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ABSTRACT 

Respiratory syncytial virus (RSV) is the most common cause of hospitalization in 

infants due to any viral respiratory tract agent. Repeat infections are common throughout 

life and underscore mechanisms by which RSV can evade the immune response. Several 

RSV proteins have been shown to contribute to immune evasion by modification of 

cytokine responses, particularly the type I interferon (IFN) response. RSV nonstructural 

proteins are expressed early during infection and are known to contribute to type I IFN 

antagonism. Type I IFN signaling is negatively regulated by suppressor of cytokine 

signaling (SOCS) proteins, which are induced following Toll-like receptor (TLR) 

activation. Aspects of experimental studies described here were performed to test the 

hypothesis that RSV mediates TLR induction of the host SOCS pathway to inhibit the 

antiviral type I IFN response as a means to facilitate virus replication. The role of SOCS1 

and SOCS3 regulation of the type I IFN response is examined in fully differentiated 

normal human bronchial epithelial (NHBE) cells infected with RSV or with a 

recombinant RSV mutant virus. The results show that RSV G protein modulates SOCS 



 

expression to inhibit type I IFN signaling early in infection, and increased SOCS 

expression is linked to TLR signaling by RSV F protein. In addition, the studies revealed 

that RSV surface proteins induce apical and basolateral secretion of proinflammatory 

chemokines early in infection. These findings suggest that RSV surface proteins signal 

through a TLR pathway, and indicate an important viral evasion mechanism to reduce the 

antiviral response to aid virus replication. Influenza virus, like RSV, is an important 

human respiratory pathogen. Avian influenza viruses (AIV) cause significant morbidity 

and mortality in poultry, and are considered an important emerging human health threat. 

The experiments described herein were performed to test the hypothesis that AIV can 

infect NHBE cells independent of sialic acid linkages present on the cell surface. The 

results show that AIV productively infect and replicate in NHBE cells independent of the 

sialic acids on the cell surface. These findings indicate that AIV may not need to acquire 

changes in hemagglutinin receptor binding specificity to efficiently transmit from human-

to-human. 
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CHAPTER 1 

INTRODUCTION 

Respiratory syncytial virus (RSV) is the most common cause of serious lower 

respiratory tract disease in infants and young children worldwide, and is also an 

important pathogen of the elderly and immune compromised (12, 27, 37, 41). RSV 

infection does not induce long-term immunity, thus re-infection with the same and 

different strains may occur throughout life. RSV is a non-segmented, enveloped, 

negative-strand RNA virus belonging to the Paramyxoviridae family. The virus was first 

isolated from a chimpanzee in 1956 and subsequently from two children in 1957 (4, 6). 

Peak incidence of disease occurs in the first six months of life when maternal antibodies 

are present, and infection results in bronchiolitis, pneumonia and often hospitalization. In 

addition, RSV infection is frequently associated with secondary infections such as otitis 

media and may predispose for asthma-related illness later in life.  

A goal of this study is to understand the mechanisms by which RSV evades the 

host response to infection. The specific hypothesis of the research described is that RSV 

mediates Toll-like receptor (TLR) induction of the host suppressor of cytokine signaling 

(SOCS) pathway to inhibit the antiviral type I interferon (IFN) response to facilitate RSV 

replication. We utilize an in vitro cell culture model consisting of normal human 

bronchial epithelial (NHBE) cells which has been used to examine various aspects related 

to infectious diseases including cell tropism, innate immune responses and 



2 
 

histopathology (3, 23, 24, 40). NHBE cells are cultured in an air-liquid interface (ALI) 

and fully differentiate into an epithelial model of the human airway (16). This culture 

system emulates classic respiratory epithelium as it consists of polarized, ciliated 

pseudostratified columnar epithelium with goblet cells. Importantly, the polarized 

primary epithelial cells develop an apical surface representing the lumen of the airway 

and nourished via a separate basolateral compartment.  

Type I IFNs (IFNα/β) are important in the innate immune response to viral 

pathogens. Secretion of type I IFN results in the induction of a cellular antiviral response 

involving the transcriptional up regulation of potentially hundreds of genes resulting in 

inhibition of viral replication by several mechanisms including translation inhibition, 

RNA degradation and apoptosis induction. Importantly, secreted IFNα/β also promotes 

the generation of cellular and humoral immunity (10, 18). Numerous studies have shown 

that RSV can regulate type I IFN expression during viral replication and inhibit the 

antiviral state of a cell. For example, a RSV deletion mutant virus lacking the 

nonstructural (NS)1 and NS2 genes has been shown to induce high levels of type I IFN in 

a lung epithelial cell line, A549 (30), and the NS2 protein has been shown to be the 

primary inhibitor of signal transducer and activator of transcription-2 (STAT2) signaling 

in the Janus kinase (JAK)/STAT pathway (19, 25). Furthermore, this double deletion 

mutant induces high levels of activated interferon regulatory factor-3 (IRF3) within the 

nucleus of A549 cells, indicating that either one or both of the NS proteins act to inhibit 

IRF3 nuclear translocation during RSV infection (31). In the case of bovine RSV, the NS 

proteins prevent IRF3 phosphorylation and consequent activation (5).  
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Although the NS1 and NS2 proteins do have a role in modulating the type I IFN 

response to infection, we hypothesized that the RSV surface proteins, i.e. G (attachment) 

and/or F (fusion) proteins contribute to immune evasion before viral proteins are 

expressed during infection. We proposed that immune evasion may be mediated by RSV 

F and/or G protein interaction with TLRs and induction of SOCS proteins that act to 

negatively regulate antiviral cytokine responses. This hypothesis is based on the 

following observations. First, the RSV F protein is able to signal through the TLR4 

pathway (17). Second, mice inoculated with RSV show activation of the nuclear factor 

(NF)-κB pathway early (30 minutes - 1.5 hour) following infection and prior to viral 

protein expression, while mutation in the Tlr4 gene region results in reduced RSV-

induced NFκB binding activity (14). Finally, SOCS proteins can be induced through TLR 

stimulation independent of type I IFN (2, 8, 9, 22).  

 The studies reported here investigate the role of RSV F and G proteins in 

modulating the host cell response and provide the framework for RSV disease 

intervention strategies that center on managing SOCS regulation of the antiviral cytokine 

response. The proposal examines the following specific aims: 

Specific Aim 1. To determine the pattern and tempo of SOCS1 and SOCS3 expression 

linked to regulation of type I IFN following RSV infection in NHBE cells. The working 

hypothesis is that SOCS1 and SOCS3 are the major class of SOCS proteins that 

negatively regulate antiviral cytokine responses, particularly the type I IFN (α/β) 

response.  



4 
 

Specific Aim 2. To determine the RSV surface proteins that induce TLR signaling in 

normal human bronchoepithelial (NHBE) cells. The working hypothesis is that RSV 

surface proteins mediate TLR signaling and expression of SOCS proteins, an effect that 

can be linked to phosphorylation of IRF3.  

Specific Aim 3. To determine the effect of RSV surface protein mediated SOCS 

regulation on the antiviral chemokine response. The working hypothesis is that RSV G 

and/or F proteins, through TLR activation of SOCS1 and/or SOCS3, modify the 

expression of chemokines by NHBE cells used to recruit immune cells to sites of 

infection. 

A second goal of these studies was to elucidate the potential mechanisms by 

which avian influenza viruses (AIV) infect NHBE cells. The specific hypothesis of the 

studies described is that AIV infect human lung cells independent of sialic acid linkages 

present on the cell surface. Influenza A viruses are important pathogens that present a 

significant public health risk and economic burden due to localized outbreaks, seasonal 

epidemics and pandemic potential. Influenza viruses are segmented, enveloped, negative-

strand RNA viruses belonging to the Orthomyxoviridae family. They comprise a diverse 

array of subtypes due to their propensity to change their antigenic profiles and are 

subtyped based on the antigenic properties of 2 surface glycoproteins, hemagglutinin 

(HA) and neuraminidase (NA). There are currently 16 known HAs and 9 known types of 

NA. The seasonal epidemics in particular cause more than 200,000 hospitalizations and 

more than 41,000 deaths each year in the United States (11). To date there have been 

three pandemic influenza strains that affected the human population which occurred in 

1918, 1957 and 1968. The 1918 influenza pandemic was the most severe of these, 
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resulting in unusually high mortality among the healthy young adult population (29). It 

remains unclear whether the high rate of mortality due to infection with the 1918 

influenza was due to an exaggerated host immune response, increased virulence, existing 

immunity in the older population infected, or a combination thereof (20). AIVs in 

particular cause significant morbidity and mortality in poultry and wild birds and are an 

important emerging human health threat. Since 2003, increased incidence of highly 

pathogenic influenza virus outbreaks in poultry have resulted in 424 confirmed human 

infections and 261 deaths as of May 2009 (42).  

 Influenza HA binds to host cell sialic acid residues coating the host cell surface 

(32) and mediates viral entry via its receptor binding domain. Sialic acids (sias) are nine-

carbon monosaccharides found at the ends of glycan chains that coat all cell surfaces and 

many secreted proteins, and have a role in physiological and pathological interactions (1, 

26, 38, 39). Sias are transferred to terminal sugars of glycoproteins and glycolipids by 

sialyltransferases, and sias can be added to the galactose carbon-6 forming an α2,6 

linkage or to galactose carbon-3 forming an α2,3 linkage. Influenza HA has a strong 

preference to bind to certain sia moieties and is believed to be an important host range 

determinant (33-36). Human-adapted influenza viruses preferentially recognize α2,6 

linkages, while AIV preferentially recognize α2,3 linkages expressed in the 

gastrointestinal tracts of birds (7, 15, 21, 28). It is believed that the previous influenza 

pandemics resulted after acquiring mutations affecting the HA binding specificity from 

avian-like, α2,3, to human-like, α2,6 (7, 13, 21), thus it is hypothesized that a change in 

receptor binding specificity is necessary for efficient human-to-human transmission (21). 
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The studies reported here examined if low pathogenic avian influenza viruses 

(LPAI) could infect and replicate in NHBE cells independent of sialic acids present on 

the cell surface. The final specific aim examined was: 

Specific Aim 4: To determine if LPAI H5N1, H5N2 and H5N3 isolated from a wild bird 

or from poultry could infect and replicate within NHBE cells independent of sialic acids 

present on the cell surface. The working hypothesis is that AIV expressing HA molecules 

that preferentially bind to α2,3-linked sialic acids can infect and replicate in human 

epithelial cells independent of the sialic acid moiety present. 

  These specific aims designed to evaluate RSV-mediated immune evasion will aid 

in understanding the mechanism by which RSV replicates following infection, and likely 

how RSV may cause repeat infections with relative low immunogenicity associated with 

the virus. A better understanding of the host cell response to RSV infection is also critical 

for development of safe and efficacious RSV vaccines and therapeutic treatment 

modalities. Moreover, understanding important host cell pathways affected by RSV 

proteins can provide an avenue to ameliorate aspects of pathogenesis linked to infection. 

Finally, the specific aim designed to investigate the ability of AIV to productively 

replicate in NHBE cells independent of cell surface sialic acid expression is critical for 

the advent of improved drugs and vaccines to control infection. Although the mouse 

models of RSV and influenza infection have provided considerable insight into many of 

the mechanisms of immunity and disease pathogenesis associated with RSV and 

influenza infection, studies in NHBE cells will undoubtedly provide answers to questions 

that remain regarding the human diseases.   
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CHAPTER 2 

LITERATURE REVIEW 

Overview of Respiratory Syncytial Virus 

Respiratory syncytial virus (RSV) is an enveloped, nonsegmented, negative sense, 

single-stranded RNA virus belonging to the Mononegavirales order, genus Pneumovirus, 

subfamily Pneumovirinae, Family Paramyxoviridae (297). Viruses of the 

Mononegavirales order share several characteristics. Their genomes are tightly associated 

with a nucleoprotein and are therefore RNase-resistant. Transcription of the genome 

occurs 3’ to 5’ by stopping and reinitiating at each gene junction, and during replication, 

synthesis of a complementary antigenomic RNA strand occurs (297). The virions 

themselves are surrounded by a host-acquired lipid bilayer consisting of viral 

glycoproteins, and during infection, entry of the viral nucleocapsid into the host cell 

involves virus-specific membrane fusion.  

RSV was first isolated in 1956 from a chimpanzee during an outbreak of 

respiratory illness in a colony of chimpanzees (27) and a year later from two children 

diagnosed with bronchitis and bronchopneumonia (50). The isolated virus was 

subsequently named respiratory syncytial virus because of its ability to promote 

syncytium formation in cell lines in vitro. RSV infects virtually all infants before the age 

of 2 years causing illness manifested by mild upper respiratory tract symptoms to severe 
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lower respiratory tract disease (2, 104, 115). Each year RSV causes seasonal epidemics 

during the winter months in temperate climates and during the rainy season in tropical 

climates. RSV circulates in the population as two major subtypes, A and B. Each subtype 

differs from its counterpart at the nucleotide level and can be distinguished from one 

another with antibodies (7, 101, 136, 137, 140, 203), and each year new lineages of RSV 

subtype A or B emerge in the population.  

RSV is considered a ubiquitous virus and is the single most important cause of 

serious lower respiratory tract illness in infants and young children under the age of 2 

years, peaking within the first six months of life when maternal antibodies are still 

present (1, 114, 269, 280). Furthermore, it is an important pathogen in elderly and 

immune compromised individuals (24, 60, 83, 84, 90). RSV infection is a primary cause 

for hospital admissions due to respiratory tract illness in children with infection rates 

approaching 70% in the first year of life (103). In the United States, over 120,000 infants 

are hospitalized annually due to RSV infection, and over 200 deaths are associated with 

RSV-mediated severe lower respiratory tract disease (268). Another study that examined 

children in the United States demonstrated that lower respiratory tract disease may 

develop in 20% - 30% of those infected with RSV (263). 

RSV has two major surface proteins, the attachment (G) and fusion (F) proteins, 

and while the small hydrophobic (SH) protein is a minor surface protein on the virion, it 

is expressed abundantly on the infected host cell (55, 89). RSV primarily infects 

respiratory epithelial cells by attaching to highly sulfated cell surface iduronic acid-

containing glycosaminoglycans (GAGs) such as heparin, heparan sulfate and chondroitin 

sulfate B (31, 87, 116, 163). Following attachment, the F protein mediates entry and 
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fusion with the host cell membrane which is thought to occur similarly to influenza 

hemagglutinin-mediated fusion (86, 87, 273). Internalization of the nucleocapsid into the 

host cell cytoplasm results in transcription, and later replication, of viral genes via cell 

ribosomes. The resulting viral antigenome complexes with newly manufactured 

nucleocapsids and viral particles are manufactured near the cell surface. RSV acquires its 

lipid envelope from the host cell upon budding from the apical surface. Importantly, it 

has been shown in fully differentiated bronchial epithelial cells that RSV infection 

primarily involves ciliated cells and does not lead to its characteristic syncytium 

formation as it does in immortalized cell lines (329).  

 

RSV Replication  

Following RSV attachment through the G protein (31, 87, 116, 163), cell fusion 

mediated by the F protein is thought to occur in the same manner as influenza virus 

hemagglutinin which utilizes a fusion peptide at its amino-terminus (273). The RSV 

hydrophobic fusion peptide inserts into the host cell membrane leading to an unstable 

intermediate that quickly brings the viral envelope and cell membrane adjacent to each 

other. Subsequently virus penetration occurs and the nucleocapsid is released into the 

cytoplasm (11, 127, 170, 249) where the polymerase L protein initiates viral transcription 

and replication (85). Viral gene transcription occurs 3’ to 5’ from a single promoter 

within a leader region at the 3’ end and terminates at gene-end sequences at the 5’ end of 

each gene resulting in the production of a series of subgenomic mRNAs (72, 120, 130, 

161, 165). mRNAs can be detected as early as 4h post-infection with peak mRNA 
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synthesis and protein expression occurring between 12h and 20h post-infection. Each 

time the viral polymerase reaches a gene-end signal, there is a chance that it will not 

begin transcribing the next gene downstream. This phenomenon results as a major 

mechanism of controlling viral gene expression that creates a mRNA gradient within the 

cell. Therefore, genes closer to the promoter at the 3’ end of the viral genome are 

transcribed more frequently than those more distant to the promoter (56). Moreover, 

during RSV protein synthesis, the level of protein expressed is related to mRNA 

abundance (72). The matrix (M) protein is purported to play a role in the assembly of 

mature virions at the cell surface by interacting with both the nucleocapsid and viral 

envelope proteins. In addition to viral proteins, recent studies have shown that cellular 

proteins such as Rab11 family interacting protein 2 (FIP2) and actin are involved in the 

virus assembly and budding process (35, 144, 304). The virus particles mature in clusters 

at the apical surface of the cell in a filamentous form associated with caveolin-1, and 

extend from the plasma membrane producing progeny virus particles (36).  

 

Host Immune Response to RSV Infection 

Innate Immunity 

RSV infection does not induce long-lasting protective immunity, and re-infection 

with the same and different strains of RSV occurs yearly (296, 319). Innate immunity 

during viral infection is an evolutionarily conserved defense strategy that is important for 

mediating non-specific anti-microbial effects and augmenting the adaptive virus-specific 

immune response. Critical in this regard is host recognition of virus infection. For innate 
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immunity, Toll-like receptors (TLRs) and other members of the pattern recognition and 

response (PRR) family of receptors recognize conserved pathogen-associated molecular 

patterns (PAMPs) (190). Upon activation, TLRs initiate a complex signaling cascade 

mediated by the toll/interleukin-1 receptor (TIR) domain in the cytoplasmic portion of the 

TLR, leading to signaling through NF-κB and expression of genes important in the initial 

response to infection (150). The innate response to viral infection is also dependent upon 

the expression of type I interferon (IFN). As IFNα/β are secreted, they bind in an 

autocrine or paracrine fashion to IFN receptors leading to the induction of an antiviral 

state. RSV has been shown to be a poor inducer of type I IFN (IFNα/β) and cells infected 

with RSV are resistant to the antiviral effects of IFNα/β (260) suggesting RSV modulates 

the antiviral state. 

Several TLRs are constitutively expressed, but upon infection TLR expression 

can be up regulated in a variety of cell types including lung epithelial cells, alveolar 

macrophages and dendritic cells (223). TLRs and PRRs detect specific pathogen 

components and therefore different pathogens. For example, retinoic acid-inducible gene 

I (RIG-I)-like helicases including RIG-I and melanoma differentiation-associated gene-5 

(MDA5) recognize double-stranded RNA during viral replication and can initiate type I 

IFN production and an antiviral response (289). Several TLRs and RIG-I are necessary 

for the initiation of innate immune responses during RSV infection (174, 257, 265). Thus 

PRRs are often targeted by viruses to evade the host immune response (157).  

In recent years, studies have shown that PRRs play a critical role during RSV 

infection. For instance, RIG-I, but not MDA5, is important in initiating an innate immune 

response (177). The RSV F protein is able to induce an innate immune response in 
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monocytes by signaling through CD14 and TLR4 (166), while intracellular TLR3, which 

detects double stranded RNA, is up regulated by RSV infection independent of the 

adaptor protein, MyD88 (250). To date, there is no evidence suggesting that TLR3 is 

necessary for RSV clearance, but it does seem to be important in the maintenance of an 

appropriate immune environment by promoting a Th1 response and preventing the 

development of Th2-mediated pathology in the lungs (251). Thus, PRRs have important 

roles in signaling the host of RSV infection.  

RSV infection of many cell types including respiratory epithelial cells results in 

the modulation of cytokine and chemokine expression patterns, and it has been suggested 

that the certain patterns of cytokine or chemokine expression in RSV-infected individuals 

may be an indicator of disease severity (128). RSV infection of respiratory epithelial cells 

induces a cascade of signaling events mediated by NFκB resulting in expression of many 

proinflammatory cytokines and chemokines including RANTES, MCP, eotaxin, IL-9, 

TNFα, IL-6, IL-1 and fractalkine (CX3CL1) (26, 112, 113, 121, 189, 194, 211, 330). 

These chemokines and cytokines can act directly or via an autocrine or paracrine 

feedback mechanism to regulate the adaptive immune response to infection. Recent 

reports have indicated that RSV-infected patients display patterns of increased MIP-1α, 

RANTES and IL-8 levels within the upper and lower respiratory tract (121). In vitro, 

RSV infection of bronchial epithelial cells express elevated levels of IL-6, IL-8 and 

RANTES (326), and the removal of these cytokines or chemokines by neutralizing 

antibodies results in a less severe form of RSV disease. In particular, depletion of 

RANTES or eotaxin results in reduced airway hyper-reactivity (AHR) and eosinophilia in 

RSV-infected mice (188, 293). The critical role cytokines and chemokines play has also 
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been linked to age as mice infected as neonates display higher illness scores, greater cell 

recruitment to the lungs and increased IL-4 production (63). It was demonstrated that 

adult mice re-infected with RSV developed severe disease associated with a Th2-type 

cytokine expression (63). Clara cell secretory protein (CCSP), also known as CC10, is 

expressed in abundance from Clara cells which are non-ciliated bronchiolar epithelial 

cells (272). Importantly, CCSP is implicated as being an immunomodulatory protein that 

plays a role in inhibition of IFNγ synthesis and secretion from peripheral blood 

mononuclear cells and Th1 vs. Th2 cytokine profiles within the lung (42, 73, 193, 204, 

316).  

Discussed in detail later in this chapter, it is likely that RSV proteins modify both 

the magnitude and cadence of cytokine and chemokine expression. For instance, the RSV 

G protein contains a CX3C chemokine motif and modifies the chemotaxis of CX3CR1+ 

cells including cytotoxic T cells and NK cells during infection (119, 299). Furthermore, if 

the RSV G protein is present during an acute RSV infection in mice, modified CC and 

CXC chemokine mRNA expression profiles and Th1/Th2-type cytokine responses by 

bronchoalveolar leukocytes is readily observed (298, 300). The G protein also appears to 

inhibit early chemokine expression including MIP-1α, MIP-1β, MIP-2, MCP-1, and 

interferon-inducible protein of 10kD (IP-10) resulting in defective immune cell 

chemotaxis to sites of inflammation (298). 

Innate immune cells have an important role in the recognition of pathogen 

invasion and in orchestrating a robust adaptive immune response. During RSV infection 

dendritic cells (DCs), natural killer (NK) cells, macrophages, and NK T cells each affect 

viral clearance. DCs are the major antigen presenting cells during RSV infection (40, 
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179) and are important immune cells that play a role in NK cell activation and 

cytotoxicity (201, 202). On their cell surface, DCs display co-stimulatory and inhibitory 

molecules that determine whether T cells are activated or become tolerant, and the 

cytokines secreted by DCs influence T cell polarization to Th1, Th2 or T regulatory 

capacity (70). Respiratory DCs are located within intra-epithelial sites where they 

conveniently sample the airway for antigen. There are two major subsets of DCs: myeloid 

or conventional DCs (cDCs) expressing CD11b and CD11c, and plasmacytoid DCs 

(pDCs) expressing little or no CD11b and B220 (19). The quality of antigen presentation 

by cDC and pDC in the lung and draining lymph nodes is essential for establishing an 

effective immune response to RSV infection (274). Depletion of pDCs from the lungs of 

RSV-infected mice results in greater pathology and drives a Th2 cytokine response, while 

increased relative pDC numbers provide a more protective effect (274, 275, 314).  

Natural killer (NK) cells are an important component of the innate immune 

system and function in clearance of tumors and virus-infected cells by releasing perforin 

and granzymes that cause the target cell to die by apoptosis or necrosis. NK cells are 

recruited to sites of infection and inflammation by chemokines such as MIP-1α (290). 

During RSV infection, NK cells are found in the lungs very early after infection and 

reach peak levels between day 3 and 4 post-infection (296, 301).  

Macrophages are also important effector cells of the innate immune response. 

Alveolar macrophages, present primarily within the lower respiratory tract, are 

substantial sources of pro-inflammatory cytokines including TNFα, IL-6 and IL-8 during 

RSV infection (17). Alveolar macrophages are required to recruit and activate NK cells in 

response to RSV infection, and depletion of macrophages reduces the activation and 
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recruitment of NK cells leading to a limited pro-inflammatory cytokine response and high 

lung virus titers (236). However, depletion of macrophages has a limited effect on the 

numbers of T cells recruited and activated, as well as overall lung disease, suggesting that 

macrophages may be more important in the early responses to RSV infection and 

contribute less to the adaptive response (236). Moreover, depletion of alveolar 

macrophages in BALB/c mice prior to RSV exposure results in airway occlusion with 

accumulations of infected, apoptotic cellular debris (243). However, additional studies 

are needed in this area to fully elucidate the role of alveolar macrophages during RSV 

infection. 

NK T cells are a subpopulation of CD1d-restricted T cells that co-express an α/β 

T cell receptor and a variety of NK cell markers (38). NK T cells recognize 

glycosphingolipids in the context of CD1d, an antigen presenting molecule evolutionarily 

related to the classical major histocompatibility complex (MHC) class I molecules (20, 

34). These cells can produce both Th1- and Th2-type cytokines and thus have the 

potential to drive the adaptive immune response. During RSV infection, NK T cells have 

been shown to produce IFNγ early leading to induction of CD8+ T cell responses (142). 

Adaptive immunity 

The innate immune response directly affects aspects of the adaptive response 

including Th1- or Th2-type polarization and immune cell recruitment to sites of infection 

and inflammation. RSV infection induces a robust antibody response against several of 

its antigens including F, G, M2 and P proteins, but only the F protein induces the 

development of neutralizing antibodies and is considered the main correlate of immune 
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protection (58, 109, 318, 323). The RSV F protein has two forms, both of which are 

capable of inducing humoral immunity: a mature form, found in virions, and an immature 

folded form found within the infected cell (169, 178, 255). The RSV G protein is the 

more divergent protein relative to the F protein (54). The two main subgroups of RSV, 

i.e. strain A and B, have 53% sequence homology within the G protein, but the F protein 

has 90% sequence similarity. Because of the relatively high sequence diversity in the G 

protein, few G protein-specific monoclonal antibodies are cross-reactive, and RSV G 

protein neutralization requires multiple antibodies targeting different epitopes (192). 

Conversely, most F protein-specific monoclonal antibodies are cross-reactive (54). 

Interestingly, a majority of the antibodies generated during RSV infection primarily 

recognize epitopes within the C-terminal region of the G protein (185, 252), but 

protective monoclonal antibodies target the central conserved cysteine-rich region of the 

G protein (303). The RSV G protein is heavily glycosylated, and the glycosylation 

pattern changes depending on the specific cell type infected (95, 96, 221, 222). Thus, the 

altered glycosylation patterns likely reflect the ability of RSV to change its antigenic 

profile in order to more effectively evade the immune response (43, 44). Studies in the 

cotton rat have demonstrated that antibodies are important in reducing virus replication in 

the lungs while only a limited reduction in nasal virus titer is observed (237). Because 

RSV infection begins at a mucosal surface, secretory IgA antibody may be involved in 

protection. For instance, challenge with RSV results in increased levels of serum IgG and 

mucosal IgA in nasal secretions; here it was found that viral replication in the upper 

respiratory tract was unrelated to the serum concentration of IgG (195). 
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While the humoral response has aspects that are protective in RSV infection, T 

cell mediated immune responses are important in virus clearance. During natural 

infection of humans, CD8+ T cells recognize F, M, M2 and NS2 proteins, but there is 

little response to G, P or NS1 proteins (52). In the BALB/c mouse model, CD8+ T cells 

primarily recognize F, N and M2 proteins (217). Highlighting the difference between the 

human infection and the murine model of RSV infection, it has been shown that CD4+ T 

cells recognize epitopes within the non-glycosylated ectodomain of G protein, but these 

same epitopes are poorly recognized by human CD4+ T cells (118, 292). However, there 

is an immunodominant peptide within the G protein that can be recognized by both Th1 

and Th2 CD4+ T cells in humans (69, 71). 

Following RSV infection, virus-specific CD4+ and CD8+ T cells are found both in 

the lungs and in peripheral tissues, and the clearance of virus is associated with 

increasing numbers of CD8+ T cells in the lungs (291). While T cell responses to 

infection occur in the lungs, RSV-specific CD8+ T cells can be found in the peripheral 

blood of infants. Additionally, RSV-specific CD4+ and CD8+ memory T cells within the 

lungs are important for providing protection during RSV re-infection (68). In primed 

BALB/c mice challenged with RSV, the memory CD4+ T cell response to RSV G protein 

in the lungs is primarily composed of T cells expressing T cell receptor (TCR) Vβ-14 

which proliferate and expand into effector T cells (307, 321). RSV infection also leads to 

the induction of memory CD4+ T cells specific for the RSV F protein. In contrast, mice 

immunized with RSV F protein results in a broad repertoire of RSV F-specific CD4+ T 

cells that predominantly express Th1-type responses (45).  
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RSV Manipulation of the Host Immune Response  

Despite the immune response generated to infection, RSV does not mediate 

durable immunity, thus children and adults are repeatedly infected with the same and 

different antigenic subtypes of RSV every year (296, 319). It is likely that RSV 

manipulation of the host immune response contributes to the lack of durable immunity. 

Laboratory studies have shown that RSV infection results in modified expression patterns 

of various genes related to protein metabolism, cell growth and proliferation, 

cytoskeleton organization, regulation of nucleotides and nucleic acid synthesis, and 

cytokine/chemokine genes associated with inflammation (186, 331). Airway epithelium 

has an important role as the boundary between the outside environment and the host and 

acts as a critical first-line defense against pathogens. Because airway epithelial cells are 

situated at the host-pathogen interface, they also provide a means to which various 

immune components can sample the outside environment including mucosal dendritic 

cells (DCs) and intraepithelial lymphocytes (117). RSV has evolved immune evasion 

strategies to overcome host barriers to promote virus infection and replication. Although 

the primary function of the RSV G protein is in the attachment of RSV particles to the 

host cell surface (171), the RSV G protein contains a conserved cysteine-rich region 

(GCRR) homologous to the fourth subdomain of the tumor necrosis factor (TNF) 

receptor which has been shown to modify the innate immune response to infection (10, 

168, 233, 296, 299). There are two forms of G protein manufactured within infected cells: 

an integral type II membrane-bound form (Gm) and a secreted soluble form (Gs) (124, 

125). Gs protein, produced and secreted from infected cells early after infection (125), 

may sequester TNFα or other homologues and inhibit proinflammatory effects (168). 
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TNFα is an important proinflammatory cytokine which has been implicated in several 

inflammatory conditions (32) as well as in the immune response to RSV (216). The 

GCRR also contains a CX3C chemokine motif found at amino acid positions 182-186 

that interacts with the CX3C chemokine receptor CX3CR1 (299). CX3CR1 mimicry by 

the G protein has been shown to facilitate RSV infection and alter CX3CL1 (fractalkine) 

chemotaxis of human and murine leukocytes (299). Expression of the G protein during 

RSV infection of mice has also been shown to decrease the number of NK cells and 

activated RSV-specific pulmonary CX3CR1+ T cells (119).  

Infection of mice with a mutant RSV lacking the G and SH genes results in 

greater numbers of NK cells in the lungs as well as increased IFNγ and TNFα production 

suggesting that the G and/or SH surface proteins regulate trafficking of NK cells to the 

lungs and pro-inflammatory cytokine production (301). Additional studies have shown 

that the G and/or SH proteins inhibit early macrophage inflammatory protein (MIP)-1α, 

MIP-1β, MIP-2, monocyte chemoattractant protein (MCP)-1, and interferon-inducible 

protein of 10kD (IP-10) mRNA expression, all important chemokines that attract NK 

cells to the lungs in mice (298). Together these data suggest that RSV modulates both the 

innate and adaptive immune responses to infection. 

RSV nonstructural (NS) proteins have been shown to regulate the type I interferon 

(IFN) response during infection as well as suppressing DC maturation (30, 176, 205, 241, 

242, 260, 276, 277, 305). In particular NS2 protein is the responsible type I IFN 

antagonist linked to specific down regulation of signal transducer and activator of 

transcription (STAT)-2 (176, 241, 242). However, the NS1 protein contains elongin C 

and cullin 2 binding sequences and can potentially act as an ubiquitin E3 ligase to target 
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STAT2 to the proteasome (80, 242). Likewise, bovine RSV nonstructural proteins have 

been shown to antagonize type I IFN signaling by inhibiting interferon regulatory factor 

(IRF3) activation (30). A recent study examining RSV infection of mouse lung epithelial 

(MLE-15) cells showed that by 24 hours post-infection type I IFN mRNA and IFNβ 

protein expression were suppressed in the absence of NS1 and NS2 proteins (200). 

