

[image: image1]
The Complement System in Flavivirus Infections









	 
	MINI REVIEW
published: 14 February 2017
doi: 10.3389/fmicb.2017.00213





[image: image]

The Complement System in Flavivirus Infections

Jonas N. Conde1*, Emiliana M. Silva1, Angela S. Barbosa2 and Ronaldo Mohana-Borges1*

1Laboratório de Genômica Estrutural, Instituto de Biofísica Carlos Chagas Filho, Universidade Federal do Rio de Janeiro, Rio de Janeiro, Brazil

2Laboratório de Bacteriologia, Instituto Butantan, São Paulo, Brazil

Edited by:
Allan Zajac, University of Alabama at Birmingham, USA

Reviewed by:
Tian Wang, University of Texas Medical Branch, USA
Thomas E. Morrison, University of Colorado Denver School of Medicine, USA

*Correspondence: Jonas N. Conde, jonasconde@biof.ufrj.br Ronaldo Mohana-Borges, mohana@biof.ufrj.br

Specialty section:This article was submitted to Microbial Immunology, a section of the journal Frontiers in Microbiology

Received: 28 November 2016
Accepted: 30 January 2017
Published: 14 February 2017

Citation: Conde JN, Silva EM, Barbosa AS and Mohana-Borges R (2017) The Complement System in Flavivirus Infections. Front. Microbiol. 8:213. doi: 10.3389/fmicb.2017.00213

The incidence of flavivirus infections has increased dramatically in recent decades in tropical and sub-tropical climates worldwide, affecting hundreds of millions of people each year. The Flaviviridae family includes dengue, West Nile, Zika, Japanese encephalitis, and yellow fever viruses that are typically transmitted by mosquitoes or ticks, and cause a wide range of symptoms, such as fever, shock, meningitis, paralysis, birth defects, and death. The flavivirus genome is composed of a single positive-sense RNA molecule encoding a single viral polyprotein. This polyprotein is further processed by viral and host proteases into three structural proteins (C, prM/M, E) and seven non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, NS5) that are involved in viral replication and pathogenicity. The complement system has been described to play an important role in flavivirus infection either by protecting the host and/or by influencing disease pathogenesis. In this mini-review, we will explore the role of complement system inhibition and/or activation against infection by the Flavivirus genus, with an emphasis on dengue and West Nile viruses.
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INTRODUCTION

The Flaviviridae family consists of many viral pathogens that cause severe disease and mortality in humans and animals. The family consists of four genera: Flavivirus, Pestivirus, Pegvirus, and Hepacivirus. In this mini-review, we will focus on the Flavivirus genus, which is the largest of the four genera, comprising more than 70 viruses, including dengue (DENV), West Nile (WNV), Zika (ZIKV), Japanese encephalitis (JEV), yellow fever (YFV), St. Louis encephalitis (SLEV), and tick-borne encephalitis (TBE) viruses (Lindenbach and Rice, 2003). The flaviviruses are primarily transmitted by arthropods such as mosquitoes and ticks. The most common mode of biological transmission is infection during a viremic blood meal and injection of infectious saliva during blood feeding (Kuno and Chang, 2005).

The rate of flavivirus infections worldwide has increased dramatically in the last few years, with the resurgence of all DENV serotypes (DENV1-4), WNV, YFV, and the emergence of ZIKV, affecting hundreds of millions of people each year (Gubler, 1998, 2002, 2007; Bhatt et al., 2013; Chan, 2016; Musso and Gubler, 2016). The large geographical expansion of flaviviruses has been related to vector adaptation of Aedes aegypti and A. albopictus to domesticated environments (Kuno and Chang, 2005). Other factors such as climate and genetic changes, global growth of human populations with extensive urbanization, lack of effective mosquito control, and increased air travel have also been associated with the emergence of flaviviruses (Gubler, 2002; Bennett et al., 2003; Steel et al., 2010; Weaver and Reisen, 2010).

Although most people infected with flaviviruses develop asymptomatic infection, the clinical spectrum is broad. After incubation for 3–6 days, there is an abrupt onset of many symptoms including high fever, chills, headache, back and muscle aches, dizziness, anorexia, nausea, and vomiting (Gould and Solomon, 2008; Murphy and Whitehead, 2011). Patients infected with one of the four DENV serotypes can develop severe manifestations that are characteristic of dengue hemorrhagic fever (DHF) and dengue shock syndrome (DSS), such as vascular leakage, that can lead to hypovolemic shock, coagulopathy that can be accompanied by bleeding, organ impairment and death (Simmons et al., 2012). Severe disease is associated frequently with secondary infection with a different serotype and primary infections of infants born to DENV-immune mothers. At concentrations that do not reach the stoichiometric threshold necessary for neutralization, anti-flavivirus antibodies enhance infection in cells expressing Fc-γR, a phenomenon known as antibody-dependent enhancement (ADE; Halstead et al., 2005; Pierson et al., 2007). Together with two additional non-exclusive hypotheses of viral virulence and serotype-cross-reactive memory T cells, these three processes could lead to excessive complement activation and cytokine release, resulting in DHF/DSS (Balsitis et al., 2010; Zellweger et al., 2010; Rothman, 2011).

In addition, humans infected with WNV develop meningitis or encephalitis syndrome that could be fatal in immunocompromised patients (Granwehr et al., 2004), while ZIKV infections may cause neurological complications such as microcephaly in neonates and Guillain–Barré syndrome in adults (Musso and Gubler, 2016). Because these severe manifestations occur relatively late during the course of disease when the virus may no longer be detectable in plasma, mechanisms mediated by immune responses may play a significant role in pathogenesis (Simmons et al., 2012).

