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Abstract

:

Respiratory syncytial virus (RSV) is the leading cause of lower respiratory infections in infants and young children, accounting for an estimated 3 million hospitalizations annually worldwide. Despite the major health burden, there is currently no licensed RSV vaccine. RSV is recognized by a range of cellular receptors including both toll-like receptors (TLR) and retinoic acid-inducible gene-I-like receptors (RIG-I). This interaction initiates signaling through mitochondrial antiviral signaling (MAVS) and interferon regulatory factor (IRF) proteins, resulting in the induction of type I interferons (IFN). Early viral control is mediated by either IFN-α or IFN-β signaling through the IFN receptor (IFNAR), inducing the production of antiviral interferon-stimulating genes (ISGs). Type I IFNs also initiate the early production of proinflammatory cytokines including interleukin 6 (IL-6), tumor necrosis factor (TNF), and IFN-γ. Type I IFN levels correlate with age, and inadequate production may be a critical factor in facilitating the increased RSV disease severity observed in infants. Here, we review the current literature on the function of type I IFNs in RSV pathogenesis, as well as their involvement in the differential immune responses observed in infants and adults.
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1. Introduction


Respiratory syncytial virus (RSV) is the leading cause of lower respiratory infections in infants and young children, accounting for approximately seven percent of deaths in children less than one year of age [1]. Globally, RSV causes 34 million new infections each year, resulting in nearly 3 million hospitalizations [2]. RSV also produces a major economic burden, accounting for more than $300 million in annual medical costs in the United States alone [3]. RSV reinfection is common in children, and adults remain susceptible to repeated infections due to short-lived and incomplete protective immunity following natural infection [4,5]. Despite the critical need for one, there is currently no licensed RSV vaccine.



RSV is a single-stranded, negative-sense RNA virus of the Pneumoviridae family. The RSV genome is approximately 15.2 kb in size, and encodes ten genes that transcribe 11 proteins [6]. The RSV matrix (M) protein functions to mediate the assembly of new virions [7]. The nucleocapsid (N), phosphoprotein (P), large polymerase (L), M2-1, and M2-2 proteins make up the transcriptional and replication machinery for RSV [8]. Attachment and fusion of RSV to host cells is mediated by the attachment (G) and fusion (F) glycoproteins located on the surface of the viral membrane, and the small hydrophobic (SH) protein functions as a viroporin to facilitate release of new virions [9,10]. Finally, the nonstructural (NS) proteins 1 and 2 work independently and cooperatively to suppress the antiviral type I interferon (IFN) response in RSV-infected cells [11].



IFNs play a major role in initiating early antiviral responses. Type I IFNs are produced by many cell types including dendritic cells (DCs), epithelial cells, and alveolar macrophages following RSV infection [12,13]. The induction of type I IFNs plays a critical role early during RSV infection [14]. Knockout mouse models for IFN-α/β, as well as downstream signaling components mitochondrial antiviral signaling (MAVS) or retinoic acid-inducible gene-I (RIG-I) have failed to control viral replication [15,16,17]. Binding of type I IFNs to the IFN receptor (IFNAR) leads to the production of numerous interferon-stimulating genes (ISGs) that perform both antiviral and proinflammatory roles [18]. Here, we review the current literature on the role of type I IFNs in the pathogenesis of RSV as well as their contribution to the distinct immune responses observed in infants and adults. The critical antiviral effects of these cytokines, as well as their impact on adaptive immunity, make them attractive targets for generating long-lasting protective immunity against RSV.




2. Type I IFN and RSV


2.1. The Role of Type I IFN and the Innate Immune Response to RSV


Type I IFNs are a class of related cytokines that differ based on their structure and expression patterns [19]. They include many subtypes of IFN-α (13 in humans) and one IFN-β. There are additional family members that have cell-type and species-specific expressions and will not be discussed in this review. The initiation of type I IFN production begins with the recognition of viral proteins and/or replication products by cytoplasmic and/or surface pattern-recognition receptors (PRRs) [20]. Toll-like receptors (TLRs) are expressed both on the plasma membrane and in the membranes of endosomes, and sense an array of pathogen-derived shared molecules [21]. RIG-I-like receptors, including RIG-I and melanoma differentiation-associated protein 5 (MDA5), are found in the cytoplasm and recognize intracellular viral replication products [22]. Sensing of RSV by TLRs, RIG-I, and/or MDA5 initiates early type I IFN production.