Moreover a role for RSV G protein in inhibiting IFNβ was associated with the induction 

of suppressor of cytokine signaling (SOCS)-1 and SOCS3 expression. Described in detail 

later, SOCS proteins function as regulatory proteins to inhibit cytokine signaling 

pathways (62, 282, 327). For both human and bovine RSV, NS antagonism of the 

antiviral response coincides with expression of RSV proteins that occur as early as five 

hours post-infection and may ultimately result in inhibition of the cytotoxic T lymphocyte 

(CTL) response (25, 158). Type I IFN has an important role in DC maturation, activation 

of NK cells, differentiation and function of T cells and enhancing primary antibody 

responses (18, 37), thus RSV-mediated inhibition of IFN production impacts both the 

innate and adaptive immune responses. Evidence supporting this is provided in part from 

a study showing that infection of mice with RSV lacking NS1 and NS2 genes results in 

substantially higher levels of IFNα/β (305). RSV can also interfere with JAK/STAT 

signaling and chemokine transcription by inducing B-cell lymphoma protein (Bcl)-3 

which complexes with STATs in the nucleus resulting in enhanced infection (134). 

In addition to antagonism of the antiviral response, RSV nonstructural and small 

hydrophobic proteins delay premature apoptosis, a feature that results in higher viral 

titers (25, 93). RSV-infected cells exhibit higher expression levels of the anti-apoptosis 

gene IEX-1L and increased expression of several B-cell leukemia/lymphoma 2 (Bcl-2) 
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family members including myeloid cell leukemia-1 (Mcl-1) and Bcl-XL (74, 159, 173, 

197). Recent studies suggest other contributing factors include RSV-mediated inhibition 

of tumor suppressor p53 and Akt activation leading to p53 proteasome degradation (110). 

The delay of apoptosis has also been linked to the phosphatidylinositol 3-kinase (PI3K)-

dependent pathway (294), and to increased ceramidase and sphingosine kinases which 

lead to increased levels of anti-apoptotic proteins within cells (196). Moreover, it is well 

established that while RSV infection induces substantial syncytium formation in 

immortalized cell lines, RSV infection of human airway epithelial (HAE) cell models 

does not induce extensive cytopathology (322, 329), a feature associated with the ability 

of RSV to delay apoptosis of epithelial cells.  

Respiratory epithelial cells express pattern recognition receptors (PRRs), or Toll-

like receptors (TLRs), whose primary function is to recognize common microbial patterns 

to protect against infection. Several TLRs and RIG-I have been shown to be necessary for 

generating effective innate immune responses against RSV infection (174, 257, 265). 

RSV infection of respiratory epithelial cells results in enhanced levels of TLR4 

expression on the cell surface within 24h of infection (198, 324). The increased levels of 

TLR4 results in increased sensitivity to endotoxin, and upon stimulation with 

lipopolysaccharide (LPS), increased IL-6 and IL-8 production occurs (324). Furthermore, 

peripheral monocytes isolated from infants with severe RSV bronchiolitis also show 

increased levels of TLR4 expression (94). TLR4 expression in infants infected with RSV 

was recently examined. It was shown that infants who possessed two single nucleotide 

polymorphisms encoding Asp299Gly and Thr399Ile substitutions in the TLR4 

ectodomain were more associated with severe RSV disease, suggesting that extracellular 
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TLR4 polymorphisms are associated with symptomatic RSV disease in high-risk infants 

(13). Moreover, during a vaccine delivery study using a mouse model of RSV infection, 

it was shown that greatest protection against RSV challenge depends on intact TLR4-

MyD88 signaling pathways (64).  

The RSV F protein has been shown to interact with TLR4 and CD14 in human 

monocytes leading to the activation of nuclear factor (NF)-κB and production of 

proinflammatory cytokines TNFα, interleukin (IL)-6 and IL-12 (167). In mice deficient in 

TLR4, RSV infection results in aberrant NK cell trafficking, deficient NK cell function, 

impaired IL-12 expression and lower virus clearance compared to normal mice (123). 

While these results could be due to a defect in IL-12R in TLR4-deficient mice (77), our 

results suggest that RSV surface proteins can initiate a TLR signaling cascade resulting in 

inhibition of the JAK/STAT pathway. Furthermore, while the mechanism is not yet clear, 

the RSV G protein may also suppress TLR3/4-mediated cytokine production by 

interfering with TLR adaptor TNF receptor associated factor (TRIF)/Toll-interleukin 1 

receptor domain (TIR)-containing adaptor molecule (TICAM)-1 or NFκB activation 

resulting in decreased proinflammatory cytokine production (233, 265). Another recent 

study demonstrated that RSV is able to increase TNFα, IL-6, MCP-1 and RANTES 

production via interaction with TLR2 and TLR6 (206).  

Prostaglandins (PG) are implicated in many regulatory mechanisms including 

immune cell differentiation and inflammatory responses. During RSV infection, 

increased levels of PG secretion, particularly PGE2 via increased cyclooxygenase 

(COX)-2 expression is observed (39, 175, 245). COXs are rate-limiting enzymes that 

convert arachidonic acid to prostanoids, and COX-2 is generally up regulated during 
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inflammatory processes. Interestingly, TLR4 stimulation also results in up regulation of 

genes involved the inflammatory response including COX-2 (227, 244). Therefore, it is 

likely that RSV surface proteins induce COX-2 via TLR4 signaling. Furthermore, 

extracellular matrix (ECM) components are regulated in part by the action of matrix 

metalloproteinases (MMP). MMPs play a role in the digestion of gelatin, collagens (types 

IV,V, XI, XVII) and elastin, all important components of the ECM (12). It was recently 

found that RSV infection enhances the expression of MMP-9 leading to an increased rate 

of syncytium formation and more efficient viral replication (325).  

One important consequence of respiratory illnesses including severe RSV disease 

is fluid extravasation into the air spaces of the lung (271). RSV infection of murine and 

human airway cells results in impaired alveolar fluid clearance (AFC). This is proposed 

to result from decreased sodium transport across epithelial cells leading to reduced 

alveolar fluid clearance in mice resulting in increased lung fluid and hypoxemia (66, 67). 

One study has suggested that the RSV F protein and TLR4 play a role in this AFC 

impairment (164), and another recent study found that RSV infection of primary 

bronchial cells resulted in a loss of plasma membrane integrity and cytoskeletal 

reorganization which was dependent on MAPK signaling (271).  

RSV infection of the respiratory epithelium also results in reduced secretion of 

surfactant proteins (SP), particularly SP-A and SP-D, detected in bronchoalveolar lavage 

(BAL) (152, 306). SP-A and SP-D, produced by non-ciliated cells, are important in 

promoting opsonization (224), and SP-A can bind to the RSV F protein thereby 

enhancing the uptake of RSV-infected cells by macrophages (16, 100). Likewise, SP-D is 

able to bind to RSV G protein to inhibit infection (126). Thus, decreased lung function in 
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infants with severe RSV disease may be associated with decreased concentrations of SP-

A and SP-D (152). 

It is well established that RSV is associated with the exacerbation of asthma and 

bronchiolitis (267), and that during infection enhanced CD4+ T cell responses and 

inappropriate cytokine expression results in reduced immune regulation and increased 

inflammation (99, 143, 267). One recent study showed that murine type II alveolar 

epithelial cells infected with RSV are unable to inhibit T cell activation suggesting that 

the tolerogenic state within the lung is at least partly controlled by lung epithelial cells 

(315). DCs infected with RSV can still differentiate and mature, but they display 

impaired T cell activation, an effect linked to altered IFNα or IL-1 receptor-alpha 

expression (235, 256). It has also been shown that direct contact of T cells with RSV F 

protein expressed on cells inhibits T cell activation (259). Moreover a recent study 

demonstrated that while murine DCs can undergo normal maturation upon RSV 

infection, these same RSV-infected DCs were not able to stimulate antigen-specific T 

cells following TCR engagement indicating a possible defect in the immunological 

synapse (105). Thus, RSV-infected DCs expressing F protein may also inhibit T cell 

activation by a related mechanism. While the mechanism of T cell inhibition remains to 

be elucidated in these models, it is possible that RSV infection promotes tolerance 

providing further evidence linking severe RSV disease and asthma.  
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RSV Pathogenesis 

Disease severity, genetic factors, environmental risk factors and the success of 

viral immune evasion all have a role in the immune response and disease pathogenesis 

associated with RSV infection. RSV infection can be asymptomatic or result in a severe 

disease including bronchitis and bronchiolitis, and infection may be associated with the 

development of asthma or chronic illness later in life (267). RSV is the most common 

causative agent of bronchiolitis in children under the age of 2 years, and this virus is the 

most important respiratory virus afflicting young children worldwide.  

During infection with RSV, the virus interacts with pattern recognition receptors 

on the surface and within respiratory epithelial and immune cells. Accumulating evidence 

has shown that RSV surface proteins modify TLR and PRR signaling and downstream 

signaling processes (123, 167, 174, 206, 250, 264) ultimately affecting patterns of 

cytokine expression. Negative regulators of cytokine expression, e.g. SOCS proteins are 

also affected, a feature that may polarize to alter the Th1- or Th2-type cytokine response 

(160, 200, 327, 332). Therefore, modification of early immune responses can affect the 

adaptive immune response and contribute to disease pathogenesis. While some studies 

have shown that children infected with RSV develop a Th1-type response, it is generally 

thought that young children are more prone to develop a Th2-type cytokine biased 

response, which is associated with RSV-mediated pathology (29, 247). RSV-specific 

CD4+ memory T cells have been shown to play a major role in RSV-induced 

immunopathology, a feature linked to a Th2-type cytokine response and pulmonary 

eosinophilia (40, 46, 106, 108, 296). This Th2-biasing phenomenon is most apparent in 

studies examining vaccine-enhanced RSV disease. Cotton rats vaccinated with formalin-
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inactivated RSV vaccine or vaccinia vectors (VV) expressing RSV G protein results in a 

Th2-type CD4+ T cell response and lung eosinophilia upon RSV challenge (46, 59, 75, 

215, 238, 317). Interestingly, mice immunized with VV expressing RSV F protein results 

in the activation of a Th1-type CD4+ T cell response (6, 141). Depletion of CD4+ or 

CD8+ T cells actually decreases RSV disease severity and illness in small animal models 

(75, 107). In the absence of IFNγ, mice develop RSV F-specific memory CD4+ T cells 

that secrete IL-5 and pulmonary eosinophilia following RSV challenge suggesting that 

IFNγ can modulate the memory CD4+ T cell response to secondary RSV infection (45). 

Furthermore, the presence of RSV-specific CD8+ memory T cells in the lungs of infected 

animals may help to regulate the Th2-type CD4+ T cell response and result in reduced 

vaccine enhanced disease (131, 214, 279). It remains unclear whether CD8+ T cells play 

such a role in other allergy-related diseases such as airway hyper-responsiveness to RSV 

infection (261). It was recently shown that RSV-specific memory CD8+ T cells are able 

to inhibit Th2-associated chemokines, CCL17 and CCL22, and may alter the trafficking 

of Th2-type cells and eosinophils into the lung (214).  

 Peripheral blood of neonates infected with RSV has a lower proportion of RSV-

specific CD8+ T cells compared to older infants. It is believed that this might be a feature 

of an immature immune response, the presence of maternal antibodies, or a Th2-type 

lung environment. It is unknown whether recruited or lung-resident RSV-specific CD8+ T 

cells are important in the prevention of RSV re-infection. While there is a higher fraction 

of pulmonary CD8+ memory T cells that secrete IFNγ upon peptide stimulation compared 

to the draining lymph node, the recall response following RSV challenge is more 

effective in the lymph node resulting in a rapid export of CD8+ T cells to the lung (218). 
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In contrast, mice challenged with influenza virus results in more efficient reactivation of 

resident pulmonary CD8+ T cells (129). Therefore, RSV-specific T cells might become 

impaired or tolerized within the lung, and evidence suggests that CD8+ T cells can be 

inactivated in the lung during RSV infection but not within the lymph node or spleen 

(48). In other studies it has been shown that inactivated CD8+ T cells could be rescued by 

increased IL-2 expression within the lungs (49), and other studies have shown that 

inactivation of effector T cells was associated with their location and generally restricted 

to cells in the lung parenchyma as opposed to the airway (9). It has also been suggested 

that lung epithelial cells can mediate inhibition of T cell activation (315).  

In conclusion, there are many mechanisms involved in the innate and adaptive 

immune response to RSV infection that contribute to immunity and disease, and it is clear 

that RSV has co-opted many host responses to infection to facilitate replication.  Because 

there is a deficiency in long-term immunity to subsequent infection, one interpretation of 

the studies discussed here is that immune modulation may be a feature to allow for RSV 

persistence. Indeed, it has been shown that RSV can persist within immune-privileged 

neuronal cells (172, 191, 262, 267, 295). Thus, it is likely that vaccination of infants will 

not provide sufficient protection and that other disease intervention strategies should be 

further explored.  

 

Overview of Influenza A Virus 

  Influenza A viruses are important pathogens that present a significant public 

health threat and economic burden, particularly avian influenza viruses (AIV). AIV 
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infections in poultry range from subclinical to acute disease having 100% mortality 

which contributes to the economic burden. Contemporary seasonal epidemics caused by 

human influenza viruses also contribute to economic burden as they have been attributed 

to more than 200,000 hospitalizations each year and more than 41,000 deaths each year in 

the United States (76). AIV have a large host range that include mammals; thus there is a 

substantial concern that this reservoir may, particularly in aquatic birds, contribute to the 

potential for human infection. Over the past century there have been three major novel 

influenza virus strains afflicting the human population, i.e. viruses that originated in 

1918, 1957 and 1968 respectively. The 1918 influenza pandemic was the most severe 

resulting in unusually high mortality rates (270). It remains unclear whether the high rate 

of mortality was due to an exaggerated host response to infection, increased virulence, or 

a combination thereof (182). Beginning in 2003, a looming pandemic threat emerged 

from a highly pathogenic H5N1 AIV causing 424 confirmed human infections and 261 

deaths as of May 2009 (320).  

Influenza viruses are enveloped, negative-strand RNA viruses that have eight 

gene segments, belonging to the Orthomyxoviridae family. They comprise a diverse array 

of subtypes due to their propensity to change antigenic profiles and are therefore 

subtyped based on the antigenic properties of two surface glycoproteins, hemagglutinin 

(HA) and neuraminidase (NA). There are currently 16 known HAs and 9 known types of 

NA. Influenza HA binds to host cell sialic acid residues coating the host cell surface 

(278) and mediates viral entry via its receptor binding domain. Sialic acids (sias) are 

nine-carbon monosaccharides typically found at the ends of glycan chains. Sias coat all 

cell surfaces and many secreted proteins, and have a role in many physiological and 
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pathological interactions (8, 258, 308, 309). Sias are transferred to terminal sugars of 

glycoproteins and glycolipids by sialyltransferases, and can be added to the galactose 

carbon-6 forming an α2,6 linkage or to galactose carbon-3 forming an α2,3 linkage. 

Influenza HA has a strong preference to bind to certain sia moieties and is an important 

host range determinant (284-287). Human-adapted influenza viruses preferentially 

recognize α2,6 linkages, while influenza viruses of avian origin preferentially recognize 

α2,3 linkages highly expressed in the gastrointestinal tracts of aquatic birds (57, 133, 187, 

266). Because previous influenza pandemics resulted after acquiring mutations affecting 

the HA binding specificity from avian-like, α2,3, to human-like, α2,6 (57, 102, 187), it is 

hypothesized that a change in receptor binding specificity is necessary for efficient 

human-to-human transmission (187). 

 

Influenza A Virus Replication 

 Influenza infection occurs following attachment of the HA receptor binding 

domain (RBD) to sialic acid-coated glycans on the cell surface. Following attachment, 

the virus can enter the host cell by clathrin-mediated and clathrin- and caveolin-

independent endocytic pathways (253). Once within the endosome, the pH decreases due 

to M2 ion channel activity causing HA to change conformation and thereby exposing the 

fusion peptide (230, 273). The hydrophobic fusion peptide inserts into the host cell 

membrane and results in fusion of the viral and cellular membranes. Following fusion, 

viral ribonucleoproteins (RNP) are released into the cytoplasm and transported to the 

nucleus to initiate transcription. Interestingly, influenza employs the method of cap-
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snatching whereby the virus uses cellular 5’-methylated cap structures within the nucleus 

as primers for transcription initiation while NS1 blocks cellular mRNA transport to the 

cytoplasm (232). While virion assembly occurs in the cytoplasm, the structural proteins 

HA, NA and M2 are transported to the cell surface where budding ensues (184, 213).  

 

Host Immune Response to Influenza Virus Infection 

 Influenza virus infection in humans can cause a wide range of disease symptoms 

from subclinical disease to acute illness characterized by fever, myalgia, and respiratory 

symptoms such as a nonproductive cough, sore throat and rhinitis. In addition, children 

infected with influenza may present with otitis media, nausea, and vomiting (47). Those 

individuals with chronic diseases such as pulmonary or cardiac disease, or diabetes 

mellitus are at even higher risk for developing hemorrhagic bronchitis, pneumonia and 

death when infected with influenza. The host immune response to infection contributes to 

influenza-mediated pathogenesis. Influenza infection primarily infects epithelial cells and 

is detected by several PRR including TLR3 and RIG-I, which recognize double-stranded 

RNA, and TLR7, which recognizes single-stranded RNA (15, 111, 180). Stimulation of 

these pathways leads to the induction of pro-inflammatory cytokines by epithelial cells 

and immune cells early following infection, an effect paralleling the peak of viral 

replication and associated with the onset of disease symptoms (122). The influenza NS1 

protein may act as an interferon antagonist to modify the antiviral response to infection 

(97), and likely facilitates virus replication and the associated disease pathogenesis.  
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 The humoral immune response to influenza virus infection is an important aspect 

of influenza vaccine efficacy. The main correlate of protection against influenza infection 

is strain-specific virus-neutralizing antibodies directed against the HA, and antibodies 

specific for the NA have been shown to reduce disease severity by restricting virus 

release from infected cells and enhancing viral clearance (98, 153). Vaccine studies in 

which children or adults were given live-attenuated or inactivated influenza vaccines 

have shown that protection is also correlated with the development of mucosal IgA 

antibody (53, 138, 139). In addition to HA and NA, antibodies are produced to NP and 

M2 proteins during infection, and cellular immune responses are important for virus 

clearance (88, 283). For example, CD4+ T cell-depleted mice display delayed virus 

clearance, while CD8+ T cell-depleted or deficient mice are still able to clear infection, 

indicating that CD4+ T cells have a significant role in adaptive immunity (78, 79).  

 

Suppressor of Cytokine Signaling Family of Proteins 

The innate and adaptive immune responses are coupled to each other by way of 

antigen presenting cells such as DCs that process and present antigen in the context of 

MHC to T cells. Cells of the innate (monocytes/macrophages, NK cells, neutrophils) and 

the adaptive (T cells and B cells) immune responses secrete cytokines and chemokines to 

mediate an appropriate response to infection. Cytokine signaling is critical to coordinate 

the initiation, maintenance and resolution of an inflammatory response as well as 

evolution of Th1- or Th2-polarized responses. Because cytokines and chemokines play 

such a large role in instigating an immune response, their expression is tightly regulated 
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to prevent an imbalance of magnitude and duration. Suppressor of cytokine signaling 

(SOCS) proteins are an important family of proteins that act to negatively regulate 

cytokine signaling pathways. They were first identified as inhibitors of the JAK/STAT 

pathway, but studies have shown that SOCS proteins have a role in regulating not only 

components of the innate and adaptive immune system but also in developmental 

functions [reviewed in (327)]. SOCS proteins are a class of proteins that include eight 

members, i.e.  SOCS1 to SOCS7 and cytokine inducible Src homology 2 domain (SH2)-

containing protein (CIS). Each member has a variable N-terminal region followed by a 

central SH2 domain critical for inhibiting Janus kinase (JAK) activity and conserved C-

terminal SOCS box motifs that can interact with Elongin B/C complex, a component of 

E3 ligase (147). The SOCS box also contains a Cullin5 (Cul5) box that directs the 

SOCS/Elongin B/C complex to bind to Cul5, which in turn binds to an E2 ubiquitin-

conjugating enzyme (146, 147, 181). Together this complex forms a functional E3 

ubiquitin ligase. SOCS1 and SOCS3 contain an additional kinase inhibitory region (KIR) 

containing a conserved tyrosine residue thought to be important in inhibiting JAK2 

activity (91, 311). SOCS proteins are also orthologs of those found in Drosophila 

melanogaster (41) and Caenorhabditis elegans (154). In mammals, SOCS proteins 

function to negatively regulate various cytokine signaling pathways through one of at 

least three mechanisms. SOCS proteins can bind to and inhibit tyrosine kinases including 

JAK and insulin receptor (82, 199, 207). SOCS proteins can bind to cytoplasmic portions 

of receptors and occupy docking sites for STATs and other proteins (240), and SOCS 

proteins can target other substrates for proteasomal degradation via the C-terminal SOCS 

box (92).  
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SOCS1 was originally identified as a negative regulator of IFNα/β, IFNγ, IL-4, 

and IL-6 signaling via the JAK/STAT pathway (82, 207, 282). IFNα/β bind to their cell 

surface receptors and activate the IFN signaling pathway leading to SOCS expression. 

Mice deficient in SOCS1 are normal at birth but rapidly develop severe 

immunopathology within three weeks characterized by uncontrolled cytokine signaling 

(5, 183, 281), and mice antibody-depleted of IFNγ show increased rates of survival (5). 

Likewise, Rag1-/- mice deficient in SOCS1 also show increased survival due to decreased 

IFNγ production and signaling (183). SOCS1 and SOCS3 proteins have been shown to 

inhibit IFNα- and type III IFN-, IFNλ (IL-28A/B and IL-29), induced activation of the 

JAK/STAT pathway and expression of the antiviral proteins 2',5'-oligoadenylate 

synthetase (OAS) and MxA (33, 310). Other cytokines also induce SOCS expression. For 

example, granulocyte-macrophage colony-stimulating factor (GM-CSF) induces 

expression of CIS and SOCS3 transcripts and antagonizes IFN-mediated signals by 

blocking STAT1 function (148). Moreover, activation of TLRs by PAMPs is essential for 

the initiation of the innate and adaptive immune responses. Inadequate or delayed 

signaling events and subsequent gene expression can lead to inappropriate immune 

responses, and excessive activation can result in autoimmunity or chronic inflammation. 

Therefore, TLR signaling is also regulated to maintain a balance between positive and 

negative inflammatory effects. SOCS1 and SOCS3 proteins are induced upon TLR 

ligation and can inhibit type I IFN signaling and therefore mediate cross-talk inhibition 

(14, 65).  

SOCS proteins are potent negative regulators of both MyD88-dependent and 

MyD88-independent TLR signaling. The MyD88-dependent signaling pathway is shared 
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by all TLRs, except TLR3, which exclusively uses a MyD88-independent pathway (151, 

288). LPS induces pro-inflammatory cytokines as well as reactive oxygen and nitrogen 

species following binding to TLR4 on the surface of macrophages and monocytes 

eliciting MyD88-dependent and MyD88-independent signaling pathways (23). SOCS1 

has been shown to negatively regulate both pathways and over-expression results in 

defective NFκB activation (155, 208). Furthermore, over-expression of SOCS3 can 

inhibit inflammation following LPS stimulation (135).  

The immune modulation mediated by RSV proteins, particularly cytokine and 

chemokine responses (298, 301, 302) suggest that RSV may modulate the suppressor of 

cytokine signaling (SOCS) family of proteins. RSV infection of macrophage-like U937 

cells has been shown to increase expression of SOCS1, SOCS3, and CIS mRNA while 

phosphorylation of STAT1 and STAT2 was decreased (332). Furthermore, expression of 

the RSV G protein during infection of MLE-15 cells has been associated with decreased 

IFNβ levels and enhanced SOCS1 and SOCS3 expression (200). Many other viruses are 

known to modify SOCS expression in order to manipulate the host immune response. 

Hepatitis C virus (HCV) core protein up regulates SOCS3 and induces ubiquitination of 

insulin receptor substrate (IRS) in a HCV-associated resistance model (149). HCV core 

protein is thought to interfere with the JAK/STAT pathway by inducing SOCS3 

expression by an unknown mechanism leading to a reduced antiviral state (28, 312). 

Furthermore, HCV core protein of genotype 3a upregulates SOCS7, interfering with the 

insulin signaling pathway (226). Influenza A virus infection has also been shown to 

increase both SOCS1 and SOCS3 and can regulate the initial antiviral response to 

infection leading to decreased viral titers (225, 234). In severe measles virus infection, 
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rabies encephalitis or human immunodeficiency virus (HIV)/human papilloma virus 

(HPV) co-infection, viral infection has been associated with an increase in the number of 

cells secreting TNFα and a concomitant reduction in SOCS expression (209, 212, 231), 

while in a chronic hepatitis B model, a positive correlation between the level of SOCS1 

expression and inflammation has been shown (333). SOCS1 mRNA has been shown to 

be significantly increased in patients with human T-lymphotropic virus type I (HTLV-I)-

associated myelopathy/tropical spastic paraparesis (HAM/TSP) (210), and negative factor 

(Nef) protein, an immunosuppressive HIV-1 protein, has been shown to  up regulate 

SOCS proteins in B cells (239). Interestingly, SOCS1 has been shown to directly bind the 

Gag structural protein in HIV-1 infection (254), and  HIV-1 transactivator protein (Tat) 

has been implicated in immune evasion and interference of IFNγ signaling pathway via 

SOCS2 induction and altered levels of STAT2 in human monocytes (51).  

At least one virus contains its own SOCS box motif; the HIV-1 virion infectivity 

factor (Vif) acts as an E3 ubiquitin ligase via its SOCS box to overcome the antiviral 

activity of APOBEC3G to protect HIV-1 DNA from G-to-A hypermutation (156, 328). It 

is generally thought that poxviruses induce overproduction of cytokines leading to 

immunopathology. One recent study showed in mice showed that a SOCS1-KIR mimetic 

provided protection from lethal vaccinia virus challenge, representing a novel therapeutic 

method (4). Finally, there is at least one instance showing that SOCS proteins also 

display antiviral properties. During HPV infection of cancer cell lines, it was 

demonstrated that SOCS1 interacted with HPV E7 protein in a SOCS-box-dependent 

manner and induced its ubiquitination and subsequent degradation (145).  
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 In addition, protozoan and bacterial infections have been shown to modify SOCS 

expression. For example, Toxoplasma gondii and Leishmania donovani induce SOCS1 

and SOCS3 expression respectively, both of which interfere with IFNγ signaling 

pathways (22, 334), and for bacteria,  Mycobacterium bovis bacillus Calmette-Guerin 

infection has been shown to increase both SOCS1 and SOCS3 expression to aid in 

immune evasion (132, 220). Therefore, diverse pathogens have evolved mechanisms to 

regulate SOCS protein expression and to reduce or inhibit the immune response to 

infection. 

 

Normal Human Bronchial Epithelial Cells as a Model System 

Normal human bronchial epithelial (NHBE) cells (or human airway cells, HAE) 

have been recognized as a very good in vitro model to emulate aspects of the human 

airway response to infectious diseases including cell tropism, innate immune responses 

and histopathology (21, 228, 229, 313). Highlighting their utility as an in vitro cell 

model, NHBE cell cultures have aided in defining three physiological barriers to 

infection including mucociliary clearance, formation and constitution of the glycocalyx 

and intercellular junctional complexes. The mammalian airway epithelium is composed 

of multiple cell types [reviewed in (81, 219)] including ciliated cells, mucus-secreting 

goblet cells, serous cells, Clara cells and basal cells. Most of these important cell types 

are found in the NHBE cell model. Basal cells are thought to be stem cell precursors for 

ciliated and mucus-producing cells, especially within the upper respiratory tract. Within 

the alveolar regions of the lung, type I and II pneumocytes are abundant and are 
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important in gas exchange. In a normal human airway, the lumen of the nasal, tracheal 

and bronchial regions are lined with a ciliated pseudostratified columnar epithelium with 

goblet cells that lies atop a basal epithelial layer. The lower respiratory tract (LRT) 

lumen, specifically the bronchiolar region, is lined with simple cuboidal epithelium 

containing ciliated cells with fewer goblet cells and no basal layer present. While NHBE 

cell cultures do not contain submucosal glands because they are a simple epithelial cell 

model, they do contain goblet and other mucin-producing cells. 

Epithelial cells lining the human respiratory tract are coated in a thin layer of 

mucus secreted by resident goblet cells as well as by serous- and other mucus-producing 

cells within the underlying submucosal glands. In addition to protecting the epithelial 

lining from pathogen assault or other irritants, mucus aids in preventing dehydration in 

the airways and alveoli (248). Goblet cells secrete mucins that mix with other secreted 

proteins to form mucus. Beating cilia on the apical surfaces of epithelial cells induce the 

flow of mucus up and out of the respiratory tract and into the throat where it is 

subsequently swallowed, a process termed mucociliary clearance. Therefore, many 

pathogens, particulates and other irritants are quickly removed prior to engaging the host 

immune response (246).  

An important physiological barrier of the lung in addition to mucin secretion is 

the glycocalyx. The glycocalyx is formed as an organized meshwork of glycoproteins, 

particularly those of the mucin family, glycolipids and proteoglycans that are normally 

heavily sialated and sulfonated and are secreted from the apical surface of airway 

epithelial cells (3). While the glycocalyx of NHBE cells is not yet fully characterized, it 

does include moieties such as sialic acid, keratin sulfate, type V collagen and mucins, and 
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has been found to be an important limiting factor in gene transfer systems using viral 

vectors (21, 228, 229, 313). Thus, the glycocalyx functions as an effective barrier to not 

only protect the apical epithelial surface from environmental insult, but also to shield 

potential host receptors from pathogens entering the airway. 

Airway epithelial cells also contain intercellular junctional complexes composed 

of anchoring and occluding junctions. In addition to the glycocalyceal barrier, these 

junctional complexes act as effective barriers against pathogens that may pass 

basolaterally from the apical surface, i.e. the lumen of the airway. As the glycocalyceal 

barrier is a limiting a factor in gene transfer systems, intercellular junctions have been 

found to limit transfer efficiency. In these studies the tight junctions can be disrupted 

resulting in a more efficient gene transfer (61). Because many viral and bacterial 

pathogens utilize host cell surface receptors to infect, the junctions can function to 

prevent access to many receptors located on the basolateral surface of the cells.  

NHBE cells are cultured at an air-liquid interface (ALI) that fully differentiates 

into an epithelial model of the human airway (162). The model system consists of 

polarized, ciliated pseudostratified columnar epithelium containing goblet cells and Clara 

cells, and it provides an important means to study infectious diseases, particularly 

viruses, that initially or primarily infect the outermost layer of epithelial cells of the 

respiratory tract.  

 

 

 



43 
 

References 

1. 2002. Respiratory syncytial virus activity--United States, 2000-01 season. 
MMWR Morb Mortal Wkly Rep 51:26-8. 

2. 1978. Respiratory syncytial virus infection: admissions to hospital in industrial, 
urban, and rural areas. Report to the Medical Research Council Subcommittee on 
Respiratory Syncytial Virus Vaccines. Br Med J 2:796-8. 

3. Afzelius, B. A. 1984. Glycocalyx and glycocalyceal bodies in the respiratory 
epithelium of nose and bronchi. Ultrastruct Pathol 7:1-8. 

4. Ahmed, C. M., R. Dabelic, L. W. Waiboci, L. D. Jager, L. L. Heron, and H. 
M. Johnson. 2009. SOCS-1 mimetics protect mice against lethal poxvirus 
infection: identification of a novel endogenous antiviral system. J Virol 83:1402-
15. 

5. Alexander, W. S., R. Starr, J. E. Fenner, C. L. Scott, E. Handman, N. S. 
Sprigg, J. E. Corbin, A. L. Cornish, R. Darwiche, C. M. Owczarek, T. W. 
Kay, N. A. Nicola, P. J. Hertzog, D. Metcalf, and D. J. Hilton. 1999. SOCS1 is 
a critical inhibitor of interferon gamma signaling and prevents the potentially fatal 
neonatal actions of this cytokine. Cell 98:597-608. 

6. Alwan, W. H., and P. J. Openshaw. 1993. Distinct patterns of T- and B-cell 
immunity to respiratory syncytial virus induced by individual viral proteins. 
Vaccine 11:431-7. 

7. Anderson, L. J., J. C. Hierholzer, C. Tsou, R. M. Hendry, B. F. Fernie, Y. 
Stone, and K. McIntosh. 1985. Antigenic characterization of respiratory 
syncytial virus strains with monoclonal antibodies. J Infect Dis 151:626-33. 

8. Angata, T., and A. Varki. 2002. Chemical diversity in the sialic acids and 
related alpha-keto acids: an evolutionary perspective. Chem Rev 102:439-69. 

9. Arimilli, S., E. M. Palmer, and M. A. Alexander-Miller. 2008. Loss of function 
in virus-specific lung effector T cells is independent of infection. J Leukoc Biol 
83:564-74. 

10. Arnold, R., B. Konig, H. Werchau, and W. Konig. 2004. Respiratory syncytial 
virus deficient in soluble G protein induced an increased proinflammatory 
response in human lung epithelial cells. Virology 330:384-97. 

11. Arslanagic, E., M. Matsumoto, K. Suzuki, K. Nerome, H. Tsutsumi, and T. 
Hung. 1996. Maturation of respiratory syncytial virus within HEp-2 cell 
cytoplasm. Acta Virol 40:209-14. 

