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Abstract

:

Human Metapneumovirus (HMPV) is a leading respiratory pathogen that causes lower respiratory tract infections worldwide. Acute HMPV infection induces an exacerbated inflammatory neutrophilic response leading to bronchiolitis and pneumonia. However, the mechanism by which the virus regulates neutrophil infiltration into the airways still remains unexplored. In this work, we used an experimental mouse model of HMPV infection to demonstrate that the attachment (G) protein of HMPV contributes to the recruitment of neutrophils into the airways and modulate the production of neutrophil chemoattractants and Type I IFN responses, specifically IFN-α. These findings provide the first evidence that the HMPV G protein contributes to the in vivo neutrophilic response to HMPV infection and furthers our understanding on virus induced inflammatory responses in the airways.
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1. Introduction


Human metapneumovirus (HMPV) is a single negative-stranded RNA, enveloped virus classified in the Paramyxoviridae family. Its genome, of 13,335 nt, codes for nine different proteins: the fusion (F), attachment (G), small hydrophobic (SH), nucleocapsid (N), phosphoprotein (P), polymerase (L), matrix (M), and second matrix (M2-1, M2-2) [1]. HMPV was first identified in 2001 from nasopharyngeal aspirates of hospitalized infants [2], and has soon emerged to be a leading respiratory pathogen worldwide infecting infants, elders, and immunocompromized individuals [3]. Epidemiological data indicate that this respiratory virus represents a major respiratory pathogen worldwide. HMPV is responsible for 5 to 15% of pediatric hospitalizations for respiratory tract infections [4,5,6,7]. Indeed, it is second only to Respiratory Syncytial virus (RSV) infection in infants admitted with lower respiratory tract viral infections causing mortality and morbidity [4,8,9,10]. In elderly adults aged ≥65 years old, HMPV accounts for about 4.1% hospitalizations with respiratory tract infections, impacting more severely those subjects with underlying conditions, such as cardiovascular diseases, organ transplantation, or other hematologic malignancies [11,12,13,14]. One hallmark of HMPV infection is that it is characterized by aggravated inflammatory responses leading to bronchiolitis and pneumonia [8]. Currently there is no approved vaccine available to protect from HMPV infection.



Inflammatory outcomes during HMPV infection are mediated by virus-induced cytopathology and the secretion of cytokines and chemokines [15,16]. Clinical evidence indicates that HMPV induces neutrophil infiltration and associated mediators within the airways of infants with bronchiolitis [17], providing evidence of the neutrophilic inflammatory response in vivo and highlighting the importance of these cells as a potential target of therapeutic intervention for treatment of bronchiolitis in infected children. The increased neutrophil infiltration by HMPV in the airways has been reproduced in the mouse model of infection, including in adult [18,19,20] and aged mice [21], where HMPV infection induces similar neutrophil recruitment into the airways of both age groups of mice [21]. However, the role of HMPV in regulating the recruitment of neutrophils to the lungs remains elusive. On the other hand, the interferon (IFN) response appears to regulate the neutrophil infiltration in some viral [22,23] and bacterial [24] infections, as well as in tumor bearing mice [25,26]. In that regard, HMPV infection induces a robust production of type I interferon in infected mice [27,28], which appears to be regulated by the expression of the HMPV attachment protein (G protein) [28,29]. Therefore, we reasoned that HMPV G protein contributes to the neutrophil recruitment into the airways during HMPV infection through the IFN response. For that, we used an experimental mouse model to quantify IFN-α production, neutrophil recruitment, and chemokine response to a recombinant HMPV lacking the G protein. We found that the lack of the attachment protein increased the production of IFN-α but decreased the production of neutrophil chemoattractants and the recruitment of neutrophils to the alveolar spaces. These findings suggest a key role for HMPV attachment (G) protein in contributing to the inflammatory responses in vivo.




2. Materials and Methods


2.1. Virus Stocks


Recombinant HMPV lacking the attachment G protein (rHMPV-ΔG) and full-length recombinant HMPV (rHMPV) were generated by reverse genetics, as we previously described [28]. The viruses were grown and titrated in LLC-MK2 cells (ATCC, Manassas, VA, USA) in the presence of trypsin (Worthington, Lakewood, NJ, USA). Viruses were sucrose purified and not used beyond passage 5. [28]. In some experiments, rHMPV was exposed for 10 min to UV irradiation, as previously reported [30].




