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INTRODUCTION

Corona virus SARS-CoV-2 has already spread around the whole world and is currently, with no vaccine available yet, unstoppable. As per today, COVID-19 affects more than 3,000,000 confirmed patients globally. First line medications are antiviral drugs and multiple urgent clinical trials are under way. However, a recent clinical trial testing the HIV protease inhibitor combination lopinavir and ritonavir showed no significant antiviral activity against SARS-CoV-2 in patients with severe disease (1). As long as we do not have specific antiviral therapies against SARS-CoV-2, we need to provide supportive symptomatic therapies to prevent pulmonary failure, the most common cause of COVID-19 mortality.



TYPE II ALVEOLAR CELLS ARE DAMAGED BY SARS-COV-2

Viral infection and resulting alveolar cell destruction attract immune cells with an excessive alveolar exudative and interstitial inflammatory reaction. A storm of cytokine and chemokine production results in lung tissue destruction and ultimately in severe acute respiratory distress syndrome (ARDS). SARS-CoV-2 as well as SARS-CoV enter the cells through the angiotensin converting enzyme receptor 2 (ACE2). ACE2 is highly expressed on the apical surface of the airway epithelia, vascular endothelia, renal, and cardiovascular tissue as well as various other cells (2). As they enter through the respiratory tract, SARS-CoV, and SARS-CoV-2 may specifically destroy cells, which predominantly express the ACE2 receptor on their surfaces, namely the type II alveolar cells (2, 3).

As progenitor cells for the alveolar epithelium, type II alveolar cells are the “defender of the alveolus” (4). They maintain alveolar homeostasis, especially after microbial lung damage, where they control the inflammatory response.

Through their production of the protective lung surfactant, type II alveolar cells reduce the lung surface tension and thus facilitate breathing and gas exchange, and in addition, are central for repair processes after trauma (5) (Figure 1). Damage to type II alveolar cells drastically reduces pulmonary surfactant production and secretion to the alveolar space. This is followed by atelectasis due to lung surfactant dysfunction that further reduces the pulmonary compliance (6). The air-liquid-interphase is perturbed in SARS-CoV-2 infected patients leading to lung damage. ACE2 itself protects from lung injury though anti-inflammatory and anti-fibrotic mechanisms. Thus, the use of recombinant angiotensin converting enzyme (ACE) would not only block virus receptor binding sites but also provide lung protection. In the scenario where SARS-CoV-2 binds to ACE2, protective ACE binding is severely reduced. The destruction of alveolar cells is followed by reduced blood oxygenation, lung fibrosis, oedema, impaired regeneration, and ultimately, leads to respiratory failure (7).
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FIGURE 1. Model of lung and alveolar morphology. Lung surfactant is produced by type-II-alveolar cells. Created using smart servier medical art under https://creativecommons.org/licenses/by/3.0/.




LUNG SURFACTANT AS PROTECTIVE ANTI-INFLAMMATORY ARDS THERAPY

Respiratory failure is also known from an entirely different origin, namely in preterm infants with reduced lung surfactant production compared to term-born children. Without sufficient lung surfactant, alveoli collapse during exhalation resulting in poor blood oxygenation.

Lung surfaces depict the air-liquid-interphase and are in constant motion during in- and exhalation. The latter confers the risk of tissue collapse due to fluid surface tension. The lung overcomes this danger by covering its surface with lung surfactant. Lung surfactant is produced in specialized cells found in the terminal lung branches, type II alveolar cells, which start producing lung surfactant immediately after birth (8).

Lung surfactant is a mixture of phospholipids and four surfactant proteins (SP), namely the hydrophilic SP-A and SP-D, also called collectins, and the lipophilic SP-B and SP-C (9). Lung surfactant lowers the surface tension and thereby prevents the alveolar collapse during exhalation. All SP contribute to the innate immune responses of the lung while SP-B and SP-C influence the consistence of the phospholipid rich surfactant as well (10). Recently, novel surfactant associated proteins (SFTA) were described with similar properties compared to the “classic” SP (11–13). SFTA2 is hydrophilic and displays similar properties compared to SP-A and SP-D (13). SFTA3 enhances the phagocytosis of macrophage cell lines (14) and is an amphiphilic protein (12). Therefore, it is likely to be present in the commercially available lipophilic extractions of animal lungs and could enhance the phagocytotic activity of macrophages against CoV-2.