12. Atkinson, J. J., and R. M. Senior. 2003. Matrix metalloproteinase-9 in lung 
remodeling. Am J Respir Cell Mol Biol 28:12-24. 

13. Awomoyi, A. A., P. Rallabhandi, T. I. Pollin, E. Lorenz, M. B. Sztein, M. S. 
Boukhvalova, V. G. Hemming, J. C. Blanco, and S. N. Vogel. 2007. 
Association of TLR4 polymorphisms with symptomatic respiratory syncytial 
virus infection in high-risk infants and young children. J Immunol 179:3171-7. 

14. Baetz, A., M. Frey, K. Heeg, and A. H. Dalpke. 2004. Suppressor of cytokine 
signaling (SOCS) proteins indirectly regulate toll-like receptor signaling in innate 
immune cells. J Biol Chem 279:54708-15. 



44 
 

15. Barchet, W., A. Krug, M. Cella, C. Newby, J. A. Fischer, A. Dzionek, A. 
Pekosz, and M. Colonna. 2005. Dendritic cells respond to influenza virus 
through TLR7- and PKR-independent pathways. Eur J Immunol 35:236-42. 

16. Barr, F. E., H. Pedigo, T. R. Johnson, and V. L. Shepherd. 2000. Surfactant 
protein-A enhances uptake of respiratory syncytial virus by monocytes and U937 
macrophages. Am J Respir Cell Mol Biol 23:586-92. 

17. Becker, S., J. Quay, and J. Soukup. 1991. Cytokine (tumor necrosis factor, IL-
6, and IL-8) production by respiratory syncytial virus-infected human alveolar 
macrophages. J Immunol 147:4307-12. 

18. Becker, Y. 2006. Respiratory syncytial virus (RSV) evades the human adaptive 
immune system by skewing the Th1/Th2 cytokine balance toward increased levels 
of Th2 cytokines and IgE, markers of allergy--a review. Virus Genes 33:235-52. 

19. Belz, G., A. Mount, and F. Masson. 2009. Dendritic cells in viral infections. 
Handb Exp Pharmacol:51-77. 

20. Bendelac, A., M. N. Rivera, S. H. Park, and J. H. Roark. 1997. Mouse CD1-
specific NK1 T cells: development, specificity, and function. Annu Rev Immunol 
15:535-62. 

21. Bernacki, S. H., A. L. Nelson, L. Abdullah, J. K. Sheehan, A. Harris, C. W. 
Davis, and S. H. Randell. 1999. Mucin gene expression during differentiation of 
human airway epithelia in vitro. Muc4 and muc5b are strongly induced. Am J 
Respir Cell Mol Biol 20:595-604. 

22. Bertholet, S., H. L. Dickensheets, F. Sheikh, A. A. Gam, R. P. Donnelly, and 
R. T. Kenney. 2003. Leishmania donovani-induced expression of suppressor of 
cytokine signaling 3 in human macrophages: a novel mechanism for intracellular 
parasite suppression of activation. Infect Immun 71:2095-101. 

23. Beutler, B., and E. T. Rietschel. 2003. Innate immune sensing and its roots: the 
story of endotoxin. Nat Rev Immunol 3:169-76. 

24. Billings, J. L., M. I. Hertz, and C. H. Wendt. 2001. Community respiratory 
virus infections following lung transplantation. Transpl Infect Dis 3:138-48. 

25. Bitko, V., O. Shulyayeva, B. Mazumder, A. Musiyenko, M. Ramaswamy, D. 
C. Look, and S. Barik. 2007. Nonstructural proteins of respiratory syncytial 
virus suppress premature apoptosis by an NF-kappaB-dependent, interferon-
independent mechanism and facilitate virus growth. J Virol 81:1786-95. 

26. Bitko, V., A. Velazquez, L. Yang, Y. C. Yang, and S. Barik. 1997. 
Transcriptional induction of multiple cytokines by human respiratory syncytial 
virus requires activation of NF-kappa B and is inhibited by sodium salicylate and 
aspirin. Virology 232:369-78. 

27. Blount, R. E., Jr., J. A. Morris, and R. E. Savage. 1956. Recovery of 
cytopathogenic agent from chimpanzees with coryza. Proc Soc Exp Biol Med 
92:544-9. 

28. Bode, J. G., S. Ludwig, C. Ehrhardt, U. Albrecht, A. Erhardt, F. Schaper, P. 
C. Heinrich, and D. Haussinger. 2003. IFN-alpha antagonistic activity of HCV 
core protein involves induction of suppressor of cytokine signaling-3. Faseb J 
17:488-90. 

29. Bont, L., C. J. Heijnen, A. Kavelaars, W. M. van Aalderen, F. Brus, J. T. 
Draaisma, S. M. Geelen, H. J. van Vught, and J. L. Kimpen. 1999. Peripheral 



45 
 

blood cytokine responses and disease severity in respiratory syncytial virus 
bronchiolitis. Eur Respir J 14:144-9. 

30. Bossert, B., S. Marozin, and K. K. Conzelmann. 2003. Nonstructural proteins 
NS1 and NS2 of bovine respiratory syncytial virus block activation of interferon 
regulatory factor 3. J Virol 77:8661-8. 

31. Bourgeois, C., J. B. Bour, K. Lidholt, C. Gauthray, and P. Pothier. 1998. 
Heparin-like structures on respiratory syncytial virus are involved in its infectivity 
in vitro. J Virol 72:7221-7. 

32. Bradley, J. R. 2008. TNF-mediated inflammatory disease. Journal of Pathology 
214:149-160. 

33. Brand, S., K. Zitzmann, J. Dambacher, F. Beigel, T. Olszak, G. Vlotides, S. 
T. Eichhorst, B. Goke, H. Diepolder, and C. J. Auernhammer. 2005. SOCS-1 
inhibits expression of the antiviral proteins 2',5'-OAS and MxA induced by the 
novel interferon-lambdas IL-28A and IL-29. Biochem Biophys Res Commun 
331:543-8. 

34. Brigl, M., L. Bry, S. C. Kent, J. E. Gumperz, and M. B. Brenner. 2003. 
Mechanism of CD1d-restricted natural killer T cell activation during microbial 
infection. Nat Immunol 4:1230-7. 

35. Brock, S. C., J. R. Goldenring, and J. E. Crowe, Jr. 2003. Apical recycling 
systems regulate directional budding of respiratory syncytial virus from polarized 
epithelial cells. Proc Natl Acad Sci U S A 100:15143-8. 

36. Brown, G., J. Aitken, H. W. Rixon, and R. J. Sugrue. 2002. Caveolin-1 is 
incorporated into mature respiratory syncytial virus particles during virus 
assembly on the surface of virus-infected cells. J Gen Virol 83:611-21. 

37. Bruder, D., A. Srikiatkhachorn, and R. I. Enelow. 2006. Cellular immunity 
and lung injury in respiratory virus infection. Viral Immunol 19:147-55. 

38. Brutkiewicz, R. R., Y. Lin, S. Cho, Y. K. Hwang, V. Sriram, and T. J. 
Roberts. 2003. CD1d-mediated antigen presentation to natural killer T (NK T) 
cells. Crit Rev Immunol 23:403-19. 

39. Bryan, D. L., P. Hart, K. Forsyth, and R. Gibson. 2005. Modulation of 
respiratory syncytial virus-induced prostaglandin E2 production by n-3 long-chain 
polyunsaturated fatty acids in human respiratory epithelium. Lipids 40:1007-11. 

40. Bueno, S. M., P. A. Gonzalez, R. Pacheco, E. D. Leiva, K. M. Cautivo, H. E. 
Tobar, J. E. Mora, C. E. Prado, J. P. Zuniga, J. Jimenez, C. A. Riedel, and A. 
M. Kalergis. 2008. Host immunity during RSV pathogenesis. Int 
Immunopharmacol 8:1320-9. 

41. Callus, B. A., and B. Mathey-Prevot. 2002. SOCS36E, a novel Drosophila 
SOCS protein, suppresses JAK/STAT and EGF-R signalling in the imaginal wing 
disc. Oncogene 21:4812-21. 

42. Camussi, G., C. Tetta, F. Bussolino, and C. Baglioni. 1990. Antiinflammatory 
peptides (antiflammins) inhibit synthesis of platelet-activating factor, neutrophil 
aggregation and chemotaxis, and intradermal inflammatory reactions. J Exp Med 
171:913-27. 

43. Cane, P. A. 1997. Analysis of linear epitopes recognised by the primary human 
antibody response to a variable region of the attachment (G) protein of respiratory 
syncytial virus. Journal of Medical Virology 51:297-304. 



46 
 

44. Cane, P. A. 2001. Molecular epidemiology of respiratory syncytial virus. 
Reviews in Medical Virology 11:103-116. 

45. Castilow, E. M., M. R. Olson, D. K. Meyerholz, and S. M. Varga. 2008. 
Differential role of gamma interferon in inhibiting pulmonary eosinophilia and 
exacerbating systemic disease in fusion protein-immunized mice undergoing 
challenge infection with respiratory syncytial virus. J Virol 82:2196-207. 

46. Castilow, E. M., M. R. Olson, and S. M. Varga. 2007. Understanding 
respiratory syncytial virus (RSV) vaccine-enhanced disease. Immunol Res 
39:225-39. 

47. CDC. 2009. 2008–09 INFLUENZA PREVENTION & CONTROL 
RECOMMENDATIONS: Recommendations of the Advisory Committee on 
Immunization Practices (ACIP). 

48. Chang, J., and T. J. Braciale. 2002. Respiratory syncytial virus infection 
suppresses lung CD8+ T-cell effector activity and peripheral CD8+ T-cell 
memory in the respiratory tract. Nat Med 8:54-60. 

49. Chang, J., S. Y. Choi, H. T. Jin, Y. C. Sung, and T. J. Braciale. 2004. 
Improved effector activity and memory CD8 T cell development by IL-2 
expression during experimental respiratory syncytial virus infection. J Immunol 
172:503-8. 

50. Chanock, R., B. Roizman, and R. Myers. 1957. Recovery from infants with 
respiratory illness of a virus related to chimpanzee coryza agent (CCA). I. 
Isolation, properties and characterization. Am J Hyg 66:281-90. 

51. Cheng, S. M., J. C. Li, B. S. Lin, D. C. Lee, L. Liu, Z. Chen, and A. S. Lau. 
2009. HIV-1 trans-activator protein induction of suppressor of cytokine signaling-
2 contributes to dysregulation of IFN{gamma} signaling. Blood. 

52. Cherrie, A. H., K. Anderson, G. W. Wertz, and P. J. Openshaw. 1992. Human 
cytotoxic T cells stimulated by antigen on dendritic cells recognize the N, SH, F, 
M, 22K, and 1b proteins of respiratory syncytial virus. J Virol 66:2102-10. 

53. Clements, M. L., and B. R. Murphy. 1986. Development and persistence of 
local and systemic antibody responses in adults given live attenuated or 
inactivated influenza A virus vaccine. J Clin Microbiol 23:66-72. 

54. Collins, P. L., R. M. Chanock, and B. R. Murphy. 2001. Respiratory syncytial 
viruses., p. 1443-1485. In D. M. Knipe and P. M. Hawley (ed.), Fields Virology, 4 
ed, vol. 1. Lippincott-Raven, Philadelphia. 

55. Collins, P. L., and G. Mottet. 1993. Membrane orientation and oligomerization 
of the small hydrophobic protein of human respiratory syncytial virus. J Gen 
Virol 74 ( Pt 7):1445-50. 

56. Collins, P. L., and G. W. Wertz. 1983. cDNA cloning and transcriptional 
mapping of nine polyadenylylated RNAs encoded by the genome of human 
respiratory syncytial virus. Proc Natl Acad Sci U S A 80:3208-12. 

57. Connor, R. J., Y. Kawaoka, R. G. Webster, and J. C. Paulson. 1994. Receptor 
specificity in human, avian, and equine H2 and H3 influenza virus isolates. 
Virology 205:17-23. 

58. Connors, M., P. L. Collins, C. Y. Firestone, and B. R. Murphy. 1991. 
Respiratory syncytial virus (RSV) F, G, M2 (22K), and N proteins each induce 



47 
 

resistance to RSV challenge, but resistance induced by M2 and N proteins is 
relatively short-lived. J Virol 65:1634-7. 

59. Connors, M., A. B. Kulkarni, C. Y. Firestone, K. L. Holmes, H. C. Morse, 
3rd, A. V. Sotnikov, and B. R. Murphy. 1992. Pulmonary histopathology 
induced by respiratory syncytial virus (RSV) challenge of formalin-inactivated 
RSV-immunized BALB/c mice is abrogated by depletion of CD4+ T cells. J Virol 
66:7444-51. 

60. Couch, R. B., J. A. Englund, and E. Whimbey. 1997. Respiratory viral 
infections in immunocompetent and immunocompromised persons. Am J Med 
102:2-9; discussion 25-6. 

61. Coyne, C. B., M. M. Kelly, R. C. Boucher, and L. G. Johnson. 2000. Enhanced 
epithelial gene transfer by modulation of tight junctions with sodium caprate. Am 
J Respir Cell Mol Biol 23:602-9. 

62. Croker, B. A., H. Kiu, and S. E. Nicholson. 2008. SOCS regulation of the 
JAK/STAT signalling pathway. Semin Cell Dev Biol. 

63. Culley, F. J., J. Pollott, and P. J. Openshaw. 2002. Age at first viral infection 
determines the pattern of T cell-mediated disease during reinfection in adulthood. 
J Exp Med 196:1381-6. 

64. Cyr, S. L., I. Angers, L. Guillot, I. Stoica-Popescu, M. Lussier, S. Qureshi, D. 
S. Burt, and B. J. Ward. 2009. TLR4 and MyD88 control protection and 
pulmonary granulocytic recruitment in a murine intranasal RSV immunization 
and challenge model. Vaccine 27:421-30. 

65. Dai, X., K. Sayama, K. Yamasaki, M. Tohyama, Y. Shirakata, Y. Hanakawa, 
S. Tokumaru, Y. Yahata, L. Yang, A. Yoshimura, and K. Hashimoto. 2006. 
SOCS1-negative feedback of STAT1 activation is a key pathway in the dsRNA-
induced innate immune response of human keratinocytes. J Invest Dermatol 
126:1574-81. 

66. Davis, I. C., E. R. Lazarowski, F. P. Chen, J. M. Hickman-Davis, W. M. 
Sullender, and S. Matalon. 2007. Post-infection A77-1726 blocks 
pathophysiologic sequelae of respiratory syncytial virus infection. Am J Respir 
Cell Mol Biol 37:379-86. 

67. Davis, I. C., E. R. Lazarowski, J. M. Hickman-Davis, J. A. Fortenberry, F. P. 
Chen, X. Zhao, E. Sorscher, L. M. Graves, W. M. Sullender, and S. Matalon. 
2006. Leflunomide prevents alveolar fluid clearance inhibition by respiratory 
syncytial virus. Am J Respir Crit Care Med 173:673-82. 

68. de Bree, G. J., E. M. van Leeuwen, T. A. Out, H. M. Jansen, R. E. Jonkers, 
and R. A. van Lier. 2005. Selective accumulation of differentiated CD8+ T cells 
specific for respiratory viruses in the human lung. J Exp Med 202:1433-42. 

69. de Graaff, P. M., J. Heidema, M. C. Poelen, M. E. van Dijk, M. V. Lukens, S. 
P. van Gestel, J. Reinders, E. Rozemuller, M. Tilanus, P. Hoogerhout, C. A. 
van Els, R. G. van der Most, J. L. Kimpen, and G. M. van Bleek. 2004. HLA-
DP4 presents an immunodominant peptide from the RSV G protein to CD4 T 
cells. Virology 326:220-30. 

70. de Jong, E. C., H. H. Smits, and M. L. Kapsenberg. 2005. Dendritic cell-
mediated T cell polarization. Springer Semin Immunopathol 26:289-307. 



48 
 

71. de Waal, L., S. Yuksel, A. H. Brandenburg, J. P. Langedijk, K. Sintnicolaas, 
G. M. Verjans, A. D. Osterhaus, and R. L. de Swart. 2004. Identification of a 
common HLA-DP4-restricted T-cell epitope in the conserved region of the 
respiratory syncytial virus G protein. J Virol 78:1775-81. 

72. Dickens, L. E., P. L. Collins, and G. W. Wertz. 1984. Transcriptional mapping 
of human respiratory syncytial virus. J Virol 52:364-9. 

73. Dierynck, I., A. Bernard, H. Roels, and M. De Ley. 1995. Potent inhibition of 
both human interferon-gamma production and biologic activity by the Clara cell 
protein CC16. Am J Respir Cell Mol Biol 12:205-10. 

74. Domachowske, J. B., C. A. Bonville, A. J. Mortelliti, C. B. Colella, U. Kim, 
and H. F. Rosenberg. 2000. Respiratory syncytial virus infection induces 
expression of the anti-apoptosis gene IEX-1L in human respiratory epithelial 
cells. J Infect Dis 181:824-30. 

75. Durbin, J. E., and R. K. Durbin. 2004. Respiratory syncytial virus-induced 
immunoprotection and immunopathology. Viral Immunol 17:370-80. 

76. Dushoff, J., J. B. Plotkin, C. Viboud, D. J. Earn, and L. Simonsen. 2006. 
Mortality due to influenza in the United States--an annualized regression 
approach using multiple-cause mortality data. Am J Epidemiol 163:181-7. 

77. Ehl, S., R. Bischoff, T. Ostler, S. Vallbracht, J. Schulte-Monting, A. Poltorak, 
and M. Freudenberg. 2004. The role of Toll-like receptor 4 versus interleukin-
12 in immunity to respiratory syncytial virus. Eur J Immunol 34:1146-53. 

78. Eichelberger, M., W. Allan, M. Zijlstra, R. Jaenisch, and P. C. Doherty. 
1991. Clearance of influenza virus respiratory infection in mice lacking class I 
major histocompatibility complex-restricted CD8+ T cells. J Exp Med 174:875-
80. 

79. Eichelberger, M. C., M. L. Wang, W. Allan, R. G. Webster, and P. C. 
Doherty. 1991. Influenza virus RNA in the lung and lymphoid tissue of 
immunologically intact and CD4-depleted mice. J Gen Virol 72 ( Pt 7):1695-8. 

80. Elliott, J., O. T. Lynch, Y. Suessmuth, P. Qian, C. R. Boyd, J. F. Burrows, R. 
Buick, N. J. Stevenson, O. Touzelet, M. Gadina, U. F. Power, and J. A. 
Johnston. 2007. Respiratory syncytial virus NS1 protein degrades STAT2 by 
using the Elongin-Cullin E3 ligase. J Virol 81:3428-36. 

81. Emura, M. 2002. Stem cells of the respiratory tract. Paediatr Respir Rev 3:36-40. 
82. Endo, T. A., M. Masuhara, M. Yokouchi, R. Suzuki, H. Sakamoto, K. Mitsui, 

A. Matsumoto, S. Tanimura, M. Ohtsubo, H. Misawa, T. Miyazaki, N. 
Leonor, T. Taniguchi, T. Fujita, Y. Kanakura, S. Komiya, and A. 
Yoshimura. 1997. A new protein containing an SH2 domain that inhibits JAK 
kinases. Nature 387:921-4. 

83. Falsey, A. R. 1998. Respiratory syncytial virus infection in older persons. 
Vaccine 16:1775-8. 

84. Falsey, A. R., and E. E. Walsh. 2000. Respiratory syncytial virus infection in 
adults. Clin Microbiol Rev 13:371-84. 

85. Fearns, R., and P. L. Collins. 1999. Model for polymerase access to the 
overlapped L gene of respiratory syncytial virus. J Virol 73:388-97. 



49 
 

86. Feldman, S. A., S. Audet, and J. A. Beeler. 2000. The fusion glycoprotein of 
human respiratory syncytial virus facilitates virus attachment and infectivity via 
an interaction with cellular heparan sulfate. J Virol 74:6442-7. 

87. Feldman, S. A., R. M. Hendry, and J. A. Beeler. 1999. Identification of a linear 
heparin binding domain for human respiratory syncytial virus attachment 
glycoprotein G. J Virol 73:6610-7. 

88. Feng, J., M. Zhang, K. Mozdzanowska, D. Zharikova, H. Hoff, W. Wunner, 
R. B. Couch, and W. Gerhard. 2006. Influenza A virus infection engenders a 
poor antibody response against the ectodomain of matrix protein 2. Virol J 3:102. 

89. Fields, B. N., D. M. Knipe, P. M. Howley, and D. E. Griffin 2001, posting date. 
Fields' virology. Lippincott Williams & Wilkins 4th. [Online.] 

90. Fixler, D. E. 1996. Respiratory syncytial virus infection in children with 
congenital heart disease: a review. Pediatr Cardiol 17:163-8. 

91. Flowers, L. O., H. M. Johnson, M. G. Mujtaba, M. R. Ellis, S. M. Haider, and 
P. S. Subramaniam. 2004. Characterization of a peptide inhibitor of Janus kinase 
2 that mimics suppressor of cytokine signaling 1 function. J Immunol 172:7510-8. 

92. Frantsve, J., J. Schwaller, D. W. Sternberg, J. Kutok, and D. G. Gilliland. 
2001. Socs-1 inhibits TEL-JAK2-mediated transformation of hematopoietic cells 
through inhibition of JAK2 kinase activity and induction of proteasome-mediated 
degradation. Mol Cell Biol 21:3547-57. 

93. Fuentes, S., K. C. Tran, P. Luthra, M. N. Teng, and B. He. 2007. Function of 
the respiratory syncytial virus small hydrophobic protein. J Virol 81:8361-6. 

94. Gagro, A., M. Tominac, V. Krsulovic-Hresic, A. Bace, M. Matic, V. 
Drazenovic, G. Mlinaric-Galinovic, E. Kosor, K. Gotovac, I. Bolanca, S. 
Batinica, and S. Rabatic. 2004. Increased Toll-like receptor 4 expression in 
infants with respiratory syncytial virus bronchiolitis. Clin Exp Immunol 135:267-
72. 

95. Garcia-Beato, R., I. Martinez, C. Franci, F. X. Real, B. GarciaBarreno, and 
J. A. Melero. 1996. Host cell effect upon glycosylation and antigenicity of human 
respiratory syncytial virus G glycoprotein. Virology 221:301-309. 

96. Garcia-Beato, R., and J. A. Melero. 2000. The C-terminal third of human 
respiratory syncytial virus attachment (G) protein is partially resistant to protease 
digestion and is glycosylated in a cell-type-specific manner. Journal of General 
Virology 81:919-927. 

97. Garcia-Sastre, A., A. Egorov, D. Matassov, S. Brandt, D. E. Levy, J. E. 
Durbin, P. Palese, and T. Muster. 1998. Influenza A virus lacking the NS1 gene 
replicates in interferon-deficient systems. Virology 252:324-30. 

98. Gerhard, W. 2001. The role of the antibody response in influenza virus infection. 
Curr Top Microbiol Immunol 260:171-90. 

99. Gern, J. E. 2003. Mechanisms of virus-induced asthma. J Pediatr 142:S9-13; 
discussion S13-4. 

100. Ghildyal, R., C. Hartley, A. Varrasso, J. Meanger, D. R. Voelker, E. M. 
Anders, and J. Mills. 1999. Surfactant protein A binds to the fusion glycoprotein 
of respiratory syncytial virus and neutralizes virion infectivity. J Infect Dis 
180:2009-13. 



50 
 

101. Gimenez, H. B., N. Hardman, H. M. Keir, and P. Cash. 1986. Antigenic 
variation between human respiratory syncytial virus isolates. J Gen Virol 67 ( Pt 
5):863-70. 

102. Glaser, L., J. Stevens, D. Zamarin, I. A. Wilson, A. Garcia-Sastre, T. M. 
Tumpey, C. F. Basler, J. K. Taubenberger, and P. Palese. 2005. A single 
amino acid substitution in 1918 influenza virus hemagglutinin changes receptor 
binding specificity. J Virol 79:11533-6. 

103. Glezen, P., and F. W. Denny. 1973. Epidemiology of acute lower respiratory 
disease in children. N Engl J Med 288:498-505. 

104. Glezen, W. P., A. Paredes, J. E. Allison, L. H. Taber, and A. L. Frank. 1981. 
Risk of respiratory syncytial virus infection for infants from low-income families 
in relationship to age, sex, ethnic group, and maternal antibody level. J Pediatr 
98:708-15. 

105. Gonzalez, P. A., C. E. Prado, E. D. Leiva, L. J. Carreno, S. M. Bueno, C. A. 
Riedel, and A. M. Kalergis. 2008. Respiratory syncytial virus impairs T cell 
activation by preventing synapse assembly with dendritic cells. Proc Natl Acad 
Sci U S A 105:14999-5004. 

106. Graham, B. S. 1995. Pathogenesis of respiratory syncytial virus vaccine-
augmented pathology. Am J Respir Crit Care Med 152:S63-6. 

107. Graham, B. S., L. A. Bunton, P. F. Wright, and D. T. Karzon. 1991. Role of T 
lymphocyte subsets in the pathogenesis of primary infection and rechallenge with 
respiratory syncytial virus in mice. J Clin Invest 88:1026-33. 

108. Graham, B. S., T. R. Johnson, and R. S. Peebles. 2000. Immune-mediated 
disease pathogenesis in respiratory syncytial virus infection. 
Immunopharmacology 48:237-47. 

109. Groothuis, J. R. 1994. The role of RSV neutralizing antibodies in the treatment 
and prevention of respiratory syncytial virus infection in high-risk children. 
Antiviral Res 23:1-10. 

110. Groskreutz, D. J., M. M. Monick, T. O. Yarovinsky, L. S. Powers, D. E. 
Quelle, S. M. Varga, D. C. Look, and G. W. Hunninghake. 2007. Respiratory 
syncytial virus decreases p53 protein to prolong survival of airway epithelial cells. 
J Immunol 179:2741-7. 

111. Guillot, L., R. Le Goffic, S. Bloch, N. Escriou, S. Akira, M. Chignard, and M. 
Si-Tahar. 2005. Involvement of toll-like receptor 3 in the immune response of 
lung epithelial cells to double-stranded RNA and influenza A virus. J Biol Chem 
280:5571-80. 

112. Haeberle, H. A., A. Casola, Z. Gatalica, S. Petronella, H. J. Dieterich, P. B. 
Ernst, A. R. Brasier, and R. P. Garofalo. 2004. IkappaB kinase is a critical 
regulator of chemokine expression and lung inflammation in respiratory syncytial 
virus infection. J Virol 78:2232-41. 

113. Haeberle, H. A., R. Takizawa, A. Casola, A. R. Brasier, H. J. Dieterich, N. 
Van Rooijen, Z. Gatalica, and R. P. Garofalo. 2002. Respiratory syncytial 
virus-induced activation of nuclear factor-kappaB in the lung involves alveolar 
macrophages and toll-like receptor 4-dependent pathways. J Infect Dis 186:1199-
206. 



51 
 

114. Hall, C. B. 1999. Respiratory syncytial virus: A continuing culprit and 
conundrum. J Pediatr 135:2-7. 

115. Hall, C. B., J. M. Geiman, R. Biggar, D. I. Kotok, P. M. Hogan, and G. R. 
Douglas, Jr. 1976. Respiratory syncytial virus infections within families. N Engl 
J Med 294:414-9. 

116. Hallak, L. K., P. L. Collins, W. Knudson, and M. E. Peeples. 2000. Iduronic 
acid-containing glycosaminoglycans on target cells are required for efficient 
respiratory syncytial virus infection. Virology 271:264-75. 

117. Hammad, H., and B. N. Lambrecht. 2008. Dendritic cells and epithelial cells: 
linking innate and adaptive immunity in asthma. Nat Rev Immunol 8:193-204. 

118. Hancock, G. E., P. W. Tebbey, C. A. Scheuer, K. S. Pryharski, K. M. Heers, 
and N. A. LaPierre. 2003. Immune responses to the nonglycosylated ectodomain 
of respiratory syncytial virus attachment glycoprotein mediate pulmonary 
eosinophilia in inbred strains of mice with different MHC haplotypes. J Med 
Virol 70:301-8. 

119. Harcourt, J., R. Alvarez, L. P. Jones, C. Henderson, L. J. Anderson, and R. 
A. Tripp. 2006. Respiratory syncytial virus G protein and G protein CX3C motif 
adversely affect CX3CR1+ T cell responses. J Immunol 176:1600-8. 

120. Harmon, S. B., A. G. Megaw, and G. W. Wertz. 2001. RNA sequences 
involved in transcriptional termination of respiratory syncytial virus. J Virol 
75:36-44. 

121. Harrison, A. M., C. A. Bonville, H. F. Rosenberg, and J. B. Domachowske. 
1999. Respiratory syncytical virus-induced chemokine expression in the lower 
airways: eosinophil recruitment and degranulation. Am J Respir Crit Care Med 
159:1918-24. 

122. Hayden, F. G., R. Fritz, M. C. Lobo, W. Alvord, W. Strober, and S. E. 
Straus. 1998. Local and systemic cytokine responses during experimental human 
influenza A virus infection. Relation to symptom formation and host defense. J 
Clin Invest 101:643-9. 

123. Haynes, L. M., D. D. Moore, E. A. Kurt-Jones, R. W. Finberg, L. J. 
Anderson, and R. A. Tripp. 2001. Involvement of toll-like receptor 4 in innate 
immunity to respiratory syncytial virus. J Virol 75:10730-7. 

124. Hendricks, D. A., K. Baradaran, K. McIntosh, and J. L. Patterson. 1987. 
APPEARANCE OF A SOLUBLE FORM OF THE G-PROTEIN OF 
RESPIRATORY SYNCYTIAL VIRUS IN FLUIDS OF INFECTED-CELLS. 
Journal of General Virology 68:1705-1714. 

125. Hendricks, D. A., K. McIntosh, and J. L. Patterson. 1988. Further 
characterization of the soluble form of the G glycoprotein of respiratory syncytial 
virus. J Virol 62:2228-33. 

126. Hickling, T. P., H. Bright, K. Wing, D. Gower, S. L. Martin, R. B. Sim, and 
R. Malhotra. 1999. A recombinant trimeric surfactant protein D carbohydrate 
recognition domain inhibits respiratory syncytial virus infection in vitro and in 
vivo. Eur J Immunol 29:3478-84. 

127. Hierholzer, J. C., and G. A. Tannock. 1986. Respiratory syncytial virus: a 
review of the virus, its epidemiology, immune response and laboratory diagnosis. 
Aust Paediatr J 22:77-82. 



52 
 

128. Hoffman, S. J., F. R. Laham, and F. P. Polack. 2004. Mechanisms of illness 
during respiratory syncytial virus infection: the lungs, the virus and the immune 
response. Microbes Infect 6:767-72. 

129. Hogan, R. J., E. J. Usherwood, W. Zhong, A. A. Roberts, R. W. Dutton, A. G. 
Harmsen, and D. L. Woodland. 2001. Activated antigen-specific CD8+ T cells 
persist in the lungs following recovery from respiratory virus infections. J 
Immunol 166:1813-22. 

130. Huang, Y. T., P. L. Collins, and G. W. Wertz. 1985. Characterization of the 10 
proteins of human respiratory syncytial virus: identification of a fourth envelope-
associated protein. Virus Res 2:157-73. 

131. Hussell, T., C. J. Baldwin, A. O'Garra, and P. J. Openshaw. 1997. CD8+ T 
cells control Th2-driven pathology during pulmonary respiratory syncytial virus 
infection. Eur J Immunol 27:3341-9. 

132. Imai, K., T. Kurita-Ochiai, and K. Ochiai. 2003. Mycobacterium bovis bacillus 
Calmette-Guerin infection promotes SOCS induction and inhibits IFN-gamma-
stimulated JAK/STAT signaling in J774 macrophages. FEMS Immunol Med 
Microbiol 39:173-80. 

133. Ito, T., J. N. Couceiro, S. Kelm, L. G. Baum, S. Krauss, M. R. Castrucci, I. 
Donatelli, H. Kida, J. C. Paulson, R. G. Webster, and Y. Kawaoka. 1998. 
Molecular basis for the generation in pigs of influenza A viruses with pandemic 
potential. J Virol 72:7367-73. 

134. Jamaluddin, M., S. Choudhary, S. Wang, A. Casola, R. Huda, R. P. 
Garofalo, S. Ray, and A. R. Brasier. 2005. Respiratory syncytial virus-inducible 
BCL-3 expression antagonizes the STAT/IRF and NF-kappaB signaling pathways 
by inducing histone deacetylase 1 recruitment to the interleukin-8 promoter. J 
Virol 79:15302-13. 

135. Jo, D., D. Liu, S. Yao, R. D. Collins, and J. Hawiger. 2005. Intracellular protein 
therapy with SOCS3 inhibits inflammation and apoptosis. Nat Med 11:892-8. 

136. Johnson, P. R., and P. L. Collins. 1988. The A and B subgroups of human 
respiratory syncytial virus: comparison of intergenic and gene-overlap sequences. 
J Gen Virol 69 ( Pt 11):2901-6. 

137. Johnson, P. R., and P. L. Collins. 1988. The fusion glycoproteins of human 
respiratory syncytial virus of subgroups A and B: sequence conservation provides 
a structural basis for antigenic relatedness. J Gen Virol 69 ( Pt 10):2623-8. 