2.2. Ethic Statement


Animal care and use were conducted in accordance with the National Institutes of Health and Louisiana State University institutional guidelines. The Louisiana State University Animal Care and Use Committee specifically approved this study under the protocol number: 15-062 (15 October 2015). Mice were housed in a temperature-controlled room with proper darkness-light cycles, fed with a regular diet, and maintained under the care of the Division of Laboratory Animal Medicine facility, Louisiana State University, Baton Rouge, LA. The mice were sacrificed by an intraperitoneal injection of ketamine and xylazine, and exsanguinated via the femoral vessels.




2.3. Mice and Infection Protocol


BALB/c mice were purchased from Harlan Laboratories. Female 8- to 12-week-old mice were used in all of the experiments. Mice were anesthetized with a combination of ketamine and xylazine, and infected intranasally with 50 μL of hMPV diluted in phosphate-buffered saline. A final administration dose of 5 × 104 PFU/mouse was used for the recombinant virus infections. Mock-infected mice received 50 μL total volume of PBS.




2.4. Mouse Sample Collection


Mice were euthanized by intraperitoneal injection of ketamine and xylazine, and exsanguinated via the femoral vessels, as previously described [20,28]. Bronchalveolar lavage (BAL) samples were collected by flushing the lungs twice with 1 mL PBS and centrifuged 3500 rpm for 5 min at 4 °C. Cell-free BAL supernatants were stored at −75 °C until further analysis. For viral gene expression using qRT-PCR, lung tissue was snap frozen in liquid nitrogen and stored at −75 °C until further analysis.




2.5. Differential Leukocyte Counts


Bronchalveolar lavage (BAL) fluid was used for differential leukocyte counts using cytospin methods. Cytospin samples were subsequently prepared from BAL cells and dyed with Wright-Giemsa staining and subjected to differential leucocyte counts under a light microscope. A total of 200 cells per slide were counted. The total cell numbers were enumerated from BAL cell counts obtained by trypan blue exclusion.




2.6. Detection of Cytokines and Chemokines


Levels of cytokines and chemokines in BAL fluid were determined with the Milliplex MAPTM 32-Mouse-Plex cytokine detection system (Millipore, Billerica, MA, USA), according to the manufacturer’s instructions. The panel included the following cytokines: IL-1α, IL-1β, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-9, IL 10, IL-12 p40, IL-12 p70, IL-13, IL-15, IL-17, M-CSF, G-CSF, GM-CSF, IFN-γ, TNF, CXCL1, CXCL2, CXCL5, CXCL9, CXCL10, CCL2, CCL3, CCL4, CCL5, CCL11, LIF, and VEGF. The range of sensitivity of this assay is 3.2 to 10,000 pg/mL. Cell-free BAL supernatants were also tested for the production of type I (IFN-α) interferon using ELISA tests according to the manufacturer’s instructions (PBL Assay Science, Piscataway, NJ, USA).




2.7. Real-Time qRT-PCR


Lung tissue stored at −75 °C was used for viral gene expression using qRT-PCR, as described previously [13]. Briefly, RNA was extracted from the lung tissue using RNeasy Plus kit (Qiagen, Hilden, Genmany) and viral gene expression was determined using specific primers and probes (Integrated DNA Technologies, Coralville, IA, USA) on a 7900HT Fast Real-Time PCR following manufacturer’s instructions. Expression of target genes was quantified using the comparative cycle threshold method and results were normalized to the endogenous GAPDH with expression levels normalized to transcripts from mock-infected mice.




2.8. Statistical Analysis


Statistical significance was calculated by unpaired t test and one-way ANOVA to ascertain the differences between the animal groups, followed by a Tukey-Kramer test to correct for multiple comparisons using Graph Pad InStat 3 (GraphPad Software, La Jolla, CA, USA).





3. Results


3.1. Inhibition of IFN-α Responses by HMPV G Protein In Vivo


Previous studies in vitro have identified HMPV G protein as a negative regulator of the IFN response [28,29]. In order to determine the effect of the HMPV G protein in the IFN response in vivo, BALB/c mice were infected with rHMPV, rHMPV-∆G or mock infected. After 24 h of infection, BAL supernatants were collected and tested for the IFN production by ELISA. As shown in Figure 1a, the lack of the attachment glycoprotein resulted in a significant increase in the production of IFN-α. We observed that mice infected with rHMPV-ΔG induced a 1.3-fold increase in the production of IFN-α as compared to full-length rHMPV infected mice. However, no difference in viral gene expression was noted when compared between rHMPV and rHMPV-∆G after 24 h of infection (Figure 1b), confirming that the infection of mice with rHMPV and rHMPV-∆G was comparable. Thus, validating the inhibitory effect of G protein on the IFN response. Furthermore, in order to confirm that the observed production of IFN-α by rHMPV was due to the viral infection, a group of mice were inoculated with UV-inactivated rHMPV and the production of IFN was determined. Our data show that the inoculation of mice with UV-inactivated rHMPV failed to induce any production of IFN-α showing that IFN-α production was dependent on the rHMPV replication (Figure 1a). Together, these results demonstrate that HMPV-G protein regulates IFN-α responses in vivo.




