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Abstract
West Nile virus (WNV) is an emerging neurotropic flavivirus that has recently spread to America and Southern Europe via an enzootic/epizootic bird-mosquito-bird transmission cycle. The virus can occasionally infect humans through mosquito bites, and man-to-man transmission has also been reported via infected blood or organ donation. In the human host, WNV causes asymptomatic infection in about 70%-80% of cases, while < 1% of clinical cases progress to severe neuroinvasive disease; long-term neurological sequelae are common in more than 50% of these severe cases. The pathogenesis of the neuroinvasive form of WNV infection remains incompletely understood, and risk factors for developing severe clinical illness are largely unknown. The innate immune response plays a major role in the control of WNV replication, which is supported by the fact that the virus has developed numerous mechanisms to escape the control of antiviral interferons. However, exaggerated inflammatory responses lead to pathology, mainly involving the central nervous system. This brief review presents the salient features of innate host responses, WNV immunoevasion strategies, and WNV-induced immunopathology. 
© 2013 Baishideng. All rights reserved.

Key words: West Nile virus infection; Innate immunity; Antigen presenting cells; Inflammation; Interferon and cytokines; Central nervous system

Giada R, Paola LM, Francesco G, Vittorio S, Stefania V.  Innate host responses to West Nile virus: Implications for central nervous system immunopathology.
Available from: 

DOI: 
Introduction
West Nile virus (WNV) is a lipid-enveloped virus that contains a single stranded, positive sense RNA genome. The virus is introduced into the host by an infected vector (mosquitoes generally belonging to the genus Culex) during its blood meal. WNV was originally found in Africa and in the Middle East but has recently reached America
 ADDIN EN.CITE 
[1,2]
, where it has spread throughout the United States. In the last 15 years, WNV has also caused several human outbreaks in southern Europe
 ADDIN EN.CITE 
[3-5]
. 

Most individuals infected with WNV remain asymptomatic. In 20%-30% of cases, WNV causes a mild flu-like illness. In such cases, symptoms appear suddenly and may include malaise, eye pain, headache, myalgia, gastrointestinal discomfort and rash6[]
. Less than 1% of infected individuals develop neurological symptoms, including aseptic meningitis, febrile convulsion in children, encephalitis or myelitis, the last of which causes acute flaccid paralysis
 ADDIN EN.CITE 
[7-9]
. Long-term neurological sequelae are common in more than 50% of neuroinvasive cases. The virus can infect neurons in areas as diverse as the cerebral cortex, basal ganglia and thalami, as well as the brainstem and cerebellum. Currently, risk factors for developing severe clinical illness are unknown. However, it is clear that WNV central nervous system (CNS) disease occurs with increased frequency in immunocompromised individuals and the elderly
 ADDIN EN.CITE 
[10-12]
.
Innate immune responses are believed to be crucial for the control of WNV replication, as a potent and rapid type I interferon (IFN) response is essential for the successful control of WNV infection in mice
 ADDIN EN.CITE 
[13]
. As a first line of defence, the host cell senses the presence of the virus by pathogen recognition receptors (PRRs), such as toll-like receptors (TLRs) and retinoic acid- inducible gene (RIG)-I–like receptors. Binding of viral components to these receptors activates adaptor proteins, which in turn activate transcription factors, and induces a release of soluble mediators, including type I IFNs
 ADDIN EN.CITE 
[14,15]
. Members of RIG-I like receptor family (RIG-I and melanoma differentiation-associated gene, MDA5) and TLR family (TLR3 and TLR7) are the major innate host sensors of WNV infection. RIG-I and MDA5 are cytosolic RNA helicases that recognize ssRNA and dsRNA. RIG-I and MDA5 transmit their signal through a common adaptor molecule, IFN-promoter stimulator (IPS)-1, thus activating transcription factors such as IFN regulatory factor (IRF) 3 and IRF7 to induce the transcription of type I IFN and antiviral genes. TLR3 and TLR7 are expressed primarily in endosomes and are activated by dsRNA and ssRNA, respectively. Engagement of TLR7 leads to the activation of a signalling pathway involving an intracellular adaptor protein, myeloid differentiation primary response gene 88 (MyD88), the activation of IRF7 and the induction of type I IFNs. TLR3 activates the adaptor molecule TIR-domain-containing adapter-inducing interferon- and induces alternative pathways that lead to the activation of the transcription factors IRF3 and nuclear factor-kB (NF-kB), which consequently induce type I IFNs and inflammatory cytokines, respectively.
