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Introduction

Out of the mire of the COVID-19 pandemic, caused by the novel coronavirus SARS-CoV-2, a new clue on pathogenesis has emerged regarding multisystem inflammatory disease in children with evidence of endotheliitis and microvascular thrombosis, with striking similarities to Kawasaki disease. Here we consider whether the complement system could underpin these connections, in particular the lectin pathway - the most recent and perhaps least understood of the three main activation pathways known to unleash the complement cascade. We have evaluated the published evidence linking the complement system with both Kawasaki disease and COVID-19 associated acute respiratory distress syndrome (ARDS) and we conclude that the complement system could be a therapeutic target for the Kawasaki-like syndrome triggered by SARS-CoV-2.

The complement cascade has a significant role in host defence. Activation of complement via the classical and alternative pathways has long been recognised. More recently, the lectin complement pathway has defined another means of pathogen recognition, via carbohydrate motifs on the pathogen surface that can bind vertebrate lectins, resulting in enzymatic activation of complement and also the coagulation system on endothelial surfaces to cause thrombosis (1). Pertinently, the surface structures of SARS-CoV-2 are rich in carbohydrate residues recognised by lectins (2).



Lectin Pathway Involvement in COVID-19

The hallmarks of lectin pathway involvement—increased detection of Mannose binding lectin (MBL) and MBL-associated serine protease-2 (MASP-2) alongside cleavage products of complement C4 and C3—are found co-localised with SARS-CoV-2 in post-mortem lung tissue from adult COVID-19 patients (3). The alveolar epithelium, a primary target of SARS-CoV-2, locally produces complement-activating lectins such as collectin-11 and ficolin-1 providing a tentative site for complement deposition. Indeed, lectin pathway components (MBL, MASP-2, C4d, and C3d) are also co-localised with the SARS-CoV-2 envelope protein in adjacent blood vessels, where endotheliitis and thrombus formation are evident (see Figure 1) (3). It should be emphasised that activation of the lectin pathway through MBL-MASP and ficolin-MASP binding to glycan structures, which are present on the SARS-CoV-2 envelope, may lead to the generation of blood clots similar to those generated by thrombin (4). Moreover, elevated plasma collectin-11 levels have been associated with the risk of disseminated intravascular coagulation (DIC) (5). These findings provide the first circumstantial evidence of complement involvement in adult COVID-19. Although not proving causation, they have provided rationale for targeting the complement system in COVID-19 (6) and the initiation of clinical trials of complement inhibitors.




Figure 1 | Hypothetical model to illustrate activation of the complement system, inflammation and coagulation following SARS-CoV-2 infection. Virus enters the circulation from the lung alveolar space. Carbohydrate structures in the viral envelope are detected by circulating lectins (e.g. collectin-11 and mannan-binding lectin, MBL). Enzymes bound to collectins (known as MBL-associated serine proteases or MASPs) lead to the cleavage of complement C3 (directly or via C4 and C2) followed by C5 to generate biologically activate fragments (C3a, C3b, C5a and C5b) and membrane attack complex (C5b-9). Membrane damage caused by the actions of C5a and C5b-9 and inflammatory cell infiltration on the blood vessel wall promotes clot (thrombus) formation by the coagulation pathway, while in addition, lectin-MASP complexes can directly activate the coagulation cascade. Reports of microscopic tissue examination in cases of COVID-19 show evidence of small and medium size vessel injury (vasculitis) and thrombus formation in the presence of SARS-CoV-2, MBL, MASP, C3b and C5b-9, suggesting a causal relationship as depicted. Mo, Monocyte; MΦ, macrophage; PMN, polymorphonuclear neutrophil; RBC, Erythrocyte.