RSV is most commonly detected by TLR2, TLR4 and TLR6, as well as the RIG-I-like receptors [15,23,24]. TLR4 interacts with the RSV F protein to activate the innate immune response and downstream nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) activation [24,25]. Treatment of adult peripheral blood mononuclear cells (PBMCs) with CD14-blocking antibodies, as well as a knockout mouse model, identified CD14 as an essential co-factor for TLR4 recognition of RSV F [25]. There is also a potential role for a complex composed of TLR4, CD14, and the accessory protein MD-2 in the recognition of RSV F [26,27]. Defects in TLR4 are linked to severe RSV-induced disease in high-risk premature infants, and PBMCs isolated from these children produce diminished levels of interleukin 8 (IL-8), tumor necrosis factor (TNF), and IFN-α/β when infected with RSV in vitro [28,29,30]. Similarly, TLR2 and TLR6-deficient mice are impaired in their early production of IL-6 and type I IFNs, suggesting that TLR recognition of RSV promotes early initiation of inflammatory responses [24]. Additionally, TLR2, TLR6, and TLR4-deficient mice all exhibited high RSV titers in the lungs post-infection compared to wildtype (WT) mice, demonstrating the in vivo role of TLR-mediated innate sensing in viral clearance [23,24,31]. These data indicate that TLR recognition of RSV is important for both viral clearance and promoting early proinflammatory cytokine production.



Cytoplasmic RIG-I-like receptors are present at low levels in all cells and sense double-stranded RNA and 5’-triphosphate RNA produced during viral infections [16,32]. Interaction between RIG-I and RSV helps initiate the antiviral response, as siRNA knockdown of RIG-I in vitro significantly reduces IFN-β and ISG-15 production at early time points (5–9 hours) post-infection [15,33]. Additionally, loss of function mutations in interferons induced with helicase C domain 1 (IFIH1), which encodes a RIG-I-like receptor involved in viral sensing, is associated with enhanced susceptibility to RSV bronchiolitis in children due to an inability to induce IFN-β production [34]. However, siRNA knockdown of either RIG-I or MDA5 does not impact RSV growth in either A549 or Vero epithelial cells [33]. This suggests that RIG-I-like receptors are necessary for early type I IFN production in response to RSV, but that other sensing mechanisms may be more important for promoting viral clearance.



Following recognition of RSV by TLRs or RIG-I-like receptors, the proteins bind to the adaptor MAVS via caspase activation and recruitment domains (CARD), subsequently recruiting various TNF receptor-associated factor (TRAF) family members [35,36]. Depending on the TRAF that binds, downstream signaling leads to one of two outcomes: phosphorylation of interferon regulatory factor (IRF)3 and IRF7, or activation of IκB kinase (IKK) and NF-κB [37]. The activated transcription factors translocate to the nucleus, where they bind the type I IFN promoters and induce transcription of IFN-α and IFN-β [35]. MAVS, also known as IFN-β promoter stimulator 1 (IPS-1), is critical for the production of type I IFN in response to RSV. In the absence of MAVS, mice produced nearly undetectable levels of IFN-α and IFN-β in both serum and bronchoalveolar lavage (BAL) fluid at day 8 post-RSV infection, and exhibited increased neutrophil recruitment in the lungs [16]. MAVS-deficient mice also exhibit increased viral titers and mRNA levels of the RSV F and N proteins on day four post-infection [12,16,17,38]. However, normal clearance of the infection is achieved by day 9, further emphasizing the importance of MAVS in the early control of RSV replication. Overall, MAVS signaling plays a nonredundant role in the production of proinflammatory cytokines including type I IFNs, and in establishing an antiviral environment early after RSV infection.



In response to RSV, IFN-α production has been measured in epithelial cells, fibroblasts, conventional DCs (cDCs), lung macrophages, and plasmacytoid DCs (pDCs) in vitro [12,39,40,41,42]. However, in vivo models suggest that type I IFNs are produced primarily by pDCs, epithelial cells, and alveolar macrophages [12,13,43,44]. In WT mice, IFN-α is produced by epithelial cells and pDCs in the lungs as early as 24 hours post-RSV infection [39]. Administration of anti-120G8 or a blood dendritic cell antigen 2-diphtheria toxin receptor (BDCA-2-DTR) mouse model to deplete pDCs in vivo abolished IFN-α protein levels [13,45]. pDC depletion also increased viral titers in the lungs on days 4 and 6 post-infection, an effect that could be rescued by the addition of recombinant IFN-α [13,46]. While these studies support an important role of pDCs in the type I IFN response against RSV and the subsequent priming of the adaptive response, one study using plasmacytoid dendritic cell antigen-1 (PDCA-1) antibody treatment to deplete pDCs observed no difference in either IFN-α or IFN-β production in the lungs of RSV-infected WT mice [39]. These apparent discrepancies may be a consequence of the various depletion methods used in each study, however, further experiments are needed to unravel the role of the various type I IFN-producing cell populations in RSV.