3.2. HMPV G Protein Contributes to Neutrophil Recruitment


To determine whether the HMPV attachment glycoprotein plays a role in the recruitment of neutrophils, BAL samples were collected 24 h after inoculating mice with rHMPV, rHMPV-∆G or PBS, and differential cell analysis was performed. We focused on the neutrophil recruitment at 24 h based on previous observations that indicate that neutrophil recruitment peaks at day 1 after HMPV infection [20]. As shown in Figure 2a, analyses of cytospin preparations revealed a significant decrease in the total number of neutrophils recruited to alveolar spaces in mice infected with rHMPV-ΔG (1.0 × 105 ± 0.2) when compared with those with rHMPV infection (3.1 × 105 ± 0.3), indicating that G protein contributes to the recruitment of neutrophils. Also, the levels of recruitment of neutrophils in rHMPV-ΔG (1.0 × 105 ± 0.2) were comparable to mice infected with UV light inactivated rHMPV (0.8 × 105 ± 0.3). On the other hand, there was no evident change in the recruitment of monocytes/macrophages (Figure 2c) or lymphocyte population (Figure 2b), suggesting that G protein contributes mainly to the recruitment of neutrophils to the alveolar spaces.




3.3. HMPV G Regulates Lung Cytokine and Chemokine Profile in the Lungs of Infected Mice


To further elucidate the role of G protein in the production of neutrophil chemoattractants and proinflammatory cytokines, we sought to assess the production of lung cytokine and chemokine profile after 24 h of rHMPV-ΔG infection and compare it to that of rHMPV. Cell-free supernatants from BAL samples were analyzed by multiplex assay, using multi-Plex cytokine detection, as described in methods. As shown in Figure 3, the levels of TNF (↓58%), IL-17(↓44%), CXCL2(↓40%), VEGF (↓46%), CCL3(↓54%), and CCL4 (↓68%), were decreased (as indicated) in mice infected with rHMPV-ΔG as compared with those infected with full-length rHMPV, suggesting that G protein contributes to the production of these chemokines in vivo. However, when compared between both groups of infected animals, no significant difference was observed in the production of IL-1α, IL-1β, IL-4, IL-5, IL-6, IL-9, IL 10, IL-12 p70, IL-13, IL-15, M-CSF, G-CSF, GM-CSF, IFN-γ, CXCL1, CXCL5, CXCL9, CXCL10, CCL2, CCL5, CCL11, and LIF. Other cytokines were not induced by the recombinant viruses in the infected mice (IL-2, IL-3, IL-7, and IL-12 p40).





4. Discussion


The regulation of the inflammatory immune response by infectious agents involves several factors from the host and the pathogen. Viral infections are known to alter the innate immune response [31,32]. In fact, several viral proteins are known to inhibit the IFN response in vitro [29,33,34] and in vivo [35]. In that regard, despite previous studies have demonstrated that the attachment glycoprotein (G) of HMPV inhibits the IFN response in vitro [28,29], this work demonstrates, for the first time, that the HMPV G protein inhibits the IFN response in vivo. Due to the restriction of high viral titers of the purified recombinant viruses, the final administered viral inoculum was 5 × 104 PFU/mouse. However, that amount of viral inoculum was enough to induce an IFN-α response that allowed us to define the inhibitory effect of the HMPV G protein in vivo. That inhibitory effect was validated by the fact that both viral inoculums (rHMPV and rHMPV-∆G) were comparable as they were purified and titrated by the same methods, and no difference was observed in the viral gene expression when measured in the lung samples from the infected mice (Figure 1b).



There is evidence that interferons have pleiotropic immune functions in several models. In an experimental mouse model, type I IFN suppresses neutrophil recruitment by negatively regulating CXC chemokine expression in influenza [23,36], herpes simplex-1 [22], Listeria monocytogenes [24], and tumor-associated diseases [26]. Thus, the observed increased production of IFN-α by rHMPV-ΔG, due to its regulatory effect [22,37], may contribute to the suppression of the recruitment of neutrophils induced by HMPV. On this subject, several studies indicate that neutrophils are the predominant cell population recruited to the alveolar spaces in HMPV-infected mice during the early phase of the infection (Figure 2 and [18,19,20]). However, to the best of our knowledge, these findings represent the first evidence that the HMPV attachment protein contributes to the recruitment of neutrophils into the lungs. Moreover, the UV treatment of rHMPV significantly reduced the number of neutrophils, indicating that the recruitment of these cells is dependent on viral replication and the de novo synthesis of the G protein. These observations are in line with studies with other respiratory viruses, including those with respiratory syncytial virus (RSV), an HMPV-close-related human paramyxovirus, in which it has been shown that the fusion (F) protein, of the RSV 2–20 strain, contributes to the infiltration of neutrophils into the lungs of infected mice [38]. Similarly, influenza A virus, a ssRNA ortomyxovirus, appears to regulate neutrophil infiltration into the alveolar spaces through the expression of the PB1-F2 protein [39]. This suggests that different surface viral proteins can specifically contribute to the infiltration of neutrophils to the respiratory tract.