138. Johnson, P. R., S. Feldman, J. M. Thompson, J. D. Mahoney, and P. F. 
Wright. 1986. Immunity to influenza A virus infection in young children: a 
comparison of natural infection, live cold-adapted vaccine, and inactivated 
vaccine. J Infect Dis 154:121-7. 

139. Johnson, P. R., Jr., S. Feldman, J. M. Thompson, J. D. Mahoney, and P. F. 
Wright. 1985. Comparison of long-term systemic and secretory antibody 
responses in children given live, attenuated, or inactivated influenza A vaccine. J 
Med Virol 17:325-35. 

140. Johnson, P. R., Jr., R. A. Olmsted, G. A. Prince, B. R. Murphy, D. W. Alling, 
E. E. Walsh, and P. L. Collins. 1987. Antigenic relatedness between 
glycoproteins of human respiratory syncytial virus subgroups A and B: evaluation 
of the contributions of F and G glycoproteins to immunity. J Virol 61:3163-6. 



53 
 

141. Johnson, T. R., and B. S. Graham. 1999. Secreted respiratory syncytial virus G 
glycoprotein induces interleukin-5 (IL-5), IL-13, and eosinophilia by an IL-4-
independent mechanism. J Virol 73:8485-95. 

142. Johnson, T. R., S. Hong, L. Van Kaer, Y. Koezuka, and B. S. Graham. 2002. 
NK T cells contribute to expansion of CD8(+) T cells and amplification of 
antiviral immune responses to respiratory syncytial virus. J Virol 76:4294-303. 

143. Kallal, L. E., and N. W. Lukacs. 2008. The role of chemokines in virus-
associated asthma exacerbations. Curr Allergy Asthma Rep 8:443-50. 

144. Kallewaard, N. L., A. L. Bowen, and J. E. Crowe, Jr. 2005. Cooperativity of 
actin and microtubule elements during replication of respiratory syncytial virus. 
Virology 331:73-81. 

145. Kamio, M., T. Yoshida, H. Ogata, T. Douchi, Y. Nagata, M. Inoue, M. 
Hasegawa, Y. Yonemitsu, and A. Yoshimura. 2004. SOCS1 [corrected] inhibits 
HPV-E7-mediated transformation by inducing degradation of E7 protein. 
Oncogene 23:3107-15. 

146. Kamura, T., K. Maenaka, S. Kotoshiba, M. Matsumoto, D. Kohda, R. C. 
Conaway, J. W. Conaway, and K. I. Nakayama. 2004. VHL-box and SOCS-
box domains determine binding specificity for Cul2-Rbx1 and Cul5-Rbx2 
modules of ubiquitin ligases. Genes Dev 18:3055-65. 

147. Kamura, T., S. Sato, D. Haque, L. Liu, W. G. Kaelin, Jr., R. C. Conaway, 
and J. W. Conaway. 1998. The Elongin BC complex interacts with the 
conserved SOCS-box motif present in members of the SOCS, ras, WD-40 repeat, 
and ankyrin repeat families. Genes Dev 12:3872-81. 

148. Kasper, S., T. Kindler, S. Sonnenschein, F. Breitenbuecher, F. D. Bohmer, C. 
Huber, and T. Fischer. 2007. Cross-inhibition of interferon-induced signals by 
GM-CSF through a block in Stat1 activation. J Interferon Cytokine Res 27:947-
59. 

149. Kawaguchi, T., T. Yoshida, M. Harada, T. Hisamoto, Y. Nagao, T. Ide, E. 
Taniguchi, H. Kumemura, S. Hanada, M. Maeyama, S. Baba, H. Koga, R. 
Kumashiro, T. Ueno, H. Ogata, A. Yoshimura, and M. Sata. 2004. Hepatitis C 
virus down-regulates insulin receptor substrates 1 and 2 through up-regulation of 
suppressor of cytokine signaling 3. Am J Pathol 165:1499-508. 

150. Kawai, T., and S. Akira. 2007. TLR signaling. Semin Immunol 19:24-32. 
151. Kenny, E. F., and L. A. O'Neill. 2008. Signalling adaptors used by Toll-like 

receptors: an update. Cytokine 43:342-9. 
152. Kerr, M. H., and J. Y. Paton. 1999. Surfactant protein levels in severe 

respiratory syncytial virus infection. Am J Respir Crit Care Med 159:1115-8. 
153. Kilbourne, E. D., W. G. Laver, J. L. Schulman, and R. G. Webster. 1968. 

Antiviral activity of antiserum specific for an influenza virus neuraminidase. J 
Virol 2:281-8. 

154. Kile, B. T., B. A. Schulman, W. S. Alexander, N. A. Nicola, H. M. Martin, 
and D. J. Hilton. 2002. The SOCS box: a tale of destruction and degradation. 
Trends Biochem Sci 27:235-41. 

155. Kinjyo, I., T. Hanada, K. Inagaki-Ohara, H. Mori, D. Aki, M. Ohishi, H. 
Yoshida, M. Kubo, and A. Yoshimura. 2002. SOCS1/JAB is a negative 
regulator of LPS-induced macrophage activation. Immunity 17:583-91. 



54 
 

156. Kobayashi, M., A. Takaori-Kondo, Y. Miyauchi, K. Iwai, and T. Uchiyama. 
2005. Ubiquitination of APOBEC3G by an HIV-1 Vif-Cullin5-Elongin B-Elongin 
C complex is essential for Vif function. J Biol Chem 280:18573-8. 

157. Komuro, A., D. Bamming, and C. M. Horvath. 2008. Negative regulation of 
cytoplasmic RNA-mediated antiviral signaling. Cytokine 43:350-8. 

158. Kotelkin, A., I. M. Belyakov, L. Yang, J. A. Berzofsky, P. L. Collins, and A. 
Bukreyev. 2006. The NS2 protein of human respiratory syncytial virus 
suppresses the cytotoxic T-cell response as a consequence of suppressing the type 
I interferon response. J Virol 80:5958-67. 

159. Kotelkin, A., E. A. Prikhod'ko, J. I. Cohen, P. L. Collins, and A. Bukreyev. 
2003. Respiratory syncytial virus infection sensitizes cells to apoptosis mediated 
by tumor necrosis factor-related apoptosis-inducing ligand. J Virol 77:9156-72. 

160. Krebs, D. L., and D. J. Hilton. 2000. SOCS: physiological suppressors of 
cytokine signaling. J Cell Sci 113 ( Pt 16):2813-9. 

161. Krempl, C., B. R. Murphy, and P. L. Collins. 2002. Recombinant respiratory 
syncytial virus with the g and f genes shifted to the promoter-proximal positions. J 
Virol 76:11931-42. 

162. Krunkosky, T. M., B. M. Fischer, L. D. Martin, N. Jones, N. J. Akley, and K. 
B. Adler. 2000. Effects of TNF-alpha on expression of ICAM-1 in human airway 
epithelial cells in vitro. Signaling pathways controlling surface and gene 
expression. Am J Respir Cell Mol Biol 22:685-92. 

163. Krusat, T., and H. J. Streckert. 1997. Heparin-dependent attachment of 
respiratory syncytial virus (RSV) to host cells. Arch Virol 142:1247-54. 

164. Kunzelmann, K., J. Sun, J. Meanger, N. J. King, and D. I. Cook. 2007. 
Inhibition of airway Na+ transport by respiratory syncytial virus. J Virol 81:3714-
20. 

165. Kuo, L., H. Grosfeld, J. Cristina, M. G. Hill, and P. L. Collins. 1996. Effects 
of mutations in the gene-start and gene-end sequence motifs on transcription of 
monocistronic and dicistronic minigenomes of respiratory syncytial virus. J Virol 
70:6892-901. 

166. Kurt-Jones, E. A., L. Popova, L. Kwinn, L. M. Haynes, L. P. Jones, R. A. 
Tripp, E. E. Walsh, M. W. Freeman, D. T. Golenbock, L. J. Anderson, and 
R. W. Finberg. 2000. Pattern recognition receptors TLR4 and CD14 mediate 
response to respiratory syncytial virus. Nature Immunology 1:398-401. 

167. Kurt-Jones, E. A., L. Popova, L. Kwinn, L. M. Haynes, L. P. Jones, R. A. 
Tripp, E. E. Walsh, M. W. Freeman, D. T. Golenbock, L. J. Anderson, and 
R. W. Finberg. 2000. Pattern recognition receptors TLR4 and CD14 mediate 
response to respiratory syncytial virus. Nat Immunol 1:398-401. 

168. Langedijk, J. P., B. L. de Groot, H. J. Berendsen, and J. T. van Oirschot. 
1998. Structural homology of the central conserved region of the attachment 
protein G of respiratory syncytial virus with the fourth subdomain of 55-kDa 
tumor necrosis factor receptor. Virology 243:293-302. 

169. Lawless-Delmedico, M. K., P. Sista, R. Sen, N. C. Moore, J. B. Antczak, J. M. 
White, R. J. Greene, K. C. Leanza, T. J. Matthews, and D. M. Lambert. 2000. 
Heptad-repeat regions of respiratory syncytial virus F1 protein form a six-
membered coiled-coil complex. Biochemistry 39:11684-95. 



55 
 

170. Levine, S., and R. Hamilton. 1969. Kinetics of the respiratory syncytial virus 
growth cycle in HeLa cells. Arch Gesamte Virusforsch 28:122-32. 

171. Levine, S., R. Klaiberfranco, and P. R. Paradiso. 1987. DEMONSTRATION 
THAT GLYCOPROTEIN-G IS THE ATTACHMENT PROTEIN OF 
RESPIRATORY SYNCYTIAL VIRUS. Journal of General Virology 68:2521-
2524. 

172. Li, X. Q., Z. F. Fu, R. Alvarez, C. Henderson, and R. A. Tripp. 2006. 
Respiratory syncytial virus (RSV) infects neuronal cells and processes that 
innervate the lung by a process involving RSV G protein. J Virol 80:537-40. 

173. Lindemans, C. A., P. J. Coffer, I. M. Schellens, P. M. de Graaff, J. L. 
Kimpen, and L. Koenderman. 2006. Respiratory syncytial virus inhibits 
granulocyte apoptosis through a phosphatidylinositol 3-kinase and NF-kappaB-
dependent mechanism. J Immunol 176:5529-37. 

174. Liu, P., M. Jamaluddin, K. Li, R. P. Garofalo, A. Casola, and A. R. Brasier. 
2007. Retinoic acid-inducible gene I mediates early antiviral response and Toll-
like receptor 3 expression in respiratory syncytial virus-infected airway epithelial 
cells. J Virol 81:1401-11. 

175. Liu, T., W. Zaman, B. S. Kaphalia, G. A. Ansari, R. P. Garofalo, and A. 
Casola. 2005. RSV-induced prostaglandin E2 production occurs via cPLA2 
activation: role in viral replication. Virology 343:12-24. 

176. Lo, M. S., R. M. Brazas, and M. J. Holtzman. 2005. Respiratory syncytial virus 
nonstructural proteins NS1 and NS2 mediate inhibition of Stat2 expression and 
alpha/beta interferon responsiveness. J Virol 79:9315-9. 

177. Loo, Y. M., J. Fornek, N. Crochet, G. Bajwa, O. Perwitasari, L. Martinez-
Sobrido, S. Akira, M. A. Gill, A. Garcia-Sastre, M. G. Katze, and M. Gale, 
Jr. 2008. Distinct RIG-I and MDA5 signaling by RNA viruses in innate 
immunity. J Virol 82:335-45. 

178. Lopez, J. A., R. Bustos, C. Orvell, M. Berois, J. Arbiza, B. Garcia-Barreno, 
and J. A. Melero. 1998. Antigenic structure of human respiratory syncytial virus 
fusion glycoprotein. J Virol 72:6922-8. 

179. Lukacs, N. W., J. J. Smit, M. A. Schaller, and D. M. Lindell. 2008. Regulation 
of immunity to respiratory syncytial virus by dendritic cells, toll-like receptors, 
and notch. Viral Immunol 21:115-22. 

180. Lund, J. M., L. Alexopoulou, A. Sato, M. Karow, N. C. Adams, N. W. Gale, 
A. Iwasaki, and R. A. Flavell. 2004. Recognition of single-stranded RNA 
viruses by Toll-like receptor 7. Proc Natl Acad Sci U S A 101:5598-603. 

181. Mahrour, N., W. B. Redwine, L. Florens, S. K. Swanson, S. Martin-Brown, 
W. D. Bradford, K. Staehling-Hampton, M. P. Washburn, R. C. Conaway, 
and J. W. Conaway. 2008. Characterization of Cullin-box sequences that direct 
recruitment of Cul2-Rbx1 and Cul5-Rbx2 modules to Elongin BC-based ubiquitin 
ligases. J Biol Chem 283:8005-13. 

182. Maines, T. R., K. J. Szretter, L. Perrone, J. A. Belser, R. A. Bright, H. Zeng, 
T. M. Tumpey, and J. M. Katz. 2008. Pathogenesis of emerging avian influenza 
viruses in mammals and the host innate immune response. Immunol Rev 225:68-
84. 



56 
 

183. Marine, J. C., D. J. Topham, C. McKay, D. Wang, E. Parganas, D. 
Stravopodis, A. Yoshimura, and J. N. Ihle. 1999. SOCS1 deficiency causes a 
lymphocyte-dependent perinatal lethality. Cell 98:609-16. 

184. Martin, K., and A. Helenius. 1991. Nuclear transport of influenza virus 
ribonucleoproteins: the viral matrix protein (M1) promotes export and inhibits 
import. Cell 67:117-30. 

185. Martinez, I., J. Dopazo, and J. A. Melero. 1997. Antigenic structure of the 
human respiratory syncytial virus G glycoprotein and relevance of hypermutation 
events for the generation of antigenic variants. Journal of General Virology 
78:2419-2429. 

186. Martinez, I., L. Lombardia, B. Garcia-Barreno, O. Dominguez, and J. A. 
Melero. 2007. Distinct gene subsets are induced at different time points after 
human respiratory syncytial virus infection of A549 cells. J Gen Virol 88:570-81. 

187. Matrosovich, M., A. Tuzikov, N. Bovin, A. Gambaryan, A. Klimov, M. R. 
Castrucci, I. Donatelli, and Y. Kawaoka. 2000. Early alterations of the 
receptor-binding properties of H1, H2, and H3 avian influenza virus 
hemagglutinins after their introduction into mammals. J Virol 74:8502-12. 

188. Matthews, S. P., J. S. Tregoning, A. J. Coyle, T. Hussell, and P. J. Openshaw. 
2005. Role of CCL11 in eosinophilic lung disease during respiratory syncytial 
virus infection. J Virol 79:2050-7. 

189. McNamara, P. S., B. F. Flanagan, L. M. Baldwin, P. Newland, C. A. Hart, 
and R. L. Smyth. 2004. Interleukin 9 production in the lungs of infants with 
severe respiratory syncytial virus bronchiolitis. Lancet 363:1031-7. 

190. Medzhitov, R., and C. A. Janeway, Jr. 1997. Innate immunity: the virtues of a 
nonclonal system of recognition. Cell 91:295-8. 

191. Mejias, A., S. Chavez-Bueno, A. M. Gomez, C. Somers, D. Estripeaut, J. P. 
Torres, H. S. Jafri, and O. Ramilo. 2008. Respiratory syncytial virus 
persistence: evidence in the mouse model. Pediatr Infect Dis J 27:S60-2. 

192. Melero, J. A., B. Garcia-Barreno, I. Martinez, C. R. Pringle, and P. A. Cane. 
1997. Antigenic structure, evolution and immunobiology of human respiratory 
syncytial virus attachment (G) protein. J Gen Virol 78 ( Pt 10):2411-8. 

193. Miele, L., E. Cordella-Miele, A. Facchiano, and A. B. Mukherjee. 1988. Novel 
anti-inflammatory peptides from the region of highest similarity between 
uteroglobin and lipocortin I. Nature 335:726-30. 

194. Miller, A. L., T. L. Bowlin, and N. W. Lukacs. 2004. Respiratory syncytial 
virus-induced chemokine production: linking viral replication to chemokine 
production in vitro and in vivo. J Infect Dis 189:1419-30. 

195. Mills, J. t., J. E. Van Kirk, P. F. Wright, and R. M. Chanock. 1971. 
Experimental respiratory syncytial virus infection of adults. Possible mechanisms 
of resistance to infection and illness. J Immunol 107:123-30. 

196. Monick, M. M., K. Cameron, L. S. Powers, N. S. Butler, D. McCoy, R. K. 
Mallampalli, and G. W. Hunninghake. 2004. Sphingosine kinase mediates 
activation of extracellular signal-related kinase and Akt by respiratory syncytial 
virus. Am J Respir Cell Mol Biol 30:844-52. 

197. Monick, M. M., K. Cameron, J. Staber, L. S. Powers, T. O. Yarovinsky, J. G. 
Koland, and G. W. Hunninghake. 2005. Activation of the epidermal growth 



57 
 

factor receptor by respiratory syncytial virus results in increased inflammation 
and delayed apoptosis. J Biol Chem 280:2147-58. 

198. Monick, M. M., T. O. Yarovinsky, L. S. Powers, N. S. Butler, A. B. Carter, G. 
Gudmundsson, and G. W. Hunninghake. 2003. Respiratory syncytial virus up-
regulates TLR4 and sensitizes airway epithelial cells to endotoxin. J Biol Chem 
278:53035-44. 

199. Mooney, R. A., J. Senn, S. Cameron, N. Inamdar, L. M. Boivin, Y. Shang, 
and R. W. Furlanetto. 2001. Suppressors of cytokine signaling-1 and -6 
associate with and inhibit the insulin receptor. A potential mechanism for 
cytokine-mediated insulin resistance. J Biol Chem 276:25889-93. 

200. Moore, E. C., J. Barber, and R. A. Tripp. 2008. Respiratory syncytial virus 
(RSV) attachment and nonstructural proteins modify the type I interferon 
response associated with suppressor of cytokine signaling (SOCS) proteins and 
IFN-stimulated gene-15 (ISG15). Virol J 5:116. 

201. Moretta, A., E. Marcenaro, S. Parolini, G. Ferlazzo, and L. Moretta. 2008. 
NK cells at the interface between innate and adaptive immunity. Cell Death Differ 
15:226-33. 

202. Moretta, L., G. Ferlazzo, C. Bottino, M. Vitale, D. Pende, M. C. Mingari, and 
A. Moretta. 2006. Effector and regulatory events during natural killer-dendritic 
cell interactions. Immunol Rev 214:219-28. 

203. Mufson, M. A., C. Orvell, B. Rafnar, and E. Norrby. 1985. Two distinct 
subtypes of human respiratory syncytial virus. J Gen Virol 66 ( Pt 10):2111-24. 

204. Mukherjee, A. B., E. Cordella-Miele, T. Kikukawa, and L. Miele. 1988. 
Modulation of cellular response to antigens by uteroglobin and transglutaminase. 
Adv Exp Med Biol 231:135-52. 

205. Munir, S., C. Le Nouen, C. Luongo, U. J. Buchholz, P. L. Collins, and A. 
Bukreyev. 2008. Nonstructural proteins 1 and 2 of respiratory syncytial virus 
suppress maturation of human dendritic cells. J Virol 82:8780-96. 

206. Murawski, M. R., G. N. Bowen, A. M. Cerny, L. J. Anderson, L. M. Haynes, 
R. A. Tripp, E. A. Kurt-Jones, and R. W. Finberg. 2008. RSV Activates Innate 
Immunity through Toll-like Receptor 2. J Virol. 

207. Naka, T., M. Narazaki, M. Hirata, T. Matsumoto, S. Minamoto, A. Aono, N. 
Nishimoto, T. Kajita, T. Taga, K. Yoshizaki, S. Akira, and T. Kishimoto. 
1997. Structure and function of a new STAT-induced STAT inhibitor. Nature 
387:924-9. 

208. Nakagawa, R., T. Naka, H. Tsutsui, M. Fujimoto, A. Kimura, T. Abe, E. 
Seki, S. Sato, O. Takeuchi, K. Takeda, S. Akira, K. Yamanishi, I. Kawase, K. 
Nakanishi, and T. Kishimoto. 2002. SOCS-1 participates in negative regulation 
of LPS responses. Immunity 17:677-87. 

209. Nicol, A. F., G. J. Nuovo, Y. Wang, B. Grinsztejn, A. Tristao, F. Russomano, 
M. A. Perez, J. R. Lapa e Silva, A. T. Fernandes, J. R. Gage, O. Martinez-
Maza, and M. G. Bonecini-Almeida. 2006. In situ detection of SOCS and 
cytokine expression in the uterine cervix from HIV/HPV coinfected women. Exp 
Mol Pathol 81:42-7. 

210. Nishiura, Y., T. Nakamura, N. Fukushima, R. Moriuchi, S. Katamine, and K. 
Eguchi. 2004. Increased mRNA expression of Th1-cytokine signaling molecules 



58 
 

in patients with HTLV-I-associated myelopathy/tropical spastic paraparesis. 
Tohoku J Exp Med 204:289-98. 

211. Noah, T. L., and S. Becker. 2000. Chemokines in nasal secretions of normal 
adults experimentally infected with respiratory syncytial virus. Clin Immunol 
97:43-9. 

212. Nuovo, G. J., D. L. Defaria, J. G. Chanona-Vilchi, and Y. Zhang. 2005. 
Molecular detection of rabies encephalitis and correlation with cytokine 
expression. Mod Pathol 18:62-7. 

213. O'Neill, R. E., J. Talon, and P. Palese. 1998. The influenza virus NEP (NS2 
protein) mediates the nuclear export of viral ribonucleoproteins. EMBO J 17:288-
96. 

214. Olson, M. R., S. M. Hartwig, and S. M. Varga. 2008. The number of 
respiratory syncytial virus (RSV)-specific memory CD8 T cells in the lung is 
critical for their ability to inhibit RSV vaccine-enhanced pulmonary eosinophilia. 
J Immunol 181:7958-68. 

215. Openshaw, P. J. 1995. Immunity and immunopathology to respiratory syncytial 
virus. The mouse model. Am J Respir Crit Care Med 152:S59-62. 

216. Openshaw, P. J. 2002. Potential therapeutic implications of new insights into 
respiratory syncytial virus disease. Respir Res 3 Suppl 1:S15-20. 

217. Openshaw, P. J., K. Anderson, G. W. Wertz, and B. A. Askonas. 1990. The 
22,000-kilodalton protein of respiratory syncytial virus is a major target for Kd-
restricted cytotoxic T lymphocytes from mice primed by infection. J Virol 
64:1683-9. 

218. Ostler, T., T. Hussell, C. D. Surh, P. Openshaw, and S. Ehl. 2001. Long-term 
persistence and reactivation of T cell memory in the lung of mice infected with 
respiratory syncytial virus. Eur J Immunol 31:2574-82. 

219. Otto, W. R. 2002. Lung epithelial stem cells. J Pathol 197:527-35. 
220. Pai, R. K., M. Convery, T. A. Hamilton, W. H. Boom, and C. V. Harding. 

2003. Inhibition of IFN-gamma-induced class II transactivator expression by a 
19-kDa lipoprotein from Mycobacterium tuberculosis: a potential mechanism for 
immune evasion. J Immunol 171:175-84. 

221. Palomo, C., P. A. Cane, and J. A. Melero. 2000. Evaluation of the antibody 
specificities of human convalescent-phase sera against the attachment (G) protein 
of human respiratory syncytial virus: influence of strain variation and 
carbohydrate side chains. J Med Virol 60:468-74. 

222. Palomo, C., B. Garcia-Barreno, C. Penas, and J. A. Melero. 1991. The G 
protein of human respiratory syncytial virus: significance of carbohydrate side-
chains and the C-terminal end to its antigenicity. J Gen Virol 72 ( Pt 3):669-75. 

223. Pasare, C., and R. Medzhitov. 2005. Toll-like receptors: linking innate and 
adaptive immunity. Adv Exp Med Biol 560:11-8. 

224. Pastva, A. M., J. R. Wright, and K. L. Williams. 2007. Immunomodulatory 
roles of surfactant proteins A and D: implications in lung disease. Proc Am 
Thorac Soc 4:252-7. 

225. Pauli, E. K., M. Schmolke, T. Wolff, D. Viemann, J. Roth, J. G. Bode, and S. 
Ludwig. 2008. Influenza A virus inhibits type I IFN signaling via NF-kappaB-
dependent induction of SOCS-3 expression. PLoS Pathog 4:e1000196. 



59 
 

226. Pazienza, V., S. Clement, P. Pugnale, S. Conzelman, M. Foti, A. Mangia, and 
F. Negro. 2007. The hepatitis C virus core protein of genotypes 3a and 1b 
downregulates insulin receptor substrate 1 through genotype-specific 
mechanisms. Hepatology 45:1164-71. 

227. Perera, P. Y., T. N. Mayadas, O. Takeuchi, S. Akira, M. Zaks-Zilberman, S. 
M. Goyert, and S. N. Vogel. 2001. CD11b/CD18 acts in concert with CD14 and 
Toll-like receptor (TLR) 4 to elicit full lipopolysaccharide and taxol-inducible 
gene expression. J Immunol 166:574-81. 

228. Pickles, R. J. 2004. Physical and biological barriers to viral vector-mediated 
delivery of genes to the airway epithelium. Proc Am Thorac Soc 1:302-8. 

229. Pickles, R. J., J. A. Fahrner, J. M. Petrella, R. C. Boucher, and J. M. 
Bergelson. 2000. Retargeting the coxsackievirus and adenovirus receptor to the 
apical surface of polarized epithelial cells reveals the glycocalyx as a barrier to 
adenovirus-mediated gene transfer. J Virol 74:6050-7. 

230. Pinto, L. H., L. J. Holsinger, and R. A. Lamb. 1992. Influenza virus M2 protein 
has ion channel activity. Cell 69:517-28. 

231. Plaza, J. A., and G. J. Nuovo. 2005. Histologic and molecular correlates of fatal 
measles infection in children. Diagn Mol Pathol 14:97-102. 

232. Plotch, S. J., M. Bouloy, I. Ulmanen, and R. M. Krug. 1981. A unique 
cap(m7GpppXm)-dependent influenza virion endonuclease cleaves capped RNAs 
to generate the primers that initiate viral RNA transcription. Cell 23:847-58. 

233. Polack, F. P., P. M. Irusta, S. J. Hoffman, M. P. Schiatti, G. A. Melendi, M. 
F. Delgado, F. R. Laham, B. Thumar, R. M. Hendry, J. A. Melero, R. A. 
Karron, P. L. Collins, and S. R. Kleeberger. 2005. The cysteine-rich region of 
respiratory syncytial virus attachment protein inhibits innate immunity elicited by 
the virus and endotoxin. Proc Natl Acad Sci U S A 102:8996-9001. 

234. Pothlichet, J., M. Chignard, and M. Si-Tahar. 2008. Cutting Edge: Innate 
Immune Response Triggered by Influenza A Virus Is Negatively Regulated by 
SOCS1 and SOCS3 through a RIG-I/IFNAR1-Dependent Pathway. J Immunol 
180:2034-8. 

235. Preston, F. M., P. L. Beier, and J. H. Pope. 1995. Identification of the 
respiratory syncytial virus-induced immunosuppressive factor produced by human 
peripheral blood mononuclear cells in vitro as interferon-alpha. J Infect Dis 
172:919-26. 

236. Pribul, P. K., J. Harker, B. Wang, H. Wang, J. S. Tregoning, J. Schwarze, 
and P. J. Openshaw. 2008. Alveolar macrophages are a major determinant of 
early responses to viral lung infection but do not influence subsequent disease 
development. J Virol. 

237. Prince, G. A., R. L. Horswood, and R. M. Chanock. 1985. Quantitative aspects 
of passive immunity to respiratory syncytial virus infection in infant cotton rats. J 
Virol 55:517-20. 

238. Prince, G. A., A. B. Jenson, V. G. Hemming, B. R. Murphy, E. E. Walsh, R. 
L. Horswood, and R. M. Chanock. 1986. Enhancement of respiratory syncytial 
virus pulmonary pathology in cotton rats by prior intramuscular inoculation of 
formalin-inactiva ted virus. J Virol 57:721-8. 



60 
 

239. Qiao, X., B. He, A. Chiu, D. M. Knowles, A. Chadburn, and A. Cerutti. 2006. 
Human immunodeficiency virus 1 Nef suppresses CD40-dependent 
immunoglobulin class switching in bystander B cells. Nat Immunol 7:302-10. 

240. Ram, P. A., and D. J. Waxman. 1999. SOCS/CIS protein inhibition of growth 
hormone-stimulated STAT5 signaling by multiple mechanisms. J Biol Chem 
274:35553-61. 

241. Ramaswamy, M., L. Shi, M. M. Monick, G. W. Hunninghake, and D. C. 
Look. 2004. Specific inhibition of type I interferon signal transduction by 
respiratory syncytial virus. Am J Respir Cell Mol Biol 30:893-900. 

242. Ramaswamy, M., L. Shi, S. M. Varga, S. Barik, M. A. Behlke, and D. C. 
Look. 2006. Respiratory syncytial virus nonstructural protein 2 specifically 
inhibits type I interferon signal transduction. Virology 344:328-39. 

243. Reed, J. L., Y. A. Brewah, T. Delaney, T. Welliver, T. Burwell, E. Benjamin, 
E. Kuta, A. Kozhich, L. McKinney, J. Suzich, P. A. Kiener, L. Avendano, L. 
Velozo, A. Humbles, R. C. Welliver Sr, and A. J. Coyle. 2008. Macrophage 
Impairment Underlies Airway Occlusion in Primary Respiratory Syncytial Virus 
Bronchiolitis. J Infect Dis 198:1783-1793. 

244. Rhee, S. H., and D. Hwang. 2000. Murine TOLL-like receptor 4 confers 
lipopolysaccharide responsiveness as determined by activation of NF kappa B and 
expression of the inducible cyclooxygenase. J Biol Chem 275:34035-40. 

245. Richardson, J. Y., M. G. Ottolini, L. Pletneva, M. Boukhvalova, S. Zhang, S. 
N. Vogel, G. A. Prince, and J. C. Blanco. 2005. Respiratory syncytial virus 
(RSV) infection induces cyclooxygenase 2: a potential target for RSV therapy. J 
Immunol 174:4356-64. 

246. Rogers, D. F. 2002. Airway goblet cell hyperplasia in asthma: hypersecretory and 
anti-inflammatory? Clin Exp Allergy 32:1124-7. 

247. Roman, M., W. J. Calhoun, K. L. Hinton, L. F. Avendano, V. Simon, A. M. 
Escobar, A. Gaggero, and P. V. Diaz. 1997. Respiratory syncytial virus 
infection in infants is associated with predominant Th-2-like response. Am J 
Respir Crit Care Med 156:190-5. 

248. Rose, M. C. 1992. Mucins: structure, function, and role in pulmonary diseases. 
Am J Physiol 263:L413-29. 

249. Routledge, E. G., M. M. Willcocks, L. Morgan, A. C. Samson, R. Scott, and 
G. L. Toms. 1987. Expression of the respiratory syncytial virus 22K protein on 
the surface of infected HeLa cells. J Gen Virol 68 ( Pt 4):1217-22. 

250. Rudd, B. D., E. Burstein, C. S. Duckett, X. Li, and N. W. Lukacs. 2005. 
Differential role for TLR3 in respiratory syncytial virus-induced chemokine 
expression. J Virol 79:3350-7. 

251. Rudd, B. D., J. J. Smit, R. A. Flavell, L. Alexopoulou, M. A. Schaller, A. 
Gruber, A. A. Berlin, and N. W. Lukacs. 2006. Deletion of TLR3 alters the 
pulmonary immune environment and mucus production during respiratory 
syncytial virus infection. J Immunol 176:1937-42. 

252. Rueda, P., C. Palomo, B. Garciabarreno, and J. A. Melero. 1995. THE 3 C-
TERMINAL RESIDUES OF HUMAN RESPIRATORY SYNCYTIAL VIRUS 
G-GLYCOPROTEIN (LONG STRAIN) ARE ESSENTIAL FOR INTEGRITY 



61 
 

OF MULTIPLE EPITOPES DISTINGUISHABLE BY ANTIIDIOTYPIC 
ANTIBODIES. Viral Immunology 8:37-46. 

253. Rust, M. J., M. Lakadamyali, F. Zhang, and X. Zhuang. 2004. Assembly of 
endocytic machinery around individual influenza viruses during viral entry. Nat 
Struct Mol Biol 11:567-73. 

254. Ryo, A., N. Tsurutani, K. Ohba, R. Kimura, J. Komano, M. Nishi, H. Soeda, 
S. Hattori, K. Perrem, M. Yamamoto, J. Chiba, J. Mimaya, K. Yoshimura, S. 
Matsushita, M. Honda, A. Yoshimura, T. Sawasaki, I. Aoki, Y. Morikawa, 
and N. Yamamoto. 2008. SOCS1 is an inducible host factor during HIV-1 
infection and regulates the intracellular trafficking and stability of HIV-1 Gag. 
Proc Natl Acad Sci U S A 105:294-9. 

