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ABSTRACT 

 

Respiratory syncytial virus (RSV) is a major cause of morbidity and some mortality in 

infants, young children, and the elderly worldwide. Currently, there is no effective vaccine. The  

antiviral drugs to control RSV infection are limited. The increasing disease burden and slow 

progress toward vaccine development is driving the search for new disease intervention 

strategies against RSV infection. RNA interference (RNAi) is a powerful tool amenable for the 

development of antiviral drugs. siRNAs targeting the RSV P gene (siRNA-P) have been shown 

to silence RSV replication both in vitro and in a BALB/c model of RSV infection. In this study, 

we examined the effect of siRNA-P prophylaxis on the primary and memory immune response to 

RSV infection in BALB/c mice. The central hypothesis of the study was siRNA-P could be used 

to reduce RSV replication to a level that did not cause disease pathogenesis but still allowed for 

robust immunity to infection. We show that mice prophylactically treated with siRNA-P to 

decrease but not to eliminate RSV replication exhibit reduced pulmonary inflammation and lung 



 
 

 
 

pathology, and produce an effective anti-RSV memory response when subsequently challenged 

with RSV. The results suggest that siRNA can be developed as an effective antiviral drug that 

can be used to reduce the viral load and parameters of pathogenesis without limiting the 

induction of the memory immune response. 

RSV surface proteins have been shown to modulate the host immune response to 

infection, an effect that has hindered vaccine development. The RSV G protein has been shown 

to contribute to the majority of immune modulation. A unique feature of the RSV G protein is 

that its central conserved region contains a CX3C chemokine motif, which has been shown to 

mimic the activities of the only known CX3C chemokine, fractalkine, and bind to the fractalkine 

receptor, CX3CR1, a feature that has been shown to modulate the immune response and cause 

disease pathogenesis in mice. In this study, we tested the hypothesis that G protein peptides 

and/or polypeptides could induce antibodies that blocked G protein interaction with CX3CR1. 

The results showed that antibodies specific for the CX3C motif had high blocking activity. These 

results were confirmed in mice vaccinated with G protein peptides and polypeptides where 

recovered antisera were tested for blocking antibodies and pulmonary disease pathogenesis was 

evaluated. These results suggest that vaccines can be made which induce G protein CX3C-

CX3CR1 blocking antibodies, and that this vaccine strategy may be useful to prevent G protein 

immune modulation and disease pathogenesis. 

 

 

INDEX WORDS: Respiratory syncytial virus, Small interfering RNA, Vaccine,   

                                    Chemokine, Disease intevention 

 

 



 
 

 
 

 

 

DISEASE INTERVENTION STRATEGIES AGAINST RESPIRATORY SYNCYTIAL 

VIRUS INFECTION 

 

by 

WENLIANG ZHANG 

B.S. Ningbo University, P.R. China, 2000 

MMED, Shanghai Jiaotong University, P.R. China, 2003 

 

 

 

 

 

 

 

 

 

A Dissertation Submitted to the Graduate Faculty of the University of Georgia in Partial 

Fulfillment of the Requirements for the Degree 

DOCTOR OF PHILOSOPHY 

ATHENS, GEORGIA 

2009 



 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© 2009 

Wenliang Zhang 

All Rights Reserved 

 



 
 

 
 

 

 

DISEASE INTERVENTION STRATEGIES AGAINST RESPIRATORY SYNCYTIAL 

VIRUS INFECTION 

 

by 

WENLIANG ZHANG 

 

 

 

 

 

 

 

 

 

 

                                                       Major Professor:      Ralph A. Tripp 

Committee:              Jeff Hogan 
         Mark Tompkins 
         Kim Klonowski 
         Zhen Fu 

Electronic Version Approved: 

Maureen Grasso 
Dean of the Graduate School 
The University of Georgia 
May 2009 



iv 
 

 
 

 

 

DEDICATION 

 

This dissertation is dedicated to my wife and many friends, without whom I could never have 

come so far. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



v 
 

 
 

 

 

ACKNOWLEDGEMENTS 

 

There are many people I would like to thank. Most importantly, I would like to thank my 

advisor, Dr. Ralph Tripp for his thorough guidance and great leadership throughout my PhD 

career. Without his continuous support, it would have been impossible to reach this. I would like 

to thank my committee members, Dr. Mark Tompkins, Dr. Jeff Hogan, Dr. Kim Klonowski and 

Dr. Zhen Fu for their helpful suggestions and valuable feedback. I would also like to thank Les 

Jones for his assistance in protein purification and advice, and Jamie Barber for his help and 

advice on flow cytometry. A special thanks goes to Christine Oshansky, my labmate and friend, 

for her helpful discussion, suggestions and support during my stressful times. I would also like to 

thank Stephanie Gavrielides, our previous department secretary, for her patience and help. I 

would like to thank all the people in animal health research center (AHRC) for their great 

support.  

Lastly, I thank my wife, Yi Kuang for her incredible support and patience in both my 

studies and life over the past few years. I could not have done it without her. 

  



vi 
 

 
 

  

 

TABLE OF CONTENTS 

Page 

ACKNOWLEDGEMENTS .............................................................................................................v 

LIST OF TABLES ......................................................................................................................... ix 

LIST OF FIGURES .........................................................................................................................x 

CHAPTER 

1 INTRODUCTION .........................................................................................................1 

2 LITERATURE REVIEW ............................................................................................15 

Respiratory Syncytial Virus ....................................................................................15 

RSV Replication Cycle ...........................................................................................20 

Host Innate Immunity to RSV Infection .................................................................20 

Host Adaptive Humoral Immunity to RSV Infection .............................................25 

Host Adaptive Cellular Immunity to RSV Infection ...............................................27 

Cytokines response during RSV infection ..............................................................30 

Virus-host cells interaction and viral evasion .........................................................31 



vii 
 

 
 

RSV Disease Pathogenesis ......................................................................................34 

Development of RSV vaccine .................................................................................36 

RNA interference and disease intervention .............................................................37 

References ...............................................................................................................39 

3 RNA INTERFERENCE INHIBITS RESPIRATORY SYNCYTIAL VIRUS 

REPLICATION AND DISEASE PATHOGENESIS WITHOUT INHIBITING 

PRIMING OF THE MEMORY IMMUNE RESPONSE........................................77 

Abstract ...................................................................................................................78 

Introduction .............................................................................................................78 

Materials and Methods ............................................................................................81 

Results .....................................................................................................................85 

Discussion .............................................................................................................101 

Acknowledgement .................................................................................................105 

References .............................................................................................................106 

4 ANTIBODIES REACTIVE TO THE CENTRAL CONSERVED REGION OF THE 

RESPIRATORY SYNCYTIAL VIRUS (RSV) G PROTEIN BLOCK G 

PROTEIN BINDING TO THE FRACTALKINE RECEPTOR, CX3CR1, AND 

REDUCE DISEASE PATHOGENESIS IN MICE .....................................................118 

 



viii 
 

 
 

Abstract .................................................................................................................119 

Introduction ...........................................................................................................119 

Materials and Methods ..........................................................................................122 

Results ...................................................................................................................128 

Discussion .............................................................................................................140 

Acknowledgement .................................................................................................142 

References .............................................................................................................142 

5 CONCLUSIONS........................................................................................................150  



ix 
 

 
 

 

 

LIST OF TABLES 
 

Page 

Table 3.1: Total bronchoalveolar lavage (BAL) cell numbers during primary RSV infection .....88 

Table 3.2: Total number of cell types in the BAL during the primary response to RSV infection ..........89 

Table 3.3: Total bronchoalveolar lavage (BAL) cell numbers following RSV challenge of 

immune mice ...................................................................................................................94 

Table 4.1: The G peptides designed to immunize mice for antisera ............................................132 

 

  



x 
 

 
 

 

LIST OF FIGURES 
 

Page 

Figure 2.1: Schematic diagram (not to scale) depicting the RSV genome and virion ...................16 

Figure 2.2: Subdomain structures of the RSV G glycoprotein and three-dimentional structure 

model of membrane G protein (Gm) .............................................................................18 

Figure 2.3: Diagram of RSV replication cycle ..............................................................................21 

Figure 3.1: Prophylactic siRNA treatment reduces virus lung titers .............................................86 

Figure 3.2: CD44hi and CD62Llo expression by CD4+ and CD8+ T cells in the BAL ...................91 

Figure 3.3: Lung virus titers in the memory response to RSV challenge ......................................96 

Figure 3.4: RSV-specific antibody responses in treated mice .......................................................98 

Figure 3.5: CD8+ T cell memory response to the RSV M2 peptide ............................................100 