Antigen presenting cells (APCs) are among the first cells that encounter the virus after infection; WNV is injected intradermally by a mosquito bite and most likely initially replicates in Langerhans dendritic cells (DCs). The infected Langerhans cells migrate to draining lymph nodes from which the virus enters the bloodstream
 ADDIN EN.CITE 
[16]
. Primary viremia disseminates the virus to the reticuloendothelial system (macrophagic cells), where replication further augments viremia (secondary viremia), followed by spread in various organs including the brain. Monocytes and polymorphonuclear leukocytes (PMNLs) are readily recruited and activated following infection in rodent models
 ADDIN EN.CITE 
[17]
. 
Thus, cells of the innate immune system and their receptors are the first to encounter WNV after infection in the host, and the interaction between the virus and factors of innate immunity likely determines the outcome of the infection. In addition, macrophages (Mφs) constitute an important fraction on the inflammatory infiltrate observed in the CNS of WNV infected patients18[]
, suggesting that cells of innate immunity can also contribute to immunopathology in the course of WNV infection.  
Interplay between cells of innate immunity and WNV 

Despite the potentially critical role of APCs during WNV infection, few studies have addressed the effect of WNV infection on APCs obtained from humans. Human myeloid dendritic cells (mDCs) have been shown to be among the targets of WNV infection. Production of TNF-α and IFN-α in infected mDCs requires viral replication
 ADDIN EN.CITE 
[19,20]
 (Figure 1). Conversely, plasmacytoid dendritic cells (pDCs) are resistant to infection but are clearly activated upon contact with the virus through stimulation of endosomal TLRs. Upon activation with WNV, pDCs release higher amount of IFN-α than mDCs19[]
. It has been demonstrated that glycosylated strains of WNV use DC-SIGN (a C-type lectin that binds high-mannose N-linked glycans present on the surface of viral glycoproteins) as an attachment receptor to bind mDCs, leading to enhanced infection in cell cultures
 ADDIN EN.CITE 
[20]
. This finding suggests that glycosylated strains of WNV, mainly belonging to lineage I, exhibit an increased capability to infect mDCs and thus higher pathogenicity. 
Human monocytes and monocyte-derived Mφs also undergo productive infection upon in vitro incubation with WNV21[]
. Interestingly, these cells are infected without gross cytopathic effects, suggesting that they possess effective defence mechanisms against WNV
 ADDIN EN.CITE 
[22]
. The lack of cell deterioration upon WNV infection in monocytes/Mφs also suggests that these cells play a significant role as a reservoir in initial (or secondary) viral replication and dissemination. Upon WNV infection, monocyte-derived Mφs release IL-8, IFN-α, IFN-β and TNF-α
 ADDIN EN.CITE 
[22,23]
. However, in Mφ cultures activated by LPS and IFN-γ, WNV infection down-modulates the secretion of IL-1β and IFN-β and inhibits the JAK/STAT signalling pathway23[]
, as a potential strategy employed by the virus to evade the host response (see below). 
Notably, monocyte-derived Mφs from elderly individuals shows increased susceptibility to WNV infection and augmented expression levels of TLR3 upon infection, as compared to young subjects. Once stimulated with the virus, cells from the elderly also secrete higher levels of IFN-β and IL-6
 ADDIN EN.CITE 
[24]
. This in vitro model of WNV infection suggests that the age-associated impairment of the innate immune response to WNV may contribute to increased severity of this viral infection in older individuals. 