Due to the transient production of type I IFNs, their presence can be hard to detect in vivo, facilitating the need for reporter viruses and modified mouse models. These experimental tools, while useful, may not accurately represent what occurs in situ in mice and humans and may explain the inconsistent conclusions found in the literature. Goritzka et al. (2015) utilized a reporter virus that only expressed green fluorescent protein (GFP) in cells with active transcription of IFN-α6 [12]. IFN-α6 is just one of many IFNs that are produced following RSV infection and the narrow focus could, in part, explain why they observe production only within alveolar macrophages. Jewell et al. observed IFN-α4 production in both lung epithelial cells and pDCs, similarly demonstrating a cell-specific preference for production of one IFN-α family member [39]. Finally, the finding that DCs produce the majority of IFN-β in an IFN-β/YFP reporter mouse model suggests that production of IFN-α and IFN-β in response to RSV may occur in different cell types [45]. Overall, many studies have reported type I IFN production by specific cell populations, suggesting that multiple cell types, rather than a single major population, likely contribute to the type I IFN response against RSV in vivo.



All type I IFNs utilize a common cell surface receptor known as the IFN-α receptor (IFNAR), consisting of IFNAR1 and IFNAR2 [47]. Type I IFN binding to IFNAR on any nucleated cell leads to activation of the janus kinase (JAK)/signal transducer and activator of transcription (STAT) signaling cascade and downstream induction of numerous ISGs [18]. During RSV infection, IFNAR signaling and ISGs mediate inflammation by driving the production of critical proinflammatory cytokines. In the absence of IFNAR1, mice fail to produce IFN-α/β, IFN-γ, IL-6, TNF, and CXCL10 in the lungs and BAL in response to RSV [18,38]. Likewise, IFNAR-deficient primary murine alveolar macrophages infected with RSV in vitro produce negligible IFN-α/β compared to WT cells [38]. Type I IFN signaling also contributes to viral control, as IFNAR-deficient mice exhibit increased viral load and weight loss following RSV challenge compared to WT controls [18]. Thus, IFNAR-dependent signaling is required for the antiviral and proinflammatory functions of type I IFNs during RSV infection.



ISGs are critical for initiating an antiviral response, and encode many proteins that limit viral replication. Cyclic guanosine monophosphate–adenosine monophosphate (GMP-AMP) synthase (cGAS) interferes with RSV infectivity in vitro, potentially through the inhibition of IRF3 [48]. The interferon-inducible transmembrane protein (IFITM) family are ISGs that have been found to function during RSV. The absence of either IFITM1 or IFITM3 in vivo increased the pulmonary RSV viral load and enhanced weight loss, suggesting an inability to control the virus compared to WT mice [49,50]. In contrast, the overexpression of IFITM1 in either Vero or A549 cells reduced RSV infectivity by nearly 75% compared to untransduced cells [50]. The antiviral effects of IFITM1 are dependent on type I IFN, as siRNA knockdown of IFN-α rescued RSV infectivity. Additionally, in vitro administration of IFN-α/β enhanced IFITM1, IFITM2, and IFITM3 expression in RSV-infected HeLa and HEp-2 cells [51]. Finally, ISGs drive a positive feedback loop of type I IFN production, enhancing the expression of PRR signaling components including RIG-I-like receptors [52]. Type I IFN induction of ISGs such as the IFITM family are important for mediating early control of RSV. Overall, TLR and RIG-I-like receptor recognition of RSV in many innate cell populations drives early type I IFN production, promoting viral clearance and the early production of proinflammatory cytokines.




2.2. Impairments in Neonatal Type I IFN Responses


Nearly all children are infected with RSV by the age of two, and age correlates with increased disease severity following natural infection [53]. Children either <6 months of age or those born prematurely are more likely to exhibit severe disease and mortality following RSV infection [54]. Additionally, premature infants (<32 weeks) have an 8.1%–13.9% higher RSV rehospitalization rate compared to full term infants [55,56]. While the reasons for enhanced RSV pathogenesis in infants are not completely clear, understanding the shortcomings of the neonatal immune response to RSV is a useful step towards developing more successful treatments and vaccines.