Figure 4.1: Transfection and expression of CX3CR1 receptor on human 293 cells and the 

binding of fractalkine and  G protein to the receptor ....................................................129 

Figure 4.2: Linear representation of the RSV G protein and G fragments ..................................131 

Figure 4.3: The titer of immune sera from mice immunized by G polypeptides and peptides. ..133 



xi 
 

 
 

Figure 4.4: The purified antisera antibody derived from mice vaccinated with G protein 

polypeptides and peptides prevent native RSV G protein binding to CX3CR1 to the 

different level ................................................................................................................135 

Figure 4.5: The body weight change of mice vaccinated with G protein polypeptide, peptides, RSV and 

non-vaccinated control .....................................................................................................137 

Figure 4.6: The lung histopathology of mice vaccinated with G protein polypeptide, peptides, live RSV 

and non-vaccinated control ...............................................................................................138 

Figure 4.7: Lung virus titers in mice vaccinated with G protein polypeptide, peptides, live RSV and non-

vaccinated control ............................................................................................................139 



1 
 

 
 

 

 

CHAPTER 1 

INTRODUCTION 

 

Respiratory syncytial virus (RSV) is the major cause of serious lower respiratory tract 

disease in infants, young children, the elderly and the immune suppressed worldwide (1, 4, 14, 

18, 19, 22, 27, 46, 48). Since its isolation in 1956 from chimpanzee with coryza (8), the 

significance of RSV as an important human pathogen has been established. Many important 

mechanisms contributing to RSV infection, replication, and disease pathogenesis have been 

uncovered; however, there is still no completely safe and effective vaccine or therapeutic 

treatment against this infection. New and effective disease intervention strategies are urgently 

needed for controlling RSV infection.  

Although the molecular pathogenesis of RSV infection is not completely understood, the 

host immune responses have been suggested to play an important role in RSV pathogenesis. 

Robust inflammatory responses are initiated when RSV interacts with respiratory epithelial cells 

and macrophages through pattern recognition receptors(33, 36, 45) and infects susceptible cells. 

The inflammatory response is characterized by the upregulation of the expression of 

inflammatory factors, such as chemokines and cytokines that recruit and activate immune cells 

(7, 25, 26, 32, 38, 41, 43, 54). The inflammation induced cellular influx adds to the production of 

inflammatory factors that can help resolve infection but sustained robust inflammatory responses 

often lead to tissue damage.  
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Cellular and humoral immunity are two arms of host adaptive responses that are 

important for controlling and preventing virus infection. Numerous studies in BALB/c mice have 

shown that cell mediated immunity is important in the resolution of RSV infection, a feature 

mediated by both CD4 and CD8 T cells. However, natural RSV infection does not lead to 

sustained protective T cell immunity. There is a rapid loss in the frequency of RSV-specific 

memory CD8 T cells in the lungs of the infected mice during the resolution phase of infection (9, 

11, 47). There is also evidence that CD8+ T cells in the pulmonary infection site in BALB/c 

mice are functionally inactivated during RSV infection (2, 10, 16), which is consistent with the 

notion of immune dysregulation associated with RSV infection. Both Th1 and Th2-type 

responses are induced by RSV infection (3, 51), however a Th2-biased T cell response has been 

demonstrated in mouse models of infection and in infants (44, 49), a feature that has been 

suggested to be related to RSV pathogenesis (15, 29, 50, 53).  

Given the robust inflammatory response mediated by RSV infection, a reasonable 

strategy for RSV disease intervention may be to reduce diseases pathogenesis by diminishing the 

overly robust inflammatory responses while enhancing Th1-type cell responses. Recently, 

pioneering discoveries have launched RNA interference as a novel, nucleic acid-based therapy 

against viral pathogens. Specifically, RNA interference (RNAi) is a mechanism that inhibits gene 

expression by targeting messenger RNA (mRNA) and causing sequence specific degradation or 

repression of target expression (17, 30, 39, 40). This process is mediated by small interfering 

RNA (siRNA) that have complementary sequences to the target mRNA. An important step in 

RNAi function is target site recognition. The antisense strand derived from the siRNA can serves 

as a guide for a protein complex called RNA-induced silencing complex (RISC) to find the 

complementary target sequence(28, 37). Recent studies using RNAi therapeutic approaches have 
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shown that siRNAs targeting the P gene can silence RSV replication (5, 6), thus siRNAs may 

provide a new disease intervention strategy to reduce the pathology of RSV diseases and 

improve cellular immunity to RSV.  

Although siRNA prophylaxis has been shown to be effective at silencing RSV replication 

in mice(6), it remained unclear what impact siRNA treatment has on the T cell memory response 

to RSV re-infection or challenge. Further, it was unclear if siRNA prophylaxis against RSV 

substantially reduced the pathology of RSV diseases. We hypothesize that RNAi may be an 

effective disease intervention strategy to silence RSV infection, reduce pathology of diseases,  

and at the same time attenuate the virus burden but provide sufficient viral antigen allowing for 

effective vaccination. To test the hypothesis, we determined the dose of siRNA directed against 

the RSV P gene (siRNA-P) that could be used to reduce but not eliminate RSV replication with a 

goal being to achieve virus replication similar to levels associated with live attenuated vaccines.  

We based the approach on observations that 1) siRNAs can be made that effectively target the 

highly conserved phosphoprotein (P) gene, a key component of the viral RNA-dependent RNA 

polymerase complex (35), and 2) RNAi silencing is unlikely to completely eliminate all virus, 

and can be dosed appropriately to reduce but not eliminate all virus. Based on the hypotheses, 

one experimental focus was to evaluate siRNA-P prophylaxis on the innate and adaptive immune 

responses to RSV infection with a goal to show that siRNAs can be used a new disease 

intervention strategy for RSV that allows for effective T cell responses to viral challenge. The 

specific aims to be addressed: 

Specific Aim 1:  Determine how siRNA prophylaxis affects RSV viral replication and antigen 

presentation. 
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Specific Aim 2: Determine how siRNA prophylaxis impacts RSV mediated lung histopathology 

following primary and memory responses to RSV challenge.  

Specific Aim 3: Determine the frequency, phenotypes, and activation status of immune cells that 

traffic to the lungs; evaluate T cell responses in the bronchoalveolar lavage (BAL) by measuring 

cytokine profiles and M2-specific MHC class I tetramer staining after siRNA prophylaxis in both 

primary and memory responses; determine the quality of the T cell response to RSV challenge.  

Another RSV disease intervention strategy is to improve host humoral responses to 

infection. Since safe and effective RSV vaccines are not currently available, one strategy for 

disease management has been focused on passive immunotherapy for high-risk patients. 

Palivizumab, a humanized immunoglobulin G (IgG) monoclonal antibody targeting the RSV F 

protein is currently used as a passive immune prophylaxis (12, 20). However, passive antibody 

therapy for RSV is expensive and inconvenient for broad use (42). And this treatment has modest 

prophylactic efficacy because of the potential genetic variation in seasonal RSV strains, anti-

antibody responses and a short half-life of monoclonal antibodies (21, 24, 42), highlighting the 

need for new disease intervention approaches including the development of safe and effective 

RSV vaccines.  

Several features have been linked to the inability to develop safe and effective RSV 

vaccines. RSV has been shown to modify aspects of the immune response by various 

mechanisms (13). The central conserved region of RSV G protein contains a CX3C chemokine 

motif that has been shown to mimic the activities of  fractalkine (52), the only known CX3C 

chemokine. RSV G protein and fractalkine exists as both membrane-bound and secreted forms 

(23, 34). Fractalkine (CX3CRL) functions as chemokine in recruiting cells to sites of 

inflammation as well as providing cell adhesion (23). In particular, it mediates the recruitment 
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and activation of CX3CR1+ leukocytes including subsets of NK cells, CD4 and CD8 T 

lymphocytes (31). Infection with RSV G protein mutant viruses lacking a CX3C chemokine 

motif leads to a substantial increase of pulmonary NK cells, CD4 and CD8 cells compared to 

wild type RSV (31) suggesting that the CX3C motif of the G protein interacts with CX3CR1 for  

immune evasion and this manipulation of the immune response may contribute to disease 

pathogenesis. These findings lead to the hypothesis addressed here that antibodies which block 

RSV G protein CX3C-CX3CR1 interaction may prevent RSV G protein immune modulation and 

disease pathogenesis, and lead to new strategies in vaccine development. To address this 

hypothesis, we evaluated the regions in RSV G protein that induce a protective antibody 

response which block G protein CX3C-CX3CR1 interaction to provide the foundation for the 

development of safe and efficacious RSV vaccine candidates. Our working hypothesis is that 

modifications to the G protein central conserved region which eliminate the CX3C motif may 

improve vaccine safety while allowing for the induction of antibodies that inhibit infection. Our 

rationale for these studies is that successful completion would provide the scientific foundation 

for development of new RSV vaccine strategies to prevent RSV disease. The specific aims to be 

addressed: 

Specific Aim 1: To establish an in vitro model to evaluate RSV G protein CX3C-CX3CR1 

binding using human 293 cells stably transfected with chemokine receptor, CX3CR1. 