The observed contribution of the HMPV G protein to the recruitment of neutrophils in the infected mice, suggest that G protein may also regulate the expression of those cytokines and/or chemokines that control the recruitment of neutrophils to the alveolar spaces. Opposite to the effect of HMPV G protein on the IFN response, we observed some changes in CCL3, CCL4, VEGF, TNF, IL17, and CXCL2, which are all recognized mediators involved in the neutrophil recruitment to the sites of insult. In this work, we observed that the lack of G protein in HMPV resulted in the reduced expression of TNF and IL-17, which are known to promote the expression of neutrophil chemotactic cytokines. In fact, IL-17 together with TNF can synergistically induce the endothelial expression of neutrophilic chemokines including CXCL2 [40], which may explain also the reduced expression of CXCL2 observed in the rHMPV-ΔG-infected mice. In addition, we speculate that due to its suppressive effect on TNF [41], the IFN-α response in rHMPV-ΔG could be linked to the reduced production of TNF. In the same context, IFN-α has been reported to inhibit IL-17 production in PBMC’s from patients with chronic active Hepatitis B infection (CAHB), suggesting the pleiotropic effect IFN-α has on proinflammatory cytokines associated with neutrophil activation and chemotaxis [42]. Moreover, type I IFN has also been shown to repress CXCL2 production in in vivo [23] and in vitro [36] settings, suggesting that the increased IFN-α response in rHMPV-ΔG could contribute to the observed diminished production of CXCL2. Furthermore, the absence of G protein led to a decrease in the expression of VEGF, which could also impact the neutrophil numbers to the site of infection since VEGF contributes to the recruitment of proangiogenic neutrophils from the circulation to the tissues [43]. These results are in line with data from melanoma studies in vitro, where IFN-α treatment significantly reduced the expression of VEGF suggesting a suppressive effect of Type I IFN on this cytokine [44,45]. Finally, the neutrophil recruitment after rHMPV-ΔG infection could have also been altered by the reduced expression of CCL3 and CCL4, which are neutrophil-active chemokines [46]. However, studies in vitro in an epithelial cell line (A549) indicate that the HMPV G protein rather inhibited the expression of CCL3 and some other cytokines [29]. This discrepancy might be due not only to the inherent differences of the experimental models, but also to the exerted effect of HMPV G protein on the complex microenvironment in vivo, where several cellular populations, including macrophages, lymphocytes, endothelial, and epithelial cells, mediate the overall cytokine/chemokine production. In fact, similar observations to the current work have been reported in a mouse model of pneumonia virus, where the nonstructural (NS) proteins NS1 and NS2 (rPVM ∆NS1∆NS2; rPVM ∆NS2) antagonize IFN responses in vivo, but on the other hand, induced lower amounts of proinflammatory cytokines in the airways when compared to rPVM virus [35]. However, data on viral proteins regulating neutrophilic responses to the sites of inflammation is limited and further work is warranted. Overall, data from this work suggest that the attachment protein of HMPV regulates neutrophil recruitment to the lungs by modulating the production of neutrophil chemoattractants.



In summary, the above results demonstrate a novel role for the attachment protein of HMPV as a contributing factor for neutrophil recruitment to the sites of infection. This effect appears to be influenced by the regulation of neutrophil chemoattractants and an exacerbated response of type I IFN production. We have recently demonstrated that neutrophils exert a protective effect to HMPV-induced pathogenesis in mice [20]. However, an exacerbated accumulation of neutrophils contribute to severe pulmonary inflammation [17]. Therefore, a controlled balance of neutrophil accumulation in the airways after HMPV infection would be helpful for the outcome of the infected individuals. In this regard, the attachment protein of HMPV represents an attractive target for future therapeutic applications to reduce an excessive accumulation of neutrophils in the airways.