Interferons and West Nile virus
Type I IFNs represent a major innate immune control and comprise various IFN-α and one IFN-β, which are secreted by leukocytes and parenchymal cells during viral infections25[]
. These cytokines induce an antiviral state by up-regulating genes with direct and indirect antiviral functions. Type I IFNs also link innate and adaptive immunity by inducing DC maturation and by directly activating B and T cells26[]
.
As mentioned in the previous section, human mDCs, pDCs and monocyte-derived Mφs secrete type I IFNs upon contact with WNV
 ADDIN EN.CITE 
[19-21]
. The role of these antiviral mediators upon WNV infection and the role of the pathways involved in IFN secretion have been elucidated only in animal models. Studies in mice indicate that type I IFNs play a crucial role in the early control of WNV infection. Mice lacking IFN-α/β receptor are highly vulnerable to WNV, and uncontrolled viral replication occurs with rapid dissemination to the CNS and 100% mortality
 ADDIN EN.CITE 
[13]
. In addition, it has been observed that pre-treatment or treatment with type I IFNs in vitro inhibits WNV replication in Vero cells
 ADDIN EN.CITE 
[27,28]
. Additionally, treatment of primary murine neurons in vitro with IFN-β either before or after infection increased neuronal survival independent of its effect on WNV replication
 ADDIN EN.CITE 
[13]
. Altogether, these findings in animals and in vitro cultured cells support a crucial role for type I IFNs in the early phases of WNV infection by preventing viral replication and protecting infected neurons from death. 
Cells recognize WNV and respond by producing type I IFNs through the endosomal receptors TLR3 and TLR7, thus activating the adaptor MyD88 and transcription factors IRF3 and IRF7 (Figure 2). This response has been demonstrated in rodent models of infection, as mice with genetic defects in any one of these receptors
 ADDIN EN.CITE 
[29, 30]
, adaptor
 ADDIN EN.CITE 
[31]
 or transcription factors
 ADDIN EN.CITE 
[32, 33]
 have a higher mortality rate with experimental WNV infection (reviewed in34[]
). 
WNV RNA can also induce the release of type I IFNs by triggering RIG-I, which appears to be involved in the early phases of response to the virus35[]
. MDA5, belonging to the RLR family, is also involved in sensing WNV RNA; abrogation of both RIG-I and MDA5 pathways blocks activation of the antiviral response to WNV, while such an effect is not as evident if only one of the two pathways is ablated36[]
. In line with these findings, infected mice lacking IPS-1, the central adaptor for RIG-I and MDA5, display uncontrolled inflammation that is coupled with the failure to protect against WNV infection
 ADDIN EN.CITE 
[37]
. Thus, TLR3 and TLR7, as well as RIG-I and MDA5, are activated by WNV and appear to induce redundant IFN-mediated responses that trigger downstream effective adaptive responses. 
The regulation of IFN responses could be more complex than indicated by the present understanding. Increasing evidence indicates a crucial antiviral role for the inflammasome, a cytoplasmic multi-protein complex that recruits inflammatory caspases and triggers their activation38[]
. For example, recent evidence shows that caspase-12, an important component of the inflammasome signalling, plays an important role in WNV infection by influencing RIG-I activity and type I IFN release
 ADDIN EN.CITE 
[39]
. The role of other inflammasome complex proteins in influencing the release of type I IFNs during WNV infection has not been investigated. 
IFN type II, i.e., IFN-, is mainly produced by CD8+ T cells it is also secreted by T cells and natural killer cells and may contribute to innate immune control of viral infections. In vivo, IFN- restricts early WNV dissemination to the CNS; mice deficient in either IFN- or the IFN- receptor show a higher peripheral viral load, augmented entry into the CNS and increased lethality
 ADDIN EN.CITE 
[40,41]
. Notably, no major deficits of adaptive immunity were found in these studies, suggesting that IFN- plays mainly an early innate role in the control WNV infection. 
