) or Pulmicort® (suspension containing 0.5 mg budesonide per 2 mL) in concentrations of 0.1, 1, 5 and 25 µM. We observed that treatment with higher concentrations of budesonide, both administered as pure compound (Figure 1A) or as active compound of the licensed drug Pulmicort® (Figure 1D), resulted in an antiviral effect and reduced viral titers compared to the respective control for all viral variants tested. Upon treatment with Pulmicort®, concentrations of 25 µM reduced viral titers significantly for all three variants tested. In accordance to these data, non-linear regression revealed comparable results among all virus variants, with half maximal inhibitory concentrations (IC50) ranging between 4.8 and 20 µM (Figure 1B,E). Of note, a higher initial titer of the variant B.1.351 resulted in a minor shift of the IC50 (Figure 1B). Importantly, a cytotoxicity assay revealed no effects on cell viability of the administered compounds compared to the administration of the same amount of solvent (Figure 1C,F). In conclusion, we hereby provide evidence that budesonide can significantly reduce SARS-CoV-2 titers in vitro.




4. Discussion


Treatment options for COVID-19 patients are currently very limited. Remdesivir, an FDA-emergency use approved drug is currently no longer recommended for use in acutely ill patients [16]. Inhaled corticosteroids, commonly administered for a variety of pulmonary diseases, have been discussed for use in COVID-19 therapy. Recent observations by Ramakrishnan et al. suggest that the inhaled corticosteroid budesonide reduces clinical recovery times and prevents progression and clinical deterioration during mild COVID-19 infection [8]. To test whether pure compound budesonide or the budesonide suspension Pulmicort® altered viral loads and viral progeny production of SARS-CoV-2 and its variant of concern B.1.1.7 (alpha) and B.1.351 (beta), we treated Vero E6 with budesonide and determined viral titers by limited dilution while monitoring cell viability by LDH release. In contrast to Ramakrishnan et al. [8], who were unable to show a significant reduction of viral loads between budesonide treated and usual care groups in vivo, we observed significant reduction of viral titers for all viral variants in vitro when cells were treated with 25 µM budesonide. These results are in accordance with previous studies that demonstrated the suppression of SARS-CoV-2 and MERS-CoV RNA copy number by targeting the viral replication–transcription complex in differentiated human bronchial tracheal epithelial cells by the inhaled corticosteroid ciclesonide [14]. However, whether budesonide employs similar mechanisms to reduce viral loads warrants further evaluation.



Interestingly, Yamaya et al. did not show a decrease in viral titers of the human coronavirus (HCoV-) 229E upon treatment with 0.1 µM budesonide in primary human nasal (HNE) and tracheal (HTE) epithelial cell cultures [15], which is consistent with our presented results, showing a decrease in viral titers only in higher concentrations of budesonide. These findings might suggest, that delivering a lower dosage of budesonide (for instance due to incorrect inhalation and use of inhalation devices) might have an impact on the detection of viral loads in patients. Moreover, the complexity of human tissue and the immune system plays an important role in vivo, which might have an impact on the antiviral activity of compounds, such as budesonide. Further experiments using more authentic model systems like human airway epithelial cell cultures or lung organoids are necessary to gain further insights into the antiviral activity of budesonide.



Although studies have shown that corticosteroids reduce viral loads [13,14,15], others have suggested that corticosteroids do not affect [17] or even slow coronavirus clearance [18,19,20], which has raised some general concern about corticosteroid admission in COVID-19 patients. Nevertheless, some corticosteroids (e.g., dexamethasone) have been found to improve survival in hospitalized patients, especially in patients who require mechanical ventilation [21,22]. Therefore, corticosteroids have only been recommended as treatment for SARS-CoV-2 for these subsets of patients by the NIH [4], which at the same time advise physicians to closely monitor potentially emerging side effects, that may include hyperglycemia, secondary infections, psychiatric effects and/or avascular necrosis [23]. Overall, these observations reinforce the fact that further studies investigating putative adverse side effects of patients receiving budesonide during COVID-19 infection are required.