Acknowledgments


This work was supported by Grants from the National Institute of General Medical Sciences (P30GM110760) from the National Institutes of Health, and a Flight Attendant Medical Research Institute CIA grant (140082) to Antonieta Guerrero-Plata. Nagarjuna R. Cheemarla was supported by a Louisiana State University Dissertation Year Assistantship. The authors thank Rocio Banos-Lara for her invaluable help with experimental procedures for this study.




Author Contributions


Antonieta Guerrero-Plata and Nagarjuna R. Cheemarla conceived and designed the experiments, analyzed the data and wrote the paper.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Collins, P.L.; Crowe, J. Respiratory syncytial virus and metapneumovirus. In Fileds Virology, 5th ed.; Knipe, D.M.H.P., Ed.; Wolters Kluwer: Philadelphia, PA, USA, 2007; Volume 2, pp. 1601–1646. [Google Scholar]

	



Van den Hoogen, B.G.; de Jong, J.C.; Groen, J.; Kuiken, T.; de Groot, R.; Fouchier, R.A.; Osterhaus, A.D. A newly discovered human pneu movirus isolated from young children with respiratory tract disease. Nat. Med. 2001, 7, 719–724. [Google Scholar] [CrossRef] [PubMed]

	



Feuillet, F.; Lina, B.; Rosa-Calatrava, M.; Boivin, G. Ten years of human metapneumovirus research. J. Clin. Virol. 2012, 53, 97–105. [Google Scholar] [CrossRef] [PubMed]

	



Boivin, G.; de Serres, G.; Cote, S.; Gilca, R.; Abed, Y.; Rochette, L.; Bergeron, M.G.; Dery, P. Human metapneumovirus infections in hospitalized children. Emerg. Infect. Dis. 2003, 9, 634–640. [Google Scholar] [CrossRef] [PubMed]

	



Caracciolo, S.; Minini, C.; Colombrita, D.; Rossi, D.; Miglietti, N.; Vettore, E.; Caruso, A.; Fiorentini, S. Human metapneumovirus infection in young children hospitalized with acute respiratory tract disease: Virologic and clinical features. Pediatr. Infect. Dis. J. 2008, 27, 406–412. [Google Scholar] [CrossRef] [PubMed]

	



Crowe, J.E., Jr. Human metapneumovirus as a major cause of human respiratory tract disease. Pediatr. Infect. Dis. J. 2004, 23, S215–S221. [Google Scholar] [CrossRef] [PubMed]

	



Kahn, J.S. Epidemiology of human metapneumovirus. Clin. Microbiol. Rev. 2006, 19, 546–557. [Google Scholar] [CrossRef] [PubMed]

	



Williams, J.V.; Harris, P.A.; Tollefson, S.J.; Halburnt-Rush, L.L.; Pingsterhaus, J.M.; Edwards, K.M.; Wright, P.F.; Crowe, J.E., Jr. Human metapneumovirus and lower respiratory tract disease in otherwise healthy infants and children. N. Engl. J. Med. 2004, 350, 443–450. [Google Scholar] [CrossRef] [PubMed]

	



Mullins, J.A.; Erdman, D.D.; Weinberg, G.A.; Edwards, K.; Hall, C.B.; Walker, F.J.; Iwane, M.; Anderson, L.J. Human metapneumovirus infection among children hospitalized with acute respiratory illness. Emerg. Infect. Dis. 2004, 10, 700–705. [Google Scholar] [CrossRef] [PubMed]

	



Van den Hoogen, B.G.; van Doornum, G.J.; Fockens, J.C.; Cornelissen, J.J.; Beyer, W.E.; de Groot, R.; Osterhaus, A.D.; Fouchier, R.A. Prevalence and clinical symptoms of human metapneumovirus infection in hospitalized patients. J. Infect. Dis. 2003, 188, 1571–1577. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Falsey, A.R.; Erdman, D.; Anderson, L.J.; Walsh, E.E. Human metapneumovirus infections in young and elderly adults. J. Infect. Dis. 2003, 187, 785–790. [Google Scholar] [CrossRef] [PubMed]

	



Walsh, E.E.; Peterson, D.R.; Falsey, A.R. Human metapneumovirus infections in adults: Another piece of the puzzle. Arch. Int. Med. 2008, 168, 2489–2496. [Google Scholar] [CrossRef] [PubMed]

	



Williams, J.V.; Crowe, J.E., Jr.; Enriquez, R.; Minton, P.; Peebles, R.S., Jr.; Hamilton, R.G.; Higgins, S.; Griffin, M.; Hartert, T.V. Human metapneumovirus infection plays an etiologic role in acute asthma exacerbations requiring hospitalization in adults. J. Infect. Dis. 2005, 192, 1149–1153. [Google Scholar] [CrossRef] [PubMed]