FLAVIVIRUS STRUCTURE

Flavivirus virions are ∼500 Å in diameter and are composed of a single positive-strand RNA genome, that is packaged by the viral capsid protein (C) in a host-derived lipid bilayer and surrounded by 180 copies of two structural proteins, envelope (E) and membrane (M, which is expressed as the precursor prM; Lindenbach and Rice, 2003; Mukhopadhyay et al., 2005). The genome is translated into a single polyprotein, and subsequently cleaved by viral and host proteases into three structural proteins (C, prM/M, and E) and seven non-structural (NS) proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5; Lindenbach and Rice, 2003). The E protein functions in receptor binding, viral entry, and membrane fusion and elicits most neutralizing antibodies, whereas prM assists in folding, assembly, and function of the E protein (Lindenbach and Rice, 2003). The NS proteins regulate RNA transcription and replication as well as evasion and attenuation of the host immune response (Lindenbach and Rice, 2003; Dalrymple et al., 2015). Viral particles assemble at the endoplasmic reticulum (ER) and are released by exocytosis following transport through the trans-Golgi network (Mukhopadhyay et al., 2005).

COMPLEMENT SYSTEM AND FLAVIVIRUSES

Pathogenic Effects of Complement Activation during Flavivirus Infections

The complement system is composed of more than 50 plasma proteins and receptors. Several complement proteins found in the blood normally circulate as inactive precursors and, once activated, they initiate a proteolytic cascade, resulting in release of chemokines, opsonization, and deposition of the cell-killing membrane attack complex (MAC; Merle et al., 2015a). Activation of the complement system occurs via three convergent pathways, the classical, the lectin, and the alternative pathways. The classical pathway is initiated by C1q binding to antigen-antibody complexes on the surface of pathogens or by direct binding of C1q to pathogen protein, or to the virion itself (Thielens et al., 2002). The lectin pathway is triggered by mannose-binding lectin (MBL) or ficolin recognition of carbohydrates on cell surfaces. The alternative pathway is constitutively activated at low concentrations through spontaneous hydrolysis of C3 and serves to amplify activation triggered by the classical and lectin pathways (Merle et al., 2015a). Binding of C3b to C3 convertases generates C5 convertases, which cleave C5 into C5a and C5b. C5b initiates the assembly of the MAC by interacting with C6, C7, C8, and multiple C9 molecules in the membrane of the pathogen (Merle et al., 2015a).

The complement system has an antagonistic role in flavivirus infections, either by limiting viral replication and protecting the host or by causing an exacerbated inflammatory response when excessively activated, increasing disease severity (Shresta, 2012). The majority of studies have focused on the role of complement in the context of DENV and WNV pathogenesis. Initial in vitro studies showed that macrophage complement receptors (CR3) mediate IgM-dependent increase of flavivirus replication in the presence of complement, and a blockade of CR3 abolishes complement-dependent enhancement of WNV infection (Cardosa et al., 1983, 1986). During WNV neuroinvasive disease, patients that survive often exhibit memory impairment, an effect that was related to complement-mediated elimination of presynaptic terminals (Vasek et al., 2016). C1q was found upregulated and localized to microglia, infected neurons, and presynaptic terminals during WNV infection, and mice deficient in CR3 receptor were protected from WNV-induced synaptic terminal loss (Vasek et al., 2016).

Moreover, clinical and in vivo studies showed that excessive consumption of C3, C4, factor B and C5 contributed to DHF/DSS and increased levels of the products of complement activation (C3a, C5a) that contribute to histamine release, enhanced vascular permeability and vasodilatation both in DENV and WNV infections. Indeed, the anaphylatoxins concentration in the blood of severe patients correlated with symptoms of vascular leakage (Bokisch et al., 1973; Nishioka, 1974; Mehlhop and Diamond, 2006; Nascimento et al., 2009; Pinto et al., 2014). Furthermore, anti-DENV antibodies activated complement on the surface of endothelial cells resulting in MAC formation (Avirutnan et al., 1998). Another study showed that NS1, C3a, C5a and soluble C5b-9 were present at higher levels in the plasma of DHF patients before plasma leakage (Avirutnan et al., 2006), supporting the hypothesis that exacerbated complement activation influences disease severity. Moreover, gene expression of the complement inhibitor CD59 was up-regulated more strongly in peripheral blood mononuclear cells (PBMCs) from non-severe dengue patients than in DHF patients (Ubol et al., 2008). These studies suggest that complement activation, and further cytokine induction may be important factors that contribute to vascular leakage, which is characteristic of DHF/DSS pathogenesis, even though the underlying mechanisms are not well understood.

Protective Effects of Complement Activation during Flavivirus Infections

The complement system plays a key role in protection against viruses by diverse mechanisms: direct inactivation of virions by MBL; recruitment and activation of monocytes and granulocytes by the anaphylatoxins C3a and C5a; opsonization of viral particles mediated by the proteolytic fragments of C3 (C3b, iC3b, C3d, and C3dg), which facilitate clearance by cells that express complement receptors; antigen uptake and presentation facilitated by C3; and lysis of enveloped viral particles and infected cells by the MAC (Stoermer and Morrison, 2011; Merle et al., 2015b).

Several studies have shown a protective effect for complement on flavivirus infection. In vitro assays assessed ADE of DENV infection and showed that fresh serum could abolish ADE (Mehlhop et al., 2007; Yamanaka et al., 2008). Further analysis demonstrated that this inhibitory effect was C1q-dependent both in vitro and in vivo and IgG subclass-specific, suggesting that complement proteins could limit disease progression (Mehlhop et al., 2007). In addition, C1q enhanced the neutralizing activity of anti-WNV antibodies, and reduced the number of antibodies required to bind the WNV virion and neutralize infectivity (Mehlhop et al., 2009b). Another study demonstrated that C1q binds directly to both the DENV E protein and the viral particle, and when C1q was pre-incubated prior to DENV infection of THP-1 cells, decreased viral infectivity was observed (Douradinha et al., 2014). Proteomics data confirmed the binding of several complement proteins, including C1q, C1s, C1r, C5, C9, and mannan-binding lectin serine protease 1 (MASP1) on viral-enriched fractions from DENV-infected patients and on domain III of the DENV E protein (Fragnoud et al., 2015; Huerta et al., 2016).