COVID-19 has been associated with acute respiratory distress syndrome (ARDS), especially in severely ill patients [24]. Interestingly, some studies have investigated corticosteroids in the context of ARDS [25,26]. Mohamed and Meguid found that budesonide improved lung mechanics and oxygenation when patients with ARDS were nebulized with budesonide. They also observed a significant reduction of inflammation markers TNF-α, IL-1β, and IL-6 [26]. In fact, corticosteroids such as budesonide have been recognized in numerous past studies to exhibit anti-inflammatory and immunomodulatory activities. For instance, budesonide has been found to inhibit early innate antiviral immune responses in vitro, suggesting that corticosteroids might restrict excessive inflammation [27]. Moreover, various clinical trials with asthma patients demonstrated beneficial effects of inhaled budesonide on airway inflammation and airway hyperresponsiveness [28,29,30]. Nevertheless, further investigations on putative effects of budesonide on ARDS and inflammation in the context of SARS-CoV-2 infections remains to be elucidated.



To put our findings into perspective, results need to be interpreted with caution as pharmacokinetics and pulmonary absorption of drugs are detrimental to treatment outcome in patients. In addition, performing experiments with more incremental dose-response analysis of the antiviral effect of budesonide can narrow down the IC50 range.



Furthermore, with Vero E6 cells an immortalized cell culture model was employed, therefore results in primary cell culture or in vivo could differ. Nevertheless, these results are encouraging and could be explored in future studies upon inclusion of mechanistical analysis and authentic cell culture systems. The authors distance themselves from discussions about recommendations regarding administration of budesonide or similar inhaled corticosteroids as standard of care as the evaluation of potential beneficial or adverse effects in the clinical context were not within the scope of this study.







Author Contributions


S.P. designed the project; N.H. and T.L.M. performed the experiments; N.H., S.P. and M.K. wrote the manuscript; D.T. evaluated the data; E.S. and S.P. supervised the study. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data generated and analyzed in this study are included in the article.




Acknowledgments


We would like to thank Anne Schlegtendal and Folke Brinkmann from the University Children Hospital of the Ruhr University Bochum for useful discussions and providing reagents. Furthermore, we thank Thorsten Wolff, Jessica Schulz and Christian Mache from the Robert-Koch Institute (Fachbereich 17) and Martin Beer from the Friedrich Loeffler Institute for providing B.1.1.7 and B.1.351 isolates.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Zhu, N.; Zhang, D.; Wang, W.; Li, X.; Yang, B.; Song, J.; Zhao, X.; Huang, B.; Shi, W.; Lu, R.; et al. A Novel Coronavirus from Patients with Pneumonia in China, 2019. N. Engl. J. Med. 2020, 382, 727–733. [Google Scholar] [CrossRef]

	



Food and Drug Administration. Fact Sheet for Health Care Providers Emergency Use Authorization (EUA) of Bamlanivimab and Etesevimab. Available online: https://www.fda.gov/media/145802/download (accessed on 18 May 2021).

	



Wang, Y.; Zhang, D.; Du, G.; Du, R.; Zhao, J.; Jin, Y.; Fu, S.; Gao, L.; Cheng, Z.; Lu, Q.; et al. Remdesivir in adults with severe COVID-19: A randomised, double-blind, placebo-controlled, multicentre trial. Lancet 2020, 395, 1569–1578. [Google Scholar] [CrossRef]

	



National Institutes of Health. Therapeutic Management of Adults With COVID-19. Available online: https://www.covid19treatmentguidelines.nih.gov/therapeutic-management/ (accessed on 18 May 2021).

	



Beigel, J.H.; Tomashek, K.M.; Dodd, L.E.; Mehta, A.K.; Zingman, B.S.; Kalil, A.C.; Hohmann, E.; Chu, H.Y.; Luetkemeyer, A.; Kline, S.; et al. Remdesivir for the Treatment of Covid-19—Final Report. N. Engl. J. Med. 2020, 383, 1813–1826. [Google Scholar] [CrossRef]

	



Zhou, D.; Dejnirattisai, W.; Supasa, P.; Liu, C.; Mentzer, A.J.; Ginn, H.M.; Zhao, Y.; Duyvesteyn, H.M.E.; Tuekprakhon, A.; Nutalai, R.; et al. Evidence of escape of SARS-CoV-2 variant B.1.351 from natural and vaccine-induced sera. Cell 2021, 184, 2348–2361. [Google Scholar] [CrossRef]

	



COVID-19 Genomics UK Consortium. COG-UK report on SARS-CoV-2 Spike mutations of interestin the UK. Available online: https://www.cogconsortium.uk/wp-content/uploads/2021/01/Report-2_COG-UK_SARS-CoV-2-Mutations.pdf (accessed on 18 May 2021).