255. Sakurai, H., R. A. Williamson, J. E. Crowe, J. A. Beeler, P. Poignard, R. B. 
Bastidas, R. M. Chanock, and D. R. Burton. 1999. Human antibody responses 
to mature and immature forms of viral envelope in respiratory syncytial virus 
infection: significance for subunit vaccines. J Virol 73:2956-62. 

256. Salkind, A. R., D. O. McCarthy, J. E. Nichols, F. M. Domurat, E. E. Walsh, 
and N. J. Roberts, Jr. 1991. Interleukin-1-inhibitor activity induced by 
respiratory syncytial virus: abrogation of virus-specific and alternate human 
lymphocyte proliferative responses. J Infect Dis 163:71-7. 

257. Sasai, M., M. Shingai, K. Funami, M. Yoneyama, T. Fujita, M. Matsumoto, 
and T. Seya. 2006. NAK-associated protein 1 participates in both the TLR3 and 
the cytoplasmic pathways in type I IFN induction. J Immunol 177:8676-83. 

258. Schauer, R. 2000. Achievements and challenges of sialic acid research. 
Glycoconj J 17:485-99. 

259. Schelender J, W. G., Conzelmann K-K. 2000b. Contact inhibition of PBL 
proliferation by respiratory syncytial virus(RSV) fusion (F) protein, p. 200, 11th 
International Conference on Negative Strand Viruses. 

260. Schlender, J., B. Bossert, U. Buchholz, and K. K. Conzelmann. 2000. Bovine 
respiratory syncytial virus nonstructural proteins NS1 and NS2 cooperatively 
antagonize alpha/beta interferon-induced antiviral response. J Virol 74:8234-42. 

261. Schwarze, J., G. Cieslewicz, A. Joetham, T. Ikemura, E. Hamelmann, and E. 
W. Gelfand. 1999. CD8 T cells are essential in the development of respiratory 
syncytial virus-induced lung eosinophilia and airway hyperresponsiveness. J 
Immunol 162:4207-11. 

262. Schwarze, J., D. R. O'Donnell, A. Rohwedder, and P. J. Openshaw. 2004. 
Latency and persistence of respiratory syncytial virus despite T cell immunity. 
Am J Respir Crit Care Med 169:801-5. 

263. Shay, D. K., R. C. Holman, R. D. Newman, L. L. Liu, J. W. Stout, and L. J. 
Anderson. 1999. Bronchiolitis-associated hospitalizations among US children, 
1980-1996. Jama 282:1440-6. 

264. Shingai, M., M. Azuma, T. Ebihara, M. Sasai, K. Funami, M. Ayata, H. 
Ogura, H. Tsutsumi, M. Matsumoto, and T. Seya. 2008. Soluble G protein of 
respiratory syncytial virus inhibits Toll-like receptor 3/4-mediated IFN-beta 
induction. International Immunology 20:1169-1180. 

265. Shingai, M., M. Azuma, T. Ebihara, M. Sasai, K. Funami, M. Ayata, H. 
Ogura, H. Tsutsumi, M. Matsumoto, and T. Seya. 2008. Soluble G protein of 



62 
 

respiratory syncytial virus inhibits Toll-like receptor 3/4-mediated IFN-beta 
induction. Int Immunol 20:1169-80. 

266. Shinya, K., M. Ebina, S. Yamada, M. Ono, N. Kasai, and Y. Kawaoka. 2006. 
Avian flu: influenza virus receptors in the human airway. Nature 440:435-6. 

267. Sikkel, M. B., J. K. Quint, P. Mallia, J. A. Wedzicha, and S. L. Johnston. 
2008. Respiratory syncytial virus persistence in chronic obstructive pulmonary 
disease. Pediatr Infect Dis J 27:S63-70. 

268. Simoes, E. A. 2003. Environmental and demographic risk factors for respiratory 
syncytial virus lower respiratory tract disease. J Pediatr 143:S118-26. 

269. Simoes, E. A. 1999. Respiratory syncytial virus infection. Lancet 354:847-52. 
270. Simonsen, L., M. J. Clarke, L. B. Schonberger, N. H. Arden, N. J. Cox, and 

K. Fukuda. 1998. Pandemic versus epidemic influenza mortality: a pattern of 
changing age distribution. J Infect Dis 178:53-60. 

271. Singh, D., K. L. McCann, and F. Imani. 2007. MAPK and heat shock protein 
27 activation are associated with respiratory syncytial virus induction of human 
bronchial epithelial monolayer disruption. Am J Physiol Lung Cell Mol Physiol 
293:L436-45. 

272. Singh, G., and S. L. Katyal. 1997. Clara cells and Clara cell 10 kD protein 
(CC10). Am J Respir Cell Mol Biol 17:141-3. 

273. Skehel, J. J., and D. C. Wiley. 2000. Receptor binding and membrane fusion in 
virus entry: the influenza hemagglutinin. Annu Rev Biochem 69:531-69. 

274. Smit, J. J., D. M. Lindell, L. Boon, M. Kool, B. N. Lambrecht, and N. W. 
Lukacs. 2008. The Balance between Plasmacytoid DC versus Conventional DC 
Determines Pulmonary Immunity to Virus Infections. PLoS ONE 3:e1720. 

275. Smit, J. J., B. D. Rudd, and N. W. Lukacs. 2006. Plasmacytoid dendritic cells 
inhibit pulmonary immunopathology and promote clearance of respiratory 
syncytial virus. J Exp Med 203:1153-9. 

276. Spann, K. M., K. C. Tran, B. Chi, R. L. Rabin, and P. L. Collins. 2004. 
Suppression of the induction of alpha, beta, and lambda interferons by the NS1 
and NS2 proteins of human respiratory syncytial virus in human epithelial cells 
and macrophages [corrected]. J Virol 78:4363-9. 

277. Spann, K. M., K. C. Tran, and P. L. Collins. 2005. Effects of nonstructural 
proteins NS1 and NS2 of human respiratory syncytial virus on interferon 
regulatory factor 3, NF-kappaB, and proinflammatory cytokines. J Virol 79:5353-
62. 

278. Springer, G. F., H. G. Schwick, and M. A. Fletcher. 1969. The relationship of 
the influenza virus inhibitory activity of glycoproteins to their molecular size and 
sialic acid content. Proc Natl Acad Sci U S A 64:634-41. 

279. Srikiatkhachorn, A., and T. J. Braciale. 1997. Virus-specific CD8+ T 
lymphocytes downregulate T helper cell type 2 cytokine secretion and pulmonary 
eosinophilia during experimental murine respiratory syncytial virus infection. J 
Exp Med 186:421-32. 

280. Staat, M. A. 2002. Respiratory syncytial virus infections in children. Semin 
Respir Infect 17:15-20. 

281. Starr, R., D. Metcalf, A. G. Elefanty, M. Brysha, T. A. Willson, N. A. Nicola, 
D. J. Hilton, and W. S. Alexander. 1998. Liver degeneration and lymphoid 



63 
 

deficiencies in mice lacking suppressor of cytokine signaling-1. Proc Natl Acad 
Sci U S A 95:14395-9. 

282. Starr, R., T. A. Willson, E. M. Viney, L. J. Murray, J. R. Rayner, B. J. 
Jenkins, T. J. Gonda, W. S. Alexander, D. Metcalf, N. A. Nicola, and D. J. 
Hilton. 1997. A family of cytokine-inducible inhibitors of signalling. Nature 
387:917-21. 

283. Sukeno, N., Y. Otsuki, J. Konno, N. Yamane, T. Odagiri, J. Arikawa, and N. 
Ishida. 1979. Anti-nucleoprotein antibody response in influenza A infection. 
Tohoku J Exp Med 128:241-9. 

284. Suzuki, Y., T. Ito, T. Suzuki, R. E. Holland, Jr., T. M. Chambers, M. Kiso, H. 
Ishida, and Y. Kawaoka. 2000. Sialic acid species as a determinant of the host 
range of influenza A viruses. J Virol 74:11825-31. 

285. Suzuki, Y., M. Matsunaga, and M. Matsumoto. 1985. N-
Acetylneuraminyllactosylceramide, GM3-NeuAc, a new influenza A virus 
receptor which mediates the adsorption-fusion process of viral infection. Binding 
specificity of influenza virus A/Aichi/2/68 (H3N2) to membrane-associated GM3 
with different molecular species of sialic acid. J Biol Chem 260:1362-5. 

286. Suzuki, Y., M. Matsunaga, Y. Nagao, T. Taki, Y. Hirabayashi, and M. 
Matsumoto. 1985. Ganglioside GM1b as an influenza virus receptor. Vaccine 
3:201-3. 

287. Suzuki, Y., Y. Nagao, H. Kato, M. Matsumoto, K. Nerome, K. Nakajima, and 
E. Nobusawa. 1986. Human influenza A virus hemagglutinin distinguishes 
sialyloligosaccharides in membrane-associated gangliosides as its receptor which 
mediates the adsorption and fusion processes of virus infection. Specificity for 
oligosaccharides and sialic acids and the sequence to which sialic acid is attached. 
J Biol Chem 261:17057-61. 

288. Takeda, K., and S. Akira. 2004. TLR signaling pathways. Semin Immunol 16:3-
9. 

289. Takeuchi, O., and S. Akira. 2008. MDA5/RIG-I and virus recognition. Curr 
Opin Immunol 20:17-22. 

290. Taub, D. D., J. R. Ortaldo, S. M. Turcovski-Corrales, M. L. Key, D. L. 
Longo, and W. J. Murphy. 1996. Beta chemokines costimulate lymphocyte 
cytolysis, proliferation, and lymphokine production. J Leukoc Biol 59:81-9. 

291. Taylor, G., E. J. Stott, and A. J. Hayle. 1985. Cytotoxic lymphocytes in the 
lungs of mice infected with respiratory syncytial virus. J Gen Virol 66 ( Pt 
12):2533-8. 

292. Tebbey, P. W., M. Hagen, and G. E. Hancock. 1998. Atypical pulmonary 
eosinophilia is mediated by a specific amino acid sequence of the attachment (G) 
protein of respiratory syncytial virus. J Exp Med 188:1967-72. 

293. Tekkanat, K. K., H. Maassab, A. Miller, A. A. Berlin, S. L. Kunkel, and N. 
W. Lukacs. 2002. RANTES (CCL5) production during primary respiratory 
syncytial virus infection exacerbates airway disease. Eur J Immunol 32:3276-84. 

294. Thomas, K. W., M. M. Monick, J. M. Staber, T. Yarovinsky, A. B. Carter, 
and G. W. Hunninghake. 2002. Respiratory syncytial virus inhibits apoptosis 
and induces NF-kappa B activity through a phosphatidylinositol 3-kinase-
dependent pathway. J Biol Chem 277:492-501. 



64 
 

295. Tripp, R. A. 2004. The brume surrounding respiratory syncytial virus 
persistence. Am J Respir Crit Care Med 169:778-9. 

296. Tripp, R. A. 2004. Pathogenesis of respiratory syncytial virus infection. Viral 
Immunol 17:165-81. 

297. Tripp, R. A. 2005. Pneumovirus and metapneumovirus:respiratory syncytial 
virus and human metapneumovirus, 10 ed, vol. 10. Hodder Arnold, London. 

298. Tripp, R. A., L. Jones, and L. J. Anderson. 2000. Respiratory syncytial virus G 
and/or SH glycoproteins modify CC and CXC chemokine mRNA expression in 
the BALB/c mouse. J Virol 74:6227-9. 

299. Tripp, R. A., L. P. Jones, L. M. Haynes, H. Zheng, P. M. Murphy, and L. J. 
Anderson. 2001. CX3C chemokine mimicry by respiratory syncytial virus G 
glycoprotein. Nat Immunol 2:732-8. 

300. Tripp, R. A., D. Moore, and L. J. Anderson. 2000. TH(1)- and TH(2)-TYPE 
cytokine expression by activated t lymphocytes from the lung and spleen during 
the inflammatory response to respiratory syncytial virus. Cytokine 12:801-7. 

301. Tripp, R. A., D. Moore, L. Jones, W. Sullender, J. Winter, and L. J. 
Anderson. 1999. Respiratory syncytial virus G and/or SH protein alters Th1 
cytokines, natural killer cells, and neutrophils responding to pulmonary infection 
in BALB/c mice. J Virol 73:7099-107. 

302. Tripp, R. A., C. Oshansky, and R. Alvarez. 2005. Cytokines and respiratory 
syncytial virus infection. Proc Am Thorac Soc 2:147-9. 

303. Trudel, M., F. Nadon, C. Seguin, and H. Binz. 1991. Protection of BALB/c 
mice from respiratory syncytial virus infection by immunization with a synthetic 
peptide derived from the G glycoprotein. Virology 185:749-57. 

304. Utley, T. J., N. A. Ducharme, V. Varthakavi, B. E. Shepherd, P. J. 
Santangelo, M. E. Lindquist, J. R. Goldenring, and J. E. Crowe, Jr. 2008. 
Respiratory syncytial virus uses a Vps4-independent budding mechanism 
controlled by Rab11-FIP2. Proc Natl Acad Sci U S A 105:10209-14. 

305. Valarcher, J. F., J. Furze, S. Wyld, R. Cook, K. K. Conzelmann, and G. 
Taylor. 2003. Role of alpha/beta interferons in the attenuation and 
immunogenicity of recombinant bovine respiratory syncytial viruses lacking NS 
proteins. J Virol 77:8426-39. 

306. Van Schaik, S. M., I. Vargas, R. C. Welliver, and G. Enhorning. 1997. 
Surfactant dysfunction develops in BALB/c mice infected with respiratory 
syncytial virus. Pediatr Res 42:169-73. 

307. Varga, S. M., X. Wang, R. M. Welsh, and T. J. Braciale. 2001. 
Immunopathology in RSV infection is mediated by a discrete oligoclonal subset 
of antigen-specific CD4(+) T cells. Immunity 15:637-46. 

308. Varki, A. 2007. Glycan-based interactions involving vertebrate sialic-acid-
recognizing proteins. Nature 446:1023-9. 

309. Varki, A. 2008. Sialic acids in human health and disease. Trends Mol Med 
14:351-60. 

310. Vlotides, G., A. S. Sorensen, F. Kopp, K. Zitzmann, N. Cengic, S. Brand, R. 
Zachoval, and C. J. Auernhammer. 2004. SOCS-1 and SOCS-3 inhibit IFN-
alpha-induced expression of the antiviral proteins 2,5-OAS and MxA. Biochem 
Biophys Res Commun 320:1007-14. 



65 
 

311. Waiboci, L. W., C. M. Ahmed, M. G. Mujtaba, L. O. Flowers, J. P. Martin, 
M. I. Haider, and H. M. Johnson. 2007. Both the suppressor of cytokine 
signaling 1 (SOCS-1) kinase inhibitory region and SOCS-1 mimetic bind to JAK2 
autophosphorylation site: implications for the development of a SOCS-1 
antagonist. J Immunol 178:5058-68. 

312. Walsh, M. J., J. R. Jonsson, M. M. Richardson, G. M. Lipka, D. M. Purdie, 
A. D. Clouston, and E. E. Powell. 2006. Non-response to antiviral therapy is 
associated with obesity and increased hepatic expression of suppressor of 
cytokine signalling 3 (SOCS-3) in patients with chronic hepatitis C, viral 
genotype 1. Gut 55:529-35. 

313. Wang, G., G. Williams, H. Xia, M. Hickey, J. Shao, B. L. Davidson, and P. B. 
McCray. 2002. Apical barriers to airway epithelial cell gene transfer with 
amphotropic retroviral vectors. Gene Ther 9:922-31. 

314. Wang, H., N. Peters, and J. Schwarze. 2006. Plasmacytoid dendritic cells limit 
viral replication, pulmonary inflammation, and airway hyperresponsiveness in 
respiratory syncytial virus infection. J Immunol 177:6263-70. 

315. Wang, H., Z. Su, and J. Schwarze. 2008. Healthy, but not RSV-infected, lung 
epithelial cells profoundly inhibit T-cell activation. Thorax. 

316. Wang, S. Z., C. L. Rosenberger, Y. X. Bao, J. M. Stark, and K. S. Harrod. 
2003. Clara cell secretory protein modulates lung inflammatory and immune 
responses to respiratory syncytial virus infection. J Immunol 171:1051-60. 

317. Waris, M. E., C. Tsou, D. D. Erdman, S. R. Zaki, and L. J. Anderson. 1996. 
Respiratory synctial virus infection in BALB/c mice previously immunized with 
formalin-inactivated virus induces enhanced pulmonary inflammatory response 
with a predominant Th2-like cytokine pattern. J Virol 70:2852-60. 

318. Welliver, R. C., and P. L. Ogra. 1988. Immunology of respiratory viral 
infections. Annu Rev Med 39:147-62. 

319. Wertz, G. W., and R. M. Moudy. 2004. Antigenic and genetic variation in 
human respiratory syncytial virus. Pediatr Infect Dis J 23:S19-24. 

320. WHO. 2009. Cumulative Number of Confirmed Human Cases of Avian Influenza 
A/(H5N1) Reported to WHO., WHO. 

321. Wissinger, E. L., W. W. Stevens, S. M. Varga, and T. J. Braciale. 2008. 
Proliferative expansion and acquisition of effector activity by memory CD4+ T 
cells in the lungs following pulmonary virus infection. J Immunol 180:2957-66. 

322. Wright, P. F., M. R. Ikizler, R. A. Gonzales, K. N. Carroll, J. E. Johnson, and 
J. A. Werkhaven. 2005. Growth of respiratory syncytial virus in primary 
epithelial cells from the human respiratory tract. J Virol 79:8651-4. 

323. Wu, H., D. S. Pfarr, G. A. Losonsky, and P. A. Kiener. 2008. 
Immunoprophylaxis of RSV infection: advancing from RSV-IGIV to palivizumab 
and motavizumab. Curr Top Microbiol Immunol 317:103-23. 

324. Xie, X. H., H. K. Law, L. J. Wang, X. Li, X. Q. Yang, and E. M. Liu. 2008. 
Lipopolysaccharide Induces IL-6 Production in Respiratory Syncytial Virus-
Infected Airway Epithelial Cells Through the Toll-like Receptor 4 Signaling 
Pathway. Pediatr Res. 



66 
 

325. Yeo, S. J., Y. J. Yun, M. A. Lyu, S. Y. Woo, E. R. Woo, S. J. Kim, H. J. Lee, 
H. K. Park, and Y. H. Kook. 2002. Respiratory syncytial virus infection induces 
matrix metalloproteinase-9 expression in epithelial cells. Arch Virol 147:229-42. 

326. Yoon, J. S., H. H. Kim, Y. Lee, and J. S. Lee. 2007. Cytokine induction by 
respiratory syncytial virus and adenovirus in bronchial epithelial cells. Pediatr 
Pulmonol 42:277-82. 

327. Yoshimura, A., T. Naka, and M. Kubo. 2007. SOCS proteins, cytokine 
signalling and immune regulation. Nat Rev Immunol 7:454-65. 

328. Yu, Y., Z. Xiao, E. S. Ehrlich, X. Yu, and X. F. Yu. 2004. Selective assembly 
of HIV-1 Vif-Cul5-ElonginB-ElonginC E3 ubiquitin ligase complex through a 
novel SOCS box and upstream cysteines. Genes Dev 18:2867-72. 

329. Zhang, L., M. E. Peeples, R. C. Boucher, P. L. Collins, and R. J. Pickles. 
2002. Respiratory syncytial virus infection of human airway epithelial cells is 
polarized, specific to ciliated cells, and without obvious cytopathology. J Virol 
76:5654-66. 

330. Zhang, Y., B. A. Luxon, A. Casola, R. P. Garofalo, M. Jamaluddin, and A. R. 
Brasier. 2001. Expression of respiratory syncytial virus-induced chemokine gene 
networks in lower airway epithelial cells revealed by cDNA microarrays. J Virol 
75:9044-58. 

331. Zhao, D., D. Peng, L. Li, Q. Zhang, and C. Zhang. 2008. Inhibition of G1P3 
expression found in the differential display study on respiratory syncytial virus 
infection. Virol J 5:114. 

332. Zhao, D. C., T. Yan, L. Li, S. You, and C. Zhang. 2007. Respiratory syncytial 
virus inhibits interferon-alpha-inducible signaling in macrophage-like U937 cells. 
J Infect 54:393-8. 

333. Zhao, Z. X., Q. X. Cai, X. M. Peng, Y. T. Chong, and Z. L. Gao. 2008. 
Expression of SOCS-1 in the liver tissues of chronic hepatitis B and its clinical 
significance. World J Gastroenterol 14:607-11. 

334. Zimmermann, S., P. J. Murray, K. Heeg, and A. H. Dalpke. 2006. Induction 
of suppressor of cytokine signaling-1 by Toxoplasma gondii contributes to 
immune evasion in macrophages by blocking IFN-gamma signaling. J Immunol 
176:1840-7. 

 
 



67 
 

 

 

CHAPTER 3 
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Abstract 

Respiratory syncytial virus (RSV) is a common cause of repeat infections 

throughout life and potentially severe lower respiratory tract illness in infants, young 

children and the elderly. RSV proteins have been shown to contribute to immune evasion 

by several means including modification of cytokine and chemokine responses whose 

expression is negatively regulated by suppressor of cytokine signaling (SOCS) proteins. 

In this study, we examine the role of SOCS1 and SOCS3 regulation of the type I 

interferon (IFN) response in normal fully differentiated human bronchial epithelial cells 

infected with RSV or with a RSV mutant virus lacking the G gene. The results show that 

RSV G protein modulates SOCS expression to inhibit type I IFN and interferon 

stimulated gene (ISG)-15 expression very early as well as late in infection, and that 

SOCS induction is linked to Toll-like receptor (TLR) signaling by RSV F protein 

indicated by interferon regulatory factor (IRF)-3 activation and nuclear translocation. 

These findings indicate that RSV surface proteins signal through the TLR pathway 

suggesting that this may be an important mechanism to reduce type I IFN expression to 

aid virus replication. 
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Introduction 

Human respiratory syncytial virus (RSV) is a common cause of serious lower 

respiratory tract disease in infants and young children and may cause serious illness and 

some mortality in the elderly and immune compromised. RSV is a non-segmented, 

enveloped, negative-strand RNA virus belonging to the Paramyxoviridae family having 

two major surface proteins, i.e. the attachment (G) and fusion (F) proteins, and a minor 

surface protein, the small hydrophobic (SH) protein (19). RSV is known to cause repeat 

infections throughout life, a feature that may be linked to immune modulation by RSV 

proteins (53, 57, 58, 61, 63, 64, 66). Several studies have shown that RSV nonstructural 

NS1 and NS2 proteins can coordinately regulate the type I interferon (IFN) response 

during infection, and NS2 specifically inhibits signal transducer and activator of 

transcription (STAT)-2 signaling (37, 52, 53, 56-58). Likewise, for bovine RSV, 

NS1/NS2 proteins have also been shown to antagonize type I IFN through a mechanism 

involving interferon regulatory factor (IRF)-3 phosphorylation (9). For human and bovine 

RSV, NS1/NS2 antagonism of the type I IFN response coincides with expression of these 

non-structural proteins as early as 5h post-infection (pi) (7).  

The RSV F protein has been shown to stimulate the TLR-dependent pathway 

through activation of CD14 and TLR4 (34). TLR4-deficient mice infected with RSV 

exhibit impaired pulmonary natural killer (NK) and CD14+ cell trafficking, deficient NK 

cell function, impaired interleukin (IL)-12 expression and impaired virus clearance (24). 

Infection of airway epithelial cells with RSV increases TLR4 mRNA, protein expression, 

and TLR4 membrane localization (40). In studies of severe RSV disease in infants, 

genotyping of two common TLR4 amino acid variants (D259G and T359I) revealed an 
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association between TLR4 polymorphisms and genetic predisposition to severe viral 

infection (50). Since the TLR4/CD14 complex is important for the initiation of innate 

immune responses, it is not surprising that severe RSV disease in infants has been 

associated with these polymorphic changes.  

The central conserved region of the RSV G protein may also modulate the innate 

immune response to infection (61, 64). This region contains a CX3C chemokine motif at 

amino acid positions 182-186 which is capable of interacting with the fractalkine 

receptor, CX3CR1 (64). G protein CX3C-CX3CR1 interaction has been shown to inhibit 

fractalkine-mediated responses, alter trafficking of CX3CR1+ cells, including T 

lymphocytes and NK cells, as well as modify their functional activity (23). In addition, 

RSV G protein expression during acute infection has been associated with altered CC and 

CXC chemokine mRNA expression and Th1/Th2-type cytokine responses by 

bronchoalveolar leukocytes (63, 65). Furthermore, BALB/c mice infected with RSV 

show increased and prolonged production of  Th2-type associated CCL2, CCL3, 

CXCL10, and CCL11 expression in total-lung RNA (13).  

Because RSV surface proteins have been shown to modulate the innate and 

adaptive immune responses, particularly for cytokine and chemokine expression, we 

hypothesized that RSV proteins may impact the suppressor of cytokine signaling (SOCS) 

family of proteins whose function is to negatively regulate cytokine and chemokine 

responses (59). SOCS proteins include eight members, i.e. SOCS1 to SOCS7 and CIS. 

Each SOCS protein contains a central Src-homology 2 (SH2) domain that is critical for 

inhibiting Janus kinase (JAK) activity, as well as a unique carboxy-terminal motif (SOCS 

box), that has a role in targeting proteins for ubiquitination and proteasomal degradation. 
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SOCS1 and SOCS3 are the most closely related and best characterized members acting 

through the JAK/STAT pathway to regulate cytokine expression via a kinase inhibitory 

region (KIR). Importantly, SOCS proteins can also be induced through TLR stimulation 

independent of type I IFN (3, 14, 16, 44), and SOCS1 and SOCS3 expression is induced 

in macrophages by LPS (29, 60). It has recently been shown that SOCS1 contains a 

nuclear localization signal (NLS) that may have a role in inhibiting STAT-dependent 

transcriptional activity within the nucleus (4).  

Several viruses have been shown to modify SOCS expression to manipulate the 

host response to infection. Influenza A virus and the hepatitis C virus core protein have 

been shown to induce SOCS expression and inhibit IFN signaling leading to a reduced 

anti-viral state (8, 39). Epstein-Barr virus latent infection induces SOCS1 and SOCS3 

mRNA in nasopharyngeal epithelial cells (36), and for chronic hepatitis B virus infection, 

there is a positive correlation between the level of SOCS1 expression and inflammation 

(72). Negative factor (Nef) protein, an immunosuppressive HIV-1 protein, has been 

shown to up regulate SOCS proteins in B cells (51), and SOCS1 has been shown to 

directly bind the HIV structural protein, Gag, during infection to assist in viral trafficking 

and stability (55). Notably, RSV infection of macrophage-like U937 cells results in 

increased expression of SOCS1, SOCS3 and CIS mRNA while phosphorylation of 

STAT1 and STAT2 was shown to be decreased (71).  

Thus, multiple families of viruses have adapted strategies to evade or inhibit key 

elements of the host anti-viral response, and accumulating evidence suggests that a 

primary mechanism may be linked to the regulation of SOCS expression.  



72 
 

In these studies, we show that RSV infection of fully differentiated primary 

NHBE cells up regulates SOCS1 and SOCS3 expression, an effect associated with 

decreased type I IFN and ISG15 expression. Using an RSV mutant virus lacking the G 

gene, we show that the G protein has an important role in modulation of SOCS1 and 

SOCS3 to down regulate type I IFN protein expression, and that modulation of SOCS 

expression may occur through a pathway linked through TLR signaling. We show that 

purified RSV F or G proteins increase SOCS1 and SOCS3 and decrease ISG15 

expression following treatment of NHBE cells, an effect linked to rapid IRF3 activation 

and translocation into the nucleus following RSV F or G protein treatment. These studies 

have important implications for understanding anti-viral immunity in normal primary 

human bronchial epithelial cells and in prospective disease intervention strategies.  

 

Materials and Methods 

Cell Culture.  

Expansion, cryopreservation, and culturing of normal human bronchial epithelial 

(NHBE) cells in an air-liquid interface (ALI) system were performed as previously 

described (33). Briefly, NHBE cells (Lonza, Walkersville, MD) from a single healthy 19-

year-old donor were used throughout the study and seeded into vented T75 tissue culture 

flasks (500 cells/cm2) until the cells reached 75-80% confluence. Cultures were dissociated 

with trypsin/EDTA and cultured in an ALI system initiated by seeding NHBE cells 

(passage-2, 4x104 cells/cm2) onto Transwell-clear culture inserts (24.5 mm, 0.45 mm pore 

size; Corning, Lowell, MA) that were thin-coated with rat tail collagen, type I (Collaborative 
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Res., Bedford, MA). Cells were submerged for the first 5-7 days in medium (BEGM 

BulletKit, Lonza) supplemented with 25 ng/mL epidermal growth factor (Upstate, 

Temecula, CA). After cells reached > 95% confluence, the ALI was created by removing 

the apical medium and feeding cells with BEGM BulletKit medium on their basolateral 

surface only. The apical surface of the cells was exposed to a humidified 95% air/5% CO2 

environment. Medium beneath the cells was changed every two days. Cells were cultured 

for 28 days in ALI for at least 35 days in culture.  

Virus and virus proteins.  

RSV strain A2 (RSV/A2), recombinant RSV/A2 (6340WT) and recombinant 

RSV/A2 lacking the G gene (6340ΔG) were propagated in VeroE6 cells (African green 

monkey kidney fibroblasts, American Type Culture Collection CCL 81) maintained in 

DMEM (Sigma-Aldrich Corp., St. Louis, MO, USA.) supplemented with 5% heat-

inactivated (60°C) fetal bovine serum (FBS; Hyclone Laboratories, Salt Lake City, Utah) 

as previously described (62). 6340WT and 6340ΔG viruses were kindly provided by P. 

Collins (11). At detectable cytopathic effect, i.e. day 3-4 post-infection, the medium was 

decanted and cells were sonicated with an Ultrasonic Dismembrator (Fisher Scientific, 

Pittsburgh, PA) for 5 seconds at maximum output voltage/frequency. The cell lysate was 

centrifuged at 3,000 × g for 7 min at 4°C. Virus titers were determined by 

immunostaining plaque assay on VeroE6 cells with anti-RSV F protein monoclonal 

antibody (clone 131-2A) as previously described (43). 6340WT was UV-inactivated by 

exposure to ultraviolet light for one hour on ice. Subsequent immunostaining plaque 

assay (66) confirmed inactivation (data not shown). RSV F and G proteins were isolated 

and purified from RSV/A2-infected VeroE6 cells as previously described (64).  
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Purification was confirmed by immunoblot with anti-G protein (131-2G) or anti-F protein 

(131-2A) monoclonal antibody as previously described (64). 

NHBE cell infection.  

NHBE cells were apically mock-infected or infected with RSV/A2, 6340WT or 

6340ΔG at a multiplicity of infection (MOI) of 1 or 3. Cells were harvested in triplicate at 

the times indicated pi. As appropriate, NHBE cells were apically treated with the 

following conditions: purified RSV G protein (10µg/mL), purified RSV F protein (10 

µg/mL), purified RSV G protein (10 µg/mL) + anti-RSV G protein monoclonal antibody 

(131-2G; 10 µg/mL), purified RSV F protein (10 μg/mL) + anti-RSV F protein 

monoclonal antibody (131-2A; 10 μg/mL), or LPS (1 μg/mL; Sigma, St. Louis, MO). 

RSV and mutant virus infection of NHBE cells was confirmed by immunostaining, 

immunoblot and qRT-PCR for RSV N gene expression as described here and previously 

reported (66). 

Quantitative RT-PCR.  

Total RNA was isolated using RNeasy Mini kit (Qiagen, Valencia, CA) and 

stored at -80°C until used. Reverse transcription of pooled RNA was performed using 

random hexamers and MuLV reverse transcriptase (Applied Biosystems, Foster City, 

CA). cDNA diluted 1:4 was used as template using SOCS1, SOCS3, IFNa1 and IFNb1 

gene expression assays (Applied Biosystems, Foster City, CA) and analyzed using 

MXPro software by Stratagene (La Jolla, CA). Amplifications were done following a 10-

min hot start at 95°C in a three-step protocol with 15 s of denaturation (95°C), 30 s of 

annealing (60°C) and extension at 72°C for 15 s. Each gene of interest was normalized to 
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hypoxanthine guanine phosphoribosyl transferase (HPRT) expression and calibrated to its 

corresponding expression in mock-infected or mock-stimulated NHBE cells. Data is 

presented as fold-differences in gene expression relative to mock-infected or mock-

stimulated NHBE cells. Values above 1.0 are considered indicative of up regulation, and 

values below 1.0 are considered indicative of down regulation. To confirm RSV infection 

of NHBE cells, RSV N gene expression was determined using the above cycling 

parameters and the following forward primer, probe and reverse primer sequences: 

TGACTCTCCTGATTGTGGGATGATA, CAGCATTAGTAATAACTAAATTAG, 

CGGCTGTAAGACCAGATCTGT.  

Flow cytometric analysis of protein expression.  