Comparison of Multisystem Inflammatory Syndrome in Children (MIS-C) Following SARS-CoV-2 Infection With Kawasaki Disease

While childhood COVID-19 is usually asymptomatic or mild, several recent published reports document a hyper-inflammatory syndrome associated with thrombotic tendency, multi-organ involvement and a high rate of positivity for SARS-CoV-2 (7–13). This syndrome has resemblance to Kawasaki disease, first recognised in Japan in 1967, which is associated with several viral infections including coronaviruses (14) and presents as an acute vasculitis of children under five, characterised by fever, lymphadenopathy and coronary artery involvement in up to 25% (15). In comparison, patients with the Kawasaki-like paediatric variant of COVID-19 are generally older, often presenting with severe respiratory and gastrointestinal symptoms. Two recent studies that reported a large number of patients with confirmed or suspected cases of multisystem inflammatory syndrome noted positivity for SARS-CoV-2 by RT-PCR or antibody testing in 70% and 99% respectively (11, 12). The majority of children in all studies reported to date had increased markers of myocardial injury, many had echocardiogram abnormalities and/or prominent echogenic coronary arteries while 14% in the English study (8) and 9% in the two large American cohorts (11, 12) also had coronary aneurysms. In addition, increased coagulation markers were noted in a significant proportion of patients when measured, while acute kidney injury occurred in 22% of admitted children in the English cohort (9). Thus, the clinical and laboratory findings in multisystem inflammatory syndrome in children (MIS-C) following infection with SARS-CoV-2 have considerable overlap with Kawasaki disease and with adult COVID-19.



Links Between MIS-C and Kawasaki Disease With the Complement System

A viral etiology is implicated in adult and paediatric COVID-19 and Kawasaki disease. The wide range of viruses including SARS-Coronaviruses (CoV) interacting with carbohydrate-recognition molecules such as collectin-11 (16) and MBL (17) makes it highly likely that the lectin complement pathway is triggered. Moreover, MBL gene polymorphism associates with Kawasaki disease and its cardiovascular abnormalities (18–20) and MBL has been directly implicated in the pathogenesis of a murine model of vasculitis imitating Kawasaki disease (21). A dual role for MBL has been proposed in Kawasaki disease depending on the age of the patient, with a pathogenic role favoring disease progression and endothelial damage in older children (20). Additionally, plasma MASP-1 concentration at the onset of the illness was predictive of the length of recovery time for coronary artery lesions (22). There is evidence that activation of MASP-1 in the early stage of Kawasaki disease provokes a local vascular inflammatory reaction, resulting in the consumption of MASP-1 (22). Another lectin pathway component, ficolin-1, demonstrates reduced serum levels after successful intravenous immunoglobulin (IVIG) treatment in Kawasaki patients (23). This study provided support for direct interaction of IVIG with ficolin-1, giving rise to the captivating idea that at least one mechanism of treatment effectiveness of IVIG in Kawasaki disease is due to reduction of ficolin-1 level in the serum (23).

Other pathways of complement activation may be involved. Complement activation by immune complexes in Kawasaki disease suggests dependence on the classical pathway of complement activation in the development of vasculitis (24). However, elevation of plasma levels of activation marker C4d in patients with Kawasaki syndrome, which has been previously reported to be diagnostic of the classical pathway (24), could also be downstream of the lectin pathway since C4 is a component of both complement pathways (25). C-reactive protein (CRP) may further enhance the localised deposition of complement in the vessel wall, since gross elevation of CRP occurs in the acute phase of Kawasaki disease (and COVID-19) and this protein can mediate classical pathway activation of complement (26, 27). A study in Kawasaki disease demonstrated that complement factor B (essential for alternative pathway activation) is likely to have a contributory effect (28). Other proteomic studies have identified strong associations of the complement and coagulation cascades with Kawasaki disease (29). Multiple different components of innate immunity may be active during MIS-C, Kawasaki syndrome and COVID-19 such as type I interferon (IFN) (30, 31), which may be a downstream effect of complement activation or may occur independently. The lectin pathway could therefore be the initial immune trigger after engaging the virus; initiating the complement cascade, while induction of type I IFN could be a secondary response. Independent of which of the two systems is activated first, thrombotic microangiopathy may be a resulting manifestation (32).