	



Ramakrishnan, S.; Nicolau, D.V.; Langford, B.; Mahdi, M.; Jeffers, H.; Mwasuku, C.; Krassowska, K.; Fox, R.; Binnian, I.; Glover, V.; et al. Inhaled budesonide in the treatment of early COVID-19 (STOIC): A phase 2, open-label, randomised controlled trial. Lancet Respir. Med. 2021. [Google Scholar] [CrossRef]

	



Halpin, D.M.G.; Faner, R.; Sibila, O.; Badia, J.R.; Agusti, A. Do chronic respiratory diseases or their treatment affect the risk of SARS-CoV-2 infection? Lancet Respir. Med. 2020, 8, 436–438. [Google Scholar] [CrossRef]

	



Zetterström, O.; Buhl, R.; Mellem, H.; Perpiñá, M.; Hedman, J.; O’Neill, S.; Ekström, T. Improved asthma control with budesonide/formoterol in a single inhaler, compared with budesonide alone. Eur. Respir. J. 2001, 18, 262–268. [Google Scholar] [CrossRef]

	



Global Initiative for Asthma. Global Strategy for Asthma Management and Prevention. Available online: https://ginasthma.org/wp-content/uploads/2021/04/GINA-2021-Main-Report_FINAL_21_04_28-WMS.pdf (accessed on 18 May 2021).

	



Szafranski, W.; Cukier, A.; Ramirez, A.; Menga, G.; Sansores, R.; Nahabedian, S.; Peterson, S.; Olsson, H. Efficacy and safety of budesonide/formoterol in the management of chronic obstructive pulmonary disease. Eur. Respir. J. 2003, 21, 74–81. [Google Scholar] [CrossRef] [PubMed]

	



Kim, S.-R.; Song, J.-H.; Ahn, J.-H.; Lee, G.-S.; Ahn, H.; Yoon, S.-I.; Kang, S.G.; Kim, P.-H.; Jeon, S.-M.; Choi, E.-J.; et al. Antiviral and anti-inflammatory activity of budesonide against human rhinovirus infection mediated via autophagy activation. Antiviral Res. 2018, 151, 87–96. [Google Scholar] [CrossRef] [PubMed]

	



Matsuyama, S.; Kawase, M.; Nao, N.; Shirato, K.; Ujike, M.; Kamitani, W.; Shimojima, M.; Fukushi, S. The Inhaled Steroid Ciclesonide Blocks SARS-CoV-2 RNA Replication by Targeting the Viral Replication-Transcription Complex in Cultured Cells. J. Virol. 2020, 95. [Google Scholar] [CrossRef]

	



Yamaya, M.; Nishimura, H.; Deng, X.; Sugawara, M.; Watanabe, O.; Nomura, K.; Shimotai, Y.; Momma, H.; Ichinose, M.; Kawase, T. Inhibitory effects of glycopyrronium, formoterol, and budesonide on coronavirus HCoV-229E replication and cytokine production by primary cultures of human nasal and tracheal epithelial cells. Respir. Investig. 2020, 58, 155–168. [Google Scholar] [CrossRef]

	



World Health Organization. Therapeutics and COVID-19. Available online: https://apps.who.int/iris/bitstream/handle/10665/336729/WHO-2019-nCov-remdesivir-2020.1-eng.pdf (accessed on 18 May 2021).

	



Ding, C.; Feng, X.; Chen, Y.; Yuan, J.; Yi, P.; Li, Y.; Ni, Q.; Zou, R.; Li, X.; Sheng, J.; et al. Effect of Corticosteroid Therapy on the Duration of SARS-CoV-2 Clearance in Patients with Mild COVID-19: A Retrospective Cohort Study. Infect. Dis. Ther. 2020, 9, 943–952. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Y.; Li, L. Influence of Corticosteroid Dose on Viral Shedding Duration in Patients With COVID-19. Clin. Infect. Dis. 2021, 72, 1298–1300. [Google Scholar] [CrossRef]

	



Arabi, Y.M.; Mandourah, Y.; Al-Hameed, F.; Sindi, A.A.; Almekhlafi, G.A.; Hussein, M.A.; Jose, J.; Pinto, R.; Al-Omari, A.; Kharaba, A.; et al. Corticosteroid Therapy for Critically Ill Patients with Middle East Respiratory Syndrome. Am. J. Respir. Crit. Care Med. 2018, 197, 757–767. [Google Scholar] [CrossRef]

	