Moreover, in vitro studies reported that serum complement neutralizes both WNV in solution and WNV-infected cells in an antibody-dependent manner (Mehlhop et al., 2005). Neutralization by serum complement also occurred through direct binding of MBL, which activated MASP2 and resulted in further opsonisation of the virion surface, preventing viral fusion with host membranes (Fuchs et al., 2010). Furthermore, MBL but not C1q or C5 restricted infection of all DENV serotypes by both complement-dependent and independent mechanisms. Nevertheless, the neutralization was more efficient with insect-derived virus than mammalian-derived virus. Further analysis showed that MBL concentration in human blood correlated directly with DENV neutralization, indicating that polymorphisms in the MBL gene may have an impact on DENV infection and severity (Avirutnan et al., 2011a). In addition, in vivo studies suggested that all activation pathways were required to restrict WNV infection in mice (Mehlhop et al., 2005; Mehlhop and Diamond, 2006; Fuchs et al., 2011). However, WNV neutralization occurred primarily through C5- and MAC-independent mechanisms (Mehlhop et al., 2009a). Therefore, opsonization may be the main mechanism of flavivirus neutralization, as the efficiency of MAC formation may be limited by the small surface area of exposed flavivirus membrane.

Complement Activation and Evasion by NS1 Protein

Among the NS proteins, NS1 is the primary flavivirus protein that is antagonistically related to both complement activation and evasion. NS1 is a highly conserved glycoprotein with a molecular weight of 46–55 kDa, depending on its glycosylation status. After polyprotein processing, NS1 is translocated into the lumen of the ER, released from E protein by ER resident signal peptidase (Muller and Young, 2013; Zhang et al., 2016), cleaved at its C-terminus by an unidentified ER host protease (Falgout and Markoff, 1995), and glycosylated by the addition of high-mannose carbohydrates (Pryor and Wright, 1994). After a rapid dimerization, NS1 acquires a partially hydrophobic behavior and associates with cell membranes. The atomic resolution of dimeric DENV and WNV NS1 structures revealed a hydrophobic region comprised of approximately the first 20 residues of each monomer that form the beta-roll domain (Akey et al., 2014). Together with another hydrophobic region 150 residues downstream, these domains are postulated to insert into membranes (Watterson et al., 2016). An alternative mechanism through which DENV NS1 interacts with cell membranes was described after the identification of a glycosyl-phosphatidylinositol (GPI)-linked form (Jacobs et al., 2000).

Thereafter, NS1 traffics to multiple destinations, including sites of viral replication complex and associated vesicle packets (VPs; Mackenzie et al., 1996; Lindenbach and Rice, 1997; Khromykh et al., 1999), the cell membrane (mNS1; Winkler et al., 1989; Schlesinger et al., 1990), and the extracellular environment through secretion (sNS1; Crooks et al., 1990, 1994; Flamand et al., 1999). The secreted form of NS1 traffics through the Golgi secretory pathway in mammalian cells, and the carbohydrate moieties are processed to more complex sugars that are then secreted as a soluble hexamer associated with lipids, with a molecular weight of ∼300 kDa (Crooks et al., 1990, 1994; Flamand et al., 1999; Gutsche et al., 2011). Secreted NS1 was found circulating in the blood of flavivirus-infected patients at high levels (Alcon et al., 2002) and servers as a primary biomarker for diagnosis.

The NS1 protein has been studied by several groups, and a wide variety of functions has been assigned to it. In the 1970s, a DENV soluble complement fixing antigen (SCF) that was later identified and confirmed to be NS1 was detected in infected mice and cell culture (Brandt et al., 1970; McCloud et al., 1970; Russell et al., 1970). Both mNS1 and sNS1 activated complement in the presence of anti-serum, and sNS1 triggered complement activation even in the absence of specific antibodies (Avirutnan et al., 2006). High levels of NS1, C5a, and SC5b-9 were present in pleural fluids from patients with DSS, and their presence correlated with disease severity (Avirutnan et al., 2006).

In addition to complement activation and auto-immune responses, co-administration of recombinant NS1 with DENV in an animal model of the disease resulted in morbidity, cytokine induction and endothelial barrier disruption (Beatty et al., 2015). Another recent study demonstrated that DENV NS1 binds TLR4 on the surface of CD14+ monocytes and induces cellular activation, cytokine production and vascular permeability, a similar response triggered by the bacterial endotoxin LPS (Modhiran et al., 2015). Therefore, the effects of NS1, combined with exacerbated immune responses, could contribute to the disruption of endothelial cell layer integrity, resulting in hemorrhage and vascular leakage, which are characteristic of dengue and YFV (Monath and Barrett, 2003; Basu and Chaturvedi, 2008). Such a combination may also contribute to deregulation of the blood brain barrier, which is a crucial component of the development of encephalitis caused by WNV and JEV (Neal, 2014).