	



Widmer, K.; Zhu, Y.; Williams, J.V.; Griffin, M.R.; Edwards, K.M.; Talbot, H.K. Rates of hospitalizations for respiratory syncytial virus, human metapneumovirus, and influenza virus in older adults. J. Infect. Dis. 2012, 206, 56–62. [Google Scholar] [CrossRef] [PubMed]

	



Mammas, I.N.; Koutsaftiki, C.; Nika, E.; Vagia, F.; Zaravinos, A.; Priftis, K.N.; Voyatzi, A.; Theodoridou, M.; Myriokefalitakis, N.; Spandidos, D.A. Detection of human metapneumovirus in infants with acute respiratory tract infection. Mol. Med. Rep. 2011, 4, 267–271. [Google Scholar] [CrossRef] [PubMed]

	



Malmo, J.; Moe, N.; Krokstad, S.; Ryan, L.; Loevenich, S.; Johnsen, I.B.; Espevik, T.; Nordbo, S.A.; Dollner, H.; Anthonsen, M.W. Cytokine profiles in human metapneumovirus infected children: Identification of genes involved in the antiviral response and pathogenesis. PLoS ONE 2016, 11, e0155484. [Google Scholar] [CrossRef] [PubMed]

	



Cavallaro, E.C.; Liang, K.K.; Lawrence, M.D.; Forsyth, K.D.; Dixon, D.L. Neutrophil infiltration and activation in bronchiolitic airways are independent of viral etiology. Pediatr. Pulmonol. 2017, 52, 238–246. [Google Scholar] [CrossRef] [PubMed]

	



Kolli, D.; Bataki, E.L.; Spetch, L.; Guerrero-Plata, A.; Jewell, A.M.; Piedra, P.A.; Milligan, G.N.; Garofalo, R.P.; Casola, A. T lymphocytes contribute to antiviral immunity and pathogenesis in experimental human metapneumovirus infection. J. Virol. 2008, 82, 8560–8569. [Google Scholar] [CrossRef] [PubMed]

	



Hamelin, M.E.; Yim, K.; Kuhn, K.H.; Cragin, R.P.; Boukhvalova, M.; Blanco, J.C.; Prince, G.A.; Boivin, G. Pathogenesis of human metapneumovirus lung infection in balb/c mice and cotton rats. J. Virol. 2005, 79, 8894–8903. [Google Scholar] [CrossRef] [PubMed]

	



Cheemarla, N.R.; Banos-Lara, M.D.; Naidu, S.; Guerrero-Plata, A. Neutrophils regulate the lung inflammatory response via γΔ T cell infiltration in an experimental mouse model of human metapneumovirus infection. J. Leukoc. Biol. 2017. [Google Scholar] [CrossRef] [PubMed]

	



Darniot, M.; Pitoiset, C.; Petrella, T.; Aho, S.; Pothier, P.; Manoha, C. Age-associated aggravation of clinical disease after primary metapneumovirus infection of balb/c mice. J. Virol. 2009, 83, 3323–3332. [Google Scholar] [CrossRef] [PubMed]

	



Stock, A.T.; Smith, J.M.; Carbone, F.R. Type I IFN suppresses Cxcr2 driven neutrophil recruitment into the sensory ganglia during viral infection. J. Exp. Med. 2014, 211, 751–759. [Google Scholar] [CrossRef] [PubMed]

	



Seo, S.U.; Kwon, H.J.; Ko, H.J.; Byun, Y.H.; Seong, B.L.; Uematsu, S.; Akira, S.; Kweon, M.N. Type I interferon signaling regulates Ly6C(HI) monocytes and neutrophils during acute viral pneumonia in mice. PLoS Pathog. 2011, 7, e1001304. [Google Scholar] [CrossRef] [PubMed]

	



Brzoza-Lewis, K.L.; Hoth, J.J.; Hiltbold, E.M. Type I interferon signaling regulates the composition of inflammatory infiltrates upon infection with listeria monocytogenes. Cell. Immunol. 2012, 273, 41–51. [Google Scholar] [CrossRef] [PubMed]

	



Andzinski, L.; Kasnitz, N.; Stahnke, S.; Wu, C.F.; Gereke, M.; von Kockritz-Blickwede, M.; Schilling, B.; Brandau, S.; Weiss, S.; Jablonska, J. Type I IFNs induce anti-tumor polarization of tumor associated neutrophils in mice and human. Int. J. Cancer 2016, 138, 1982–1993. [Google Scholar] [CrossRef] [PubMed]

	