 The percent positive NHBE cells staining positive or negative for SOCS1, 

SOCS3, ISG15, IFNα or IFNβ were determined by flow cytometry using similar methods 

as previously described (66). Briefly, for intracellular staining, NHBE cells were washed 

once with PBS and trypsinized for 10 min at 37°C. Cells were collected and centrifuged 

at 220 x g for 5 min and resuspended in BD Cytofix/Cytoperm Fixation/Permeabilization 

Solution Kit (San Jose, CA) for 20 min at 4°C and washed with 0.5% saponin (Acro 

Organics, Morris Plains, NJ) diluted in flow buffer (3% FBS (heat-treated, 1h at 56oC) in 

PBS). Intracellular protein expression was determined by primary staining with anti-

SOCS1 (Abcam, Cambridge, MA), anti-SOCS3 (Novus Biologicals, Littleton, CO) and 

anti-ISG15 (Cell Signaling, Danvers, MA), and secondary staining with Cy5-conjugated 

donkey anti-rabbit IgG (Millipore, MA) antibodies. Intracellular IFNα and IFNβ protein 

expression was determined by APC-conjugated anti-IFNα (clone LT27:295, Miltenyi 

Biotec, Auburn, CA) and FITC-conjugated anti-IFNβ (clone MMHB-3, PBL 
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InterferonSource, Piscataway, NJ) monoclonal antibodies diluted in flow buffer for 1 

hour at 4°C. Cells were then washed with flow buffer and analyzed on a LSRII flow 

cytometer using FACSDiva software (Becton-Dickinson, Mountain View, CA). 

Additional analysis was performed using FlowJo software (TreeStar, Ashland, OR).  

Immunoblot analysis.  

NHBE cells were infected or apically treated as indicated above. Cells were lysed 

(50mM Tris-HCl, pH 7.4, 1% Ipegal, 0.25% sodium deoxycholate, 150mM NaCl, 1mM 

EDTA, 1mM Na3VO4, 1mM NaF, 1mM PMSF, 1µg/mL pepstatin A, 1µg/mL leupeptin 

HCl, 1µg/mL aprotinin). Proteins were separated by SDS/10.5-14% PAGE and 

transferred to polyvinylidene diflouride membranes in transfer buffer (25 mM Tris, 192 

mM Glycine, 20% methanol). Membranes were blocked in Tris-buffered saline (TBS) 

containing 0.05% (wt/vol) TWEEN20 and 5% (wt/vol) dry skim milk for 1 h and 

immunoblotted with anti-IRF3 antibody (sc-9082, Santa Cruz Biotechnology, Santa Cruz, 

CA). Bound antibodies were visualized by incubation with alkaline phosphatase-

conjugated goat anti-rabbit immunoglobulin G antibody with signal development using 

ECF (Pierce, Rockford, IL).  

Confocal Microscopy.  

NHBE cells were mock-infected or infected as described above. At 1 h pi or 

stimulation, the cells were washed with PBS and fixed with 3.7% formaldehyde. Cells 

were permeabilized with 1% Triton X-100 in PBS for 10 min. The apical surfaces of 

cultures were exposed to flow buffer to block nonspecific binding prior to addition of one 
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of the following primary antibodies diluted in flow buffer: anti-TLR-4 antibody (Zymed, 

Carlsbad, California), anti-RSV F antibody (131.2A), or anti-IRF3 (Santa Cruz). After 

primary-antibody incubation, the cultures were washed 3 times with PBS containing 

0.05% TWEEN20 and incubated with appropriate secondary antibodies: goat anti-rabbit 

IgG-conjugated to AlexaFluor 680 (Molecular Probes, Carlsbad, California) for TLR4, 

goat anti-mouse IgG-conjugated to AlexaFluor 488 (Molecular Probes) for RSV F, and 

donkey anti-rabbit IgG-conjugated to Cy5 (Chemicon). Cells were washed 3 times with 

PBS containing 0.05% TWEEN20 and stained with 1µg/mL DAPI (4’, 6’-diamindino-2-

phenylindole) in PBS. Fluorescence was recorded by optical sections using confocal laser 

scanning microscopy (LSM510Meta, Carl Zeiss). 

Statistical analysis of data.  

Differences in gene-fold expression in qRT-PCR analysis were evaluated by 

Student t test and considered significant when the p value was < 0.05. Data are shown as 

means ± standard deviation (SD). Differences in protein expression were evaluated by 

determining the percent (%) median fluorescent intensity (MFI) relative to that of mock-

treated cells. Differences in % of mock control were evaluated by unpaired t test and 

considered significant when the p value was < 0.05.  

 

Results 

RSV modifies SOCS and type I IFN gene expression. 

To determine if RSV infection of NHBE cells affected SOCS regulation of the 

type I IFN response, NHBE cells were infected with wild-type RSV/A2 or recombinant 
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wild type 6340WT (MOI = 1) (Fig. 3.1). The results show that both SOCS1 and SOCS3 

mRNA expression were induced within 15 minutes of 6340WT infection, i.e. the 

adsorption phase of virus infection (Fig. 3.1A). By 2h post-infection (pi), SOCS1 and 

SOCS3 mRNA declined but increased again between 6h and 12h pi, the period 

coinciding with initiation of viral protein expression (7, 35). IFNα and IFNβ mRNA 

expression increased early in 6340WT infection, peaked by 2-6 hours pi, and declined by 

12h pi to background levels (Fig. 3.1B). As predicted, type I IFN mRNA expression 

generally declined as SOCS mRNA expression increased. Concomitant with early (within 

15 minutes of infection) induction of SOCS1 and SOCS3 mRNA expression, there was 

little induction of type I IFN mRNA expression. Notably, IFNα/β mRNA expression 

increased as SOCS1 and SOCS3 decreased at 2 h pi. This may be related to the 

expression of type I IFN antagonists, i.e. NS1/NS2 proteins that have been shown to 

accumulate in the cell at 5 h pi (20, 58).  

To determine the role of the RSV G surface protein in SOCS regulation of the 

type I IFN response to infection, NHBE cells were infected (MOI = 1) with a 

recombinant RSV/A2 mutant virus lacking only the G gene (6340ΔG; Fig. 3.1). It is 

important to note that it is not possible to produce a RSV mutant lacking the F gene, as 

this gene is essential for virus replication. Examination of RSV N gene expression in 

NHBE cells infected (MOI = 1) with 6340WT or 6340ΔG was equivalent for the time-

points examined (data not shown). The results show that in the absence of G protein 

expression (6340ΔG), there was a significant (p < 0.05 – 0.001) decrease in SOCS1, 

SOCS3, IFNα and IFNβ mRNA expression detected at 15 min pi (Fig. 3.1). Compared to 

6340WT infection, lower levels of SOCS1 and SOCS3 mRNA expression were detected 
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at 6h and 18h pi, respectively, and lower levels IFNα mRNA expression was detected at 

6h pi following 6340ΔG infection. These results suggest that RSV G protein contributes 

to early induction of SOCS1 and SOCS3 mRNA, and the concomitant decrease of type I 

IFN mRNA expression.  

One interpretation of these findings is that RSV surface proteins may induce a 

very early SOCS response to alter the tempo and magnitude of the type I IFN response to 

infection. This feature may be important in facilitating virus replication before NS1/NS2 

protein expression. One mechanism linked to SOCS1 and SOCS3 expression is activation 

through the Toll-like receptor (TLR) pathway (3, 14, 16, 44, 60). As RSV F protein has 

been shown to bind to TLR4 (34), and NHBE cells have been shown to express TLR4 

mRNA (2), it is possible that RSV surface proteins interact through TLR4 and/or other 

TLR or pattern recognition receptors (PRRs) to initiate these effects. 

RSV modifies the type I IFN response. 

To further elucidate the mechanisms of RSV modulation of the type I IFN 

response, NHBE cells were mock infected or infected (MOI = 1) with 6340WT or 

6340ΔG to determine SOCS1, SOCS3, IFNα or IFNβ protein expression by flow 

cytometry (Fig. 3.2). Similar to gene expression detected in Figure 3.1, SOCS1 and 

SOCS3 proteins were increased over mock-infected cells early (2h pi) after infection 

(Fig. 3.2A). It is known that SOCS genes are constitutively expressed at low levels in 

unstimulated cells, but the rate of transcription rapidly increases following cytokine 

stimulation (1, 15, 32, 46). This feature is related to utilization of constitutively expressed 

SOCS proteins and the need for rapid re-expression to regulate external and internal 
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stimuli. Consistent with this, SOCS1 and SOCS3 protein expression was lower between 

6h and 18h pi, but subsequently increased by 24h pi. While the data in Figure 3.1 

indicates that expression of SOCS message increases between 6h and 12h pi, there is an 

expected lag in translation into detectable protein levels. The expression of SOCS1 and 

SOCS3 proteins at 2h pi was associated with low IFNα protein expression until 24h pi 

(Fig. 3.2B). Although IFNα gene expression was increased (Fig. 3.1B), there was 25-30% 

less IFNα protein detected compared to the mock-treatment (Figure 3.2B). In contrast, 

IFNβ protein expression increased by 2h pi, decreased from 6h to 18h pi, and increased 

again by 24h pi (Fig. 3.2B). Similar to IFNα transcript levels, a higher number of IFNβ 

transcripts were detected 2h to 6h pi (Fig. 3.1B) and less protein expression indicating 

RSV modulation of the type I IFN response as anticipated. 

To help clarify the role of the RSV G protein in SOCS regulation of the type I 

IFN response to RSV infection, the levels of SOCS1, SOCS3, IFNα or IFNβ protein 

expression were compared following 6340WT or 6340ΔG infection (MOI = 1) of NHBE 

cells (Fig. 3.2). In the absence of G protein expression, there was a significant (p < 0.01) 

increase in SOCS1 and SOCS3 protein expression at 2h and 6h pi (Fig. 3.2A). SOCS1 

and SOCS3 protein expression subsequently decreased between 12h and 18h pi, and 

again increased at 24h pi to levels similar to 6340WT infection. IFNα and IFNβ were 

expressed at higher levels following 6340ΔG infection compared to 6340WT infection 

between 2h to 12h pi, with a significant (p < 0.05 –0.001) increase  in protein expression 

between 6h and 12h pi (Fig. 3.2B).  

These results suggest that the RSV G protein has an important role in the temporal 

regulation of SOCS and type I IFN. The results show that SOCS1 and SOCS3 protein 



81 
 

expression remain high 2h - 6h post-6340WT infection while type I IFN protein 

expression decreases until 24h pi. Absence of the G protein, while linked to greater 

SOCS expression, also is associated with increased type I IFN protein expression 

compared to wild type virus infection. It is possible that the regulatory role of the G 

protein may be masked in this recombinant virus because in the absence of the G gene, it 

is possible that more F protein is being produced due to a higher gradient of F gene 

transcription (12). It may also be possible that although G protein reduces SOCS 

transcription (Fig. 3.1), it may increase SOCS protein stability as a more rapid SOCS 

protein response is observed during 6340ΔG infection.  

Immediate induction of SOCS mRNA by RSV G and F proteins.  

Evidence from the RSV deletion mutant virus studies (Fig. 3.1 and 3.2) suggested 

that one or more RSV surface proteins modulate SOCS1, SOCS3 and type I IFN 

expression. To support these findings, NHBE cells were apically treated with purified 

RSV F or G proteins, or purified F or G proteins blocked with anti-F protein or anti-G 

protein monoclonal antibodies, respectively (Fig. 3.3). Addition of 10 µg/mL RSV F 

protein to the apical surface of NHBE cells induced a > 3-fold increase in SOCS3 

message relative to mock-treated cells within 15 min of treatment; however, treatment 

with anti-RSV F protein monoclonal antibody resulted in reduced SOCS3 mRNA 

expression (Fig. 3.3A), as well as IFNα mRNA expression (Fig. 3.3B). Addition of 10 

µg/mL of purified RSV G protein to the apical surface of NHBE cells induced a > 2.5-

fold increase in SOCS3 mRNA expression relative to mock-treated cells within 15 min of 

treatment with little change in IFNα and IFNβ mRNA expression (Fig. 3.3). In contrast, 

treatment with anti-RSV G protein monoclonal antibody resulted in decreased SOCS3 
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mRNA expression (Fig. 3.3A), while IFNα mRNA expression increased considerably (> 

4-fold). As expected from previously published studies (3, 29, 60), treatment with LPS 

induced SOCS3 mRNA expression with no change in type I IFN gene expression. These 

results show that RSV F and G proteins induce SOCS3 mRNA expression by NHBE 

cells, which is consistent with the findings following 6340ΔG infection (Fig. 3.1). 

RSV induces SOCS protein expression without infection.  

To determine if SOCS regulation of type I IFN was dependent on RSV infection, 

NHBE cells were apically treated with UV-inactivated 6340WT (UV-6340WT). As 

shown in Figure 3.4A, treatment of NHBE cells with inactivated virus induced a 45% 

increase in SOCS1 protein expression at 6h post-treatment, where expression increased 

105% relative to mock-treated cells at 24h post-treatment. SOCS3 protein expression 

increased 20% within 2h of treatment and increased 50% relative to mock-treated cells at 

24h post-treatment. Although UV-inactivated 6340WT induced SOCS protein 

expression, IFNα and IFNβ protein expression also increased at 6h post-treatment, then 

decreased between 12h and 18h, and subsequently increased again 24h post-treatment 

(Fig. 3.4B). These results indicate that RSV can induce SOCS protein expression 

independent of replication, an effect linked to decreased type I IFN expression.  

To dissect the response to UV-inactivated virus treatment, NHBE cells were 

treated with purified RSV F or G protein in studies similar to those in Figure 3.3. Figure 

3.4A shows that from 2h to 24h post-treatment, SOCS1 protein expression increases in 

NHBE cells treated with purified RSV F protein, while SOCS3 protein expression 

increases beginning 12h post-treatment and peaks by 24h post-treatment. Paralleling the 
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changes in SOCS proteins, IFNα and IFNβ protein expression was decreased until 12h 

post-treatment (Fig. 3.4B). Interestingly, a similar response was observed when NHBE 

cells were treated with purified RSV G protein. SOCS1 protein expression increased 

relative to mock-treated cells by 2h post-treatment, and increased 140%  by 12h, while 

SOCS3 protein expression increased at 12h, and peaked 70% relative to mock-treated 

cells by 18h post-treatment (Fig. 3.4A). RSV G protein treatment resulted in a slight 

induction of IFNα at all time points tested and a robust IFNβ response by 12h post-

treatment which quickly declined by 24h post-treatment. Collectively, these results 

demonstrate that RSV surface proteins alone can induce SOCS1 and SOCS3 protein 

expression and suppress the type I IFN response.  

RSV F and G proteins modify ISG15 protein expression. 

The interferon-induced JAK-STAT pathway leads to the induction of hundreds of 

interferon-stimulated genes (ISGs) including ISG15 (17, 18, 31, 68). ISG15 contains 

significant sequence homology to ubiquitin and is a member of the ubiquitin-like (UBL) 

protein family (54).  In addition to being induced by type I IFN, ISG15 is also produced 

following stimulation by LPS and dsRNA in cells (54). Therefore, the induction of ISG15 

is an excellent indicator of type I IFN or TLR4 pathway activation.  

ISG15 expression was determined in NHBE cells infected (MOI = 1) with 

6340WT or 6340ΔG virus, or treated with UV-inactivated 6340WT virus or purified RSV 

F or G proteins similar to previous SOCS and type I IFN studies (Figures 3.1-3.4). Based 

on these findings showing that RSV surface proteins modify SOCS1 and SOCS3 

expression, and possibly the type I IFN response, it was expected that ISG15 protein 
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expression would be decreased in NHBE cells infected with RSV or treated with purified 

RSV proteins. Figure 3.5A shows that while 6340WT infection inhibited ISG15 

expression until 24h pi, 6340ΔG infection resulted in increased ISG15 protein expression 

early after infection, i.e. from 2h to 6h pi, as well as at 24h pi. Although it is possible that 

RSV infection may induce type I IFNs via the RIG-I pathway, comparison of Figure 3.5A 

to Figure 3.2A shows a similar pattern of SOCS1 and SOCS3 expression suggesting that 

RSV G protein may be interfering with the JAK-STAT pathway early during infection.  

Treatment of NHBE cells with UV-6340WT or purified RSV F or G surface 

proteins resulted in decreased ISG15 protein expression 2h post-treatment (Fig. 3.5B). 

However, UV-6340WT treatment increased ISG15 protein expression by 6h post-

treatment, expression subsequently declined from 12h to 18h, and then increased again at 

24h post-treatment. These results closely correlate with IFNα and IFNβ protein 

expression (Fig. 3.4B), and interestingly as SOCS1 expression increased, type I IFN and 

ISG15 protein expression decreased (Fig. 3.4 and Fig. 3.5B). Treatment of NHBE cells 

with RSV F protein induced a steady increase in ISG15 protein expression through the 

duration of study, and the level of ISG15 protein expression was similar to IFNα protein 

expression (Fig. 3.4B). Likewise, as IFNβ protein expression increased by 12h post-

treatment, ISG15 protein expression also increased by 18h post-treatment. RSV G protein 

stimulated a similar ISG15 response as RSV F protein treatment where ISG15 protein 

expression increased by 6h and remained steady through the duration of the study. Taken 

together, these results indicate that as SOCS proteins accumulate within the cell, type I 

IFN and downstream ISG15 signaling pathways are inhibited.  
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SOCS1 and SOCS3 are induced via a TLR signaling pathway.  

Because the RSV F protein has previously been shown to activate CD14 and 

TLR4 and stimulate the TLR-dependent pathway (34) and our results here show that 

RSV surface proteins modulate SOCS regulation of the type I IFN response (Figs. 3.2-

3.5), we evaluated whether this mechanism may be linked to signaling through a TLR 

signaling pathway. The level of TLR4 expression was determined on NHBE cells that 

were mock-treated or infected with 6340WT (MOI = 1) (Fig. 3.6A). The results show 

that TLR4 is expressed on the surface of uninfected and RSV-infected NHBE cells, a 

finding that strengthens the possibility of RSV F protein interaction with TLR4 as a 

feature that may induce SOCS protein expression resulting in negative regulation of the 

type I IFN antiviral response. To further address this possibility, NHBE cells were mock 

infected or infected with RSV (MOI = 1) and analyzed for interferon regulatory factor 3 

(IRF3) activation, a feature that would indicate TLR signaling via the TRIF/TRAM 

pathway (47, 69). As shown in Figure 3.6B, infection with RSV induced IRF3 

hyperphosphorylation that is readily detectable between 8 and 12 hours pi demonstrating 

that IRF3 was activated in the presence of replicating virus, possibly via the MDA5/RIG-

I pathway(s). IRF3 hyperphosphorylation (Fig. 3.6B) was also detected in NHBE cells 

following treatment with purified RSV F protein indicating that RSV F protein alone can 

induce PRR signaling. Infection of undifferentiated NHBE cells with 6340WT (MOI = 3) 

induced nuclear translocation of IRF3 within 1 h of addition of virus (Fig. 3.6C). 

Strikingly, purified RSV F protein alone induces a similar translocation of IRF3 to the 

nuclei of NHBE cells in the absence of replicating virus (Fig. 3.6C) indicating that the 

RSV F surface protein is stimulating a TLR pathway as predicted. This early response is 
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comparable to NHBE cells stimulated with LPS, a known TLR4 agonist and IRF3 

activator (26, 49). 

 

Discussion 

Interaction of RSV with airway epithelium may induce a variety of intracellular 

signaling pathways, which result in the activation of anti-viral mechanisms that include 

the elaboration of cytokines, chemokines, and induction of intrinsic elements that 

regulate cell survival. Studies in humans and animal models suggest that the host cell 

response to RSV infection is influenced by RSV protein expression (6, 42, 67), 

particularly the cytokine and chemokine response which can affect the magnitude, 

cadence and outcome of the RSV immune response. In this study, the human respiratory 

epithelial cell response to RSV infection was investigated using an ALI culture system 

consisting of primary fully differentiated primary NHBE cell cultures. The ALI culture 

system emulates human respiratory epithelium as it consists of polarized, ciliated 

pseudostratified columnar epithelium with goblet cells (33, 38, 48). Importantly, the 

polarized primary epithelial cells are fully differentiated and provide an apical 

compartment, which mimics the lumen of the airway, as well as a separate basolateral 

compartment, which provides nourishment to the culture over time.  

RSV F protein has been shown to trigger the innate immune response in mice via 

interaction with TLR4 (24, 34). RSV infection has also been shown to activate the NF-κB 

pathway in alveolar cells within 30 - 90 minutes pi or following treatment with UV-

inactivated virus through a TLR4-dependent mechanism (22), indicating that NF-κB 
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signaling is independent of viral replication. The data presented in this study are 

consistent with previous findings for RSV F protein induction of host cell response genes, 

and show that RSV F and G proteins affect SOCS negative regulation of the type I IFN 

response, an attribute associated with cross-talk between the TLR and JAK/STAT 

pathways. In this study, we use a RSV mutant virus lacking the G gene to show a role for 

G protein induction of SOCS1 and SOCS3 and negative regulation of the type I IFN 

response to RSV infection. We also show that purified RSV F or G proteins primarily 

induce SOCS3 negative regulation of type I IFN response very early after treatment. 

Despite inducing early SOCS3 message expression, RSV F or G protein treatment is 

associated with low SOCS1 and SOCS3 protein expression early after treatment. This 

seemingly contrary finding likely relates to the lag period linked to SOCS protein 

expression, but may indicate that RSV G protein may have an additional role in 

stabilizing the SOCS proteins, particularly since SOCS proteins have an extremely short 

half-life and are only stable within cells for 4-8 hours (21). Studies have shown that 

SOCS1 phosphorylation by the serine/threonine kinase Pim results in stabilization while 

tyrosine phosphorylation can decrease the half-life of SOCS3 due to a disruption between 

SOCS3 and Elongin C (10, 21). We also show additional evidence for RSV F and G 

protein inhibition of the early immune response by the expression pattern of ISG15 

following infection or viral protein stimulation. In one aspect of these studies, treatment 

of NHBE cells with purified F or G proteins induced SOCS protein expression leading to 

reduced type I IFN and downstream ISG15 protein expression.   

In these studies, we show that the RSV F surface protein can signal via a TLR 

pathway linked to IRF3 activation. Given the precedent for RSV F protein-TLR4 
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interaction (24, 34), it is likely that RSV F protein interacts with TLR4 expressed on 

NHBE cells, an effect that activates the IRF3 signaling pathway leading to SOCS 

expression. Supported by our studies, it also appears that RSV G protein has features of 

PRR activation of the SOCS signaling cascade and subsequent negative regulation of 

type I IFN response. Furthermore, the data from our studies indicate that RSV F and G 

proteins, like LPS that is a TLR agonist, preferentially induce SOCS3 over SOCS1 

expression to negatively regulate IFNα (5).  

Several studies have shown that human RSV NS1/NS2 proteins can regulate the 

type I IFN response during infection (37, 56-58), and studies examining bovine RSV 

have shown that NS1/NS2 proteins antagonize type I IFN through a mechanism involving 

IRF3 phosphorylation (9). It is important to note that, although IRF3 is constitutively 

expressed in many cell types, it is activated and translocated into the nucleus in response 

to DNA-damaging and stress-inducing agents, as well as to external signals that activate 

PRR such as LPS (27, 28, 45). In this study, purified RSV F protein alone was shown to 

activate IRF3 and mediate nuclear translocation (Figure 3.6C), strongly suggesting that 

these signaling events are mediated through TLR signaling. RIG-I, an intracellular 

receptor that binds to dsRNA in the cytosol and can induce type I IFN independent of 

TLR signaling (70) may be associated with signaling following RSV infection; however, 

RIG-I signaling cannot be the case for the findings using purified RSV F or G proteins, 

thus emphasizing the likelihood of signaling events mediated through cell surface PRR.  

RSV NS1/NS2 antagonism of the type I IFN response (9, 37, 53, 57, 58), 

although important in facilitating RSV replication, likely occurs downstream of the early 

type I IFN antagonism mediated by RSV F and G proteins. Following infection of cells, 
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NS1/NS2 protein synthesis is not detectable until 5 hours pi, and does not accumulate in 

the cell until 12 hours pi (7, 20, 35). Thus, the early (15 minutes - 2 hours) inhibition of 

the type I IFN response reported here is not likely mediated by nonstructural proteins. 

Studies from our laboratory examining murine type II respiratory epithelial cells (MLE-

15 cells) infected with wild type or RSV mutant viruses lacking the NS1, NS2 or 

NS1/NS2 genes show a similar early tempo and pattern of increased SOCS1 and SOCS3 

expression associated with decreased type I IFN expression which supports the results 

presented showing negative regulation of the type I IFN response occurring in the 

absence of NS1 or NS2 (41). Following RSV infection and endocytosis via a clathrin-

mediated pathway (30), it is likely that RSV surface and non-structural proteins interact 

with other TLRs, including those within early endosomes (25), to facilitate and 

exacerbate inhibition of the host cell anti-viral response. 

In summary, we propose a model (Fig. 3.7) for RSV modulation of the anti-viral 

response in which RSV F and G proteins interact with PRRs (e.g. TLRs) to induce SOCS 

negative regulation of the type I IFN response through a mechanism linked to IRF3 

activation. The consequence is a reduction, not inhibition, of type I IFN expression. In the 

model, a low level of type I IFN remains to maintain autocrine and paracrine surface 

receptor signaling of the JAK/STAT pathway, a feature that further enhances SOCS 

protein negative regulation of type I IFN expression. The net result is an effect that 

lowers the anti-viral threshold to facilitate virus replication. Working from this model, it 

should be possible to develop new disease intervention strategies for RSV that have been 

previously elusive.   
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Figure 3.1. RSV G protein induction of SOCS1 and SOCS3 mRNA expression is 
associated with a concomitant decrease in type I IFN mRNA expression. Normal 
human bronchial epithelial (NHBE) cells were mock infected or infected with 6340WT 
or 6340_G at a multiplicity of infection (MOI) of 1. Cells were harvested at the times 
indicated. SOCS1, SOCS3 (A), and IFNα and IFNβ (B), mRNA expression were 
measured by comparative quantitative real-time PCR. Transcript levels were first 
normalized to hypoxanthine guanine phosphoribosyl transferase (HPRT) expression and 
then calibrated to the mock-infected controls. Data is presented as fold-differences in 
gene expression. Values above 1.0 are considered up regulation, and values below 1.0 are 
considered down regulation relative to mock-infected NHBE cells. Differences in gene 
fold expression were evaluated by Student t test and considered significant when the p 
value was < 0.05 (*), < 0.01 (**) or < 0.001 (***). Data are shown as means with 
standard deviation (SD). 
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Figure 3.2. RSV G protein modifies the type I IFN anti-viral protein response. 
Normal human bronchial epithelial (NHBE) cells were mock infected or infected with 
6340WT or 6340ΔG at a multiplicity of infection (MOI) of 1. Cells were harvested at the 
times indicated. SOCS1, SOCS3 (A), and IFNα and IFNβ (B), protein expression were 
measured by flow cytometric analysis. Experiments were performed in triplicate, and 
results are shown as percent median fluorescent intensity (MFI) relative to the mock-
infected condition. Differences in % of mock control were evaluated by unpaired t test 
and considered significant when the p value was < 0.05 (*), < 0.01 (**) or < 0.001 (***). 
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Figure 3.3. RSV G and F proteins stimulate SOCS3 mRNA expression, an effect 
associated with decreased type I IFN mRNA expression. Normal human bronchial 
epithelial (NHBE) cells were mock-treated or treated with UV-inactivated 6340WT (MOI = 
1), purified RSV G or F proteins (each 10μg/mL), purified RSV G or F proteins pre-
incubated with anti-G or anti-F monoclonal antibodies (Ab), respectively, or LPS (1μg/mL). 
Cells were harvested at 15 minutes post-treatment. SOCS1 and SOCS3 (A) and IFNα and 
IFNβ (B) message expression were measured by real-time comparative qRT-PCR. Transcript 
levels were normalized to HPRT expression and calibrated to the mock condition. Data is 
presented as fold-differences in gene expression relative to mock-stimulated NHBE cells. 
Values above 1.0 are considered up regulation, and values below 1.0 are considered down 
regulation. 
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Figure 3.4. RSV surface proteins modify the type I IFN anti-viral protein response. 
Normal human bronchial epithelial (NHBE) cells were mock-treated or treated with UV-
inactivated 6340WT (MOI = 1), purified RSV G or F proteins (each 10μg/mL), or LPS 
(1μg/mL). Cells were harvested at the times indicated. SOCS1, SOCS3 (A), and IFNα 
and IFNβ (B), protein expression were measured by flow cytometric analysis. 
Experiments were performed in triplicate, and results are shown as percent median 
fluorescent intensity (MFI) relative to the mock-infected condition. 
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Figure 3.5. RSV surface proteins modify ISG15 protein expression. Normal human 
bronchial epithelial (NHBE) cells were mock infected or infected with 6340WT or 
6340ΔG at a multiplicity of infection (MOI) of 1 (A) or mock-treated or treated with UV-
inactivated 6340WT (MOI = 1), purified RSV G or F proteins (each 10μg/mL), or LPS 
(1μg/mL) (B). Cells were harvested at the times indicated. ISG15 protein expression was 
measured by flow cytometric analysis. Experiments were performed in triplicate, and 
results are shown as percent median fluorescent intensity (MFI) relative to the mock-
infected condition. Differences in % of mock control were evaluated by unpaired t test 
and considered significant when the p value was < 0.05 (*), < 0.01 (**) or < 0.001 (***). 
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Figure 3.6. Purified RSV F protein and RSV infection induces IRF3 activation and 
nuclear translocation. (A) NHBE cells were infected with RSV at a MOI = 1. Cells 
were fixed with 3.7% formaldehyde at day 7 post-infection and stained for TLR4 
(AlexaFluor 680, violet) and RSV F protein (AlexaFluor 488, green). Shown are two 
panels of representative cell areas. (B) NHBE cells were mock infected, infected with 
RSV at a MOI = 1, stimulated with purified RSV G or F proteins, or LPS for the times 
indicated. Cells were lysed, the proteins separated by SDS/PAGE, and immunoblotted 
with anti-IRF3 antibody. Hyperphosphorylation of IRF3 is indicated by the arrows. (C) 
Representative NHBE cells were infected with 6340WT (MOI = 3), mock-treated, treated 
with purified RSV F protein (10µg/mL) or treated with LPS (1µg/mL) for 1 hour. Cells 
were fixed with 3.7% formaldehyde at the times indicated and the nuclei stained (DAPI, 
blue), or immunostained with anti-IRF3 (Cy5, red) and anti-RSV F protein (AlexaFluor 
488, green) antibodies. Magnification, 100x objective. 
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Figure 3.7. Proposed model for RSV modulation of the anti-viral type I IFN 
response. RSV surface proteins interact with cell surface pattern recognition receptors 
(PRR), an example being Toll-like receptor (TLR). TLRs mediate recognition of viral 

structures (pathogen-associated molecular patterns; PAMPs). Upon TLR stimulation, at 
least some of the receptors dimerism and adaptor molecules are recruited to the receptor 
complex. Subsequently, signaling molecules among which are TRAM and TRIF, are 
recruited and activate IRF3 resulting in IRF3 phosphorylation, induction of the ISRE, 
leading to IFNα/β and SOCS expression. In turn, type I IFNs are secreted and act in an 
autocrine and paracrine fashion to activate JAK/STAT signaling. SOCS proteins 
subsequently negatively regulate type I IFN and cytokine expression. 
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CHAPTER 4 

RESPIRATORY SYNCYTIAL VIRUS (RSV) SURFACE GLYCOPROTEINS 

MODIFY THE CHEMOKINE RESPONSE IN HUMAN BRONCHOEPITHELIAL 

CELLS1 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

1Oshansky, C. M., J. Barber, J. Crabtree, and R. A. Tripp. To be submitted to Journal of 
Infectious Diseases. 



106 
 

Abstract 

Human respiratory syncytial virus (RSV) is a ubiquitous virus causing serious 

lower respiratory tract disease in infants and young children worldwide. Previous studies 

have shown that RSV modulates cytokine and chemokine expression patterns, and that 

certain expression profiles may be indicators of disease severity. Here we show that RSV 

infection of fully differentiated primary human bronchial epithelial (NHBE) cells induce 

apical and basal secretion of IL-8, IP-10, MCP-1, and RANTES. Purified RSV G 

(attachment) protein stimulates the secretion of IL-1α, IP-10, and RANTES, while 

purified F (fusion) protein elicits production of IL-8, IP-10, and RANTES. Moreover, 

UV-inactivated wild-type RSV treatment of NHBE cells induces apical IL-8, IP-10, and 

MCP-1 secretion independent of infection, suggesting that RSV proteins alone can 

modify chemokine responses and affect the early immune response to infection. 
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Introduction 

Human respiratory syncytial virus (RSV) is the most important cause of serious 

lower respiratory tract disease mediated by virus infection in infants and young children 

and causes serious illness in the elderly and immune compromised individuals. Annually, 

85,000 to 144,000 infants are hospitalized due to severe RSV disease in the United States 

(46), and of these infections, 20-25% result in pneumonia and 70% result in bronchiolitis 

(19, 56). Globally, severe RSV disease is estimated at 64 million cases with 160,000 

deaths each year (1). RSV is a pneumovirus belonging to the Paramyxoviridae family. It 

is a non-segmented, enveloped, negative-strand RNA virus with two major surface 

proteins, i.e. the attachment (G) and fusion (F) proteins, and a minor component, the 

small hydrophobic (SH) protein (13). Currently there is no vaccine available for 

prevention of RSV infection, and an individual may be repeatedly infected with RSV 

each season. It is thought that the capacity for RSV to cause repeat infections throughout 

life may be linked to immune modulation, an effect contributed to by RSV-encoded 

proteins that include the viral attachment (G) and fusion (F) glycoproteins (20, 23, 28, 29, 

39, 50, 52).  