In response to antiviral mechanisms, viruses have evolved specific strategies to avoid complement activation and neutralization by producing or binding complement-regulatory or complement-blocking molecules (Stoermer and Morrison, 2011; Merle et al., 2015b). Flavivirus NS1 has been described as an immune evasion protein that can attenuate activation of the classical, lectin and alternative pathways by interacting with complement proteins and their regulators (Figure 1). It is worth mentioning that these interactions were not confirmed experimentally for all flavivirus and may be specific for certain viruses. WNV NS1 has been shown to bind Factor H (FH), and bound FH retains cofactor activity for Factor I-mediated cleavage of C3b to iC3b. In addition, cell membrane-associated NS1 also recruits FH and consequently leads to a decreased deposition of C3b and the MAC on cell surfaces (Chung et al., 2006). DENV, WNV, and YFV also bind C4 and C1s/proC1s in a complex to cleave C4 to C4b in solution, thus reducing the deposition of C4b on cell surfaces and the activity of the classical C3 convertase (C4b2a) (Avirutnan et al., 2010). C4b Binding Protein (C4BP), which regulates both the classical and the lectin pathways of complement, was also recruited by DENV, WNV, and YFV NS1. Once bound to NS1, C4BP, as a cofactor for FI, mediates inactivation of C4b in solution and on the plasma membrane of cells (Avirutnan et al., 2011b). FH, C1s, and C4BP have cysteine-rich domains called complement control protein (CCP) domains. Some proteins from different pathogens have been shown to interact with CCP domains via an anti-parallel β-sheet motif (Persson et al., 2007; Schneider et al., 2009; Bhattacharjee et al., 2013). Thus the β-roll and β-ladder domains of NS1, which have an anti-parallel β-sheet folding, are proposed to be candidates for binding to complement proteins (Akey et al., 2015). Also, NS1 from DENV-infected insect cells binds MBL to protect DENV from MBL-mediated neutralization, suggesting a role for limiting complement activation at the site of mosquito bite (Thiemmeca et al., 2016).
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FIGURE 1. Schematic illustration of complement activation and evasion by NS1 protein of flavivirus. NS1 is expressed on the surface (mNS1) and is also secreted by flavivirus-infected cells (sNS1). Circulating sNS1 can subsequently bind to the surface of both infected and uninfected cells. In dengue virus secondary infections, IgM and IgG antibodies to NS1 during the acute phase of the disease can lead to the formation of immune complexes (1) that trigger inflammatory responses, including the activation of the complement cascade to generate the anaphylatoxins C3a and C5a, opsonins, and the membrane attack complex (MAC; reviewed by Muller and Young, 2013) (2). NS1 has also been shown to contribute to viral immune evasion through interaction with complement proteins and its regulators. Binding to the alternative complement pathway regulatory protein FH leads to accelerated breakdown of the alternative pathway convertase with consequent reduced C3b deposition and MAC formation (Chung et al., 2006). NS1 also binds to proC1s/C1s and C4 which results in increased cleavage of C4 to C4a and C4b, what may limit the amount of C4 available (Avirutnan et al., 2010). In addition, C4BP bound to NS1 can act as a cofactor for Factor I-mediated cleavage of C4b to C4c and C4d. Deposition of the sNS1–C4BP complex on the cell surface could lead to inactivation of cell surface bound C4b thereby protecting infected cells from complement mediated lysis (Avirutnan et al., 2011b). NS1 from DENV-infected insect cells binds MBL and may protect DENV from MBL-mediated neutralization, suggesting a role for limiting complement activation at the site of the mosquito bite (Thiemmeca et al., 2016) (3). NS1 was suggested to inhibit MAC formation by interacting with vitronectin (VN), clusterin, and the terminal complement protein C9 (Kurosu et al., 2007; Conde et al., 2016) (4).



Through a yeast two-hybrid approach using a human liver cDNA library, C1q was identified as a DENV NS1-binding partner (Silva et al., 2013). However, it is unclear whether this interaction contributes to complement activation or complement evasion. DENV sNS1 has also been reported to bind complement proteins from the terminal pathway. Clusterin, which inhibits the formation of the MAC, is among the NS1 targets (Kurosu et al., 2007), although the functional outcome of this interaction has not been explored. Recently, we demonstrated that DENV NS1 interacts directly with vitronectin (VN), a regulatory protein that hinders the insertion of the MAC into membranes and binds the terminal complement proteins C5, C6, C7, and C9 (Conde et al., 2016). DENV NS1 alone or in association with VN, inhibited C9 polymerization, thus preventing lytic pore formation independently from its glycosylation pattern. Moreover, by binding to C9, mammalian secreted DENV, WNV, and ZIKV NS1 inhibited MAC formation on cell membranes. Taken together, these data imply a role of NS1 as a terminal pathway inhibitor of the complement system (Conde et al., 2016). It is more likely that NS1 acts as a complement evasion protein during the acute phase of the disease when anti-NS1 antibodies have not yet formed immune complexes, providing a less adverse extracellular environment for the released viruses. In the context of dengue secondary infections, ADE, immune complex deposition and complement activation may be critical for the development of severe cases.

CONCLUDING REMARKS

The complement system certainly influences the outcome of flavivirus infections. However, we still have only a glimpse of the mechanisms that orchestrate the protective effects of complement activation. On the other hand, there are consequences for the host that arise from complement downregulation by those viruses. Research in this area will contribute to the current knowledge of flavivirus pathogenesis, providing insight into the regulation of immune responses and leading to improved anti-viral inhibitors and vaccine approaches.

AUTHOR CONTRIBUTIONS

JC conceived of the review outline. JC researched and drafted the manuscript. ES, AB, and RM-B provided significant input to several sections to improve clarity and accuracy.

ACKNOWLEDGMENTS

We want to thank the ICGEB grant (project CRP/BRA15-02). The shapes used in this review are inspired by http://servier.fr/smart/banque-dimages-powerpoint.