 Specific Aim 2: To determine which regions in the RSV G protein that induce antibodies 

against CX3C binding to CX3CR1; and to determine whether antibodies against these epitopes 

generated in mice immunized with G peptides or polypeptides block the RSV G CX3C binding 

to CX3CR1.  
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Specific Aim 3: To determine the ability of antibodies that block G protein CX3C binding to 

CX3CR1 to inhibit the pulmonary inflammatory responses associated with RSV infection or 

formalin-inactivated (FI-RSV) vaccine enhanced disease; evaluate the role that blocking 

antibodies have in ablating enhanced disease or abnormal inflammatory responses to infection in 

a BALB/c mouse model. 
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CHAPTER 2 

LITERATURE REVIEW 
 

Respiratory Syncytial Virus 

Human respiratory syncytial virus (RSV) is the prototype virus in the Pneumovirus genus 

which classified within the Pneumovirinae subfamily of the Paramyxoviridae family in the order 

Mononegavirales. RSV was first identified in 1956 from chimpanzees (18). Since its 

identification, RSV has become recognized as one of the most important human pathogens 

causing  serious lower respiratory tract disease in infants, young children, the elderly and the 

immune compromised (2, 15, 40, 60, 62, 64, 86, 189, 194). RSV is the main cause of 

hospitalization for respiratory tract illness in young children with infection rates about 70% in 

the first year of life, and 90% can be infected multiple times by 2 years of age (75). RSV also 

causes severe disease in the elderly with the mortality rate close to influenza virus (59). In the 

United States, RSV has been estimated to be associated with the hospitalizations of 85,000-

144,000 pediatric children and 14,000-60,000 elderly per year (61, 132, 185). Globally, the 

World Health Organization estimates that RSV leads to 64 million infections and 160,000 deaths 

annually (1). 

RSV is an enveloped single-strand negative-sense RNA virus with a genome of 15.2kb. 

The genome contains 10 genes encoding 11 different proteins. The structure of RNA genome is 

schematically shown in Figure 2.1. From the 3’ to 5’ end of the genome, the genes are arranged 

in the order of two non-structural proteins (NS1, NS2), nucleocapsid (N), phosphoprotein (P), 

matrix (M), small hydrophobic (SH), surface attachment glycoprotein (G), surface fusion  
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Figure 2.1 Schematic diagram (not to scale) depicting the RSV genome and virion. (a) Schematic 
of the linear organization of the RSV genome. (b) Schematic of the RSV virion with 
glycoproteins G and F exposed on the lipid bilayer envelope 
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glycoprotein (F), a second matrix protein M2 gene and a RNA-dependent RNA polymerase (L). 

Each gene is transcribed into a separate, capped, polyadenylated mRNA encoding a single viral 

protein, except the M2 gene contains two overlapping reading frames that are translated into two 

distinct proteins M2-1/M2-2(79).  

RSV virions are pleiomorphic in size and shape (Figure 2.1) and surrounded by a lipid 

bilayer (8, 104, 154). Inserted in the viral membrane are two major surface membrane 

glycoproteins, G and F proteins, which are also the major neutralization and protective viral 

antigens (39). G protein is involved in virus attachment to the cell surface (124), while F protein 

mediates viral and cell membrane fusion (215). The G glycoprotein is expressed in two different 

forms: a membrane-bound form (Gm) integrated in the viral membrane, and a secreted form (Gs) 

secreted by RSV infected cells (93, 95). The Gm protein is a type II glycoprotein containing a 

single N-terminal hydrophobic domain (amino acids 38-66) that acts as a signal peptide and 

membrane anchor (126, 168, 214, 218). The C-terminal of Gm ectodomain contains a 

nonglycosylated central subdomain (amino acids 164-176) and four cysteine residues (residues 

173, 176, 182 and 186) which are highly conserved in all RSV isolates. This cysteine region 

contains a CX3C chemokine motif (amino acids 182-186) which resembles the structure of 

CX3C chemokine CX3CL1 (fractalkine). The CX3C chemokine motif may aid in virus 

attachment to the CX3C chemokine receptor (CX3CR1) expressed by some cell types, and/or 

could mimic CX3C to modify the CX3CL1-mediated immune responses (205). Flanking the 

central subdomains of the ectodomain are two highly glycosylated variable regions which are 

extensively modified by N- and O-glycosylation. The soluble form (Gs) lacks the cytoplasmic 

domain, but retains the same characteristics as Gm such as the CX3C motif, glycosylation and 

antibody reactivity (94, 95). Figure 2.2 shows the subdomain structures of the RSV G  
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Figure 2.2 Subdomain structures of the RSV G glycoprotein and two-dimentional structure 
model of membrane G protein (Gm). The 298-amino acid attachment glycoprotein of the A2 
strain of RSV is shown subdivided into the following domains: I, a cytoplasmic domain; II, a 
transmembrane domain; III and V, heavily glycosylated and variable subdomains of the 
ectodomain; and IV, the nonglycosylated central subdomain of the ectodomain. 
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glycoprotein and the two-dimensional structure of the Gm molecule. It is illustrated here to be a 

homodimer, but some studies have proposed that native G proteins could probably be a 

homotetramer (56). In contrast to G protein as a type II glycoprotein, the RSV F protein is a type 

I glycoprotein that is synthesized as an inactive precursor (F0). During the transport to the 

surface of the cell, F0 precursor is cleaved by furin-like proteases into two chains F1 and F2, 

linked by a disulphide bond (45). The mature F protein is a homotrimer, which functions as 

fusion protein in the process of viral and cell membrane fusion during infection.  

Three viral proteins, N, L and P are the main components of ribonucleoprotein (RNP) 

complex that are essential for virus replication and transcription. N protein binds tightly to the 

viral genome forming a nucleocapsid structure (153). L protein is the viral RNA dependent RNA 

polymerase (RdRp) responsible for both viral genome replication and transcription (195). As a 

co-factor of viral RNA polymerase, P protein has a critical role for viral RNA synthesis (111) 

where it is thought to interact with N and L protein to facilitate the RdRp to access and interact 

with the viral RNA (71). The phosphorylation of P protein is required for efficient RdRp activity 

by helping stabilize the transcription initiation complex (54). The viral M2 gene encodes two 

proteins, M2-1 and M2-2, both of which play important roles for virus replication. M2-1 protein 

acts as a transcription anti-terminator allowing synthesis of full-length mRNA (37). M2-2 protein 

is associated with translation control and modulation of the switch between viral genome 

replication and transcription. The SH protein is a small surface protein. It functions as a cation-

selective ion channel which resembled the M2 protein of influenza virus (70) and has been 

shown to interact with the G protein to form a complex on the surface of infected cells (131). 

The other two RSV proteins, NS1 and NS2, are known to act cooperatively to antagonize the 

type I (interferon) IFN antiviral response (78, 182, 192, 193). 
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RSV Replication Cycle 

 The steps of RSV replication are depicted in Figure 2.3. RSV replication initiates through 

G protein binding to cell surface components, primarily via heparin-binding domains on the G 

protein with cell surface glycosaminoglycans (GAG) (20, 63, 116). After attachment of the 

virion to the cells, F protein is activated by conformational changes to trigger fusion of viral and 

cell membranes (7). Following cell fusion, the viral nucleocapsids and polymerase are 

internalized into the cell cytoplasm (6, 97, 123, 170) where the polymerase initiates viral 

transcription and replication. Although RSV mutant virus studies have shown that the G protein 

may not be necessary for viral infection and infection can initiate through F protein (107, 201, 

203, 207), the G protein appears to be required for efficient viral replication in vivo (203). 

Genome replication and transcription of the ten viral genes occurs in a 3’ to 5’ order from a 

single promoter near the 3’ end and proceeds in a sequential and polar manner from the 3’-end of 

the genome by terminating and reinitiating at each of the gene junctions. This results in a 

gradient expression of a series of subgenomic mRNAs with the genes at the 3’ end of the 

genome being transcribed more frequently than the genes at the 5’ end (38, 118). As the level of 

protein expressed is related to mRNA abundance, this results in decrease protein production from 

the genes at the 3’ end to the gene at the 5’ end (52). Eventually, different viral gene products 

localize and accumulate at the cell plasma membrane where the progeny virus are assembled and 

released.  