RSV infection of host cell types results in the expression and modulation of both 

cytokine and chemokine expression patterns (49, 55), and it has been suggested that the 

certain patterns of cytokine or chemokine expression in RSV-infected individuals may be 

an indicator of disease severity (24). The inappropriate early innate response to RSV 

infection likely affects the development and magnitude of the adaptive immune response 

and facilitates virus replication. RSV primarily infects respiratory epithelial cells and as a 

result induces a cascade of signaling events mediated by nuclear factor (NF)-κB resulting 
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in expression of many proinflammatory cytokines and chemokines including regulated 

upon activation, normal T-cell expressed, and secreted (RANTES) or chemokine (C-C 

motif) ligand (CCL) 5, monocyte chemotactic protein-1 (MCP-1) or CCL2, eotaxin, 

interleukin (IL)-9, tumor necrosis factor (TNF) α, IL-6, IL-1 and fractalkine (CX3CL1) 

(5, 17, 18, 21, 31, 33, 41, 60). These chemokines and cytokines can act directly or via 

autocrine or paracrine feedback mechanisms to regulate the adaptive immune response to 

infection. Recent reports have indicated that RSV-infected patients display patterns of 

increased MIP-1α, RANTES and IL-8 (CXCL8) levels within the upper and lower 

respiratory tract (21), and in vitro, RSV infection of BEAS-2B cell (a bronchial epithelial 

cell line) induces elevated levels of IL-6, IL-8 and RANTES (59). In support of the 

hypothesis that these chemokines are important in pathogenesis, neutralizing antibody-

depletion of RANTES or eotaxin in mice results in a less severe form of RSV disease and 

eosinophilia (30, 48). Compared to adults, mice infected as neonates display higher 

illness scores, greater cell recruitment to the lungs and increased IL-4 production, linking 

immune immaturity to severity of disease (9). Furthermore, adult mice re-infected with 

RSV developed severe disease associated with Th2-type cytokine expression (9).   

RSV proteins have been shown to modify both the magnitude and timing of 

cytokine and chemokine expression. The RSV G protein contains a conserved CX3C 

chemokine motif and modifies the recruitment of CX3CR1+ cells including CD8+ T cells 

and natural killer (NK) cells during infection (20, 52). During the acute phase of RSV 

infection, the presence of the RSV G protein results in altered CC and CXC chemokine 

mRNA expression profiles (51), and mixed Th1/Th2-type cytokine responses by 

bronchoalveolar leukocytes (53). The presence of the G protein during RSV infection 
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also inhibits early chemokine mRNA expression of MIP-1α, MIP-1β, MIP-2, MCP-1, 

and interferon-inducible protein of 10kD (IP-10, CXCL10) (51). Furthermore, infection 

of mice with a mutant RSV lacking the G and SH genes resulted in greater numbers of 

NK cells in the lungs as well as increased IFNγ and TNFα production suggesting that the 

G and/or SH surface proteins regulate trafficking of NK cells to the lungs and pro-

inflammatory cytokine production (54). BALB/c mice infected with wild type RSV show 

increased and prolonged production of Th2-type associated monocyte chemotactic 

protein (MCP)-1 (CCL2), macrophage inflammatory protein (MIP)-1α (CCL3), IP-10 

(CXCL10), and eotaxin-1 (CCL11) expression in total-lung RNA (8).  

The other major RSV surface protein, i.e. the F protein, also modulates immunity. 

Infection of human airway epithelial cells with RSV increases TLR4 mRNA, protein 

expression, and TLR4 membrane localization (35). The RSV F protein has been shown to 

stimulate the TLR-dependent pathway in monocytes through activation of TLR4 in a 

CD14-dependent manner (28), and TLR4-deficient mice have been shown to have 

reduced viral clearance compared to wild-type mice (28). TLR4-deficient mice infected 

with RSV exhibit impaired pulmonary NK cell and monocyte infiltration, deficient NK 

cell function, impaired IL-12 expression and impaired virus clearance (23); however the 

TLR4-null mice also contain a defect in IL-12R and thus have a limited ability to confer 

IL-12 signaling during acute RSV infection (11).  

 To better understand the cytokine and chemokine response to infection in human 

respiratory epithelial cells, we examined RSV infection of primary normal human 

bronchial epithelial (NHBE) cells. We show that RSV surface proteins, particularly the G 
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and F proteins, can induce apical and basolateral secretion of IL-1α, IL-8, IP-10, and 

RANTES early in infection. 

 

Materials and Methods 

Cells, viruses and viral proteins 

Normal human bronchial epithelial (NHBE) cells (Lonza, Walkersville, MD) 

were expanded, cryopreserved, and cultured in an air-liquid interface (ALI) system as 

previously described (27). The apical surface of the cells was exposed to a humidified 95% 

air/5% CO2 environment, and the basal medium was changed every two days. Recombinant 

RSV/A2 (6340WT) and recombinant RSV/A2 lacking the G gene (6340ΔG) were kindly 

provided by Dr. Peter Collins (NIH, NIAID, Bethesda, MD) (7). Viruses were propagated 

in VeroE6 cells maintained in DMEM (Sigma-Aldrich Corp., St. Louis, MO, USA.) 

supplemented with 5% heat-inactivated (60°C) fetal bovine serum (FBS; Hyclone 

Laboratories, Salt Lake City, UT) as previously described (50). Virus titers were 

determined by immunostaining plaque assay on VeroE6 cells with anti-RSV F protein 

monoclonal antibody (clone 131-2A) as previously described (40). 6340WT was UV-

inactivated by exposure to ultraviolet light for one hour on ice. Subsequent 

immunostaining plaque assay (54) confirmed inactivation (data not shown). RSV F and G 

proteins were isolated and purified from RSV/A2-infected VeroE6 cells as previously 

described (52).  Purification was confirmed by immunoblot with anti-G protein (131-2G) 

or anti-F protein (131-2A) monoclonal antibody as previously described (52). 
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NHBE cell infection.  

NHBE cells were washed 3 times with PBS to remove excess mucus secretion on 

the apical surface prior to infection and were apically mock infected with VeroE6 cell 

lysate (VCL) or infected with 6340WT or 6340ΔG at a multiplicity of infection (MOI) of 

1. Viruses were allowed to adsorb for 1h at 37°C, the virus dilutions were removed by 

aspiration and washed again with PBS 3 times. NHBE cells were apically treated with the 

following conditions: purified RSV G protein (10 µg/mL), purified RSV F protein (10 

µg/mL), or LPS (1 μg/mL; Sigma, St. Louis, MO). Bronchial epithelial basal medium 

(BEBM) (Lonza) was added to the apical surface of differentiated NHBE cells and 

incubated for the indicated times post-infection or post-treatment at 37°C. RSV and 

mutant virus infection of NHBE cells was confirmed by immunostaining, immunoblot 

and qRT-PCR for RSV N gene expression as previously reported (54).  

Luminex-based detection of cytokines and chemokines 

MILLIPLEX MAP human cytokine/chemokine immunoassay (Millipore, St. 

Charles, MO) was used for the detection of secreted cytokines and chemokines from 

NHBE cell apical and basal cell-free supernatants using the Luminex® xMAP™ system 

according to the manufacturer protocol. Briefly, beads coupled with biotinylated anti-IL-

1α, anti-IL-8, anti-MCP-1, anti-MIP1α, anti-MIP1β, anti-IP-10, anti-RANTES mAbs 

were sonicated, mixed and diluted in bead diluent. For the assay, beads were diluted 1:4 

in bead diluent and incubated overnight at 4°C with NHBE apical or basolateral 

supernatant. After washing, beads were incubated with streptavidin-phycoerythrin for 1 

hour at room temperature, washed, and resuspended in wash buffer. The assay was 
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analyzed on a Luminex 200 instrument (Luminex Corporation, Austin, TX) using 

Luminex xPONENT 3.1 software. Additional analysis was performed using MILLIPLEX 

Analyst (Millipore).  

 

Results and Discussion 

 Accumulating evidence suggests that RSV infection induces the secretion of 

several chemokines including IL-8 (CXCL8), which attracts neutrophils, and RANTES 

(CCL5), MCP-1 (CCL2), MIP-1α (CCL3), MIP-1β (CCL4), and IP-10 (CXCL10), which 

attract monocytes and leukocytes to sites of inflammation (2-4, 32, 42). RSV-mediated 

bronchiolitis and inflammation are associated with high levels of MCP-1 and MIP-1α in 

nasal secretions (57), and the immune response to infection contributes to RSV disease. 

Important to immune pathogenesis are T cells which produce many cytokines that direct 

the host immune response to Th1-, Th2-, or mixed Th1/Th2-type responses, and T cells 

are sensitive to local and systemic chemokine levels used to recruit them to sites of 

infection and inflammation. The RSV G protein has been shown to modify various 

aspects of the host immune response to infection, and G protein CX3C chemokine 

mimicry linked to G protein interaction with the fractalkine receptor (CX3CR1) (52) 

contributes to immune modulation of CX3CR1+ immune cells that include NK and virus-

specific T cells (20). This interaction leads to a reduction in the overall antiviral T cell 

response to RSV infection in mice, and inhibition of NK cell trafficking and chemokine 

transcript expression by pulmonary leukocytes (20, 51). Studies examining the role of the 

G protein and G protein CX3C motif in enhanced pulmonary disease showed that 
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formalin-inactivated RSV (FI-RSV) mutant virus lacking the G protein or only the G 

CX3C motif did not prime for enhanced disease following RSV challenge, and had 

modified chemokine transcription profiles in bronchoalveolar lavage (BAL)-derived cells 

with increased expression of MIP-1α, MIP-1β, and MIP-2 mRNAs by 8 hours post-

infection (22). 

Because RSV has been shown to modify the immune response, in particular the 

induction of suppressor of cytokine signaling (SOCS) proteins (36, 61), it is likely that 

RSV surface proteins can modify chemokine expression in lung epithelial cells. As the 

apical or basolateral chemokine induction in human bronchial epithelial cells has not 

been investigated, we examined chemokine expression levels from fully differentiated 

primary NHBE cells following RSV infection or treatment with purified RSV F or G 

proteins. Contrary to previous studies that used A549 cells (6, 44), a type II alveolar cell, 

there was no increase in IL-1α secretion in NHBE cells during live RSV infection 

(6340WT) or with a mutant virus lacking the G gene (6340ΔG) (Figure 4.1). However, 

NHBE cells treated apically with purified RSV G protein secreted up to 676 pg/mL of IL-

1α from the apical surface (Figure 4.1A) and 120 pg/mL of IL-1α from the basolateral 

surface (Figure 4.1B) by 18h post-treatment. In contrast, little to no IL-1α was secreted in 

response to medium alone. These findings indicate that during RSV infection, G protein 

induces IL-1α expression in human airway cells likely leading to enhanced levels of 

endothelial cellular adhesion molecules, a feature that might contribute to immune 

pathogenesis by enhancing immune cell adherence to infected airway cells.  

Several chemokine receptors been shown to be involved in the host response to 

RSV infection, particularly CCR1 and CXCR1. The ligands of CCR1 include MIP-1α 
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(CCL3), RANTES (CCL5) and MCP-3 (CCL7) (10, 12, 25, 34, 37, 38), and an important 

ligand for CXCR1 is IL-8 (26, 43, 45). RSV infection of NHBE cells was associated with 

increased levels of apical IL-8 secretion throughout the duration of the experiment 

(Figure 4.2A), but only a slight increase in basal IL-8 secretion was observed relative to 

mock-infected cells (Figure 4.2B). Infection of NHBE cells with 6340ΔG resulted in 

similar, but lower apical IL-8 levels between 18h and 24h p.i. Interestingly, UV-

inactivated 6340WT-treatment of NHBE cells led to substantial (1.2 x 105 pg/mL) apical 

secretion of IL-8 by 2h of treatment, and IL-8 levels were similar to live infection 

between 6h and 24h pi (Figure 4.2A). UV-inactivation was confirmed by immunostaining 

plaque assay (results not shown). In contrast to IL-1α induction, RSV surface proteins did 

not induce substantial apical IL-8 secretion; however, RSV F protein treatment induced 

greater basolateral IL-8 secretion by 24h post-treatment relative to mock-treated cells 

(Figure 4.2B).  

 IP-10 appears to be an important chemokine in the response to RSV infection. 

Nasopharyngeal aspirates from children less than 2 years of age showed increased levels 

of IP-10, as well as IL-8, MIP-1α, and MIP-1β during severe RSV infection (4). In 

addition, RSV infection in mice leads to increased expression of IP-10 (CXCL10) mRNA 

in total lung RNA (8). In these studies, 6340WT infection of NHBE cells induced IP-10 

secretion both apically and basolaterally (Figure 4.3), however data from NHBE cells 

infected with 6340ΔG suggest that G protein inhibits IP-10 expression between 18h and 

24h pi. Consistent with IL-8 secretion induced by infection (Figure 4.2), IP-10 is highly 

expressed following UV-inactivated 6340WT treatment (Figure 4.3) indicating that UV-

inactivation may elicit an alternate route of chemokine stimulation compared to live virus 
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infection. Purified RSV F or G protein treatment elicited low levels of apical and 

basolateral IP-10 secretion relative to mock-treated NHBE cells over the course of 

treatment (Figure 4.3).  

 While increased MCP-1 levels in nasal secretions are associated with bronchiolitis 

and inflammation (57), RSV infection of human airway cells has been shown to mediate 

little MCP-1 secretion, but high levels of RANTES in cell supernatants (2). Contrary to 

these findings, 6340WT and 6340ΔG infection of NHBE cells resulted in substantially 

high levels of apical secretion (6 x 104 pg/mL) of MCP-1 that remained high from 2h to 

24h post-infection (Figure 4.4A). Furthermore, UV-inactivated 6340WT treatment of 

NHBE cells also elicited MCP-1 apical secretion to a level similar to that induced by live 

virus, but treatment with purified RSV F or G proteins had no effect on MCP-1 secretion 

relative to mock-treated cells (Figure 4.4A and B). These results indicate that the RSV G 

protein, and likely that the F protein as well, may not be primary mediators of apically-

expressed MCP-1. In contrast, basolateral secretion of MCP-1 was substantially higher  

in 6340ΔG infected NHBE supernatant compared to 6340WT-infected NHBE cell 

supernatant indicating that the G protein has a role in modifying MCP-1 basal expression  

(Figure 4.4B). 

RANTES (CCL5) is an important chemokine that functions in recruitment of 

monocytes, T cells and eosinophils to areas of inflammation via chemokine receptors 

CCR1, CCR3 and CCR5 (15, 16, 58). Increased RANTES and MIP-1α levels have been 

observed in nasopharyngeal and tracheal secretions, and these levels positively correlated 

with RSV disease severity (14, 47, 48). RSV infection of NHBE cells induced high levels 

of RANTES apical secretion (Figure 4.5A), but substantially lower RANTES secretion 
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from the basolateral surface (Figure 4.5B). RSV F and G both induce RANTES secretion 

from the apical surface; however the G protein induces greater RANTES production from 

both apical and basal surfaces (Figure 4.5). These results are somewhat in contrast the 

results from an earlier study which showed that treatment of HEp-2 cells with a 

recombinant RANTES (CCL5) inhibited RSV infection, and this inhibition was related to 

presence of the RSV F protein (12).   

 In conclusion, RSV surface proteins have a role in the induction of chemokines 

shown to be important in immune pathogenesis during severe RSV disease. We show for 

the first time that RSV infection and treatment with purified RSV proteins induces 

differential chemokine expression from the apical and basolateral NHBE monolayer 

surfaces, and it remains to be determined which viral and host factors are involved in this 

process.  
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Figure 4.1. The RSV G protein induces apical and basolateral secretion of IL-1α 
from NHBE cells. NHBE cells were apically mock infected with Vero cell lysate (VCL), 
UV-inactivated 6340WT, or infected with 6340WT or 6340ΔG at MOI = 1 (A and B; 
left). NHBE cells were apically treated with purified RSV F or G proteins (10 μg/mL) or 
LPS (1 μg/mL) (A and B; right). At the indicated times post-treatment or post-infection, 
apical supernatants (A) or basal media (B) were analyzed for the presence of IL-1α. 
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Figure 4.2. The RSV F protein can induce IL-8 secretion from NHBE cells. NHBE 
cells were apically mock infected with Vero cell lysate (VCL), UV-inactivated 6340WT, 
or infected with 6340WT or 6340ΔG at MOI = 1 (A and B; left). NHBE cells were 
apically treated with purified RSV F or G proteins (10 μg/mL) or LPS (1 μg/mL) (A and 
B; right). At the indicated times post-treatment or post-infection, apical supernatants (A) 
or basal media (B) were analyzed for the presence of IL-8. 
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Figure 4.3. The RSV F protein can induce IP-10 secretion from NHBE cells. NHBE 
cells were apically mock infected with Vero cell lysate (VCL), UV-inactivated 6340WT, 
or infected with 6340WT or 6340ΔG at MOI = 1 (A and B; left). NHBE cells were 
apically treated with purified RSV F or G proteins (10 μg/mL) or LPS (1 μg/mL) (A and 
B; right). At the indicated times post-treatment or post-infection, apical supernatants (A) 
or basal media (B) were analyzed for the presence of IP-10. 
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Figure 4.4. UV-inactivated RSV treatment of NHBE cells induces MCP-1 secretion 
independent of surface F or G proteins. NHBE cells were apically mock infected with 
Vero cell lysate (VCL), UV-inactivated 6340WT, or infected with 6340WT or 6340ΔG at 
MOI = 1 (A and B; left). NHBE cells were apically treated with purified RSV F or G 
proteins (10 μg/mL) or LPS (1 μg/mL) (A and B; right). At the indicated times post-
treatment or post-infection, apical supernatants (A) or basal media (B) were analyzed for 
the presence of MCP-1. 
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Figure 4.5. RSV G and F proteins induce apical RANTES secretion, but RSV G 
protein alone induces basolateral RANTES secretion. NHBE cells were apically mock 
infected with Vero cell lysate (VCL), UV-inactivated 6340WT, or infected with 6340WT 
or 6340ΔG at MOI = 1 (A and B; left). NHBE cells were apically treated with purified 
RSV F or G proteins (10 μg/mL) or LPS (1 μg/mL) (A and B; right). At the indicated 
times post-treatment or post-infection, apical supernatants (A) or basal media (B) were 
analyzed for the presence of RANTES. 
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CHAPTER 5 

AVIAN INFLUENZA VIRUS INFECTION OF HUMAN BRONCHIAL EPITHELIAL 

CELLS IS INDEPENDENT OF SIALIC ACID RECEPTOR EXPRESSION AND 

MEDIATES A DISTINCTIVE CYTOKINE AND CHEMOKINE RESPONSE  
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Abstract 

Avian influenza A viruses (AIV) are recognized as an important emerging threat to 

public health. Recently, highly pathogenic avian H5N1 influenza crossed the zoonotic 

barrier and caused rare but fatal disease in some humans, but fortunately has yet to 

acquire the ability for efficient human-to-human transmission. The binding preference of 

AIV and human influenza viruses for α2,3 versus α2,6 sialic acid moieties, respectively, 

on the cell surface has been proposed as a barrier in cross-species transmission. In this 

study we show using a fully differentiated, primary normal human bronchial epithelial 

(NHBE) cell model that low pathogenic H5N1, H5N2 and H5N3 AIV readily infect and 

replicate in NHBE cells independent of sialic acids present on the cell surface. NHBE 

cells treated with neuraminidase prior to infection are readily infected despite the loss of 

conventional sialic acid moieties. These results provide an important shift in view of the 

requirements for AIV infection of human airway cells.  
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Introduction 

 Influenza A viruses are important pathogens that present a significant threat to 

public health, veterinary health, and can cause an extensive economic burden, particularly 

avian influenza virus (AIV) infection in poultry. Influenza viruses are segmented, 

enveloped, negative-strand RNA viruses belonging to the Orthomyxoviridae family. They 

comprise a diverse array of subtypes due to their propensity to change antigenic profiles 

and are subtyped based on the antigenic properties of 2 surface glycoproteins, 

hemagglutinin (HA) and neuraminidase (NA). There are currently 16 known HAs and 9 

known types of NA. Seasonal epidemics cause more than 200,000 hospitalizations and 

more than 41,000 deaths each year in the United States alone (10). Three novel influenza 

viruses caused pandemics in 1918, 1957 and 1968, respectively. The 1918 influenza 

pandemic was the most severe resulting in unusually high mortality among healthy young 

adults (28). It remains unclear the precise features that contributed to the high rate of 

mortality due to infection with the 1918 influenza virus, but it has been shown that a 

single mutation in the PB1-F2 genome of 1918 influenza A viruses (and recently 

recognized as well for highly H5N1 avian influenza) contributed to increased virulence 

(2, 6, 22). Moreover, since 2003, there has been an increased incidence of highly 

pathogenic avian influenza (HPAI) virus outbreaks in poultry, and recently HPAI H5N1 

has crossed species barriers to infect >400 humans resulting in a >60% fatality rate (258 

deaths) as of May 2009 (41).  

It is believed that sialic acid receptors for influenza viruses are important barriers 

in cross-species transmission. Sialic acids are nine-carbon monosaccharides found at the 

ends of glycan chains. Sialic acids coat many host cell surfaces and secreted proteins (1, 
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25, 38, 39). The most common sialic acids found in mammals are N-acetylneuraminic 

acid (Neu5Ac) and N-glycolylneuraminic acid (Neu5Gc). Sialic acids are transferred to 

terminal sugars of glycoproteins and glycolipids by sialyltransferases, and can be added 

to the galactose carbon-6 forming an α2,6 linkage or to galactose carbon-3 forming an 

α2,3 linkage (1, 32, 39). The detection of α2,3 or α2,6 linkages can be readily determined  

by use of plant lectins that bind to glycolipids and glycoproteins containing sialic acids in 

α2,6 or α2,3 configuration. For instance, a lectin from the seed of Maackia amurensis tree 

(MAA) is specific for sialic acid α2,3, while a lectin obtained from the elderberry plant 

Sambucus nigra (SNA) is specific for sialic acid α2,6 (26, 40). 

Influenza HA binds to host cell sialic acid residues coating the host cell surface 

(30) and mediates viral entry via its receptor binding domain. Influenza HA has a strong 

preference to bind to certain sialic acid moieties, and this is believed to be an important 

host range determinant (32-35). Human influenza viruses preferentially bind α2,6 

linkages, while AIV preferentially bind α2,3 linkages highly expressed in the 

gastrointestinal tracts of aquatic birds (7, 15, 20, 27). Early experiments showed that 

SNA preferentially bound to the surface of ciliated tracheal epithelial cells indicating the 

presence of sialic acid α2,6, and MAA bound goblet cells indicating the presence of sialic 

acid α2,3 (3). These studies suggested that ciliated cells, but not goblet cells, were a 

primary target for human H3 influenza infection and were subsequently confirmed by 

using a fluorescently-labeled H3 virus which primarily infected ciliated cells (8). The 

AIV outbreak that occurred in 1997 in Hong Kong in humans was caused by a H5N1 

strain (A/Hong Kong/156/1997) in which all eight genes were of avian origin and 

therefore preferentially bound to sialic acid α2,3. The currently circulating H5N1 virus 
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has primarily afflicted birds and fowl and has maintained its sialic acid α2,3 binding 

preference. However, influenza pandemics have resulted after AIV have acquired 

mutations changing their HA binding specificity from avian-like, α2,3, to human-like, 

α2,6 (7, 13, 20), thus a HA mutation in H5N1 allowing for a change in receptor binding 

specificity could allow for efficient human-to-human transmission (20). 

In these studies, we determined if low pathogenic H5N1, H5N2 and H5N3 AIV 

could bind to, infect, and replicate in fully differentiated, normal human bronchial 

epithelial (NHBE) cells. We demonstrate that these viruses readily infect, replicate, and 

are apically released from NHBE cells independent of sialic acids present on the cell 

surface. Further, we show that low pathogenic AIV can still infect and replicate in NHBE 

cells that are sialidase-treated prior to infection.  

 

Materials and Methods 

Cells and viruses  

 Normal human bronchial epithelial (NHBE) cells (Lonza, Walkersville, MD) 

were expanded, cryopreserved, and cultured in an air-liquid interface system as 

previously described (18). The apical surface of the cells was exposed to a humidified 95% 

air / 5% CO2 environment, and the basal medium was changed every two days.  

The low pathogenic AIV (LPAI) strains A/mute swan/MI/451072-2/2006 (H5N1), 

A/chicken/Pennsylvania/13609/1993 (H5N2), and A/chicken/TX/167280-4/02 (H5N3) 

were kindly provided by Dr. David Suarez, USDA-Southeast Poultry Research Laboratory, 
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Athens, GA. A/New York/55/2004 (H3N2) was kindly provided by Dr. Richard Webby, St. 

Jude Children’s Research Hospital, Memphis, TN. Stock viruses were prepared by 

inoculating 9-day old specific pathogen-free (SPF) eggs and harvesting the allantoic fluid 

48h post-inoculation. Viral titers were obtained by serial dilution on Madin-Darby canine 

kidney (MDCK) epithelial cells in the presence of 1 μg/ml trypsin (Sigma), and 50% egg 

infectious doses (EID50) were performed in 9-day old SPF chicken embryos and calculated 

according to the method of Reed and Muench (24). 

Sequencing of influenza hemagglutinin and neuraminidase genes 

The RNeasy Kit (Qiagen, Valencia, CA) was used to extract RNA, and the One-

step RT-PCR Kit (Qiagen) was employed to amplify the HA and NA gene segments for 

direct sequencing of PCR products using gene segment-specific amplification primers 

(Table 5.1). Full-length amplicons were subjected to purification by agarose gel 

electrophoresis for cycle sequencing. Cycle sequencing reactions were carried out using 

an ABI 9700 thermocycler and optimized to produce the maximal length of read while 

economizing the use of BigDye reagent (Applied Biosystems Inc., Foster City, CA). The 

resulting 10μl cycle sequencing reaction was comprised of: 2μl template, 1μl ABI 

BigDye v3.1, 1μl (1pmole) sequencing primer, 2μl ABI 5X sequencing buffer, 4μl 

distilled water. Each amplicon was subjected to cycle sequencing reactions using both the 

forward and reverse amplifying primers. Internal primers were employed to fill in gaps 

and generate sequence at the 5’ and 3’ termini of each amplicon (Table 5.2). This scheme 

resulted in at least two reads for each nucleotide of the sequence. Cycle sequencing 

reactions were purified using Cleanseq reagent (Agencourt, Beverly, MA) and eluted in 

40μl of 0.1mM EDTA. Purified cycle sequencing products were loaded onto an ABI 
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3130XL genetic analyzer and separated by capillary electrophoresis through an 80cm 

capillary array. The resulting sequence traces were trimmed and assembled using 

Sequencher software (Genecodes, Ann Arbor, MI).  

 

 
Table 5.1 Gene Segment Amplification Primers 
Gene  Primer   Sequence (5’ 3’)

NA  N1 and N2 viruses 
Bm-NA-1  TATTCGTCTCAGGGAGCAAAAGCAGGAGT 
Bm-NA-1413R   ATATCGTCTCGTATTAGTAGAAACAAGGAGTTTTTT 
N3 virus 
Bm-N3-1  TATTCGTCTCAGGGAGCAAAAGCAGGTGC 
Bm-N3-1420R  ATATCGTCTCGTATTAGTAGAAACAAGGTGCTTTTT 

 
HA 

UGAHA-F  AGCAAAAGCAGGGGTCYAWACTATSAAA 
UGAHA-R  AGTAGAAACAAGGGTGTTTTTAATTATAATCTG 

 

 

Viral infection of NHBE cells 

Human and LPAI viruses were diluted in BEBM (Lonza) to equal titers, as 

determined by MDCK plaque assay. NHBE cells were washed 3 times with PBS to 

remove excess mucus secretion on the apical surface prior to infection. Viruses were 

allowed to adsorb for 1h at 37°C, the virus dilutions were removed by aspiration and 

washed again with PBS 3 times. NHBE cells were incubated for the indicated times p.i. at 

37°C. Viruses released apically were harvested by the apical addition and collection of 

300 µl of 0.05% BSA-BEBM allowed to equilibrate at 37°C for 30 min. Samples were 

stored at –80°C until assayed.  
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Sialidase Treatment and Influenza Infection of NHBE Cells 

To remove sialic acid moieties from the cell surfaces or to confirm the specificity of 

lectin binding, NHBE cells were apically treated with 25 mU/mL of neuraminidase from 

Clostridium perfringens (Sigma, St. Louis, MO) for 1 hour at 37°C. Following sialidase 

incubation, cells were washed three times with PBS. As appropriate, NHBE cells were 

apically mock infected or infected with A/mute swan/MI/451072-2/2006 (H5N1), 

A/chicken/Pennsylvania/13609/1993 (H5N2), A/chicken/TX/167280-4/02 (H5N3), or 

A/NY/55/2004 (H3N2) at the indicated multiplicities of infection (MOI). Cells were fixed 

in 3.7% formaldehyde for 30 min or harvested in triplicate at the times indicated post-

infection.  

Quantitative RT-PCR  

Total RNA was isolated using RNeasy Mini kit (Qiagen, Valencia, CA) and 

stored at -80°C until used. Reverse transcription was performed using random hexamers 

and MuLV reverse transcriptase (Applied Biosystems, Foster City, CA). Influenza M 

gene expression was measured using a TaqMan real-time quantitative reverse 

transcriptase PCR (qRT-PCR) assay using previously described primers and probe (29). 

Transcript levels were determined following a 10-minute hot start at 95°C in a three-step 

protocol with 15 s of denaturation (95°C), 30 s of annealing (60°C) and extension at 72°C 

for 15 s and analyzed using MXPro software by Stratagene (La Jolla, CA). Copy numbers 

were determined by generation of a standard curve using plasmid DNA encoding 

influenza M gene. Plasmid DNA concentrations were measured by optical density using a 

spectrophotometer.  
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Table 5.2 Internal Sequencing Primers
Gene   Primer   Sequence (5’ 3’)

H5N1    
NA   MINA-425F  TCAAGGGGCCTTATTGAATG 

MINA-898F  GAGACAACTGGCATGGTTCA 
MINA-770R  CTGGCCATTACTTGGTCCAT 
MINA-1269R  AATCCAACCCCGTCAGTTCT 

 
HA   MIHA-295F  TGGTCATACATCGTGGAAAAA 

MIHA-815F  GCTCCTGAATATGCGTACAAAA 
MIHA-633R  TGTTTGTTCAGCTGCATCATT 
MIHA-1146R  ATCCACTTCCCTGCTCATTG 

H5N2 
NA   PANA-405F  GTTGGGTGTTCCGTTTCACT 

PANA-776F  TTTGGGTATCGGGGATAACA 
PANA-790R  GATGGGATGCTTGTTGACAG 

 
HA   PAHA-283F  GCCTGTGCTATCCAGGAGAC 

PAHA-1251F  GGAAGATGGGTTTTTGGATG 
PAHA-620R  GACACATAAGTGTTCGAGTTCTGG 
PAHA-1099R  ATCCACTTCCCTGCTCATTG 

H5N3 
NA   TXNA-347F  GGGAGCACTGCTAGGGACTA 

TXNA-876F  GGAAACAGGGTATGTTTGCAG 
TXNA-713R  TCCAGTAAATCCTGTGATCTGC 
TXNA-1197R  AGGGCTGAAAACAGTCCTTG 

 
HA   TXHA-287F  GTGCTATCCAGGAGGCTTCA 

TXHA-809F  GCAATCATGAAAAGTGAACTGG 
TXHA-1305F  TGGAAAATGAAAGAACTCTGGA 
TXHA-657R  TGACCGGGATTGACCTCTTA 
TXHA-1140R  TCCCATCAATTGCTTTCTGG 

 

 

Flow cytometric analysis of surface sialic acid residues 

 The percent positive NHBE cells staining positive or negative for sialic acids α2,3 

or α2,6 were determined by flow cytometry. Briefly, NHBE cells were washed once with 

PBS and trypsinized for 10 min at 37°C. Cells were collected and centrifuged at 220 x g 

for 5 min and resuspended in 2% formaldehyde for 30 min on ice and washed with flow 

buffer (1% BSA-0.1% sodium azide in PBS). Surface residue expression was determined 
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by primary staining with 20 μg/mL biotinylated Maackia amurensis lectin-II (MAA-II) 

(B-1265, Vector Laboratories, Burlingame, CA) for α2,3 sias, or for α2,6 sias 20 μg/mL 

biotinylated Sambucus nigra lectin (SNA) (B-1305, Vector Laboratories) for 1 hour on 

ice. Secondary staining was performed with APC-conjugated streptavidin (BD, Mountain 

View, CA) diluted in flow buffer for 1 hour on ice. Cells were washed with flow buffer 

and analyzed on a LSRII flow cytometer using FACSDiva software (BD). Additional 

analysis was performed using FlowJo software (TreeStar, Ashland, OR).  