Many DC subsets increase in numbers in both murine and human RSV infections [57]. Myeloid DCs and pDCs are found in high numbers in the nasal mucosa of RSV-infected individuals, potentially due to recruitment from the blood, as DC numbers in the blood subsequently decrease [58]. pDC numbers also increase substantially in mouse models of RSV infection, with recruitment detected as early as 24 hours and peaking around day 6 in the lungs [46,59]. Neonates are impaired in their initial recruitment of pDCs in response to RSV. Both the frequency and number of pDCs are reduced in neonatal mice compared to adult mice infected with RSV [59,60]. One group reported observing a nearly 15-fold difference in pDC numbers between neonates and adult mice that received RSV. Strikingly, the percentage and number of pDCs in RSV-infected neonates barely increased above that of a naïve neonatal mouse (0.26% versus 0.38%) [59]. Thus, the diminished influx of total DCs into the neonatal lung may help explain the enhanced susceptibility to RSV infection.



Due to the antiviral role of type I IFN production by pDCs, it has been widely studied as another potential limitation in the neonatal immune response to RSV. pDCs are functionally impaired in their type I IFN production in human infants and neonatal mice. RSV-induced production of IFN-α and IFN-β in the lungs was significantly diminished in five-day-old neonatal mice compared to adults [59,61]. This impairment was observed as early as 12 hours post infection [60]. The in vivo murine data corroborates similar observations in humans. Ex vivo infection of infant cord blood cells with either RSV-A2 or RSV-Long resulted in limited IFN-α production compared to PBMCs obtained from healthy adults [62]. However, in both groups nearly all production came from pDCs. Lower levels of type 1 IFN are also observed in nasal washes of children with detectable RSV compared to either children infected with influenza virus or healthy controls [63,64,65]. Interestingly, infants produce the least amount of IFN-α, while children between one and five years old produce moderate levels of IFN-α and adults produce the highest quantity [62]. This confirms that the ability to produce type I IFNs is a function of age and suggests that inadequate type I IFN production by DCs may be a critical factor in facilitating the increased RSV disease severity observed in infants.



Many studies have also looked at the activation status and signaling capabilities of neonatal versus adult DCs to determine the mechanism driving their dysfunction. While the relative expression of RIG-I and MDA5 were normal within infant cells, IFN-α production in response to the RIG-I agonist 5’PPP-dsRNA was significantly diminished compared to adult PBMCs [62]. This impairment in RIG-I-mediated responses was even more pronounced in preterm infants, and remained through childhood, as measured in children between one and five years old. Downstream signaling components of the RIG-I- like receptor pathway, including IRF7 and IRF9, were also reduced in neonates following RSV infection [61]. These defects in early innate sensing pathways likely contribute to the increased susceptibility and pathogenesis following RSV infection in infants. Additionally, studies have found that murine neonatal DCs express lower levels of costimulation markers CD80 and CD86 in vivo early after RSV infection, resulting in impaired priming of antigen-specific CD8 T cells [60,66]. Treatment with exogenous IFN-α or IFN-β were unable to rescue DC activation or the subsequent CD8 T cell response, suggesting a functional inability to respond to type I IFN. These impairments are thought to be intrinsic to neonatal cells, as IFN-α treatment of naïve neonatal DCs was unable to upregulate the expression of either CD80 or CD86 [60]. Together, these studies suggest that infant DCs have a cell-intrinsic impairment in their type I IFN response, resulting in enhanced susceptibility to RSV.




2.3. Modulation of Type 1 IFN by RSV


While type I IFNs are very effective in their antiviral functions, RSV has evolved strategies to modulate and suppress the type I IFN response in infected cells. A549, 293T, and HEp-2 human epithelial cells infected with either RSV-A2 or various clinical isolates in vitro all failed to produce IFN-α above the levels induced following mock infection [67]. Similar results were observed when pDCs isolated from human PBMCs were used. RSV was also able to inhibit IFN-α production when cells were first stimulated with a TLR9 agonist, suggesting the ability of the virus to shut off ongoing type I IFN signaling. Thus, RSV effectively suppresses the hosts type I IFN response following initial infection.