In preterm infants, lung surfactant production is insufficient with poor blood oxygenation and high alveolar surface tension leading to increased inflammatory reaction.

Starting in the late seventies, exogenous bovine, or porcine lung surfactant derived from bronchial lavage was successfully established as a therapy for ARDS in premature infants. Treatment with lung surfactant preparations leads to enhanced oxygenation and increased survival (15–17). Of note, treatment with naturally occurring lung surfactant had a better outcome with regard to infant survival compared to synthetic lung surfactant (17). Natural lung surfactants are a mixture of lipids (90%) and surfactant proteins (10%) which regulate the activity of alveolar macrophages and reduce inflammation. The lipophilic lung surfactant fraction has anti-inflammatory properties when applied intratracheally to the lung (18) as well as topically onto skin (19). In the skin, lung surfactant reduces the expression of pro-inflammatory and pro-fibrotic genes in wounds in vivo. In various in vitro and in vivo murine and human models of wound inflammation, lung surfactant reduced TNF-α, TACE and IL-6 (19), which are highly elevated in severely affected COVID-19 patients.

Recent findings show that SARS-CoV-2 induces the destruction of type II alveolar cells in COVID-19 associated pneumonia (2). Exactly those cells produce lung surfactant and prevent lung collapse. Furthermore, lymphocytopenia with massive release of cytokines is another factor leading to pulmonary failure and death in severe cases of COVID-19 patients. Therefore, anti-inflammatory targets such as anti-TNF and anti-IL-6 have been suggested to better control severe COVID-19 infection (20).



DISCUSSION: THE USE OF LUNG SURFACTANT FOR PULMONARY BARRIER RESTORATION IN PATIENTS WITH COVID-19 PNEUMONIA

Although lung surfactant therapy is the standard, very safe and effective therapy for neonates with ARDS, treatment with recombinant SP-C based surfactant did not show improved survival in major randomized controlled trials in adults (18). Importantly, the use of natural surfactants seems to be advantageous compared to synthetic surfactants (16, 17) with significant improvement in blood oxygenation and shorter ventilation time in infants (16). Meconium aspiration syndrome resembles COVID-19 pneumonia with reduced surfactant production and destruction of type II alveolar cells (21). Early administration of natural lung surfactant decreased ECMO therapy and ventilation time (21). This suggests that early administration of natural lung surfactant could indeed improve the pulmonary function also in adult patients with severe ARDS, while the cause of death may not be the collapsed lung alone but rather a multi-organ failure. Besides, different risk factors for the development of ARDS and different phenotypes imply possible varying effects due to therapeutic measures. Thus, beneficial effects of surfactant therapy in COVID-19 associated ARDS patients are conceivable, especially when applied early in the treatment strategy against pulmonary failure.

Because of the robust anti-inflammatory and lung protective efficacy and the today's urgent need for lung supportive therapy, we propose the adjuvant treatment of COVID-19 pneumonia patients on ICUs with natural lung surfactants in addition to the current standard of ARDS intensive care treatment. Current evidence suggests that this would increase blood oxygenation, reduce pulmonary oedema, and ameliorate the excessive inflammatory reaction found in lung autopsies of COVID-19 patients (22). Windtree therapeutics™ announced their plan to test KL4, a synthetic surfactant, in severe COVID-19 infected patients (https://www.windtreetx.com/). In Germany, Lyomark Pharma GmbH are planning to test their natural multicomponent lung surfactant bovactant in adult COVID-19 patients with pneumonia as well (www.lyomark.com).

Commercially available lung surfactant is relatively inexpensive for ICU standards, easily available and has no known side effects in children and adults. Caution should be taken in patients with known allergies against bovine or porcine products, as lung surfactants are mostly harvested from bovine (bovactant, Alveofact®) or porcine (poractant alfa, Curosurf®) lungs by lavage or tissue mincing followed by extraction of the lipid fraction.