In recent years, a third type of IFN has been described. Originally termed interleukin (IL)-28a/b and IL-29, these proteins have been re-classified as IFN-λs, based on the similar modes of induction and the antiviral activities that they share with the type I and type II IFNs25[]
. In support to their antiviral role, IFN-3 has recently been identified as key cytokine in the control of a flavivirus infection, i.e., hepatitis C virus42[]
. The role of these mediators during the course of other flaviviruses is relatively unknown; only one study has examined the role of IFN-λ in the control of WNV to date. Similar to type I IFN, IFN-λ prevents infection by WNV virus-like particles in susceptible cells but fails to inhibit viral replication in cells infected prior to the addition of this cytokine43[]
. 
Inhibition of IFN-induced responses by WNV

WNV has successfully evolved countermeasures to overcome host innate immunity and productively infect host cells by using a combination of two strategies: (1) passive evasion of the interaction with cellular PRRs and/or (2) active inhibition of different steps of the intracellular pathways that lead to type I IFN production and signalling.
Passive evasion of PRR activation

WNV may regulate the time of induction of the host cell antiviral response by modulating the activation of IRF3 during early phases of infection. WNV does not actively inhibit the RIG-I pathway but rather delays IRF3 activation, possibly by preventing host cells from sensing viral replication shortly after infection
 ADDIN EN.CITE 
[35, 44]
, thus allowing the virus to replicate to high titers before the host cells can mount an effective antiviral response. 
Active inhibition of type I IFN production and signalling
WNV attenuates type I IFN response by targeting multiple steps of the induction and signalling cascade, and a number of nonstructural viral proteins (NSs), such as NS2a, NS2b, NS3, NS4a, NS4b and NS5 have been implicated in this process
 ADDIN EN.CITE 
[45, 46]
. WNV NS1, a protein secreted from infected cells, inhibits TLR3 signalling by preventing IRF3 and NF-kB nuclear translocation47[]
, and NS2A has been identified as an inhibitor of IFN-β gene transcription48[]
. 
WNV also targets essential elements of the IFN signalling pathway and thus prevent the induction of antiviral genes. Type I IFN signalling initiates when IFNα/β bind to type I receptors (IFNR) on the cell surface. This process results in the activation of JAK1 and Tyk2, phosphorylating STAT1 and STAT2, which, in association with IRF9, form a heterotrimeric complex known as IFN-stimulated Gene Factor 3 (ISGF3). This complex translocates to the nucleus where it induces hundreds of IFN-stimulated genes (ISGs). The expression of WNV NSs prevents the accumulation of IFNR1 in multiple cells through a non-canonical protein degradation pathway, contributing to the inhibition of the IFN response49[]
.
The NS5 codified by the virulent lineage I strains of WNV can function as an efficient IFN antagonist by preventing the phosphorylation and nuclear translocation of STAT1
 ADDIN EN.CITE 
[50]
, while NS4B inhibits JAK1 and TyK2 phosphorylation thus blocking the STAT1 and STAT2 signalling cascade and the subsequent ISG expression. WNV infection actively promotes a redistribution of cholesterol within the cells, which contributes to the down-regulation of the IFN-stimulated JAK-STAT antiviral response to infection and thus facilitates viral replication and survival51[]
. Furthermore, characteristic membranous structures induced during WNV replication are connected to viral immune evasion mechanisms, providing partial protection from the IFN-induced antiviral protein MxA52[]
.
However, viral control of the IFN signalling cascade is not complete, as demonstrated by occurrence of IFNα/β induction and ISG expression during WNV infection. WNV may attenuate or modulate the innate antiviral response, and the ability of only pathogenic lineage I WNV isolates to inhibit the JAK/STAT signalling pathways indicates the importance of this fine modulation as a feature of WNV pathogenesis53[]
.  