The main modulators of the type I IFN response have been shown by numerous groups to be the RSV NS1 and NS2 proteins. Type I IFN modulation was first demonstrated when A549 pulmonary epithelial cells infected with a mutant virus lacking NS1 and/or NS2 (ΔNS1/ΔNS2) were found to produce higher levels of IFN-α and IFN-β mRNA and protein compared to WT RSV-A2 [11]. Similar results were observed in both primary human monocytes and blood-derived macrophages. The suppression of type I IFNs was validated by in vitro siRNA-mediated knockdown of NS1 in A549 epithelial cells, as well as an siRNA plasmid targeting NS1 delivered via a polymer carrier to WT mice in vivo [68]. Infection with a ΔNS1/NS2-RSV lacking both proteins produced higher IFN-α and IFN-β levels than the single deletions, demonstrating the cooperative functions of NS1 and NS2 [11]. Together these studies highlight the potent suppression of the type I IFN response by RSV proteins.



NS1 and NS2 mediate suppression primarily by modulating the type I IFN induction pathway, as summarized in Figure 1. NS2 can interact directly with the CARD domains on RIG-I, as measured by coimmunoprecipitation experiments in 293T cells [69]. This blocks the interaction between RIG-I and MAVS, preventing the downstream induction of IFNα and IFN-β. Transfection of NS1 but not NS2 into A549 cells reduced the protein levels of TRAF3 in the cells, while infection with ΔNS1-RSV increased the levels of TRAF3 compared to WT RSV infection [70]. This suggests that NS1 can suppress type I IFNs by reducing the presence of downstream signaling targets. NS1 and NS2 can also cooperatively block translocation of IRF3 to the nucleus, as shown by the increased nuclear presence in either ΔNS1 or ΔNS2-RSV infected cells [69,71]. This occurs by preventing the upstream phosphorylation of IRF3, or binding and sequestering IRF3 to prevent downstream association [72]. The suppressive role of the RSV NS1 and NS2 proteins is specific for type I IFNs, as IL-6, IL-8, and TNF are not altered following infection with ΔNS1/2-RSV [67,73]. Thus, NS1 and NS2 act on many molecules throughout the TLR/RIG-I receptor signaling cascade, preventing infected cells from initiating early type I IFN inflammatory responses.



In addition to suppressing the induction of type I IFN, NS1 and NS2 can also alter the IFNAR signaling cascade. Transfection of epithelial cells with plasmids expressing NS2 reduced the expression of the total STAT2 and phosphorylated STAT2, while NS1 had no effect [70,74]. The effect of NS2 on STAT2 expression was recapitulated using NS2 siRNA knockdown during in vitro RSV infection [75]. The NS2-mediated reduction in STAT2 levels following RSV infection is likely due to the enhanced induction of proteasome-mediated degradation, as shown by pretreating cells with a proteasome inhibitor. [75,76]. Finally, NS1 can have a modulatory effect on the production of ISGs themselves. Oligoadenylate synthetase (OAS) levels decreased in epithelial cells modified to express NS1, NS2 or both in combination [74]. Thus, even if host cells are able to produce type I IFNs, RSV can still inhibit the activity of subsequent cytokines and ISGs by acting on downstream IFNAR signaling components.



NS1 can also modulate the activation and subsequent cytokine production by DCs. Compared to WT RSV infection, ΔNS1/2 RSV infected monocyte-derived DCs isolated from human PBMCs express lower levels of IL-6, CCL3, and TNF, as well as CD80, CD86, and CD83, markers associated with mature, activated DCs [77]. The increase in cytokine production is partially due to the known antagonism of type I IFN production in DCs by NS1 and NS2, as IFNAR2-blocking antibodies inhibit most of the cytokine upregulation. It is possible that NS1 and NS2 reduce DC activation in order to suppress the initiation of any antiviral responses following infection. Overall, the RSV NS1 and NS2 proteins obstruct both the TLR signaling pathway and subsequent IFNAR signaling to inhibit the production and function of type I IFNs.