Jablonska, J.; Wu, C.F.; Andzinski, L.; Leschner, S.; Weiss, S. Cxcr2-mediated tumor-associated neutrophil recruitment is regulated by IFN-β. Int. J. Cancer 2014, 134, 1346–1358. [Google Scholar] [CrossRef] [PubMed]

	



Guerrero-Plata, A.; Baron, S.; Poast, J.S.; Adegboyega, P.A.; Casola, A.; Garofalo, R.P. Activity and regulation of α interferon in respiratory syncytial virus and human metapneumovirus experimental infections. J. Virol. 2005, 79, 10190–10199. [Google Scholar] [CrossRef] [PubMed]

	



Banos-Lara Mdel, R.; Harvey, L.; Mendoza, A.; Simms, D.; Chouljenko, V.N.; Wakamatsu, N.; Kousoulas, K.G.; Guerrero-Plata, A. Impact and regulation of λ interferon response in human metapneumovirus infection. J. Virol. 2015, 89, 730–742. [Google Scholar] [CrossRef] [PubMed]

	



Bao, X.; Liu, T.; Shan, Y.; Li, K.; Garofalo, R.P.; Casola, A. Human metapneumovirus glycoprotein g inhibits innate immune responses. PLoS Pathog. 2008, 4, e1000077. [Google Scholar] [CrossRef] [PubMed]

	



Chakraborty, K.; Zhou, Z.; Wakamatsu, N.; Guerrero-Plata, A. Interleukin-12p40 modulates human metapneumovirus-induced pulmonary disease in an acute mouse model of infection. PLoS ONE 2012, 7, e37173. [Google Scholar] [CrossRef] [PubMed]

	



Mulhern, O.; Harrington, B.; Bowie, A.G. Modulation of innate immune signalling pathways by viral proteins. Adv. Exp. Med. Biol. 2009, 666, 49–63. [Google Scholar] [PubMed]

	



Katze, M.G.; Fornek, J.L.; Palermo, R.E.; Walters, K.A.; Korth, M.J. Innate immune modulation by RNA viruses: Emerging insights from functional genomics. Nat. Rev. Immunol. 2008, 8, 644–654. [Google Scholar] [CrossRef] [PubMed]

	



Haye, K.; Burmakina, S.; Moran, T.; Garcia-Sastre, A.; Fernandez-Sesma, A. The Ns1 protein of a human influenza virus inhibits type I interferon production and the induction of antiviral responses in primary human dendritic and respiratory epithelial cells. J. Virol. 2009, 83, 6849–6862. [Google Scholar] [CrossRef] [PubMed]

	



Kitagawa, Y.; Sakai, M.; Funayama, M.; Itoh, M.; Gotoh, B. Human metapneumovirus M2-2 protein acts as a negative regulator of α interferon production by plasmacytoid dendritic cells. J. Virol. 2017. [Google Scholar] [CrossRef] [PubMed]

	



Heinze, B.; Frey, S.; Mordstein, M.; Schmitt-Graff, A.; Ehl, S.; Buchholz, U.J.; Collins, P.L.; Staeheli, P.; Krempl, C.D. Both nonstructural proteins Ns1 and Ns2 of pneumonia virus of mice are inhibitors of the interferon type I and type III responses in vivo. J. Virol. 2011, 85, 4071–4084. [Google Scholar] [CrossRef] [PubMed]

	



Shahangian, A.; Chow, E.K.; Tian, X.; Kang, J.R.; Ghaffari, A.; Liu, S.Y.; Belperio, J.A.; Cheng, G.; Deng, J.C. Type I IFNs mediate development of postinfluenza bacterial pneumonia in mice. J. Clin. Investig. 2009, 119, 1910–1920. [Google Scholar] [CrossRef] [PubMed]

	



Bonville, C.A.; Percopo, C.M.; Dyer, K.D.; Gao, J.; Prussin, C.; Foster, B.; Rosenberg, H.F.; Domachowske, J.B. Interferon-gamma coordinates Ccl3-mediated neutrophil recruitment In Vivo. BMC Immunol. 2009, 10, 14. [Google Scholar] [CrossRef] [PubMed]

	



Stokes, K.L.; Currier, M.G.; Sakamoto, K.; Lee, S.; Collins, P.L.; Plemper, R.K.; Moore, M.L. The respiratory syncytial virus fusion protein and neutrophils mediate the airway mucin response to pathogenic respiratory syncytial virus infection. J. Virol. 2013, 87, 10070–10082. [Google Scholar] [CrossRef] [PubMed]

	