REFERENCES

Akey, D. L., Brown, W. C., Dutta, S., Konwerski, J., Jose, J., Jurkiw, T. J., et al. (2014). Flavivirus NS1 structures reveal surfaces for associations with membranes and the immune system. Science 343, 881–885. doi: 10.1126/science.1247749

Akey, D. L., Brown, W. C., Jose, J., Kuhn, R. J., and Smith, J. L. (2015). Structure-guided insights on the role of NS1 in flavivirus infection. Bioessays 37, 489–494. doi: 10.1002/bies.201400182

Alcon, S., Talarmin, A., Debruyne, M., Falconar, A., Deubel, V., and Flamand, M. (2002). Enzyme-linked immunosorbent assay specific to Dengue virus type 1 nonstructural protein NS1 reveals circulation of the antigen in the blood during the acute phase of disease in patients experiencing primary or secondary infections. J. Clin. Microbiol. 40, 376–381. doi: 10.1128/JCM.40.02.376-381.2002

Avirutnan, P., Fuchs, A., Hauhart, R. E., Somnuke, P., Youn, S., Diamond, M. S., et al. (2010). Antagonism of the complement component C4 by flavivirus nonstructural protein NS1. J. Exp. Med. 207, 793–806. doi: 10.1084/jem.20092545

Avirutnan, P., Hauhart, R. E., Marovich, M. A., Garred, P., Atkinson, J. P., and Diamond, M. S. (2011a). Complement-mediated neutralization of dengue virus requires mannose-binding lectin. MBio 2:e00276-11. doi: 10.1128/mBio.00276-11

Avirutnan, P., Hauhart, R. E., Somnuke, P., Blom, A. M., Diamond, M. S., and Atkinson, J. P. (2011b). Binding of flavivirus nonstructural protein NS1 to C4b binding protein modulates complement activation. J. Immunol. 187, 424–433. doi: 10.4049/jimmunol.1100750

Avirutnan, P., Malasit, P., Seliger, B., Bhakdi, S., and Husmann, M. (1998). Dengue virus infection of human endothelial cells leads to chemokine production, complement activation, and apoptosis. J. Immunol. 161, 6338–6346.

Avirutnan, P., Punyadee, N., Noisakran, S., Komoltri, C., Thiemmeca, S., Auethavornanan, K., et al. (2006). Vascular leakage in severe dengue virus infections: a potential role for the nonstructural viral protein NS1 and complement. J. Infect. Dis. 193, 1078–1088. doi: 10.1086/500949

Balsitis, S. J., Williams, K. L., Lachica, R., Flores, D., Kyle, J. L., Mehlhop, E., et al. (2010). Lethal antibody enhancement of dengue disease in mice is prevented by Fc modification. PLoS Pathog. 6:e1000790. doi: 10.1371/journal.ppat.1000790

Basu, A., and Chaturvedi, U. C. (2008). Vascular endothelium: the battlefield of dengue viruses. FEMS Immunol. Med. Microbiol. 53, 287–299. doi: 10.1111/j.1574-695X.2008.00420.x

Beatty, P. R., Puerta-Guardo, H., Killingbeck, S. S., Glasner, D. R., Hopkins, K., and Harris, E. (2015). Dengue virus NS1 triggers endothelial permeability and vascular leak that is prevented by NS1 vaccination. Sci. Transl. Med. 7:304ra141. doi: 10.1126/scitranslmed.aaa3787

Bennett, S. N., Holmes, E. C., Chirivella, M., Rodriguez, D. M., Beltran, M., Vorndam, V., et al. (2003). Selection-driven evolution of emergent dengue virus. Mol. Biol. Evol. 20, 1650–1658. doi: 10.1093/molbev/msg182

Bhatt, S., Gething, P. W., Brady, O. J., Messina, J. P., Farlow, A. W., Moyes, C. L., et al. (2013). The global distribution and burden of dengue. Nature 496, 504–507. doi: 10.1038/nature12060

Bhattacharjee, A., Oeemig, J. S., Kolodziejczyk, R., Meri, T., Kajander, T., Lehtinen, M. J., et al. (2013). Structural basis for complement evasion by Lyme disease pathogen Borrelia burgdorferi. J. Biol. Chem. 288, 18685–18695. doi: 10.1074/jbc.M113.459040

Bokisch, V. A., Top, F. H. Jr., Russell, P. K., Dixon, F. J., and Muller-Eberhard, H. J. (1973). The potential pathogenic role of complement in dengue hemorrhagic shock syndrome. N. Engl. J. Med. 289, 996–1000. doi: 10.1056/NEJM197311082891902

Brandt, W. E., Chiewslip, D., Harris, D. L., and Russell, P. K. (1970). Partial purification and characterization of a dengue virus soluble complement-fixing antigen. J. Immunol. 105, 1565–1568.

Cardosa, M. J., Gordon, S., Hirsch, S., Springer, T. A., and Porterfield, J. S. (1986). Interaction of West Nile virus with primary murine macrophages: role of cell activation and receptors for antibody and complement. J. Virol. 57, 952–959.

Cardosa, M. J., Porterfield, J. S., and Gordon, S. (1983). Complement receptor mediates enhanced flavivirus replication in macrophages. J. Exp. Med. 158, 258–263. doi: 10.1084/jem.158.1.258

Chan, M. (2016). Yellow fever: the resurgence of a forgotten disease. Lancet 387, 2165–2166. doi: 10.1016/S0140-6736(16)30620-1

Chung, K. M., Liszewski, M. K., Nybakken, G., Davis, A. E., Townsend, R. R., Fremont, D. H., et al. (2006). West Nile virus nonstructural protein NS1 inhibits complement activation by binding the regulatory protein factor H. Proc. Natl. Acad. Sci. U.S.A. 103, 19111–19116. doi: 10.1073/pnas.0605668103

Conde, J. N., da Silva, E. M., Allonso, D., Coelho, D. R., Andrade, I. D., de Medeiros, L. N., et al. (2016). Inhibition of the membrane attack complex by dengue NS1 through interaction with vitronectin and terminal complement proteins. J. Virol. 90, 9570–9581. doi: 10.1128/JVI.00912-16

Crooks, A. J., Lee, J. M., Dowsett, A. B., and Stephenson, J. R. (1990). Purification and analysis of infectious virions and native non-structural antigens from cells infected with tick-borne encephalitis virus. J. Chromatogr. 502, 59–68. doi: 10.1016/S0021-9673(01)89563-7

Crooks, A. J., Lee, J. M., Easterbrook, L. M., Timofeev, A. V., and Stephenson, J. R. (1994). The NS1 protein of tick-borne encephalitis virus forms multimeric species upon secretion from the host cell. J. Gen. Virol. 75(Pt 12), 3453–3460. doi: 10.1099/0022-1317-75-12-3453