Host Innate Immunity to RSV Infection 

Recognition of RSV by the innate immune system 

The innate immune system senses pathogen invasion via pattern recognition receptors (PRRs) 

which  recognize conserved pathogen-associated molecular patterns (PAMPs) (138). These   
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Figure 2.3 Diagram of RSV replication cycle. Virus replication initiates from virus attachment to 

the cells followed by cell fusion via viral F protein. RNA polymerase initiates virus transcription 

and genome replication in cells. Different viral gene products are localized and accumulated in 

the cell plasma membrane where the progeny virus is assembled and released.  
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PRRs can be the membrane bound such as Toll-like receptors (TLRs), mannose receptors and 

scavenger receptors or cytoplasmic PRRs like the NOD-like receptors and RIG-I-like RNA 

helicase (RLH). PRRs are broadly distributed in airway epithelium cells which are the main 

targets of RSV infection and are distributed on alveolar macrophages and dendritic cells. TLRs 

are constitutively or inducibly expressed on variety of different cells, including human lung 

epithelial cells and especially the antigen presenting cells (APCs). TLRs can be expressed on the 

cell membrane or located intracellularly. Different TLRs appear to be involved in sensing 

different pathogen types. In contrast to TLRs, RLH survey the cytoplasm for viral RNA. RIG-I 

and MDA5 are important in the recognition of distinct sets of RNA viruses. Multiple PRRs have 

been shown to be involved in triggering innate immune responses against RSV infection (69, 84, 

120, 128, 144, 151, 183, 186). RSV F protein induces innate immune response by macrophage 

and DCs through CD14 and TLR4 signaling (119). The importance of TLR4 recognition of RSV 

is demonstrated in the experiment with TLR4-deficient mice which had the longer viral 

persistence compared to the normal mice (119).  TLR3 is located on the intracellular membrane 

and detects double stranded RNA (dsRNA). TLR3 expression is up-regulated in target cells 

following by RSV infection and signals through a MyD88-independent pathway (171).  

Although TLR3 has not been shown to be critical for RSV clearance, it seems to be important for 

maintaining an appropriate Th1-type immune environment avoids the Th2-mediated pathology in 

the lungs of infected mice (172). A recent study has shown that TLR2 is involved in RSV 

recognition and subsequent activation of the innate immune system (150). In addition, the 

cytoplasmic PRR, RIG-I but not MDA5, has been shown to be essential in mediating innate 

immune responses against RSV infection and other paramyxovirus (129). Further, cells lacking 

RIG-I were shown to be generally more permissive to RSV infection.   
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Dendritic cells  

Dendritic cells (DCs) are professional antigen presenting cells (APCs). The co-

stimulatory or inhibitory molecules expressed on the surface of DCs and the cytokines they 

secrete in part determine the destiny of the T cells they activate — whether the T cells are 

activated or tolerized and whether they are polarized to Th1, Th2 or T regulatory cells (49). 

Respiratory DCs are located within the intra-eptithelial layer of the respiratory tract and 

underneath the respiratory epithelium basement membrane in the lamina propria where they meet 

the pathogen and carry the antigens to the draining lymph node. There are two main subsets of 

DCs: myeloid or conventional DCs (cDCs, CD11b+, CD11c+) and plasmacytoid DCs (pDCs, 

CD11b-, B220+). The balance between cDC and pDC in the lung and the draining lymph node 

has been shown to be crucial for the pulmonary  immunity to RSV infection (190). Increased 

pDC numbers have a protective impact on the nature of the overall immune environment and 

depletion of pDC from the lungs of RSV infected mice results in a pathologic response skewed 

towards Th2 cytokine profile (190, 191, 216). Not only the number of DCs but also the quality of 

antigen presentation by DCs affects the T cell activation. DCs themselves can also be infected by 

RSV. Although infected DCs can still go differentiation and maturation, RSV-infected DCs can 

impair T cell activation. Several mechanisms have been suggested including the modulation of 

soluble mediators, such as IFN-α (164) , or IL-1Rα (177) or other unidentified mediators (47). 

Additionally the F protein expressed on RSV infected DCs may inhibit T cell activation by direct 

contact (179). Moreover, a recent study proposed that RSV impairs T cell activation by 

preventing synapse assembly with DCs (77). This group demonstrated that RSV suppression of T 

cell activation was not due to mediation of DC-derived soluble factors, but due to the interaction 
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with RSV-infected DCs, which rendered T cells unresponsive to subsequent TCR engagement 

and impaired DC-T cell synapse assembly (77).  

Macrophages 

Macrophages are the key effector cells of the innate immune response. The lower 

respiratory tract abounds with alveolar macrophages which serve as the frontline of cellular 

defense against respiratory pathogens.  Macrophages are also significant sources of important 

pro-inflammatory  cytokines such as TNF-α, IL-6 and IL-8 following RSV infection (12). 

Depletion of macrophages significantly inhibits the early release of inflammatory cytokines into 

the airways after RSV infection and enhances the peak viral load in the lung but has little effect 

on the T cell recruitment and overall lung diseases suggesting that macrophages might only play 

essential role in the earlier response to RSV infection, but had little effect on the later adaptive 

response (165). In contrast, another study has shown that the deficiency of alveolar macrophages 

in NZB mice were central to enhanced disease, because depletion of alveolar macrophages in 

BALB/c mice before RSV exposure resulted in airway occlusion and a similar pathology was 

observed in macrophage deficient NZB mice (167). 

NK cells 

Natural killer (NK) cells constitute a major component of the innate immune system. 

They have a role in clearance of tumors and virus-infected cells by benefit of their natural 

cytotoxic ability. Chemokines, such as MIP-1α, are important for the recruitment of NK cells to 

the site of infection (198).  During RSV infection, NK cells are recruited to the lungs very early 

after infection and reach peak levels at about day 3-4 post-infection (204, 207). DCs are 

considered to be the primary cell types that potentiate NK cell activation and cytotoxicity (146, 

147); however, a recent study showed that alveolar macrophages are required to recruit and 
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activate NK cells in response to RSV infection, and depletion of macrophages reduced the 

activation and recruitment of NK cells (165). Interestingly, it has been shown that RSV lacking 

G and SH proteins exhibits enhanced NK cell infiltraion into the lungs (207). Beside the 

cytotoxic potential, NK cells produce IFN-γ following antigen recognition that plays an 

important role in the subsequent adaptive response by enhancing the differentiation of CD8 T 

cells into effector cytotoxic T lymphocyte (CTL) and CD4 T cells into Th1 cells. Additionally, 

depletion of asialo-GM+ NK cells leads to a prolonged RSV shedding from infected mice, 

suggesting an important role of NK cells in RSV viral clearance.  

NK  T cells 

Natural killer T cells (NKT) are a distinct lineage of T cells that express a semi-invariant 

T cell receptor (TCR) and share a number of cell surface markers with NK cells (25). They 

recognize glycosphingolipids presented by the non-polymorphic CD1d antigen presenting 

molecule that is evolutionarily related to the classical major histocompatibility complex (MHC) 

class I and class II glycoproteins (14, 24). These cells can produce Th1- and Th2-type cytokines 

and therefore have the potential to impact adaptive immune responses by governing aspects of 

the cytokine microenvironment. NK T cells have been implicated in immune responses against 

RSV infection, where NK T cells were shown to have a role in early IFN-γ production and 

efficient induction of CD8 T cell responses during primary RSV infection (103). 