Administration is simple by adding the reconstituted lyophilizate into the tracheal tube of the ventilated patient delivering the drug directly to the alveolar space. With regard to bovactant, a nebulizer was recently approved for clinical use in the US by the FDA. By covering the outer surface of alveoli, lung surfactant acts directly on inflammatory cells reducing cytokine production and tissue destruction. Thereby, it restores the pulmonary barrier and thus prevents the lung collapse (Figure 2). Consequently, it will reduce the duration of ventilation therapy, facilitate breathing, and thus contribute to patients' recovery.
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FIGURE 2. Hypothetical mechanism of externally applied lung surfactant for pulmonary protection in severe COVID-19 associated ARDS. COVID-19 associated ARDS is characterized by massive macrophage infiltration, tissue alveolar macrophage activation and a potentiation of cytokine production in the lung (cytokine “storm”), which leads to the destruction of surfactant producing type II alveolar cells, which worsens the situation through the loss of anti-inflammatory, anti-fibrotic lung surfactant. Exogenous surfactant may reduce inflammation and thus restore pulmonary survival. Created using smart servier medical art under https://creativecommons.org/licenses/by/3.0/.




AUTHOR CONTRIBUTIONS

All authors contributed to the design, writing and conceptualization of the manuscript. UM and KM edited and designed the figures.



ACKNOWLEDGMENTS

We would like to thank Desiree Schumann (University of Basel) for her insightful support in writing this manuscript. Authors are supported by the German Research Foundation (DFG) and JDRF. We wish to apologize for not citing many important publications due to space limitations.



REFERENCES

 1. Cao B, Wang Y, Wen D, Liu W, Wang J, Fan G, et al. A trial of lopinavir-ritonavir in adults hospitalized with severe Covid-19. N Engl J Med. (2020) 382:1787–99. doi: 10.1056/NEJMoa2001282

 2. Zhou P, Yang XL, Wang XG, Hu B, Zhang L, Zhang W, et al. A pneumonia outbreak associated with a new coronavirus of probable bat origin. Nature. (2020) 579:270–3. doi: 10.1038/s41586-020-2012-7

 3. Hoffmann M, Kleine-Weber H, Schroeder S, Kruger N, Herrler T, Erichsen S, et al. SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2 and is blocked by a clinically proven protease inhibitor. Cell. (2020) 181:271–80.e8. doi: 10.1016/j.cell.2020.02.052

 4. Mason RJ. Biology of alveolar type II cells. Respirology. (2006) 11(Suppl.):S12–5. doi: 10.1111/j.1440-1843.2006.00800.x

 5. Alcorn JL. Pulmonary surfactant trafficking and homeostasis. In: Sidhaye VK, Koval M, editors. Lung Epithelial Biology in the Pathogenesis of Pulmonary Disease. Philadelphia, PA: Elsevier Academic Press (2017). p. 59–75. doi: 10.1016/B978-0-12-803809-3.00004-X

 6. Gurka DP, Balk RA. Acute respiratory failure. In: Parrillo JE, Dellinger RP, editors. Critical Care Medicine. Principles of Diagnosis and Management in the Adult. Philadelphia, PA: Mosby Elsevier (2008). p. 773–94. doi: 10.1016/B978-032304841-5.50040-6

 7. Fang L, Karakiulakis G, Roth M. Are patients with hypertension and diabetes mellitus at increased risk for COVID-19 infection? Lancet Respir Med. (2020) 8:e21. doi: 10.1016/S2213-2600(20)30116-8

 8. Daniels CB, Orgeig S. Pulmonary surfactant: the key to the evolution of air breathing. News Physiol Sci. (2003) 18:151–7. doi: 10.1152/nips.01438.2003

 9. Bernhard W. Lung surfactant: function and composition in the context of development and respiratory physiology. Ann Anat. (2016) 208:146–50. doi: 10.1016/j.aanat.2016.08.003

 10. Wright JR. The “wisdom” of lung surfactant: balancing host defense and surface tension-reducing functions. Am J Physiol Lung Cell Mol Physiol. (2006) 291:L847–50. doi: 10.1152/ajplung.00261.2006

 11. Schicht M, Garreis F, Hartjen N, Beileke S, Jacobi C, Sahin A, et al. SFTA3 - a novel surfactant protein of the ocular surface and its role in corneal wound healing and tear film surface tension. Sci Rep. (2018) 8:9791. doi: 10.1038/s41598-018-28005-9