Dalrymple, N. A., Cimica, V., and Mackow, E. R. (2015). Dengue virus NS proteins inhibit RIG-I/MAVS signaling by blocking TBK1/IRF3 phosphorylation: Dengue virus serotype 1 NS4A is a unique interferon-regulating virulence determinant. MBio 6:e00553-15. doi: 10.1128/mBio.00553-15

Douradinha, B., McBurney, S. P., Soares de Melo, K. M., Smith, A. P., Krishna, N. K., Barratt-Boyes, S. M., et al. (2014). C1q binding to dengue virus decreases levels of infection and inflammatory molecules transcription in THP-1 cells. Virus Res. 179, 231–234. doi: 10.1016/j.virusres.2013.11.007

Falgout, B., and Markoff, L. (1995). Evidence that flavivirus NS1-NS2A cleavage is mediated by a membrane-bound host protease in the endoplasmic reticulum. J. Virol. 69, 7232–7243.

Flamand, M., Megret, F., Mathieu, M., Lepault, J., Rey, F. A., and Deubel, V. (1999). Dengue virus type 1 nonstructural glycoprotein NS1 is secreted from mammalian cells as a soluble hexamer in a glycosylation-dependent fashion. J. Virol. 73, 6104–6110.

Fragnoud, R., Flamand, M., Reynier, F., Buchy, P., Duong, V., Pachot, A., et al. (2015). Differential proteomic analysis of virus-enriched fractions obtained from plasma pools of patients with dengue fever or severe dengue. BMC Infect. Dis. 15:518. doi: 10.1186/s12879-015-1271-7

Fuchs, A., Lin, T. Y., Beasley, D. W., Stover, C. M., Schwaeble, W. J., Pierson, T. C., et al. (2010). Direct complement restriction of flavivirus infection requires glycan recognition by mannose-binding lectin. Cell Host Microbe 8, 186–195. doi: 10.1016/j.chom.2010.07.007

Fuchs, A., Pinto, A. K., Schwaeble, W. J., and Diamond, M. S. (2011). The lectin pathway of complement activation contributes to protection from West Nile virus infection. Virology 412, 101–109. doi: 10.1016/j.virol.2011.01.003

Gould, E. A., and Solomon, T. (2008). Pathogenic flaviviruses. Lancet 371, 500–509. doi: 10.1016/S0140-6736(08)60238-X

Granwehr, B. P., Lillibridge, K. M., Higgs, S., Mason, P. W., Aronson, J. F., Campbell, G. A., et al. (2004). West Nile virus: where are we now? Lancet Infect. Dis. 4, 547–556. doi: 10.1016/S1473-3099(04)01128-4

Gubler, D. J. (1998). Dengue and dengue hemorrhagic fever. Clin. Microbiol. Rev. 11, 480–496.

Gubler, D. J. (2002). The global emergence/resurgence of arboviral diseases as public health problems. Arch. Med. Res. 33, 330–342. doi: 10.1016/S0188-4409(02)00378-8

Gubler, D. J. (2007). The continuing spread of West Nile virus in the western hemisphere. Clin. Infect. Dis. 45, 1039–1046. doi: 10.1086/521911

Gutsche, I., Coulibaly, F., Voss, J. E., Salmon, J., d’Alayer, J., Ermonval, M., et al. (2011). Secreted dengue virus nonstructural protein NS1 is an atypical barrel-shaped high-density lipoprotein. Proc. Natl. Acad. Sci. U.S.A. 108, 8003–8008. doi: 10.1073/pnas.1017338108

Halstead, S. B., Heinz, F. X., Barrett, A. D., and Roehrig, J. T. (2005). Dengue virus: molecular basis of cell entry and pathogenesis, 25-27 June 2003, Vienna, Austria. Vaccine 23, 849–856. doi: 10.1016/j.vaccine.2004.03.069

Huerta, V., Ramos, Y., Yero, A., Pupo, D., Martin, D., Toledo, P., et al. (2016). Novel interactions of domain III from the envelope glycoprotein of dengue 2 virus with human plasma proteins. J. Proteomics 131, 205–213. doi: 10.1016/j.jprot.2015.11.003

Jacobs, M. G., Robinson, P. J., Bletchly, C., Mackenzie, J. M., and Young, P. R. (2000). Dengue virus nonstructural protein 1 is expressed in a glycosyl-phosphatidylinositol-linked form that is capable of signal transduction. FASEB J. 14, 1603–1610. doi: 10.1096/fj.14.11.1603

Khromykh, A. A., Sedlak, P. L., Guyatt, K. J., Hall, R. A., and Westaway, E. G. (1999). Efficient trans-complementation of the flavivirus kunjin NS5 protein but not of the NS1 protein requires its coexpression with other components of the viral replicase. J. Virol. 73, 10272–10280.

Kuno, G., and Chang, G. J. (2005). Biological transmission of arboviruses: reexamination of and new insights into components, mechanisms, and unique traits as well as their evolutionary trends. Clin. Microbiol. Rev. 18, 608–637. doi: 10.1128/CMR.18.4.608-637.2005

Kurosu, T., Chaichana, P., Yamate, M., Anantapreecha, S., and Ikuta, K. (2007). Secreted complement regulatory protein clusterin interacts with dengue virus nonstructural protein 1. Biochem. Biophys. Res. Commun. 362, 1051–1056. doi: 10.1016/j.bbrc.2007.08.137

Lindenbach, B. D., and Rice, C. M. (1997). trans-Complementation of yellow fever virus NS1 reveals a role in early RNA replication. J. Virol. 71, 9608–9617.