2.4. Alterations in the Adaptive Immune Response by Type 1 IFNs


While the function of type I IFNs during the innate immune response to RSV is well studied, type I IFNs also play a role in shaping the subsequent adaptive response. DCs link the innate and the adaptive immune systems by priming T cells and B cells to encountered antigens through direct major histocompatibility complex (MHC)-T cell receptor (TCR)/B cell receptor (BCR) interactions, as well as secreted cytokines like type I IFNs [78]. If DCs are dysfunctional in their type I IFN production, they may prime a defective adaptive response [60,79]. In vitro studies have shown that bone marrow-derived DCs that either lack type I IFN receptor or are cultured with anti-IFNα/IFN-β antibodies fail to stimulate proliferation from CD8 and CD4 T cells, suggesting that the ability to respond and produce type I IFNs is essential for DC activation of T cells in vitro [79]. Antigen-specific T cell responses to RSV are also modulated by type I IFN production from DCs. In the absence of pDCs, a major source of type I IFN during RSV, the number of RSV M187–195-specific CD8 T cells and their capacity to produce IFN-γ in response to peptide stimulation are reduced compared to WT mice [45]. RSV infection can affect DC priming, as CD4 T cells exhibited reduced proliferation when cultured with RSV infected monocyte-derived DCs compared to uninfected DCs [80]. Therefore, RSV infected DCs are impaired in their ability to prime T cells, potentially due to diminished type I IFN production.



The cytokine signals produced by infected DCs can alter the polarization of T cells [78]. A Th2-biased response characterized by IL-4 producing T cells is associated with increased immunopathology during RSV infection [81,82,83]. IL-4 overexpression in vivo delayed viral clearance, while eliminating IL-4 using antibody treatment reduced weight loss compared to control mice [84,85]. In neonatal mice that normally exhibit a strong Th2-biased T cell response following secondary exposure to RSV, IFN-α treatment reduced the frequency of IL-4 producing CD4 T cells upon subsequent RSV infection [59]. The total IL-4 levels in the BAL were also reduced when mice were pretreated with IFN-α. Inhibition of a Th2 T cell response is mediated by pDCs, as adoptive transfer of adult pDCs that produce normal levels of type I IFNs is attenuated the pathological Th2 T cell response. Additionally, antibody depletion of pDC-enhanced IL-4 production by CD4 T cells in murine lungs in response to RSV [13]. Type I IFNs are vital for preventing a Th2-mediated response, and it is essential to understand the signals that promote this pathological immune response in infants. Thus, the role that DC-produced type I IFNs play in priming a productive T cell response in infants needs to be further investigated.



While it has been less studied, type I IFNs have also been shown to modulate the humoral immune response to RSV. The absence of either MAVS or MyD88 results in reduced serum concentrations of total RSV-specific and RSV N-specific IgG and IgG2a antibodies compared to WT mice [17,61]. Fms-related tyrosine kinase 3 (Flt3) ligand, a growth factor that stimulates an increase in DC numbers rescued the defective type I IFN pathway observed in neonates and promoted increased whole-virus and RSV N-specific IgG2a 8 days post-RSV [61]. This suggests that early TLR and/or RIG-I-like receptor-mediated sensing of viral components alters the magnitude of the subsequent humoral response to RSV.



It has also been demonstrated that type I IFNs have an effect on B cells in murine models of RSV infection. Exogenous IFN-α/β increased B cell numbers in the lungs and reduced apoptosis in cultured mature B cells as measured by terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining [86,87]. B cells exposed to IFN-α/β exhibited dose-dependent increases in CD69 and CD25 expression and increased IgM internalization, indicative of early B cell activation. Type I IFNs have also been implicated in driving IgA production in response to RSV infection [87]. Neonatal mice with low production of IFN-α and IFN-β exhibit impaired IgA production in the nasal-associated lymphoid tissue compared to age-matched controls. Furthermore, the number of B-cell activating factor (BAFF)-expressing B cells as well as IgA production by B cells in the nasal wash and lungs were enhanced to levels comparable with adults following pretreatment with IFN-α. This suggests that the pro-survival and activating effect of type I IFN on B cells during RSV could be driven through BAFF/a proliferation-inducing ligand (APRIL) signaling and are important for mediating protective mucosal antibody responses. Overall, RSV infection impairs the ability of DCs to prime an effective adaptive response, and this impairment is intrinsic to the neonatal immune system. Additionally, type I IFNs are fundamental for the development of a productive Th1 T cell response and a protective isotype-switched antibody response.