Discussion

At this early stage in our understanding of how SARS-CoV-2 leads to hyperinflammatory syndrome, the evidence linking complement activation with endothelial injury and thrombosis is undeniable though largely circumstantial. More-definitive experimental data is needed to support complement-based therapeutic approaches and to inform on the most appropriate therapeutic targets and whether these involve ligand-recognition (lectin and classical) or amplification (alternative) pathways, or core components (C3 and C5) or the terminal effector pathway (i.e. C5a or C5b-9). It is hoped that this opinion article will stimulate early interest in these possibilities. The pandemic of SARS-CoV-2 disease and its aggressive presentation in a subgroup of children also brings into line a better understanding of the pathogenesis of sporadic Kawasaki disease and the potential for targeting the complement system in both conditions.



Author Contributions

All authors participated in reviewing the literature. AP, SS and LK contributed in writing and editing the manuscript. SG provided information on paediatric clinical cases and contributed to editing. All authors contributed to the article and approved the submitted version.



Funding

Previously published research by our laboratories was supported by the UK Medical Research Council (grants MR/J006742/1, MR/L020254/1, G1001141, MR/J004553/1, MR/M007871/1 and MR/L012758/1), the National Institute for Health Research (NIHR) Biomedical Research Centre based at Guy’s and St Thomas’s NHS (grant RE12572), The Bill and Melinda Gates Foundation, Seattle, WA grant number 38639 and European Union Marie Curie Initial Training Network (UniVacFlu) grant number 607690 to LK.



References

1. Fumagalli, S, and De Simoni, MG. Lectin Complement Pathway and Its Bloody Interactions in Brain Ischemia. Stroke (2016) 47(12):3067–73. doi: 10.1161/STROKEAHA.116.012407

2. Watanabe, Y, Allen, JD, Wrapp, D, McLellan, JS, and Crispin, M. Site-specific glycan analysis of the SARS-CoV-2 spike. Science (2020) 369(6501):330–3. doi: 10.1101/2020.03.26.010322

3. Magro, C, Mulvey, JJ, Berlin, D, Nuovo, G, Salvatore, S, Harp, J, et al. Complement associated microvascular injury and thrombosis in the pathogenesis of severe COVID-19 infection: a report of five cases. Transl Res (2020) 220:1–13. doi: 10.1016/j.trsl.2020.04.007

4. Gulla, KC, Gupta, K, Krarup, A, Gal, P, Schwaeble, WJ, Sim, RB, O'Connor, CD, and Hajela, K. Activation of mannan-binding lectin-associated serine proteases leads to generation of a fibrin clot. Immunology (2010) 129(4):482–95. doi: 10.1111/j.1365-2567.2009.03200.x

5. Takahashi, K, Ohtani, K, Larvie, M, Moyo, P, Chigweshe, L, Van Cott, EM, et al. Elevated plasma CL-K1 level is associated with a risk of developing disseminated intravascular coagulation (DIC). J Thromb Thrombolysis (2014) 38(3):331–8. doi: 10.1007/s11239-013-1042-5

6. Polycarpou, A, Howard, M, Farrar, CA, Greenlaw, R, Fanelli, G, Wallis, R, et al. Rationale for targeting complement in COVID-19. EMBO Mol Med (2020) 12(8):e12642. doi: 10.15252/emmm.202012642

7. Verdoni, L, Mazza, A, Gervasoni, A, Martelli, L, Ruggeri, M, Ciuffreda, M, et al. An outbreak of severe Kawasaki-like disease at the Italian epicentre of the SARS-CoV-2 epidemic: an observational cohort study. Lancet (2020) 395(10239):1771–8. doi: 10.1016/S0140-6736(20)31103-X

8. Riphagen, S, Gomez, X, Gonzalez-Martinez, C, Wilkinson, N, and Theocharis, P. Hyperinflammatory shock in children during COVID-19 pandemic. Lancet (2020) 395(10237):1607–8. doi: 10.1016/S0140-6736(20)31094-1

9. Whittaker, E, Bamford, A, Kenny, J, Kaforou, M, Jones, CE, Shah, P, et al. Clinical Characteristics of 58 Children With a Pediatric Inflammatory Multisystem Syndrome Temporally Associated With SARS-CoV-2. JAMA (2020) 324(3):259–69. doi: 10.1001/jama.2020.10369