Lindenbach, B. D., and Rice, C. M. (2003). Molecular biology of flaviviruses. Adv. Virus Res. 59, 23–61. doi: 10.1016/S0065-3527(03)59002-9

Mackenzie, J. M., Jones, M. K., and Young, P. R. (1996). Immunolocalization of the dengue virus nonstructural glycoprotein NS1 suggests a role in viral RNA replication. Virology 220, 232–240. doi: 10.1006/viro.1996.0307

McCloud, T. G., Brandt, W. E., and Russell, P. K. (1970). Molecular size and charge relationships of the soluble complement-fixing antigens of dengue viruses. Virology 41, 569–572. doi: 10.1016/0042-6822(70)90180-7

Mehlhop, E., Ansarah-Sobrinho, C., Johnson, S., Engle, M., Fremont, D. H., Pierson, T. C., et al. (2007). Complement protein C1q inhibits antibody-dependent enhancement of flavivirus infection in an IgG subclass-specific manner. Cell Host Microbe 2, 417–426. doi: 10.1016/j.chom.2007.09.015

Mehlhop, E., and Diamond, M. S. (2006). Protective immune responses against West Nile virus are primed by distinct complement activation pathways. J. Exp. Med. 203, 1371–1381. doi: 10.1084/jem.20052388

Mehlhop, E., Fuchs, A., Engle, M., and Diamond, M. S. (2009a). Complement modulates pathogenesis and antibody-dependent neutralization of West Nile virus infection through a C5-independent mechanism. Virology 393, 11–15. doi: 10.1016/j.virol.2009.08.019

Mehlhop, E., Nelson, S., Jost, C. A., Gorlatov, S., Johnson, S., Fremont, D. H., et al. (2009b). Complement protein C1q reduces the stoichiometric threshold for antibody-mediated neutralization of West Nile virus. Cell Host Microbe 6, 381–391. doi: 10.1016/j.chom.2009.09.003

Mehlhop, E., Whitby, K., Oliphant, T., Marri, A., Engle, M., and Diamond, M. S. (2005). Complement activation is required for induction of a protective antibody response against West Nile virus infection. J. Virol. 79, 7466–7477. doi: 10.1128/JVI.79.12.7466-7477.2005

Merle, N. S., Church, S. E., Fremeaux-Bacchi, V., and Roumenina, L. T. (2015a). Complement system part I – Molecular mechanisms of activation and regulation. Front. Immunol. 6:262. doi: 10.3389/fimmu.2015.00262

Merle, N. S., Noe, R., Halbwachs-Mecarelli, L., Fremeaux-Bacchi, V., and Roumenina, L. T. (2015b). Complement system part II: role in immunity. Front. Immunol. 6:257. doi: 10.3389/fimmu.2015.00257

Modhiran, N., Watterson, D., Muller, D. A., Panetta, A. K., Sester, D. P., Liu, L., et al. (2015). Dengue virus NS1 protein activates cells via Toll-like receptor 4 and disrupts endothelial cell monolayer integrity. Sci. Transl. Med. 7:304ra142. doi: 10.1126/scitranslmed.aaa3863

Monath, T. P., and Barrett, A. D. (2003). Pathogenesis and pathophysiology of yellow fever. Adv. Virus Res. 60, 343–395. doi: 10.1016/S0065-3527(03)60009-6

Mukhopadhyay, S., Kuhn, R. J., and Rossmann, M. G. (2005). A structural perspective of the flavivirus life cycle. Nat. Rev. Microbiol. 3, 13–22. doi: 10.1038/nrmicro1067

Muller, D. A., and Young, P. R. (2013). The flavivirus NS1 protein: molecular and structural biology, immunology, role in pathogenesis and application as a diagnostic biomarker. Antiviral Res. 98, 192–208. doi: 10.1016/j.antiviral.2013.03.008

Murphy, B. R., and Whitehead, S. S. (2011). Immune response to dengue virus and prospects for a vaccine. Annu. Rev. Immunol. 29, 587–619. doi: 10.1146/annurev-immunol-031210-101315

Musso, D., and Gubler, D. J. (2016). Zika virus. Clin. Microbiol. Rev. 29, 487–524. doi: 10.1128/CMR.00072-15

Nascimento, E. J., Silva, A. M., Cordeiro, M. T., Brito, C. A., Gil, L. H., Braga-Neto, U., et al. (2009). Alternative complement pathway deregulation is correlated with dengue severity. PLoS ONE 4:e6782. doi: 10.1371/journal.pone.0006782

Neal, J. W. (2014). Flaviviruses are neurotropic, but how do they invade the CNS? J. Infect. 69, 203–215. doi: 10.1016/j.jinf.2014.05.010

Nishioka, K. (1974). Serum complement level in dengue hemorrhagic fever. Allerg Immunol. 2, 385–392.

Persson, B. D., Reiter, D. M., Marttila, M., Mei, Y. F., Casasnovas, J. M., Arnberg, N., et al. (2007). Adenovirus type 11 binding alters the conformation of its receptor CD46. Nat. Struct. Mol. Biol. 14, 164–166. doi: 10.1038/nsmb1190

Pierson, T. C., Xu, Q., Nelson, S., Oliphant, T., Nybakken, G. E., Fremont, D. H., et al. (2007). The stoichiometry of antibody-mediated neutralization and enhancement of West Nile virus infection. Cell Host Microbe 1, 135–145. doi: 10.1016/j.chom.2007.03.002

Pinto, A. K., Ramos, H. J., Wu, X., Aggarwal, S., Shrestha, B., Gorman, M., et al. (2014). Deficient IFN signaling by myeloid cells leads to MAVS-dependent virus-induced sepsis. PLoS Pathog. 10:e1004086. doi: 10.1371/journal.ppat.1004086

Pryor, M. J., and Wright, P. J. (1994). Glycosylation mutants of dengue virus NS1 protein. J. Gen. Virol. 75(Pt 5), 1183–1187. doi: 10.1099/0022-1317-75-5-1183

Rothman, A. L. (2011). Immunity to dengue virus: a tale of original antigenic sin and tropical cytokine storms. Nat. Rev. Immunol. 11, 532–543. doi: 10.1038/nri3014

Russell, P. K., Chiewsilp, D., and Brandt, W. E. (1970). Immunoprecipitation analysis of soluble complement-fixing antigens of dengue viruses. J. Immunol. 105, 838–845.