 12. Tschernig T, Veith NT, Diler E, Bischoff M, Meier C, Schicht M. The importance of surfactant proteins-new aspects on macrophage phagocytosis. Ann Anat. (2016) 208:142–5. doi: 10.1016/j.aanat.2016.07.005

 13. Mittal RA, Hammel M, Schwarz J, Heschl KM, Bretschneider N, Flemmer AW, et al. SFTA2–a novel secretory peptide highly expressed in the lung–is modulated by lipopolysaccharide but not hyperoxia. PLoS ONE. (2012) 7:e40011. doi: 10.1371/journal.pone.0040011

 14. Diler E, Schicht M, Rabung A, Tschernig T, Meier C, Rausch F, et al. The novel surfactant protein SP-H enhances the phagocytosis efficiency of macrophage-like cell lines U937 and MH-S. BMC Res Notes. (2014) 7:851. doi: 10.1186/1756-0500-7-851

 15. Ramanathan R. Surfactant therapy in preterm infants with respiratory distress syndrome and in near-term or term newborns with acute RDS. J Perinatol. (2006) 26(Suppl. 1):S51–6; discussion S63-4. doi: 10.1038/sj.jp.7211474

 16. Been JV, Zimmermann LJ. What's new in surfactant? A clinical view on recent developments in neonatology and paediatrics. Europ J Pediatrics. (2007) 166:889–99. doi: 10.1007/s00431-007-0501-4

 17. Ainsworth SB, Beresford MW, Milligan DW, Shaw NJ, Matthews JN, Fenton AC, et al. Pumactant and poractant alfa for treatment of respiratory distress syndrome in neonates born at 25-29 weeks' gestation: a randomised trial. Lancet. (2000) 355:1387–92. doi: 10.1016/S0140-6736(00)02136-X

 18. Spragg RG, Lewis JF, Walmrath HD, Johannigman J, Bellingan G, Laterre PF, et al. Effect of recombinant surfactant protein C-based surfactant on the acute respiratory distress syndrome. N Engl J Med. (2004) 351:884–92. doi: 10.1056/NEJMoa033181

 19. Mirastschijski U, Schwab I, Coger V, Zier U, Rianna C, He W, et al. Lung surfactant accelerates skin wound healing: a translational study with a randomized clinical Phase I study. Sci Rep. (2020) 10:2581. doi: 10.1038/s41598-020-59394-5

 20. Shi Y, Wang Y, Shao C, Huang J, Gan J, Huang X, et al. COVID-19 infection: the perspectives on immune responses. Cell Death Differ. (2020) 27:1451–4. doi: 10.1038/s41418-020-0530-3

 21. Findlay RD, Taeusch HW, Walther FJ. Surfactant replacement therapy for meconium aspiration syndrome. Pediatrics. (1996) 97:48–52. 

 22. Yao XH, Li TY, He ZC, Ping YF, Liu HW, Yu SC, et al. [A pathological report of three COVID-19 cases by minimally invasive autopsies]. Zhonghua Bing Li Xue Za Zhi. (2020) 49:E009. doi: 10.3760/cma.j.cn112151-20200312-00193

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

Copyright © 2020 Mirastschijski, Dembinski and Maedler. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Lung Surfactant for Pulmonary Barrier Restoration in Patients With COVID-19 Pneumonia



		Introduction



		Type II Alveolar Cells Are Damaged by SARS-COV-2



		Lung Surfactant as Protective Anti-Inflammatory ARDS Therapy



		Discussion: the Use of Lung Surfactant for Pulmonary Barrier Restoration in Patients With COVID-19 Pneumonia



		Author Contributions



		Acknowledgments



		References

















OPS/images/cover.jpg
’ frontiers
in Medicine

Lung Surfactant for Pulmonary
Barrier Restoration in Patients With
COVID-19 Pneumonia





OPS/images/fmed-07-00254-g001.gif





OPS/images/fmed-07-00254-g002.gif
‘Troated / Normal lung COVD-8 amaciied ARDS

longtcant prodcediy
e ahacto o

* Aiveolar macrophage
e} e
! -
S Cei
st
- st
* *
g (v
o









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Medicine