10. Cheung, EW, Zachariah, P, Gorelik, M, Boneparth, A, Kernie, SG, Orange, JS, et al. Multisystem Inflammatory Syndrome Related to COVID-19 in Previously Healthy Children and Adolescents in New York City. JAMA (2020). doi: 10.1001/jama.2020.10374

11. Feldstein, LR, Rose, EB, Horwitz, SM, Collins, JP, Newhams, MM, Son, MF, et al. Multisystem Inflammatory Syndrome in U.S. Children and Adolescents. New Engl J Med (2020). doi: 10.1056/NEJMoa2021680

12. Dufort, EM, Koumans, EH, Chow, EJ, Rosenthal, EM, Muse, A, Rowlands, J, et al. Multisystem Inflammatory Syndrome in Children in New York State. New Engl J Med (2020) 383:347–58. doi: 10.1056/NEJMoa2021756

13. Toubiana, J, Poirault, C, Corsia, A, Bajolle, F, Fourgeaud, J, Angoulvant, F, et al. Kawasaki-like multisystem inflammatory syndrome in children during the covid-19 pandemic in Paris, France: prospective observational study. BMJ (2020) 369:m2094. doi: 10.1136/bmj.m2094

14. Esper, F, Shapiro, ED, Weibel, C, Ferguson, D, Landry, ML, and Kahn, JS. Association between a novel human coronavirus and Kawasaki disease. J Infect Dis (2005) 191(4):499–502. doi: 10.1086/428291

15. Newburger, JW, Takahashi, M, and Burns, JC. Kawasaki Disease. J Am Coll Cardiol (2016) 67(14):1738–49. doi: 10.1016/j.jacc.2015.12.073

16. Hansen, S, Selman, L, Palaniyar, N, Ziegler, K, Brandt, J, Kliem, A, et al. Collectin 11 (CL-11, CL-K1) is a MASP-1/3-associated plasma collectin with microbial-binding activity. J Immunol (2010) 185(10):6096–104. doi: 10.4049/jimmunol.1002185

17. Zhou, Y, Lu, K, Pfefferle, S, Bertram, S, Glowacka, I, Drosten, C, et al. A single asparagine-linked glycosylation site of the severe acute respiratory syndrome coronavirus spike glycoprotein facilitates inhibition by mannose-binding lectin through multiple mechanisms. J Virol (2010) 84(17):8753–64. doi: 10.1128/JVI.00554-10

18. Biezeveld, MH, Kuipers, IM, Geissler, J, Lam, J, Ottenkamp, JJ, Hack, CE, et al. Association of mannose-binding lectin genotype with cardiovascular abnormalities in Kawasaki disease. Lancet (2003) 361(9365):1268–70. doi: 10.1016/S0140-6736(03)12985-6

19. Sato, S, Kawashima, H, Kashiwagi, Y, Ujioka, T, Takekuma, K, and Hoshioka, A. Association of mannose-binding lectin gene polymorphisms with Kawasaki disease in the Japanese. Int J Rheum Dis (2009) 12(4):307–10. doi: 10.1111/j.1756-185X.2009.01428.x

20. Biezeveld, MH, Geissler, J, Weverling, GJ, Kuipers, IM, Lam, J, Ottenkamp, J, et al. Polymorphisms in the mannose-binding lectin gene as determinants of age-defined risk of coronary artery lesions in Kawasaki disease. Arthritis Rheum (2006) 54(1):369–76. doi: 10.1002/art.21529

21. Nakamura, A, Okigaki, M, Miura, N, Suzuki, C, Ohno, N, Kametani, F, et al. Involvement of mannose-binding lectin in the pathogenesis of Kawasaki disease-like murine vasculitis. Clin Immunol (2014) 153(1):64–72. doi: 10.1016/j.clim.2014.03.019

22. Song, RX, Zou, Q-M, Li, X-L, Xu, N-P, Zhang, T, Fu, J, et al. Plasma MASP-1 concentration and its relationship to recovery from coronary artery lesion in children with Kawasaki disease. Pediatr Res (2016) 79(2):301–7. doi: 10.1038/pr.2015.223