Schlesinger, J. J., Brandriss, M. W., Putnak, J. R., and Walsh, E. E. (1990). Cell surface expression of yellow fever virus non-structural glycoprotein NS1: consequences of interaction with antibody. J. Gen. Virol. 71(Pt 3), 593–599. doi: 10.1099/0022-1317-71-3-593

Schneider, M. C., Prosser, B. E., Caesar, J. J., Kugelberg, E., Li, S., Zhang, Q., et al. (2009). Neisseria meningitidis recruits factor H using protein mimicry of host carbohydrates. Nature 458, 890–893. doi: 10.1038/nature07769

Shresta, S. (2012). Role of complement in dengue virus infection: protection or pathogenesis? MBio 3:e00003-12. doi: 10.1128/mBio.00003-12

Silva, E. M., Conde, J. N., Allonso, D., Nogueira, M. L., and Mohana-Borges, R. (2013). Mapping the interactions of dengue virus NS1 protein with human liver proteins using a yeast two-hybrid system: identification of C1q as an interacting partner. PLoS ONE 8:e57514. doi: 10.1371/journal.pone.0057514

Simmons, C. P., Farrar, J. J., Nguyen, v. V. C., and Wills, B. (2012). Dengue. N. Engl. J. Med. 366, 1423–1432. doi: 10.1056/NEJMra1110265

Steel, A., Gubler, D. J., and Bennett, S. N. (2010). Natural attenuation of dengue virus type-2 after a series of island outbreaks: a retrospective phylogenetic study of events in the South Pacific three decades ago. Virology 405, 505–512. doi: 10.1016/j.virol.2010.05.033

Stoermer, K. A., and Morrison, T. E. (2011). Complement and viral pathogenesis. Virology 411, 362–373. doi: 10.1016/j.virol.2010.12.045

Thielens, N. M., Tacnet-Delorme, P., and Arlaud, G. J. (2002). Interaction of C1q and mannan-binding lectin with viruses. Immunobiology 205, 563–574. doi: 10.1078/0171-2985-00155

Thiemmeca, S., Tamdet, C., Punyadee, N., Prommool, T., Songjaeng, A., Noisakran, S., et al. (2016). Secreted NS1 protects Dengue Virus from mannose-binding lectin-mediated neutralization. J. Immunol. 197, 4053–4065. doi: 10.4049/jimmunol.1600323

Ubol, S., Masrinoul, P., Chaijaruwanich, J., Kalayanarooj, S., Charoensirisuthikul, T., and Kasisith, J. (2008). Differences in global gene expression in peripheral blood mononuclear cells indicate a significant role of the innate responses in progression of dengue fever but not dengue hemorrhagic fever. J. Infect. Dis. 197, 1459–1467. doi: 10.1086/587699

Vasek, M. J., Garber, C., Dorsey, D., Durrant, D. M., Bollman, B., Soung, A., et al. (2016). A complement-microglial axis drives synapse loss during virus-induced memory impairment. Nature 534, 538–543. doi: 10.1038/nature18283

Watterson, D., Modhiran, N., and Young, P. R. (2016). The many faces of the flavivirus NS1 protein offer a multitude of options for inhibitor design. Antiviral Res. 130, 7–18. doi: 10.1016/j.antiviral.2016.02.014

Weaver, S. C., and Reisen, W. K. (2010). Present and future arboviral threats. Antiviral Res. 85, 328–345. doi: 10.1016/j.antiviral.2009.10.008

Winkler, G., Maxwell, S. E., Ruemmler, C., and Stollar, V. (1989). Newly synthesized dengue-2 virus nonstructural protein NS1 is a soluble protein but becomes partially hydrophobic and membrane-associated after dimerization. Virology 171, 302–305. doi: 10.1016/0042-6822(89)90544-8

Yamanaka, A., Kosugi, S., and Konishi, E. (2008). Infection-enhancing and -neutralizing activities of mouse monoclonal antibodies against dengue type 2 and 4 viruses are controlled by complement levels. J. Virol. 82, 927–937. doi: 10.1128/JVI.00992-07

Zellweger, R. M., Prestwood, T. R., and Shresta, S. (2010). Enhanced infection of liver sinusoidal endothelial cells in a mouse model of antibody-induced severe dengue disease. Cell Host Microbe 7, 128–139. doi: 10.1016/j.chom.2010.01.004

Zhang, R., Miner, J. J., Gorman, M. J., Rausch, K., Ramage, H., White, J. P., et al. (2016). A CRISPR screen defines a signal peptide processing pathway required by flaviviruses. Nature 535, 164–168. doi: 10.1038/nature18625

Conflict of Interest Statement: 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 © 2017 Conde, Silva, Barbosa and Mohana-Borges. 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) or licensor 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/images/cross.jpg
3,

i





OPS/images/cover.jpg
’ frontiers
in Microbiology

The Complement System in
Flavivirus Infections





OPS/images/logo.jpg
, frontiers
in Microbiology





OPS/images/fmicb-08-00213-g001.jpg
C1q complex
Clusterin

VN
C9

I
1
\
1
\
© \
C4d \
\
\
& \ ,CSb > © c52 \
\
1
I
v

CIasswaI/AIternatlve
C5 convertases

«- -
———

Classical Pathway Alternatlve Pathway

/)kl)\\ 03 convertase C3 convertase

uooooooooooo&ﬂ) iooooooooocC3thnoooooooooc‘ ‘ )ooooooooooooooo('

‘ S

.0............................O..........................................OOO....\
C8

2 R

MAC