3. Use of Type I IFNs in Therapeutic and Preventative Strategies for RSV


3.1. Type 1 IFN as a Therapeutic for RSV


Approved treatment methods for RSV are limited to passive immunization with a monoclonal antibody. Palivizumab, a humanized antibody against the RSV F protein, is only administered prophylactically to high-risk infants [88]. It is expensive to administer and has a low efficacy, only preventing the rate of hospitalization due to severe RSV disease by approximately 50% [88,89]. Additionally, palivizumab is ineffective if it is administered after RSV infection has occurred, therefore therapeutics are needed to treat ongoing RSV infections [90]. Due to their strong antiviral functions both in vitro and in in vivo animal models, type I IFNs have been evaluated as a potential treatment for RSV. In mice, recombinant IFN-α treatment prior to RSV infection protected against weight loss and reduced pathology scores [91]. To test the practical application of using IFN-α as a therapeutic, IFN-α was administered three days post RSV infection. Mice that received IFN-α still exhibited reductions in viral titers, as well as significantly reduced pathology scores, as determined by histology, indicating that therapeutic IFN-α may be an efficacious treatment for RSV.



When IFN-α treatment was tested in human clinical trials, minimal evidence was found for the effective use of type I IFNs to treat RSV. Sung et al. gave intramuscular injections of IFNα2a to RSV+ adults for three days and observed no difference in either viral clearance or clinical severity compared to placebo-treated individuals [92]. A similar study performed in RSV-positive infants observed no difference in either clinical signs or viral shedding between the IFNα2a treatment group and placebo controls [93]. In contrast, a recent study observed that nebulized IFN-α1b administered to children immediately following the onset of bronchiolitis symptoms reduced wheezing and coughing compared to controls receiving only minimal analgesics and antipyretics [94]. This suggests that the administration route and the class of type I IFN used may differentially affect RSV disease in humans. However, the specific viral infection causing bronchiolitis was not assessed; therefore, the effect of nebulized IFN-α1b on RSV viral clearance could not be determined. Another study administered a nasal spray of IFNα2a three days before and after experimental challenge with RSV [95]. Compared to the placebo, prophylactic administration of IFNα2a reduced both clinical scores and viral secretion in nasal washes following RSV challenge. Thus, while therapeutic administration of IFN-α may not be effective against RSV, the induction of type I IFNs may be a critical component in a successful RSV vaccine.




3.2. Implications for Vaccine Design


RSV has remained elusive to vaccine development efforts despite widespread research in the field. One challenge is developing a successful vaccine formulation that provides long-lasting protection without inducing immunopathology. As evidenced in this review, it will be essential to consider age-dependent differences in both the innate and adaptive immune responses to RSV. Given their role in both antiviral and proinflammatory functions, type I IFNs in particular will be critical to consider when evaluating vaccine responses in infants. If type I IFN levels can be enhanced through the use of a live-attenuated vaccine, it may prevent the increased disease severity seen in infants and young children.



Engineered RSV viruses that have been modified to remove the NS1, NS2 or M2-2 proteins have demonstrated promising results as a vaccine in animal models of RSV. They are attenuated in vitro and in vivo, allowing them to activate RSV-specific responses without inducing WT levels of RSV replication and pathology [96,97,98]. Additionally, removal of the NS1 and NS2 proteins enhances activation of both innate and adaptive cells responding to RSV [11,77,99]. Mutant viruses lacking NS1 and/or NS2 (ΔNS1/ΔNS2) produce higher levels of IFN-α and IFN-β mRNA and protein compared to WT RSV-A2 [11]. Initial studies in seronegative chimpanzees showed reduced viral replication in the nasal passages and airways, but a similar induction of RSV-specific serum neutralizing antibodies [97]. This vaccine candidate, LID/ΔM2-2/1030s, recently underwent Phase I trial testing in seronegative children and induced increased serum neutralizing antibody titers [98,100]. However, vaccinated children also exhibited an increased rate of respiratory illness compared to placebo recipients. A similar vaccine candidate was recently tested in RSV seronegative infants in the hopes of reducing the pathogenic side effects [101]. However, while there was a greater than four-fold enhancement in neutralizing antibody titers, fever and respiratory illness still occurred in nearly 75% of subjects. Therefore, while the ΔNS1 and ΔM2-2 viruses induce strong RSV-specific immune responses, additional studies will be necessary to evaluate their safety, as well as their efficacy in a previously infected population.