23. Okuzaki, D, Ota, K, Takatsuki, S, Akiyoshi, Y, Naoi, K, Yabuta, N, et al. FCN1 (M-ficolin), which directly associates with immunoglobulin G1, is a molecular target of intravenous immunoglobulin therapy for Kawasaki disease. Sci Rep (2017) 7(1):11334. doi: 10.1038/s41598-017-11108-0

24. Kohsaka, T, Abe, J, Asahina, T, and Kobayashi, N. Classical pathway complement activation in Kawasaki syndrome. J Allergy Clin Immunol (1994) 93(2):520–5. doi: 10.1016/0091-6749(94)90362-X

25. Garred, P, Genster, N, Pilely, K, Bayarri‐Olmos, R, Rosbjerg, A, Ma, YJ, et al. A journey through the lectin pathway of complement-MBL and beyond. Immunol Rev (2016) 274(1):74–97. doi: 10.1111/imr.12468

26. Fidler, KJ, Wilson, P, Davies, JC, Turner, MW, Peters, MJ, Klein, NJ, et al. Increased incidence and severity of the systemic inflammatory response syndrome in patients deficient in mannose-binding lectin. Intensive Care Med (2004) 30(7):1438–45. doi: 10.1007/s00134-004-2303-8

27. Suresh, MV, Singh, SK, Ferguson, DA Jr, and Agrawal, A. Role of the property of C-reactive protein to activate the classical pathway of complement in protecting mice from pneumococcal infection. J Immunol (2006) 176(7):4369–74. doi: 10.4049/jimmunol.176.7.4369

28. Zou, QM, Li, X-H, Song, R-X, Xu, N-P, Zhang, T, Zhang, M-M, et al. Early decreased plasma levels of factor B and C5a are important biomarkers in children with Kawasaki disease. Pediatr Res (2015) 78(2):205–11. doi: 10.1038/pr.2015.81

29. Liu, W, Liu, C, Zhang, L, Xie, X, Gu, X, Sang, C, et al. Molecular basis of coronary artery dilation and aneurysms in patients with Kawasaki disease based on differential protein expression. Mol Med Rep (2018) 17(2):2402–14. doi: 10.3892/mmr.2017.8111

30. Magro, C, Mulvey, JJ, Laurence, J, Sanders, S, Crowson, N, Grossman, M, et al. The differing pathophysiologies that underlie COVID-19 associated perniosis and thrombotic retiform purpura: a case series. Br J Dermatol (2020). doi: 10.1111/bjd.19415

31. Rowley, AH, Wylie, KM, Kim, KY, Pink, AJ, Yang, A, Reindel, R, Baker, SC, et al. The transcriptional profile of coronary arteritis in Kawasaki disease. BMC Genomics (2015) 16:1076. doi: 10.1186/s12864-015-2323-5

32. Kavanagh, D, McGlasson, S, Jury, A, Williams, J, Scolding, N, Bellamy, C, et al. Type I interferon causes thrombotic microangiopathy by a dose-dependent toxic effect on the microvasculature. Blood (2016) 128(24):2824–33. doi: 10.1182/blood-2016-05-715987



Conflict of Interest: SS consults for UCB, Omeros and Alexion Pharmaceuticals Inc. on therapeutic targets in the complement system.

The remaining 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 © 2021 Polycarpou, Grigoriadou, Klavinskis and Sacks. 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.


OEBPS/Images/fimmu.2020.604512_cover.jpg
’ frontiers
in Immunology

Does the Lectin Complement
Pathway Link Kawasaki Disease and
SARS-CoV-2?





OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu-11-604512-g001.jpg
o™ = e,

& N,

coromsey s " e
S — snscmﬂ'. COAGULATION

‘ Vieus dooction by OGS, Cleavage of pothrombin
v
] |
4






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Does the Lectin Complement Pathway Link Kawasaki Disease and SARS-CoV-2?

      

        		

          Introduction

        



        		

          Lectin Pathway Involvement in COVID-19

        



        		

          Comparison of Multisystem Inflammatory Syndrome in Children (MIS-C) Following SARS-CoV-2 Infection With Kawasaki Disease

        



        		

          Links Between MIS-C and Kawasaki Disease With the Complement System

        



        		

          Discussion

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