Li, S.; Hu, Z.; Song, X. High-dose but Not Low-dose Corticosteroids Potentially Delay Viral Shedding of Patients With COVID-19. Clin. Infect. Dis. 2021, 72, 1297–1298. [Google Scholar] [CrossRef]

	



Sterne, J.A.C.; Murthy, S.; Diaz, J.V.; Slutsky, A.S.; Villar, J.; Angus, D.C.; Annane, D.; Azevedo, L.C.P.; Berwanger, O.; Cavalcanti, A.B.; et al. Association Between Administration of Systemic Corticosteroids and Mortality Among Critically Ill Patients With COVID-19: A Meta-analysis. JAMA 2020, 324, 1330–1341. [Google Scholar] [CrossRef] [PubMed]

	



Horby, P.; Lim, W.S.; Emberson, J.R.; Mafham, M.; Bell, J.L.; Linsell, L.; Staplin, N.; Brightling, C.; Ustianowski, A.; Elmahi, E.; et al. Dexamethasone in Hospitalized Patients with Covid-19. N. Engl. J. Med. 2021, 384, 693–704. [Google Scholar] [CrossRef] [PubMed]

	



National Institutes of Health. Corticosteroids. Available online: https://www.covid19treatmentguidelines.nih.gov/immunomodulators/corticosteroids/ (accessed on 18 May 2021).

	



Torres Acosta, M.A.; Singer, B.D. Pathogenesis of COVID-19-induced ARDS: Implications for an ageing population. Eur. Respir. J. 2020, 56. [Google Scholar] [CrossRef] [PubMed]

	



Deliloglu, B.; Tuzun, F.; Cengiz, M.M.; Ozkan, H.; Duman, N. Endotracheal Surfactant Combined With Budesonide for Neonatal ARDS. Front. Pediatr. 2020, 8, 210. [Google Scholar] [CrossRef] [PubMed]

	



Mohamed, H.S.; Meguid, M.M.A. Effect of nebulized budesonide on respiratory mechanics and oxygenation in acute lung injury/acute respiratory distress syndrome: Randomized controlled study. Saudi J. Anaesth. 2017, 11, 9–14. [Google Scholar] [CrossRef] [PubMed]

	



Davies, J.M.; Carroll, M.L.; Li, H.; Poh, A.M.; Kirkegard, D.; Towers, M.; Upham, J.W. Budesonide and formoterol reduce early innate anti-viral immune responses in vitro. PLoS ONE 2011, 6, e27898. [Google Scholar] [CrossRef]

	



Gibson, P.G.; Saltos, N.; Fakes, K. Acute anti-inflammatory effects of inhaled budesonide in asthma: A randomized controlled trial. Am. J. Respir. Crit. Care Med. 2001, 163, 32–36. [Google Scholar] [CrossRef]

	



Kelly, E.A.; Busse, W.W.; Jarjour, N.N. Inhaled budesonide decreases airway inflammatory response to allergen. Am. J. Respir. Crit. Care Med. 2000, 162, 883–890. [Google Scholar] [CrossRef]

	



Mendes, E.S.; Rebolledo, P.; Campos, M.; Wanner, A. Immediate antiinflammatory effects of inhaled budesonide in patients with asthma. Ann. Am. Thorac. Soc. 2014, 11, 706–711. [Google Scholar] [CrossRef]








[image: Viruses 13 01411 g001 550] 





Figure 1. The corticosteroid budesonide acts antiviral against SARS-CoV-2 in vitro. (A,D) Vero E6 cells were infected with the SARS-CoV-2 variants B1.1.70 (WT, white), B.1.1.7 (alpha, blue), or B1.351 (beta, green) at a MOI of 0.1 and simultaneously treated with increasing concentrations of budesonide (Selleck Chemicals; dissolved in DMSO) or Pulmicort® (AstraZeneca; suspension containing 0.5 mg budesonide per 2 mL), in concentrations of 0.1, 1, 5 and 25 µM. 24 h post infection, viral titers were determined by limited dilution assay and are depicted as TCID50/mL (three independent experiments indicated by open circle with bars depicting mean +SD; * p < 0.05, ** p < 0.01, ANOVA followed by Dunnett’s corrected t-test versus respective controls). (B,E) Four parameter log-logistic regression analyses were performed using the least squares fitting method implemented in GraphPad Prism v9.1. (C,F) Cytotoxicity was measured with the CytoTox 96® non-radioactive cytotoxicity assay (Promega). Depicted are the normalized mean +SD of three independent experiments. 
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