Role of innate immunity in the pathogenesis of the neuroinvasive form of WNV infection
Despite its severity, the pathogenesis of the neuroinvasive form of WNV infection remains incompletely understood. Knowledge in this field relies almost completely on studies in murine models, while the roles of innate mechanisms in inducing protection or causing pathology in human WNV disease are still poorly known. The increased risk of severe WNV infections for immunosuppressed patients
 ADDIN EN.CITE 
[12,54]
 and the successful infection outcome in a transplant recipient by the modulation of the immunosuppressive regimen
 ADDIN EN.CITE 
[55]
 suggest that an intact immune system is essential for the control of WNV infection. On the other hand, it is generally recognized that a major hallmark of WNV pathogenesis is neuroinflammation
 ADDIN EN.CITE 
[56,57]
, which is caused by exaggerated innate and acquired immune responses. 

WNV is believed to first multiply in myeloid DCs and monocytes/Mφs before spreading to the brain
 ADDIN EN.CITE 
[58]
, and recent evidence indicates that early viral replication in myeloid APCs has a crucial pathogenetic role; silencing such replication in Mφs and mDCs effectively suppresses virus-induced encephalitis in mice
 ADDIN EN.CITE 
[59]
. Mechanisms underlying this clear-cut effect could rely on (1) an increased viral burden induced by infected APCs, which would be sufficient for the virus to cross the blood-brain barrier, or (2) WNV-infected Mφs acting as “Trojan horses” to carry the virus into the brain60[]
. Accumulation of inflammatory monocytes into the brain and their differentiation to Mφs and microglia can also worsen neuroinflammation and CNS injury, as demonstrated in a murine model of non-lethal WNV infection
 ADDIN EN.CITE 
[61]
. As an additional pathogenetic role of infected APCs, recognition of WNV nucleic acid in monocytes/microglia by TLR3 leads to the production of TNF-α, which results in a loss of tight junctions, allowing the entry of WNV and immune cells into the perivascular space of the brain in mice
 ADDIN EN.CITE 
[56]
. Further, increased levels of macrophage migratory inhibitory factor (MIF) (a potent pro-inflammatory mediator and chemotactic factor that is produced by activated Mφs) have been found in the serum and CSF of WNV-infected patients, and abrogation of MIF in WNV-infected mice mitigates clinical disease by inducing a remarkably reduced number of infiltrating WNV-infected leukocytes in the CNS
 ADDIN EN.CITE 
[62]
. Thus, activation of cells of the monocyte/Mφ system by WNV appears to result in important neuropathological consequences, and exaggerated innate responses may cause inflammation, altering the blood brain barrier permeability and allowing the virus to enter the CNS. 
On the other hand, early monocytosis induced by WNV in a murine model of infection appears to be protective against lethal disease
 ADDIN EN.CITE 
[63]
. Further murine studies on WNV infection indicate a protective role for Mφs64[]
 and for TLR3, the latter being essential for restricting WNV replication in neurons and protecting the host from lethal encephalitis
 ADDIN EN.CITE 
[29]
. Finally, CCR5, a chemokine receptor expressed on Mφs and T cells, is a critical antiviral agent and survival determinant in WNV infection in mice that acts by regulating the trafficking of leukocytes to the infected brain
 ADDIN EN.CITE 
[65]
. These controversial studies suggest that monocyte/Mφ involvement and TLR simulation may contribute to inducing protection or causing immunopathology during WNV neuroinvasive disease in mice. 

In addition to monocytes/Mφs, other cells belonging to the innate immune system may contribute to the pathogenesis of neuroinvasive WNV infection. For example, PMNLs predominate in the CSF of patients with WNV meningitis and encephalitis in 40% of cases 8[]
 and are recruited shortly after infection into the CNS in an experimental model of WNV infection
 ADDIN EN.CITE 
[17]
. In infected mice, the expression of PMNL-recruiting chemokines was dramatically elevated in early phases after infection and PMNLs were quickly recruited to sites of WNV infection. Depletion of PMNLs prior to WNV challenge paradoxically lowered viremia and enhanced survival66[]
, suggesting that these cells have a pathogenic role in the early phases of WNV infection. Mechanisms that underlie the contribution of PMNLs to the pathogenesis of WNV infection may include the efficient replication of WNV in PMNLs; these cells may act as a virus reservoir, as PMNLs are the predominant cell type recruited to the site of infection and carry the highest amount of virus66[]
. 