Host Adaptive Humoral Immunity to RSV Infection 

RSV infection induces antibody responses against several viral antigens; however, only 

the two major surface glycoproteins (F and G proteins) induce antibodies which have a major 

role in protection against RSV infection (83). Vaccination studies using recombinant vaccinia 

virus (rVV) expressing various RSV proteins have shown that serum antibodies can be induced 
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by F, G, M2 and P proteins, but only F and G protein were the major determinants of 

protection(39). The RSV F protein has two forms:  a mature form, found in virions, and an 

incorrectly folded forms that lack important neutralization epitopes (122, 130). Although both of 

these forms are able to presented to the immune system and induce antibody responses of 

comparable magnitudes (176),  the substantial antibody response against the incorrectly folded 

form of F protein might lead to diversion or reduction of a protective antibody response against 

the conformationally correct protein. Comparing F to G protein among RSV isolates, the G 

protein is the more divergent protein with only 53% identity for G protein and 90% for F protein 

(35). Therefore, few G-specific monoclonal antibodies are cross-reactive (35), while the majority 

of F specific monoclonal antibodies are cross-reactive. Unexpectedly, very few individual G 

protein-specific monoclonal antibodies efficiently neutralize RSV infectivity, and G protein-

specific antibody neutralization requires multiple antibodies (139). Further, the majority of G 

protein-specific monoclonal antibodies are much less effective than F protein-specific 

monoclonal antibodies in neutralization of RSV. It appears that protective anti-G protein 

antibodies recognize the central conserved cysteine-rich region of the G protein (209). It is 

possible that this feature may be linked to antibody-mediated inhibition of G protein CX3C 

interaction with CX3CR1 and immune modulation (205). Based on their reactivity with specific 

monoclonal antibodies against the RSV F and G proteins and the different sequences of some 

genes, RSV is divided into two subgroups: A and B. However, RSV exhibits a single serotype, as 

there is only three- to four fold difference in reciprocal cross-neutralization in vitro. The two 

groups, independently, circulate in the human population with predominant subgroup A causing 

more acute illness (23) .  
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Neutralizing antibodies have an important role in protection from RSV infection, 

although serum and mucosal neutralizing antibodies seem to provide different levels of 

protection. As serum antibodies, mainly composed of IgG, gain access to the lungs much easier 

to the nasal passages through transduction, they provide better protection of lungs than upper 

respiratory tract (URT). Passive immunization studies in cotton rats have shown that serum 

antibody can provide complete protection against RSV replication in the lungs, but only a partial 

reduction in nasal virus titer (166). Mucosal secretory IgA antibody may have a more important 

role in local protection, although this antibody is short-lived and have less neutralizing activity 

comparing to serum IgG antibodies. Repeated RSV infection can induce a sustained antibody 

response associated with high levels of mucosal IgA in nasal secretions, which can limit virus 

replication in URT, independent of the level of serum antibodies (141).  

Host Adaptive Cellular Immunity to RSV Infection 

Although antibody responses are vital for protection against RSV infection, T cell 

mediated cellular immune responses are of greater importance in virus clearance.  In humans, 

CD8+ T cells recognize F, M, M2 and NS2 proteins, but there is little or no recognition of G, P 

or NS1 protein. In BALB/c mice, CD8+ CTL primarily recognize F, N and M2 proteins (158). 

M2 protein contains an immunodominant H-2Kd epitope in BALB/c mice (117), and a H-2Db 

restricted CTL epitope in C57B1/6 mice (174).  The identification of CTL epitopes in different 

models is important for analyzing the kinetics and immunodominance of CTL responses. 

Priming of different subsets of CD4+ T cells appears to contribute to the quality and magnitude 

of the CD8+ T cell response and subsequent disease pathogenesis. Studies have demonstrated F 

and G prime different subset of CD4 T cells in BALB/c mice vaccinated with different 

recombinant vaccinia virus (rVV) expressing G or F proteins (3). Differentiation and activation 
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of different subset of CD4 T cells contribute to the Th1/Th2 environment by secreting Th1/ Th2 

type of cytokines. In BALB/c mice, F protein primes both CD8+ and CD4+ T cells toward a 

Th1-type biased cytokine response while G protein primes only CD4+ T cells that are biased 

towards to Th2-type cytokine response (102). The distribution of CD4 T cell epitopes against the 

F protein vary in different hosts. The CD4 T cells immunodominant epitope of the G protein is 

within the regions 162-179 in the non-glycosylated ectodomain. Studies on CD4 T cell epitopes 

on G protein have been focused on the Th1 and Th2 responses. One study demonstrated that the 

epitopes in the non-glycosylated ectodomain of G protein are recognized by Th2 type of CD4 T 

cells in mice, but are poorly recognized by human CD4 T cells (89, 200).  Other studies reported 

that the immunodominant peptide of G protein is recognized by both Th1 and Th2 CD4 T cells 

in humans (48, 50).  

During the primary immune response to RSV infection, the influx of CD4+ and CD8+ T 

cells is preceded by an early pulmonary NK cell response, however the T cell response peaks 

between 7-10 days post infection (99). CD8 T lymphocytes play a major role in the clearance of 

virus. RSV-specific CD8 T cells are found both in the lungs and in the peripheral blood after 

RSV infection. Studies have shown that virus clearance is temporally associated with the 

increase of RSV-specific CD8 CTL activity in the lungs (199).  Although T cell responses 

predominantly occur in the lungs during RSV infection, it has been shown in the mouse model 

that T lymphocyte subsets can redistribute from the peripheral blood to the lung and 

bronchoalveolar lavage (BAL) after RSV infection (113). Studies also indicate that higher 

proportion of RSV-specific CD8 T cells in the peripheral blood can be detected in elder infants 

than younger infants. This might be due to immune immaturity, the Th2 environment in the lung 

and the suppressive environment associated with maternal antibody in infants.  
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 A T cell memory response is important for RSV-reinfection. The importance of CD4+ 

memory T cells to RSV-reinfection has been investigated; however, the majority of studies have 

focused on the response to RSV G protein priming. It has been shown that the memory CD4+ T 

cells responsive to the RSV G protein in the lungs of primed BALB/c mice challenged with RSV 

is dominated by effector T cells expressing a single T cell receptor (TCR) Vβ-chain, Vβ14 (213). 

CD4+ T cells expressing TCR Vbeta14 preferentially proliferate and expand into activated 

effector T cells in the lungs rather than the lymph nodes which drain the site of infection (220). 

Although this study is limited to a specific inbred strain of mice, these findings may be important 

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

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

pulmonary eosinophilia (26, 30, 80, 82, 204). It has been recently shown that RSV-specific 

memory CD8 T cells, when present in sufficient numbers, inhibit Th2-associated chemokines, 

CCL17 and CCL22, and may alter the trafficking of Th2-type cells and eosinophils into the lung 

(155). Interestingly, the memory CD4+ T cell response to RSV F protein is much broader than 

that to RSV G protein. Immunization of mice with the F protein elicits a broad repertoire of RSV 

F-specific CD4+ T cells that predominantly express Th1-type responses; however, in the absence 

of IFNγ, RSV F-specific memory CD4+ T cells secrete IL-5 and develop pulmonary eosinophilia 

after RSV challenge suggesting that IFNγ can modulate the memory CD4+ T cell response to 

secondary RSV infection (29).  

CD8+ memory T cells are important for clearing RSV reinfection. Studies of RSV-

specific CD8+ memory T cells in human have shown that most pulmonary CD8+ T cells are 

retained in the lungs and a minority in the peripheral blood (46). Consistent with these findings, 

it has been shown that 20% of pulmonary CD8 T cells after acute infection are secreting IFNγ in 
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response to a single immunodominant peptide compared to CD8 T cells in the draining lymph 

node where only 2-3% secrete IFNγ (159). It remains unclear whether resident or recruited RSV-

specific CD8+ T cells may be more important to control RSV reinfection; however, it has been 

shown that although there is higher proportion of CD8+ memory T cells in the lungs, 

amplification of recall responses in the organized lymphoid tissue is more efficient (159). This 

suggests that during RSV infection pulmonary CD8 T cells might be functional impaired 

compared to the CD8 T cells in the peripheral blood and lymphoid tissue. There is evidence that 

pulmonary CD8+ T cells from BALB/c mice are functionally inactivated in RSV infection while 

effector CD8 T cells from lymph nodes or spleen had no defect in function (31). The 

mechanisms contributing to pulmonary CD8+ T cell functional impairment during RSV infection 

is not very clear. One study suggested that the functional inactivation of CD8 T cells is 

associated with T cell receptor (TCR) signaling and the activity could be improved by IL-2 

expression in the lungs (32). Another study suggested that the functional inactivation of CD8 T 

cells is independent of RSV infection and is mediated by the immunosuppressive agents in basal 

lung environment that promote the lost of function of CD8 T cells in the lungs (5). Moreover, a 

recent study suggested that healthy lung epithelial cells independent of RSV infection contribute 

to the inhibition of T cell activation (217). 

Cytokines response during RSV infection 

Cytokines are a diverse group of low molecular weight, soluble secreted proteins that are 

produced in response to immune stimuli and function as chemical messengers for mediating and 

regulating innate immunity, adaptive immunity and as well as hematopoiesis. Chemokines are 

group of cytokines that enable the migration of leukocytes from the blood to the tissues at the 

site of inflammation. During RSV infection, a wide range of cytokines and chemokines are 
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produced by different cell types. For example, RSV infection of the cells results in the activation 

of NF-κB activation, which leads to the production of various inflammatory chemokines and 

cytokines including RANTES(CCL5), MIP-1α(CCL3), MCP-1(CCL2), eotaxin(CCL11), IL-

8(CXCL8), TNF-α, IL6 etc., which contribute the inflammation by recruiting neutrophiles, 

macrophages and lymphocytes to the lung airways (140). The chemokines and cytokines can 

either be induced by virus infection directly or via the autocrine/paracrine feedback effects from 

other cytokines. For example, fractalkine, the only known CX3C chemokine, is secreted by 

human endothelial cells activated by proinflammatory signals (TNF-α, IL-1, lipopolysaccharide, 

CD40 ligand, IFN-γ) (11, 66).  