Vidy, A.; Maisonnasse, P.; Da Costa, B.; Delmas, B.; Chevalier, C.; Le Goffic, R. The influenza virus protein Pb1-F2 increases viral pathogenesis through neutrophil recruitment and Nk cells inhibition. PLoS ONE 2016, 11, e0165361. [Google Scholar] [CrossRef] [PubMed]

	



Griffin, G.K.; Newton, G.; Tarrio, M.L.; Bu, D.X.; Maganto-Garcia, E.; Azcutia, V.; Alcaide, P.; Grabie, N.; Luscinskas, F.W.; Croce, K.J.; et al. IL-17 and TNF-α sustain neutrophil recruitment during inflammation through synergistic effects on endothelial activation. J. Immunol. 2012, 188, 6287–6299. [Google Scholar] [CrossRef] [PubMed]

	



Sharif, M.N.; Sosic, D.; Rothlin, C.V.; Kelly, E.; Lemke, G.; Olson, E.N.; Ivashkiv, L.B. Twist mediates suppression of inflammation by type I IFNs and Axl. J. Exp. Med. 2006, 203, 1891–1901. [Google Scholar] [CrossRef] [PubMed]

	



Cui, F.; Meng, J.; Luo, P.; Chen, P. IFN-α blocks IL-17 production by peripheral blood mononuclear cells in patients with chronic active hepatitis b infection. BMC Infect. Dis. 2014, 14, 55. [Google Scholar] [CrossRef] [PubMed]

	



Christoffersson, G.; Vagesjo, E.; Vandooren, J.; Liden, M.; Massena, S.; Reinert, R.B.; Brissova, M.; Powers, A.C.; Opdenakker, G.; Phillipson, M. VEGF-A recruits a proangiogenic MMP-9-delivering neutrophil subset that induces angiogenesis in transplanted hypoxic tissue. Blood 2012, 120, 4653–4662. [Google Scholar] [CrossRef] [PubMed]

	



Von Marschall, Z.; Scholz, A.; Cramer, T.; Schafer, G.; Schirner, M.; Oberg, K.; Wiedenmann, B.; Hocker, M.; Rosewicz, S. Effects of interferon alpha on vascular endothelial growth factor gene transcription and tumor angiogenesis. J. Natl. Cancer Inst. 2003, 95, 437–448. [Google Scholar] [CrossRef] [PubMed]

	



Wang, C.J.; Xiao, C.W.; You, T.G.; Zheng, Y.X.; Gao, W.; Zhou, Z.Q.; Chen, J.; Xue, X.B.; Fan, J.; Zhang, H. Interferon-α enhances antitumor activities of oncolytic adenovirus-mediated IL-24 expression in hepatocellular carcinoma. Mol. Cancer 2012, 11. [Google Scholar] [CrossRef] [PubMed]

	



Chou, R.C.; Kim, N.D.; Sadik, C.D.; Seung, E.; Lan, Y.; Byrne, M.H.; Haribabu, B.; Iwakura, Y.; Luster, A.D. Lipid-cytokine-chemokine cascade drives neutrophil recruitment in a murine model of inflammatory arthritis. Immunity 2010, 33, 266–278. [Google Scholar] [CrossRef] [PubMed]








[image: Viruses 09 00310 g001 550] 





Figure 1. Human Metapneumovirus (HMPV) G protein regulates interferon responses in vivo. (a) BALB/c mice were infected with rHMPV-ΔG or rHMPV and Bronchalveolar lavage (BAL) collected at day 1 after infection. Interferon-α (IFN-α) responses were determined by ELISA in BAL collected at day 1 after infection; (b) HMPV viral gene expression in infected mice. BALB/c mice were infected with rHMPV-ΔG or rHMPV and lung tissue collected at day 1 after infection. Expression of HMPV N was done by qRT-PCR. n = 4–10 mice/group. Mean ± SEM are shown. ** p < 0.01, *** p < 0.005. 
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Figure 2. HMPV G protein contributes to neutrophil infiltration into the airways of infected mice. BALB/c mice were infected with rHMPV-ΔG or rHMPV and BAL collected at day 1 after infection. Total number of (a) neutrophils; (b) lymphocytes and (c) monocytes/macrophages was determined by cytospin analysis and total number of cells enumerated by total BAL cell counts. n = 4–10 mice/group. Mean ± SEM are shown. *** p < 0.005. 
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Figure 3. HMPV G alters cytokine profile in infected mice. BALB/c mice were infected with rHMPV-ΔG or rHMPV and BAL collected next day. BAL samples from each group of mice were assessed for cytokine/chemokine production by a multi-Plex cytokine detection system. n = 4–10 mice/group. Mean ± SEM are shown. * p < 0.05, ** p < 0.01, *** p < 0.005. 
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