Confocal Microscopy 

  Cells were fixed for 30 minutes in 3.7% formaldehyde at the times indicated post-

infection. Sialic acid staining was performed as previously described (42). Briefly, to 

stain for α2,3 sias, cells were incubated with 20 μg/mL biotinylated MAA-II (Vector 

Laboratories), or for α2,6 sias 20 μg/mL biotinylated SNA (Vector Laboratories) for 1 

hour at room temperature, washed with PBS and incubated with 15 μg/mL Texas Red 

streptavidin (Vector Laboratories). MAA-II was specifically chosen because it 

preferentially binds to Siaα2-3Galβ1-3(Siaα2-6)GalNAc and not to non-sia residues as do 

other isoforms of MAA (16). Following washing, cells were permeabilized in PBS 

containing 0.5% TX-100, washed in PBS-0.05%TWEEN (PBS-T) and incubated with 

mouse anti-NP IgG2a diluted in 3% bovine serum albumin (BSA) in PBS-T. The cells 

were then washed with PBS-T, incubated for one hour with anti-mouse IgG 

AlexaFluor488 (Molecular Probes, Carlsbad, California) and anti-β-tubulin directly 

conjugated to FITC (cilia stain). Cells were rapid stained with DAPI (1μg/mL). After 

washing with PBS-T, membranes were excised from their culture inserts and mounted on 

glass slides. 
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Luminex-based detection of cytokines and chemokines 

The Luminex® xMAP™ system is a high-throughput microsphere-based 

suspension array, and a MILLIPLEX MAP human cytokine/chemokine immunoassay 

(Millipore, St. Charles, MO) was used for the rapid immunological detection of secreted 

cytokines and chemokines from NHBE cells according to the manufacturer protocol. 

Briefly, beads coupled with biotinylated anti-IL-1α, anti-IL-1β, anti-IL-8, anti-MCP-1, 

anti-MIP-1α, anti-MIP1β, anti-IP-10, anti-RANTES mAbs were sonicated, mixed and 

diluted in bead diluent. For the assay, beads were diluted 1:4 in bead diluent and 

incubated overnight at 4°C with NHBE apical wash or basolateral supernatant. After 

washing, beads were incubated with streptavidin-phycoerythrin for 1 hour at room 

temperature, washed, and resuspended in wash buffer. The assay was analyzed on a 

Luminex 200 instrument (Luminex Corporation, Austin, TX) using Luminex xPONENT 

3.1 software. Additional analysis was performed using MILLIPLEX Analyst (Millipore).  

 

Results 

LPAI virus replicates and is shed apically from NHBE cells 

To determine if LPAI viruses can infect NHBE cells, the cells were apically 

infected with A/chicken/Pennsylvania/13609/1993(H5N2) (A/CK/PA) (Figure 5.1A) or 

A/chicken/TX/167280-4/02(H5N3) (A/CK/TX) (Figure 5.1B) at a MOI of 0.001 

(equivalent to 104.38 EID50/mL for A/CK/PA and 103.86 EID50/mL for A/CK/TX). This 

low MOI was chosen in order to detect virus replication by apical wash. Figure 5.1A 

shows that within 24h pi, NHBE cells infected with A/CK/PA had apical wash titers of 
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104.99 EID50/mL at 24h pi which peaked by 48h pi to 105.27 EID50/mL. NHBE cells 

infected with A/CK/TX had apical wash titers that increased slightly at 24h pi to 103.97 

EID50/mL, but subsequently increased to 104.25 EID50/mL at 48h pi, and peaked at 105.3 

EID50/mL at 72h pi (Figure 5.1B). As the EID50 values were determined from apical 

washes of infected cells, the results indicate that both A/CK/PA and A/CK/TX replicate 

and are shed apically from NHBE cells. The results shown here support previous findings 

in which human tracheobronchial epithelial cells were productively infected with avian 

influenza A/Duck/Singapore/5/97 (H5N3) (36).  

 

NHBE cells express α2,6 and α2,3 sialic acid receptors 

Given the propensity of AIV infection of NHBE cells, the cells were stained with 

lectins to determine the α2,6 and α2,3 sialic acid residue expression. MAA-II lectin 

preferentially binds to α2,3 sialic acids, and SNA lectin preferentially binds to α2,6 sialic 

acids. Figure 5.2A shows that α2,6 sialic acids are abundantly expressed on the NHBE 

cell surface, while α2,3 sialic acids are expressed at a lower level. Previous reports 

suggest that AIV infect ciliated cells which primarily express α2,3 sialic acids, while 

human viruses preferentially infect nonciliated cells expressing α2,6 linked sialic acids 

(21). The specificity of staining using MAA-II or SNA lectins was confirmed by pre-

treating the apical surface of NHBE cells with neuraminidase from Clostridium 

perfringens (image inserts in Figure 5.2A and 5.2B) which shows that sialidase treatment 

removes detectable sialic acids from the cells.  
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To determine the relative distribution of α2,3 or α2,6 sialic acids on the surface of 

NHBE cells, the cells were trypsinized from their culture inserts and lectin-stained. 

Figure 5.2C shows that α2,6 residues are abundantly expressed on most NHBE cells 

however staining for α2,3 residues indicates that while most cells do express some level 

of α2,3 sialic acid, there are two populations, i.e. a population that is dimly positive and a 

population brightly positive as determined by flow cytometry.  

AIVs infect NHBE cells independent of α2,3 sialic acids. 

 Previous studies suggest that AIV primarily infect ciliated cells expressing α2,3 

sialic acids (21). However, infection of NHBE cells with avian A/mute swan/MI, 

A/CK/PA, A/CK/TX, or human A/NY/55/04 occurred independent of sialic acid surface 

expression (Figure 5.3). These AIV replicated well (as measured by NP protein 

expression) between 24h and 48h pi and by 72h pi, A/Mute Swan/MI (H5N1) and 

A/CK/PA (H5N2) induced severe cytopathic effects indicated by drastic changes in cell 

morphology and loss of the confluent cell lawn. Human A/NY/55/04 (H3N2) robustly 

spread throughout the NHBE cell culture and induced substantial cytopathic effects such 

as cell loss (data not shown). As replication proceeded by AIV or human viruses at 24h, 

48h and 72h pi, there was a progressive loss of cell surface expression of α2,6 sialic 

acids, albeit to a slightly lesser extent during A/CK/TX (H5N3) infection. These effects 

are likely attributable to influenza neuraminidase expression during replication (Figure 

5.3A).  
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AIV infect sialidase-treated NHBE cells 

 Since there appeared to be no HA- sialic acid barrier between AIV and human 

influenza virus infection of NHBE cells, the NHBE cells were treated with neuraminidase 

from Clostridium perfringens to confirm if infection could be inhibited (Figure 5.2A and 

B; image inserts). Recent findings suggest that sialidase treatment can reduce influenza 

virus infection, but total inhibition does not occur (31). This is in contrast to 

parainfluenza virus infection of tracheobronchial epithelial cells in which sialidase pre-

treatment abolishes infection (17, 36). Similarly, sialidase treatment of NHBE cells had 

little effect on the level of influenza infection and replication as measured by NP protein 

expression at 24h pi (Figure 5.4).  

AIVs induces differential chemokine expression patterns by NHBE cells. 

Previous research has shown that pro-inflammatory cytokines and chemokines 

including interferon (IFN) α/β, interleukin (IL)-1α, IL-1β, IL-6, IL-8, tumor necrosis 

factor alpha (TNFα), macrophage inflammatory protein (MIP)-1α, MIP-1β, and 

monocyte chemotactic protein (MCP)-1 are detected at elevated levels in the respiratory 

tracts of individuals during the acute phase of influenza infection (11, 14). Patients 

infected with H5N1 have been shown to have higher levels of systemic IFNγ, IL-6, 

interferon-inducible protein of 10 kD (IP-10) and MCP-1 compared to individuals 

infected with human influenza subtypes (9, 23, 37). Therefore, we examined the apical 

and basal secretion patterns of IL-1α, IL-1β, IL-8, IP-10, MIP-1α, MIP-1β, MCP-1, and 

RANTES following infection by AIV and human influenza viruses. In these studies no 

appreciable IL-1β, MIP-1α or MIP-1β levels were detected from the basal or apical 
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compartments of AIV or human influenza-infected NHBE cells, however AIVs induced 

differential cytokine and chemokine secretion patterns over time (Figure 5.5).  

Compared to mock-infected NHBE cells, A/CK/TX (H5N3) induced a higher 

level of IL-1α that could be apically detected at 24h pi (Figure 5.5A), but A/Mute 

Swan/MI (H5N1) induced a higher degree of basal expression early during infection, i.e. 

from 2h to 6h pi (Figure 5.5B). Likewise, human A/NY stimulated higher levels of basal 

expression of IL-1α at 2h pi and 24h pi (Figure 5.5B). IL-8 levels detected following AIV 

or human influenza virus infected NHBE cells were similar to mock-infected control 

levels (Figure 5.5C and D). Interestingly, IP-10 was differentially induced following AIV 

influenza infection. A/Mute Swan/MI infection of NHBE cells induced 2 – 6 fold higher 

apical secretion of IP-10 compared to A/NY-infected cells, and AIV from chickens 

(H5N2 or H5N3) displayed a more rapid induction of IP-10 compared to the wild bird 

viral isolate (A/Mute Swan/MI) over the first 24h of infection (Figure 5.5E). Basal 

secretion of IP-10 was similar among AIV where, for example, A/Mute Swan/MI 

stimulated a rapid induction of IP-10 between 18h and 24h pi, while A/NY did not 

stimulate basal IP-10 expression until 24h pi (Figure 5.5F). Similar to IL-8 secretion, 

avian and human influenza infection of NHBE cells did not induce an appreciable 

amount of MCP-1 secretion relative to mock-infected cells (Figure 5.5G and H), 

however, A/NY infection was associated with an approximate 2-fold increase of MCP-1 

above mock-infected cells at 12h and 24h pi (Figure 5.5H).  

Interestingly, infection with AIVs inhibits basal MCP-1 secretion relative to 

mock-infected NHBE cells. This is in contrast to findings in vivo where individuals 

infected with H5N1 showed high serum levels of MCP-1 that appeared to correlate with 
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disease severity (9, 23). It is likely that a variety of cell types e.g. mast cells, fibroblasts, 

mononuclear cells and T cells are recruited to the respiratory epithelium during infection 

and have a role in secreting MCP-1. Avian influenza viruses also induce higher levels of 

RANTES secretion from both the apical and basal surfaces of NHBE cells (Figure 5.5I 

and J). These results are similar to in vivo findings in which individuals infected with 

H5N1 had higher systemic levels of RANTES compared to individuals infected with 

influenza A and B (23). The AIV isolated from chickens, i.e. A/CK/PA (H5N2) and 

A/CK/TX (H5N3), induced higher RANTES secretion over 24h pi compared to A/Mute 

Swan/MI (H5N1) (Figure 5.5I and J). This difference may highlight host adaptation 

within avian influenza virus species and how this may affect pathology during human 

infection. 

 

Discussion 

Influenza viruses primarily infect respiratory epithelial cells that are situated at 

the interface between the outside environment and the host which acts as a first line of 

defense against pathogens and other foreign material. Fully differentiated NHBE cells 

emulate the human respiratory epithelium, thus these cell cultures are a good in vitro 

correlate to evaluate respiratory virus infection and evaluate therapeutics. It has been 

recently suggested that the use of a sialidase fusion protein that can be inhaled leading to 

the removal of sialic acids from the airway epithelium is a possible prophylactic and 

treatment for influenza infection (19). However, as we show here using sialidase-treated 

NHBE cells (Figure 5.4), NHBE cells are readily infected in the absence of detectable 

sialic acids, a finding that is consistent with similar studies which demonstrated that 
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sialidase-treated MDCK cells can still be infected with influenza (31), and that sialidase-

treated human airway epithelial cells can be infected with a H3N2 virus (36). 

Furthermore, infection of ST6Gal I sialyltransferase knockout mice, which lack the 

enzyme necessary for the attachment of α2,6 sialic acid to N-linked glycoproteins on the 

cell surface, can be infected with human influenza and produce similar lung virus titers 

compared to wild-type animals (12). Therefore, it is likely sialic acids provide a relatively 

low-affinity interaction for influenza viruses while other influenza virus receptors remain 

to be identified. 

Studies of humans infected with H5N1 virus who had severe disease showed that 

these individuals also had high serum levels of IP-10 and monokine induced by IFNγ 

(MIG) (23), and H5N1 viruses induced higher levels of TNFα and IP-10 in human 

macrophages compared to H1N1 viruses (5). Furthermore, H5N1 virus has been shown to 

induce IP-10, IFNβ, RANTES and IL-6 mRNA in human primary alveolar (type II 

pneumocytes) cells and NHBE cells (4). Interestingly, studies with Calu-3 cells have 

shown that H5N1 infection results in a weak anti-viral response characterized by little 

interferon regulatory factor (IRF)-3 nuclear accumulation, reduced IFNβ production and 

limited interferon stimulated gene (ISG) induction compared to H3N2 infection (42). We 

show here that NHBE cells infected with LPAI H5N1, H5N2 and H5N3 viruses induce 

robust IP-10 and RANTES responses early during infection compared to human H3N2 

infection (Figures 5.5E, F, I and J). Moreover, our data strongly suggests that viral 

species origin has a role in chemokine expression by NHBE cells as H5N2 and H5N3 

viruses of chicken origin induce a more potent chemokine response than does H5N1 

isolated in the wild from a mute swan. Together, these data indicate that avian influenza 
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viruses can induce pro-inflammatory cytokines more rapidly and to a greater magnitude 

than human influenza H1N1 and H3N2 viruses and likely contributes to disease 

pathogenesis in humans infected with H5N1.  
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Figure 5.1. Avian influenza viruses obtained from birds replicate and are shed 
apically from NHBE cells. NHBE cells were infected with A/CK/PA (H5N2) (A) or 
A/CK/TX (H5N3) (B) at MOI=0.001. At the indicated times post-infection, BEBM-
0.05% BSA was added to the apical surface of the cells and incubated for 30 minutes at 
37°C. EID50 titers were determined according the Reed and Meunch method (24). Results 
shown are compiled from two independent experiments. 
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Figure 5.2. Fully differentiated NHBE cells express both α2,6 and α2,3 sialic acid 
linkages. NHBE cells were stained for α2,6 (A) or α2,3 (B) linked sialic acids shown in 
red. Cells pre-treated with neuraminidase abolishes sialic acid residue staining (image 
inserts). (C) NHBE cells were trypsinized, fixed with 2% formaldehyde, and analyzed by 
flow cytometry to determine relative percentage of cells staining positive for α2,3 (blue), 
or α2,6 sialic acid moieties (green). Results shown are representative of four independent 
experiments. 
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Figure 5.3. AIVs infect NHBE cells independent of α2,3 sia expression. NHBE cells 
were infected with A/Mute Swan/MI, A/CK/PA, A/CK/TX and A/NY/55/04 at MOI = 
0.5. At the indicated times post-infection, cells were fixed with 3.7% formaldehyde in 
PBS for 30 minutes. Cells were immunostained for α2,6 (A) or α2,3 sias (B; opposite 
page) (red) and influenza NP (green). Results shown are representative of two 
independent experiments. 

 



148 
 

 

 

 

 



149 
 

 

 

 

 

Figure 5.4. Sialidase-treated NHBE cells are robustly infected by AIVs. NHBE cells 
were mock-treated (top panels) or treated with 25mU/mL neuraminidase (bottom panels) 
for 1 hour at 37C, washed with PBS, and infected with the indicated viruses at a MOI of 
0.5. Cells were fixed in 3.7% formaldehyde at 24h p.i. and immunostained for influenza 
NP expression. Results shown are representative of two experiments. 
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Figure 5.5. Avian influenza viruses elicit differential chemokine secretion patterns 
from NHBE cells. NHBE cells were infected in triplicate with the indicated viruses at 
MOI = 0.5. Apical washes (A, C, E, G, I) and basolateral media (B, D, F, H, J) were 
collected at the indicated times post-infection and analyzed for the presence of IL-1α (A 
and B), IL-8 (C and D), MCP-1 (E and F), IP-10 (G and H), and RANTES (I and J).  
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CHAPTER 6 

CONCLUSIONS 

 As noted in the Introduction, viruses have evolved to manipulate host barriers, 

both those maintained by the host immune system and physical barriers established at 

mucosal interfaces. RSV is the most common cause of serious lower respiratory tract 

disease in infants and young children worldwide and is an important pathogen of the 

elderly and immune compromised. Despite the health importance of RSV, there is 

currently no vaccine to prevent RSV infection and treatments are limited in efficacy. 

Understanding the viral and host factors are involved in disease pathogenesis is critically 

needed to properly implement vaccine design and disease intervention strategies, 

including antivirals. The experiments completed in this study were designed to determine 

the mechanisms by which RSV evades the immune response to facilitate replication. The 

hypothesis addressed was that RSV mediates TLR induction of the host SOCS pathway 

to inhibit the antiviral type I IFN response to facilitate RSV replication. The specific aims 

that addressed the hypothesis were: 

Specific Aim 1. To determine the pattern of SOCS1 and SOCS3 expression 

linked to regulation of type I IFN following RSV infection in NHBE cells. The working 

hypothesis is that SOCS1 and SOCS3 are the major class of SOCS proteins that 

negatively regulate anti-viral cytokine responses, particularly the type I IFN (α/β) 

response. The data shown in chapter 3 indicate the RSV G protein has a role in the 
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induction of SOCS1 and SOCS3 and negative regulation of the type I IFN response to 

RSV infection. Furthermore, the RSV F and G proteins induce SOCS3 expression and 

induce negative regulation of type I IFN response very early after treatment of NHBE 

cells. 

Specific Aim 2. To determine the RSV surface proteins which induce TLR 

signaling in NHBE cells. The working hypothesis is that RSV surface proteins mediate 

TLR signaling and expression of SOCS proteins, an effect that can be linked to 

phosphorylation of IRF3. The data shown in chapter 3 demonstrate that the RSV F 

surface protein can signal via a TLR pathway linked to IRF3 activation, and that the RSV 

G protein can activate an alternative PRR resulting in initiation of the SOCS signaling 

cascade and subsequent negative regulation of type I IFN response. There is also 

evidence that RSV F and G protein inhibit the early immune response by the expression 

pattern of ISG15 following infection or viral protein stimulation. Here, treatment of 

NHBE cells with purified F or G proteins induced SOCS protein expression leading to 

reduced type I IFN and downstream ISG15 protein expression. 

Specific Aim 3. To determine the effect of RSV surface protein mediated 

regulation of the anti-viral chemokine response. The working hypothesis is that RSV G 

(attachment) and/or F proteins modify the expression of chemokines by NHBE cells used 

to recruit immune cells to sites of infection. The results shown in chapter 4 demonstrate 

that RSV surface proteins, particularly the G and F proteins, can induce apical and 

basolateral secretion of IL-1α, IL-8, IP-10, and RANTES early in infection. This is the 

first known study to examine apical and basolateral secretion patterns in fully 

differentiated NHBE cells. 
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 Together, these findings provide compelling evidence for a previously 

unrecognized immune evasion mechanism by which RSV surface proteins interact with 

cell surface PRRs to induce the expression of SOCS proteins. SOCS1 and SOCS3 

proteins consequently inhibit the JAK/STAT signaling pathway prior to the accumulation 

of RSV nonstructural proteins within the cell. While the RSV nonstructural proteins, NS2 

in particular, are known to antagonize the type I IFN JAK/STAT signaling pathway, the 

results shown here indicate that RSV can inhibit type I IFN signaling prior to NS protein 

accumulation. Since vaccine components often include attenuated viruses or purified 

viral proteins, the results shown here provide evidence that RSV surface proteins alone 

can modify the early immune response and likely impact the development of an 

appropriate adaptive immune response. Future vaccine design should consider these 

factors that may modify vaccine efficacy.  

Also, as discussed in the Introduction, avian influenza A viruses can cause 

significant morbidity and mortality in poultry and are an important emerging human 

health threat. Since 2003, the World Health Organization has documented an increased 

incidence of highly pathogenic influenza virus outbreaks in poultry that have resulted in 

424 confirmed human infections and 261 deaths as of May 2009, a fatality rate of over 

60%. Therefore, a second goal of this proposal is to further elucidate mechanisms by 

which influenza A viruses infect human bronchial epithelial cells and to determine novel 

methods of inhibiting virus replication (Appendix). The hypothesis stated that influenza 

viruses of avian origin infect human lung cells independent of sialic acid linkages present 

on the cell surface, and was tested through the completion of the following specific aim: 
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Specific Aim 4. To determine if low pathogenic H5N1, H5N2 and H5N3 avian 

influenza viruses infect and replicate in human bronchial epithelial cells independent of 

sialic acids present on the cell surface. The working hypothesis is that avian influenza 

viruses express HA molecules that preferentially bind to α2,3-linked sialic acids will 

infect and replicate in human bronchial epithelial cells independent of sialic acids. The 

results shown in chapter 5 demonstrate that H5N1, H5N2 and H5N3 AIV infect,   

replicate, and are shed apically from fully differentiated NHBE cells independent of the 

distribution of α2,3 or α2,6 sialic acids on the cell surface. The studies also show that 

NHBE cells infected with LPAI H5N1, H5N2 and H5N3 viruses induce a robust IP-10 

and RANTES response early during infection compared to human H3N2 infection. 

Finally, the data strongly suggests that viral species origin has a role in chemokine 

induction in bronchial epithelial cells as H5N2 and H5N3 of chicken origin induce a 

more potent chemokine response than does H5N1 of mute swan origin. 

 Together, these findings demonstrate that avian influenza A viruses can 

productively infect and replicate in fully differentiated human lung epithelium 

independent of the presence of known viral sialic acid receptors. Earlier hypotheses 

indicating that AIV must undergo a change in HA receptor binding specificity in order to 

efficiently transmit from human-to-human will likely need to be revised, as the data in 

chapter 5 show that three H5 AIV strains already possess the capacity to infect humans. 

Furthermore, it is probable that sialic acid linkages are only one of many host factors that 

determine influenza virus tropism.  
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APPENDIX 

A NOVEL THERAPEUTIC STRATEGY UTILIZING RNA INTERFERENCE TO 

INHIBIT VIRAL REPLICATION1 
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Novobrantseva, A. Sprague and R.A. Tripp. Presented at the American Society for 
Virology, 27th Annual Meeting, Cornell University, Ithaca, New York, 2008. 
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Introduction  

Common methods of gene delivery to cells or tissues include both viral 

(retroviruses and adenoviruses) and non-viral vectors. While the results are promising in 

clinical gene therapy, these vectors have the potential to be neutralized by pre-existing 

immunity or become immunogenic once in the host. In contrast, non-viral vectors, 

including cationic lipids and polycationic polymers, while relatively non-immunogenic, 

induce some level of cytotoxicity along with low gene expression. Polyethyleneimine 

(PEI) is a cationic polymer that can effectively deliver genes to the nucleus both in vivo 

and in vitro while providing protection from nucleases (1, 6, 8). Macroaggregated 

albumin (MAA) is commonly used in humans to measure pulmonary blood flow (2). 

When injected intravenously, MAA particles, 20 – 50 μm in diameter, are large enough 

that they will not pass through the pulmonary capillary bed and therefore accumulate in 

the peripheral tissue for clearance by resident macrophages (3, 11). If MAA particles are 

radio-labeled, pulmonary blood flow can be imaged due to particle collection in the 

pulmonary capillary bed proportional to blood flow (4). When PEI is coupled to MAA, 

plasmid DNA binds avidly to the complex and elicits high gene expression upon 

transfection (5, 7). Importantly, MAA-PEI is effective at delivering DNA vaccines to 

mucosal sites and targets pulmonary interstitial macrophages and dendritic cells (9, 10). 

As a novel therapeutic, we propose that MAA-PEI can be used to transfect small 

inhibitory RNAs (siRNAs) into primary human bronchial cells indicating that NHBE 

cells can be used as an in vitro model to evaluate optimal siRNA delivery strategies to 

inhibit influenza replication. We further show that influenza A infection influences 

siRNA localization within the cell, and that MAA-PEI, a novel transfection tool, is 
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effective at delivering influenza-specific siRNA to NHBE cells resulting in inhibition of 

viral gene expression. 

 

Methods 

Cells and viruses 

A/New Caledonia/20/1999 (H1N1) was kindly provided by Dr. Jacqueline Katz, 

Centers for Disease Control and Prevention (CDC), Atlanta, GA. Stock viruses were 

prepared by inoculating 9-day old specific pathogen-free (SPF) eggs and harvesting the 

allantoic fluid 48h post-inoculation. Viral titers were obtained by serial dilution on Madin-

Darby canine kidney (MDCK) epithelial cells in the presence of 1 μg/ml trypsin (Sigma, 

St. Louis, MO). 

Transfection of NHBE Cells 

MAA particles were prepared as previously described (9, 10). MAA particles were 

conjugated to PEI (Sigma) as previously described (9). TransIT TKO (Mirus Bio, Madison, 

WI) was used according to the manufacturer recommendations. Fully differentiated 

NHBE cells were transfected apically for 12h, 24h, 36h or 48h with 100nM control Cy3-

siRNA (Alnylam Pharmaceuticals, Cambridge, MA), influenza NP-specific siRNA (“A” 

or “C”) (Alnylam Pharmaceuticals), or nonspecific mismatch controls (“B” or “D”) 

(Alnylam Pharmaceuticals) using TransIT TKO (9.2 μg/mL) according to the 

manufacturer protocol or MAA-PEI (1 μg/mL). Briefly, TransIT-TKO or MAA-PEI was 

incubated with the siRNA for 20 minutes at room temperature and added to the apical 
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surface of NHBE cells for the times indicated. Following transfection, NHBE cells were 

mock infected with uninfected allantoic fluid or infected with A/New Caledonia/20/99 

(H1N1) at a multiplicity of infection (MOI) of 1. Cells were fixed in 3.7% formaldehyde 

in PBS or harvested at the times indicated.  

Viral infection of NHBE cells 

NHBE cells were washed 3 times with PBS to remove excess mucus secretion on 

the apical surface prior to infection. A/New Caledonia/20/99 (H1N1) was allowed to 

adsorb for 1h at 37°C, removed by aspiration and washed again with PBS 3 times. NHBE 

cells were incubated for the indicated times p.i. at 37°C.  

Quantitative RT-PCR  

Total RNA was isolated using RNeasy Mini kit (Qiagen, Valencia, CA) and 

stored at -80°C until used. Reverse transcription was performed using random hexamers 

and MuLV reverse transcriptase (Applied Biosystems, Foster City, CA). Influenza NP 

gene expression was measured using a TaqMan real-time quantitative reverse 

transcriptase PCR (qRT-PCR) assay. Transcript levels were determined following a 10-

minute hot start at 95°C in a three-step protocol with 15 s of denaturation (95°C), 30 s of 

annealing (60°C) and extension at 72°C for 15 s and analyzed using MXPro software by 

Stratagene (La Jolla, CA). Copy number was determined by generation of a standard 

curve using ten-fold serial dilutions of plasmid DNA encoding the influenza NP gene. 

Plasmid DNA concentrations were measured by optical density using a 

spectrophotometer. 
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Confocal Microscopy 

 Cells were fixed for 30 minutes in 3.7% formaldehyde at the times indicated 

post-infection. Following washing, cells were permeabilized in PBS containing 0.5% TX-

100, washed in PBS-0.05%TWEEN (PBS-T) and incubated with mouse anti-NP IgG2a 

diluted in 3% bovine serum albumin (BSA) in PBS-T. The cells were then washed with 

PBS-T, incubated for one hour with anti-mouse IgG AlexaFluor488 (Molecular Probes, 

Carlsbad, California) and anti-β-tubulin directly conjugated to FITC (cilia stain). Cells 

were rapid stained with DAPI (1μg/mL). After washing with PBS-T, membranes were 

excised from their culture inserts and mounted on glass slides. 

 

Results 

siRNA is delivered to a perinuclear location during MAA-PEI transfection 

 NHBE cells were transfected with a control Cy3-labeled siRNA for 12h, 24h, 36h 

or 48h using a cationic lipid-based transfection reagent, TransIT TKO, or a novel nucleic 

acid delivery method, MAA-PEI. The particular control siRNA used is not known to 

have any sequence homology with human sequences. Transfection using TransIT TKO 

resulted in little Cy3-siRNA localization within the cell when cells were transfected for 

12h – 48h as shown in Figure A.1A. However, cells transfected with Cy3-siRNA, shown 

in yellow, using MAA-PEI resulted in efficient transfection by 12h and obvious 

perinuclear localization by 48h (Fig. A.1A).  
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 Next, the effect of influenza infection on Cy3-siRNA localization within NHBE 

cells was determined. As before, cells were transfected with TransIT TKO or MAA-PEI 

for 12h, 24h, 36h, or 48h, and then infected with A/New Caledonia/20/99 (H1N1) at a 

MOI of 1 for 48h. Infection of NHBE cells was verified by immunostaining for influenza 

NP protein shown in green (Fig. A.1B). As in uninfected cells, little or no Cy3-siRNA is 

evident when cells transfected with TransIT TKO for 12h – 36h, and low levels can be 

detected when cells are transfected for 48h. In contrast, cells transfected using MAA-PEI 

exhibit a considerable increase in Cy3-siRNA levels within the cell. Interestingly, siRNA is 

not only localized to a perinuclear area within the cell, but it is also found in increasing 

amounts within the cytoplasm as transfection time increases (Fig. A.1B).  

Influenza-Specific siRNA Inhibits Viral Replication in NHBE Cells 

To determine if delivery of influenza NP-specific siRNA to NHBE cells using a 

commercial cationic liposome-mediated delivery system or MAA-PEI could result in 

inhibition of NP gene expression, cells were transfected with NP-specific siRNA (A and 

C) and sequence mismatch control siRNA (B and D) for 24h. Following transfection, 

cells were infected with A/New Caledonia/20/1999 (H1N1) at a MOI of 1 for 24h. At 24h 

post-infection, cells were harvested for RNA isolation and NP gene transcript levels were 

determined by quantitative RT-PCR. Despite the presence of little to no Cy3-siRNA upon 

TransIT TKO transfection, Figure A.2A shows that relative to infection alone, NP-specific 

siRNAs A and C decrease NP expression by 50% and 80% respectively. Mismatch control 

siRNAs reveal no NP inhibition. Likewise, MAA-PEI delivery of siRNA A reveals a 20% 

knockdown of NP expression relative to infection alone, and siRNA C induces 90% 

knockdown of NP expression (Fig. A.2B). These results suggest that MAA-PEI is effective 
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at delivering influenza-specific siRNA to NHBE cells resulting in inhibition of viral gene 

expression. 

 

Conclusions 

In this study,  we showed that NHBE cells can be transfected utilizing a novel 

transfection method whereby positively charged PEI attracts with negatively charged 

nucleic acids, and when PEI is conjugated to MAA, it is taken into the cell. Using a 

control Cy3-labeled siRNA, one may visualize the location of the siRNA within the cell. 

Our results demonstrated that in contrast to commercially available liposome-mediated 

transfection method, MAA-PEI transfection leads to a higher Cy3 signal within the cell, 

and the siRNA is localized to a perinuclear location. Furthermore, MAA-PEI is effective 

at delivering influenza-specific siRNA to NHBE cells resulting in inhibition of influenza 

NP gene expression. 
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Figure A.1. MAA-PEI delivers siRNA to a perinuclear location during influenza A 
infection. NHBE cells were transfected with a control Cy3-labeled siRNA using TransIT 
TKO or MAA-PEI and mock-infected (A) or infected with A/New Caledonia/20/1999 
(H1N1) MOI=1 for 24h (B). Cells were fixed 24h p.i. and immunostained for influenza 
NP expression (green) and β-tubulin indicating ciliated cells (red). DAPI staining 
indicates cell nuclei (blue), and Cy3-siRNA is depicted in yellow. 
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Figure A.2. Influenza NP-specific siRNA inhibits viral replication in NHBE cells. 
NHBE cells were transfected with NP-specific siRNAs, siRNA A and siRNA C, or their 
associated mismatch controls, siRNA B and siRNA D, respectively, with TransIT TKO 
(A) or MAA-PEI (B). Cells were apically transfected for 24h and then infected with 
A/New Caledonia/20/1999 (H1N1), MOI=1, for 24h. Following infection for 24h, total 
RNA was harvested and subjected to qRT-PCR. Data are presented as a percentage of NP 
expression relative to A/New Caledonia-infected cells alone. 
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