Certain patterns of cytokine and chemokine expression in a RSV-infected individual have 

been suggested to be an indicator of disease severity (98). Studies have shown RSV-infected 

patients present increased levels of MIP-1α, RANTES and IL-8 in the upper and lower 

respiratory tract (91). Blocking any one of these factors may result in less severe disease, which 

has been demonstrated in the mice infected with RSV that antibody-mediated depletion of 

RANTES or eotaxin have resulted in reduced airway hyperreactivity (AHR) and eosinophilia in 

(137, 202). Severe disease manifestations during RSV infection have been associated with a 

Th2-type cytokine response (44). It has been shown young children are prone to develop Th2 

bias cytokine response, which has  also been associated with RSV pathology (169). However, 

there are other studies demonstrating a predominant Th1 type (19) or Th1/Th2 mixed response 

(206). 

Virus-host cell interaction and viral evasion 

RSV infects a number of different cell lines in vitro while it primarily infects respiratory 

epithelial cells lining the nasal passages and respiratory tract in vivo. Multiple aspects of host 



32 
 

cells are affected by RSV infection to facilitate virus replication as well as by host anti-viral 

response to provide defense against virus attack. RSV infection has been shown to alter cytokine 

and chemokine expression as well as the tempo and expression patterns of various cytokine 

genes that affect protein metabolism, cell growth and proliferation, cytoskeleton organization 

and regulation of nucleotides and nucleic acid synthesis (136, 224).  

To overcome the host immune defenses, RSV has enlisted a variety of immune 

modulatory and evasion strategies to promote virus replication. By delaying programmed cell 

death, RSV facilitates its replication in cells, a feature that has been linked to the ability of RSV 

to induce expression of anti-apoptosis genes including the anti-apoptotic gene IEX-1L, the B-cell 

leukemia/lymphoma 2 (Bcl-2) family genes Mcl-1 and Bcl-XL (53, 115, 127, 143). Other 

mechanisms have also been suggested to be associated to the inhibition of tumor suppressor p53 

and Akt activation (85). RSV nonstructural proteins (NS1 and NS2) and SH protein are 

considered to be main viral factors in viral anti-apoptosis effect (17, 67).  RSV can also facilitate 

its replication in host cells through the modulation of the structure and function of respiratory 

epithelial cells. RSV infections can enhance the expression of MMP-9, which is involved in the 

digestion of extracellular matrix resulting in increased rate of RSV syncytium formation which 

facilitates viral replication (222). RSV infection also results in reduced levels of surfactant 

proteins (SP), which are pattern recognition molecules produced by alveolar and airway 

epithelial cells to form the first line defense against virus infection in lung by facilitating the 

opsonization and receptor mediated uptake of RSV (110, 211).   

RSV-mediated modification of the cytokine response has been extensively studied. It is 

well-established that IFN-α/β are produced by most cells during the early response to virus 

infection. These type I IFNs are secreted by infected cells and bind to the neighboring cells 
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resulting in the development of an anti-virus state.  RSV has been shown to be a poor inducer of 

IFN-α/β and resistant to the anti-viral effect of IFN-α/β (182). Many of these features are linked 

to RSV NS1 and NS2 proteins which act cooperatively to prevent the induction of IFN-α/β by 

blocking the activation of IFN regulatory factor 3 (IRF-3) and by inhibiting type I IFN-induced 

(STAT)-2  signaling pathway (36, 182). Cells infected with RSV lacking NS1 and NS2 genes 

have been shown to express higher levels of IFN-α/β and are more immunogenic (210). As IFN 

α/β plays an important role in DC maturation, activation of NK cells, differentiation and 

function of T cells, and enhance primary antibody responses, the inhibition of IFN production by 

RSV has substantial negative impact on the subsequent adaptive immune response. Despite the 

dominant role of NS1/2 genes in IFN antagonism, it has been shown that the RSV G protein also 

inhibits IFNβ through a mechanism linked to the induction of suppressor of cytokine signaling 

proteins (SOCS), which negatively regulate cytokine expression (41, 223).  

The G protein has several known attributes that contribute to immune evasion. The two 

subdomains of the G protein ectodomain flanking the central conserved region are highly 

glycosylated; however the pattern of glycosylation changes depending on the specific cell type 

infected (72, 73, 160, 161). As the antibody response primarily recognizes epitopes within the C-

terminal region of the G protein (135, 173), the altered glycosylation patterns likely contribute to 

immune evasion associated with changes of the G protein antigenic profile (27, 28). Host protein 

mimicry as an immune evasion mechanism is also associated with RSV G protein. For example, 

the Gm and Gs proteins both contain a central conserved cysteine-rich region (GCRR) that has 

homology to the fourth subdomain of the tumor necrosis factor (TNF) receptor. TNFα/β are 

proinflammatory cytokines involved in a large range of inflammatory conditions (21) and in the 

antiviral response to RSV infection (157). It is possible that RSV G protein may bind to TNFα or 
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other homologues modulating the host antiviral response (95, 121). For example, RSV G protein 

can inhibit TLR4-mediated cytokine production by inhibiting nuclear translocation of NF-κB, 

which has been suggested to be related to the conserved cystein-rich region that mimics the 

fourth domain of the TNF receptor (121). The GCRR also contains a CX3C chemokine motif at 

amino acid positions 182-186, which resembles the fractalkine and competitively binds to 

CX3CR1 receptors (90). By CX3CR1 mimicry RSV G protein act as a antagonist of fractalkine 

to facilitate virus replication by altering CX3CL1 chemotaxis of human and mouse leukocytes 

(205). It has been shown that the expression of G protein during RSV infection of mice is related 

to the decreased number of activated and RSV-specific pulmonary CX3CR1+ T cells, as well as 

NK cells (90). Consistent with this finding, studies in mice infected with a RSV mutant virus 

lacking the G and SH genes demonstrated enhanced numbers of NK cells recruited to the lung as 

well as increased IFNγ and TNFα production (207). Together these studies suggest that RSV G 

protein can modulate both the innate and adaptive immune responses. 

RSV Disease Pathogenesis  

RSV disease pathogenesis mechanisms are not well understood. The relative contribution 

of viral versus various host factors to RSV pathogenesis is still controversial. Some of the known 

risk host factors for severe disease include the age of infection, genetic predisposition, 

pathogenic features of host immune responses (51, 57, 58). Some of the viral factors include high 

infectivity, tissue tropism, and the multiple viral evasion strategies. 

RSV infects infants very early in life, which increases the impact of RSV. Very young 

infants are less tolerant of severe infection than older individuals. One of the important reasons is 

because of the lower magnitude and poor durability of RSV antibody response. The reduced 

immune responses are most probably due to the combination of immune suppression by RSV-
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specific maternal serum antibodies (43) and immunologic immaturity (152). Genetic 

predisposition has been indicated in the studies associating genetic polymorphisms in a number 

of genes encoding cytokines, chemokines and proteins involved in surface interactions or 

intracellular signaling, with susceptibility to RSV disease (34, 65, 219).  

There are numerous lines of evidence which indicate that the early inmate host response 

to primary infection is important for RSV pathogenesis. Overly robust inflammatory responses 

are strongly implicated in RSV pathogenesis, which is documented by clinical studies that 

increased expression of inflammatory mediators or their mRNAs in respiratory secretions in 

RSV patients compared to normal persons. The over-exuberant or inappropriate elaboration of 

immune mediators in the respiratory tract may exacerbate the inflammatory response and 

promote airway damage and pathogenesis during virus clearance. Further, neutrophils involved 

in the Th2-mediated or inflammatory responses are suspected to have a role in RSV pathogenesis 

based on the observation that increased number of neutrophils in lung tissues from patients with 

enhanced RSV diseases subsequent to vaccination of formalin-inactivated RSV (FI-RSV). 

Excessive T-lymphocyte cytotoxicity has also been suggested to be one potential mechanism of 

immune-mediated pathogenesis. T cell response help resolve RSV infection, but also contribute 

the disease pathgoenesis, as has been indicated in small animal models in which ablation of 

either CD4+ or CD8+ T cells after RSV infection has resulted in long-term virus infection with 

decreased disease severity and illness (55, 81). There is suggestive but inconsistent evidence of a 

role for Th2-biased responses in RSV pathogenesis. There is considerable evidence of a Th2-

type biased immune response specific for some RSV antigens (13, 55, 82, 134, 156, 212). 