As part of the innate response, two important cell types within the CNS respond to infection, i.e., microglia and astrocytes. These cells have been found to be infected in tissue sections from patients with WNV meningoencephalitis67[]
. WNV-infected human astrocytes are capable of releasing matrix metalloproteinase 1, 3 and 9, which contribute by disrupting the blood brain barrier and degrading tight junction proteins
 ADDIN EN.CITE 
[68]
. 
In addition to glial cells, which are classically considered to be the predominant source of pro-inflammatory mediators in the CNS during WNV infection, WNV-infected neurons release pro-inflammatory mediators, contributing to neuronal cell death and glial cell activation69[]
. Additionally, pro-inflammatory chemokines, such as interferon gamma inducible protein (IP)-10, monocyte chemoattractant protein-5 and monokine induced by gamma interferon, are important triggers of inflammation in the brain, and their early up-regulation in the CNS is followed by the up-regulation of TNF-α at the same site in a rodent model of WNV infection57[]
. Further, treatment of infected neuronal cells with antibodies blocking TNF-α and other pro-inflammatory mediators results in a significant reduction of WNV-mediated neuronal death69[]
, suggesting that such mediators play a major role in the pathogenesis of WNV infection in the CNS. 
However, pro-inflammatory factors also possess a crucial role in defence against WNV, and leukocyte trafficking into the brain induced by TNF-α protects mice against lethal infection
 ADDIN EN.CITE 
[70]
. Altogether, contradictory findings regarding the role of innate responses to WNV infection in mice have been reported; early responses appear to be beneficial or harmful depending on the model. Different experimental settings, including the virus passage history, virus inoculation route and dose, time between the infection and the experiments and potential diverse inflammatory response to WNV in different murine strains, may account for these contradictory findings. Early control of WNV by innate responses would likely effectively restrict WNV dissemination, while continuous triggering and/or excessive reactivity of innate receptors to the virus may contribute to enhanced inflammation, which is known to be a main contributor to WNV neuropathology as a result of CNS invasion. 
Conclusion
The innate immune response is considered to be a major controller of WNV replication, a notion that is also supported by the fact that the virus has developed numerous mechanisms to escape the control of antiviral IFNs. However, exaggerated innate immune responses appear to be detrimental and lead to neuropathology. Importantly, the role of aging in enhancing the WNV-induced innate immune response has recently been clarified in an in vitro model of infection
 ADDIN EN.CITE 
[24]
. Nevertheless, the mechanisms triggering protection or pathology during natural WNV infection are largely unclear.

The interplay between WNV and innate responses has been mainly studied in animal models, while studies on the effect of WNV on human cells of innate immunity are restricted to in vitro cultured cells. All of the abovementioned models have a common limitation, ie, the transmission of the virus does not occur by a typical route. This limitation leads to two major biases: (1) a lack of transmission of saliva and potential symbionts with the mosquito bite, and (2) a lack of “natural” stimulation of Langerhans DCs and/or antimicrobial peptides at the inoculation site. Thus, further immunological studies in individuals undergoing natural infection are required to better understand the immunopathogenesis of WNV disease, as elucidating the immunopathological mechanisms is essential to inform novel approaches to combat this infection. 
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Figure 1 West Nile virus stimulates the production of interferons and pro-inflammatory cytokines in human antigen presenting cells. mDC: Myeloid dendritic cells; pDC: Plasmacytoid dendritic cells; Mφ: Macrophages. 
Figure 2 Receptors of innate immunity, adaptors and transcription factors involved in recognition of West Nile virus. IFN: Interferon; IPS-1: IFN-promoter stimulation-1; IRF: IFN regulatory factor; MDA5: Melanoma differentiation-associated protein 5; MyD88: Myeloid differentiation primary response gene 88; RIG-I; Inducible retinoic acid gene-I; TLR: Toll-like receptor; TRIF: TIR-domain-containing adapter-inducing interferon-.
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