The RSV G protein has also been identified to play a role in attenuating the type I IFN response. Murine lung epithelial cells infected in vitro with a mutant RSV virus lacking the G protein (ΔG) exhibit increased levels of secreted IFN-β compared to WT RSV infection [102]. This suppression was linked to the induction of suppressor of cytokine signaling (SOCS) proteins, SOCS1 and SOCS3. SOCS1 can interact directly with JAK molecules, inhibiting their catalytic activity and subsequent type I IFN production [103,104]. SOCS1 and SOCS3 also bind to IRF7, inhibiting its phosphorylation and downstream translocation to the nucleus [105]. Normal human bronchial epithelial (NHBE) cells infected with RSV, lacking the G protein-induced lower levels of SOCS1 and SOCS3 mRNA compared to WT RSV infection [106]. This effect was mirrored by an increase in IFN-α/β production early after infection, suggesting that RSV G suppresses the type I IFN response by inducing expression of SOCS proteins. In mice, immunization with G gene-modified (Gmem) RSV, lacking expression of secreted G, protected mice from viral replication upon subsequent WT RSV challenge [107]. Thus, vaccination with ΔG RSV may enhance the antiviral type I IFN production, providing protection from RSV infection. This provides a novel target for vaccine development; however, a live-attenuated RSV vaccine lacking G has not been tested in humans.



Given the role of both NS1/2 and the G protein in the suppression of type I IFNs, modified viruses lacking these proteins may induce high levels of IFN-α and IFN-β when administered as a vaccine. This would stimulate potent antiviral mechanisms; however, this needs to be further explored in humans. While administration of recombinant IFN-α alone may not be the best approach, the generation of a vaccine that can drive the downstream production of type I IFNs is a viable option.





4. Conclusions


RSV continues to be the major cause of lower respiratory tract infections in children and young infants worldwide. Healthy adults exhibit only minor cold-like symptoms following infection; however, high-risk populations including infants, immunocompromised patients, and elderly individuals are at risk for severe bronchiolitis. Despite the major impact of the virus and the ongoing research worldwide, there remains only one licensed prophylactic option to combat the virus. While Palivizumab works to reduce hospitalizations in high-risk populations, the low efficacy and high cost emphasize the critical need for more options.



Type I IFNs are produced following TLR and RIG-I-like receptor recognition of RSV. They are critical mediators of viral control and the early induction of proinflammatory cytokines. Development of a productive Th1 T cell response and class-switched mucosal antibody production are both dependent on type I IFNs. This is likely driven by effective DC priming. Numerous studies support that the level of type I IFNs in nasal washes and PBMCs inversely correlate with disease severity in both adults and children. Polymorphisms in the type I IFN pathway correlate with enhanced RSV severity and longer duration of hospital stay in the intensive care unit. Additionally, infant DCs are intrinsically impaired in their production of type I IFNs, likely contributing to their association with increased RSV disease severity. Further studies into the role of IFNs may provide novel insights into the defects in the infant immune response that drive enhanced disease. A better understanding of these mechanisms will aid in the development of successful therapeutics and vaccines for adults and infants. While RSV has effective countermeasures for inhibiting the immune response, vaccines that establish a durable immune response may be able to overcome these evasion mechanisms. Thus, while therapeutic IFN-α administration may not be effective, generating a vaccine that can establish enhanced type I IFN production in a healthy individual would likely be an effective mechanism for preventing RSV infection.
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Figure 1. Mechanisms for respiratory syncytial virus (RSV) inhibition of type I interferon (IFN) production. (1) The RSV NS1 and NS2 proteins can act on many components of the type I IFN induction pathway in order to reduce the production of IFN-α/β. NS2 binds to the caspase activation and recruitment domains (CARDs) on retinoic acid-inducible gene-I-like receptor (RIG-I) and melanoma differentiation-associated protein 5 (MDA5). This blocks RIG-I from dimerizing and interacting with mitochondrial antiviral signaling (MAVS). NS1 also reduces the level of TNF receptor-associated factor (TRAF)3 inside the cell, inhibiting the subsequent activation of the downstream TANK-binding kinase 1 (TBK1)/IκB kinase (IKKε) complex. (2) Both NS1 and NS2 block the translocation of interferon regulatory factor (IRF)3/IRF7 into the nucleus. NS1 can bind and sequester IRF3 in the cytosol. NS1 and NS2 both inhibit the upstream phosphorylation of IRF3. (3) NS1 and NS2 also act on the IFN receptor (IFNAR) signaling pathway to obstruct the induction of type I IFN-mediated interferon-stimulating gene (ISG) production. NS2 reduces the levels of both total signal transducer and activator of transcription (STAT)2 and phoshorylated STAT2. The dimished activation inhibits the nuclear translocation of STAT1/STAT2, reducing the induction of ISGs. Finally, the presence of NS1 lowers the quantity of ISGs found in infected cells. Created with BioRender.com 
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