However, other groups have reported a Th1-biased response or mixed responses associated with 

severe pediatric RSV disease (22, 74, 142). 
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The virus factors may represent the main factors of RSV pathogenesis. RSV is one of the 

most contagious human pathogens with infectivity rate comparable to measles virus. RSV is 

readily introduced and spreads with ease, which is demonstrated in studies that the natural 

introduction of RSV into a day-care setting resulted in the infection of more than 90% of infants 

and children (105). Despite limited antigenic variation, RSV is still able to reinfect throughout 

life and even in the same epidemic season (87). RSV has been shown to modify the tempo and 

magnitude of cytokine and chemokine expression patterns during infection (13, 55, 82, 145, 204, 

208) via multiple immune evasion strategies, which contribute to the aspects of disease 

pathogenesis described above.  

There is no single paradigm for explaining RSV disease pathogenesis, which is a multi-

factorial process involving not only host but viral factors such as virus replication, innate 

responses to infection, and aberrant immune responses linked to modification by RSV proteins. 

A better understanding of the interplay between RSV and the host response to infection is needed 

to facilitate the development of disease intervention strategies against RSV infection.  

Development of RSV vaccine  

Since the discovery of RSV, the development of an RSV vaccine has been recognized as 

a priority (114, 163). However, despite over 40 years of effort, there is still no effective and safe 

vaccine available (114, 163). A successful RSV vaccine requires it to provide effective and 

protective immune responses while ensuring vaccine safety. The first candidate vaccine, FI-RSV, 

lead to more severe disease in vaccinated children following subsequent natural infection (33, 

68, 106, 112). The experience with the FI-RSV vaccine has generated a great deal of concern 

about the safety of any non-live RSV vaccine and led to an extremely cautious approach for RSV 

vaccine development. The search for new vaccine candidates such as live-attenuated vaccines 
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has been invigorated with advent of reverse genetics. Unfortunately, none of the live-attenuated 

vaccine candidates have been shown to be both safe and effective (108, 109, 221). The 

disadvantages of live-attenuated vaccine such as poor growth and physical instability make the 

manufacture of this type of vaccine less feasible. Subunit vaccines have been the focus of 

vaccine development for RSV-experienced individuals such as older children and adult 

populations (163). However, subunit vaccines to date have provided incomplete protection in the 

upper respiratory tract. RSV DNA vaccines have also been evaluated, but they have not been 

very effective in the most trials.  

There are several obstacles that impede RSV vaccine development. Natural infection 

does not confer full protection from re-infection and provides only partial protection from 

disease, suggesting it will be difficult to induce a protective immune response (76, 88, 92). The 

immaturity of immune system in the young infants makes it difficult to induce a protective 

immune response. The presence of maternal antibody in infants partly suppresses the immune 

responses to infection. The mechanism is not known, but it primarily affects humoral instead of 

cell-mediated immunity (42, 187, 188). Antigenic and genetic differences among circulating 

RSV strains(4, 149, 162) are likely sufficient to affect the level of cross protection induced by 

viruses from different groups, and it is not known if subgroup differences affect the level of cross 

protection induced by viruses from different subgroups within the same group (96, 101, 148). 

RNA interference and disease intervention 

The process of RNA interference (RNAi) is evolutionarily conserved, gene-silencing 

mechanism in which small 19-23 nucleotide double-stranded RNA molecules, or small 

interfering RNA (siRNA), targets cognate RNA for destruction with exquisite potency and 

selectivity causing post-transcriptional gene silencing (9, 125, 184). The RNAi machinery is 
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expressed in all eukaryotic cells and has been shown to regulate the expression of key genes 

involved in cell differentiation in plants and animals (133, 175, 178, 181). Given the power of 

RNAi to silence genes, numerous RNAi drugs are being developed as an effective disease 

intervention strategy to inhibit viral replication, particularly for RNA viruses such as HIV and 

respiratory syncytial virus (16, 184, 196). Development of synthetic siRNA drugs is particularly 

useful in situations in which long-term silencing is not required or undesirable, e.g. treating acute 

viral infections. RNAi has been shown to work effectively as an anti-viral agent (125, 178, 184, 

197), and this breakthrough technology emerges as a powerful tool to protect humans from viral 

infection. 

RNAi therapeutics offers numerous advantages over conventional anti-viral drugs. For 

example, it is generally easier and more flexible to develop siRNAs to target cognate mRNA 

because the target mRNA and siRNA are sequence-specific, complementary, and for the target 

mRNA, siRNA inhibition can be achieved by targeting different regions of the mRNA. Given the 

high homology of siRNA to the target region there is selective destruction of only interested 

transcript without adverse side effects and minimal if any detectable off-target effects. Also, 

siRNAs without suitable targets remain inert within cells, and for effective gene silencing, only 

substoichiometric amounts of siRNA are needed to target mRNA.  In addition, siRNAs targeting 

conserved cognate mRNA are similarly effective in different species (125, 178, 184, 197). 

Importantly, several siRNA delivery systems including aerosol, intravenous, and topical, can be 

used to distribute siRNAs efficiently into cells of nearly all organs. These qualities have been 

shown in several studies of siRNA inhibition of viral infection, particularly for paramyxoviruses 

such as RSV (10, 16, 100, 125, 180, 184, 197). 
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Abstract 

Respiratory syncytial virus (RSV) is a major cause of morbidity in infants, young 

children, and the elderly worldwide. Currently there is no effective vaccine and anti-viral drugs 

to control infection are limited. RNA interference (RNAi) is a powerful tool amenable to 

development of anti-viral drugs. Using small interfering RNA (siRNA) targeting the RSV P gene 

(siRNA-P), RSV replication can be silenced both in vitro and in a BALB/c model of RSV 

infection. In this study, we examine the effect of siRNA prophylaxis on the primary and memory 

immune response to RSV infection in mice. We show that mice prophylactically treated with 

siRNA-P to decrease but not eliminate RSV replication exhibit reduced pulmonary inflammation 

and lung pathogenesis, and produce a robust anti-RSV memory response when subsequently 

challenged with RSV.  The pulmonary T cell memory response was characterized by high 

numbers of CD44hiCD62Llo CD4+ and CD8+ T cells, M2 peptide-tetramer+ CD8+ T cells 

expressing IFNγ, and a RSV-specific antibody response. The results support the hypothesis that 

siRNAs can be developed as effective anti-viral drugs that can be used to reduce the viral load 

and parameters of pathogenesis without limiting the induction of the memory immune response.  

Introduction 

 Respiratory syncytial virus (RSV) is an enveloped negative-strand RNA virus belonging 

to the Paramyxoviridae family. RSV is a primary cause of morbidity and some mortality in 

infants, young children, the elderly, and the immune suppressed causing bronchiolitis and 

pneumonia-related illness (20, 23, 68). In addition, RSV infection has also been linked to the 

development or exacerbation of airway hyperresponsiveness in children (5, 18, 44), thus there is 

a substantial need for effective vaccines and anti-viral drugs. To date all RSV vaccination 

strategies have proven to be ineffective (23, 47). Compounding issues, natural RSV infection 
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does not lead to sustained protective immunity as individuals may be repeatedly infected with the 

same or different strains (7, 52). The features that contribute to lack of durable immunity are not 

fully understood, but antigenic variation as a mechanism is unlikely. Seasonal epidemics linked 

to RSV infections do not appear to have a major role in susceptibility to reinfection as the two 

major viral surface proteins that are the targets of neutralizing antibody, i.e. attachment (G) and 

fusion (F) proteins, do not exhibit dramatic seasonal variation such as observed for influenza 

virus (10, 29). However, these proteins have been shown to modify aspects of the immune 

response, particularly the G protein which has been shown to inhibit fractalkine-mediated 

responses, alter trafficking of CX3CR1+ cells immune cells, modify the magnitude and cadence 

of cytokine and chemokine expression, affect TCR Vβ usage by CD4+ T cells, and affect the 

interface with the neuro-immune system through induction of the proinflammatory tachykinin, 

substance P (31, 59-66). It is likely that these and other mechanisms contribute to immune 

dysregulation that may facilitate virus replication and/or contribute to persistence of RSV 

infection (5, 72).  

 Numerous studies in BALB/c mice have shown that cell mediated immunity is important 

in the resolution of RSV infection, a feature mediated by both CD4+ and CD8+ T cells (49). The 

RSV M2 protein has been identified as a major H-2d-restricted CTL target (15, 35, 36). 

Consistent with the lack of durable immunologic memory generated after RSV infection, M2-

specific effector CD8+ T cells isolated from the lungs of infected mice have been shown to have 

a reduced capacity to express IFNγ, whereas similar effector CD8+ T cells in the spleen have no 

deficit in IFNγ expression (8). Intriguingly, a rapid loss in the frequency of RSV-specific 

memory CD8+ T cells occurs in the lungs of the infected mice during the resolution phase of 

infection, a finding consistent with the notion that natural RSV infection does not lead to 
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sustained protective immunity (12, 13, 55). Thus, converging lines of evidence suggest that RSV 

protein expression contributes to the dysregulation of immune a function, a feature that 

negatively affects the development of immune memory.  

 Since safe and effective RSV vaccines are not available, disease management has focused 

on passive immunotherapy for high-risk patients. Palivizumab, a humanized IgG monoclonal 

antibody targeting the RSV F protein is currently used as a passive immunoprophylaxis (14, 24). 

However, this treatment has modest prophylactic efficacy, highlighting the need for an actual 

antiviral that could be used as a treatment. RNA interference (RNAi) is a mechanism that inhibits 

gene expression at the stage of translation by hindering the transcription of specific genes (30, 

43, 45). The process is mediated by small interfering RNA (siRNA) that has complementary 

nucleotide sequence to the targeted RNA strand. The siRNAs are guided to their cognate targets 

by components of the RNA-induced silencing complex (RISC) where they  may cleave the target 

to prevent translation into protein (58). RNAi  is a compelling tool for rationalize drug design, 

and is being tested as a prophylactic and therapeutic antiviral agent for a range of viruses 

including HIV, hepatitis, as well as RSV (3, 4, 32, 42, 56). Given the pace of RNAi applications 

and demonstrated efficacy, it is likely that RNAi-based therapeutics will evolve to be a major 

therapeutic modality for antiviral treatment of numerous viruses.  

 RSV has been successfully targeted by siRNA (2-4, 6). Intranasal delivery of an in vitro-

active siRNA directed at the P gene of RSV significantly inhibits RSV replication (6). In these 

studies, siRNA prophylactically delivered to mice 4 hours before RSV infection reduced lung 

virus titers and prevented pulmonary pathology. When RSV-infected mice were treated 

therapeutically with the drug, the level of antiviral efficacy was diminished but lung virus titers 

were still reduced. Since RSV replicates almost exclusively in the respiratory epithelium of 
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humans (71), siRNA antiviral drugs can be directly administered using topical or aerosol 

delivery methods. Although the preliminary evidence suggests siRNA drugs targeting RSV may 

be beneficial, unfortunately nothing is known about the effects of siRNA treatment on the 

memory response to viral challenge. 

 In this study, we examined the effect of siRNA prophylaxis on the primary and memory 

immune response to RSV infection in BALB/c mice. Mice were treated prophylactically with 

siRNA targeting the RSV P gene to reduce but not eliminate RSV replication so that the 

relationship between virus load, disease pathogenesis and immunity could be evaluated. We 

show that siRNA drugs that reduce RSV replication effectively prevent lung disease 

pathogenesis and allow for robust anti-RSV memory immune responses.  

Materials and Methods 

Small inhibitory RNA (siRNA). The wild type (WT) siRNA corresponding to the sequence 

AAGCCCTATAACATCAAATTCAA of the P gene mRNA (6) of RSV strain A2, and a 

mismatch (MM) control siRNA of similar content was used in the studies. Each strand of the 

siRNA was 21 nucleotides long and contained 3'-terminal dTdT extensions. All siRNAs were 

commercially synthesized (Dharmacon ThermoFisher). The WT or MM siRNAs were diluted in 

PBS (100 nM) and intranasally instilled in mice.  

Virus Infection. Vero cells (African green monkey kidney cells) were grown in Dulbecco’s 

Modified Eagle’s Media (DMEM) containing 10% fetal bovine sera (Hyclone; DMEM-10%). 

Respiratory syncytial virus strain A2 (RSV) was propagated in Vero cells as previously 

described (64). Briefly, semi-confluent Vero cells were prepared and washed with phosphate 

buffered saline (PBS). RSV was diluted in DMEM and the cells infected at a multiplicity of 

infection (MOI) of 1. The virus was allowed to adsorb for 2 hour at 37oC after which DMEM-
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10% was added and the cells incubated at 37oC for 4 days. At day 4 post-infection (pi), the virus 

was recovered by removing the cell culture supernatant, freeze-thawing the infected cells, and 

centrifuging the cell lysate to remove debris and recover the virus from the cell lysate 

supernatant.  

Mice, treatment and infections. Four-to-six week old specific-pathogen free female BALB/c 

mice were purchased from Charles River Laboratories, housed in microisolator cages, and fed 

sterilized water and food ad libitum. The studies were reviewed and approved by the university 

institutional review committee. Mice were prophylactically treated for 12h by topical instillation 

of either WT or MM siRNA (2 mg/kg) or PBS prior to infection. In primary immune response 

studies, the treated mice were challenged with 106 PFU of RSV strain A2 (RSV/A2) diluted in 

PBS (GIBCO BRL), and 10 mice/group/day harvested at days 0, 2, 4, 6 or 8 pi. A portion of 

these mice were rested for three weeks post-infection, and for memory immune response studies, 

were i.n. challenged with 106 PFU of RSV strain A/Long (10 mice/group/day) and harvested at 

days 0, 2, 4, 6, 8 or 10 pi. The organs were collected from primary and memory immune mice 

following anesthetization and exsanguinations mediated by severing the right caudal artery. The 

blood was collected for sera, and the bronchoalveolar leukocytes (BAL) collected by lavaging 

the lungs of the mice 3x with 1 ml of PBS. The lungs from three mice/group/day not collected 

for BAL were harvested for histopathology, or determination of virus titer determined by 

immunostaining plaque assay on Vero cells as previously described (64).  

Flow cytometry. The percent positive B220, CD3, CD4, CD8, CD11b, CD44, CD62L, DX5, and 

RB6-8C5 cell subsets were determined for BAL cells by flow cytometry. Cells were blocked  

with 10% normal mouse sera (Jackson Laboratories) in flow buffer (PBS+ 1% BSA), and then 

stained with the appropriate combinations of FITC- or PE-labeled anti-B cell (RA3-6B2), anti-
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CD3 (2C11), anti-CD4 (RM4-5), anti-CD8 (53-6.7), anti-CD11b (M1/70), anti-CD44 (KM114), 

anti-CD62L (DREG-56), anti-pan NK cell (DX5), anti-pan neutrophil (RB6-8C5) or mouse 

isotype antibody control (all from BD Pharmingen, San Diego, CA) as previously described (64). 

For intracellular cytokine staining, BAL cells were incubated for 3 h in the presence of 10 µg/ml 

brefeldin A (BD Pharmingen). After incubation, the cells were washed with flow buffer and 

blocked with 10% normal mouse sera (Jackson Laboratories) in flow buffer. After blocking for 

15 min, the cells were washed with flow buffer and incubated with optimal concentrations of 

anti-CD4 PerCP-Cy5.5 (BD Pharmingen) or CD8 Pe-Cy5.5 (BD Pharmingen) for 30 min at 4°C. 

Cells were then washed with flow buffer and fixed with 4% paraformaldehyde. Cells were then 

washed in permeabilization buffer (BD Pharmingen) and stained with an optimal concentration of 

anti-IFN-γ-PE (clone XMG1.2; BD Pharmingen) or anti-IL-6 (clone; BD Pharmingen) antibody 

diluted in permeabilization bufferCells were washed and analyzed on a BD LSRII flow 

cytometer using FACSDiva software (Becton-Dickinson, Mountain View, CA) from >10,000 

lymphocyte gated events.  

RSV-specific antibody response. Antibody titer and isotypes of the sera samples were 

determined as previously published (57). Briefly, 96-well high binding ELISA plates (Corning 

Costar, Corning, NY) were coated with 1 µg of RSV/A2 (106 PFU/ml) or 1 µg of uninfected 

Vero cell lysate, and blocked with blocking buffer containing PBS, 0.3% Tween-20 (Sigma) and 

0.01 M EDTA buffer (Sigma)(pH 7.0). Dilutions of the sera were made in blocking buffer, added 

to the wells, and incubated for 1 h at 37oC. After five washes in PBS containing 0.1% Tween-20, 

biotinylated goat anti-mouse IgG (BD Pharmingen) was added to the wells and the plates 

incubated for 1 h at 37oC. After washing, an appropriate dilution of streptavidin conjugated to 
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horseradish peroxidase (Zymed Laboratories, Inc., San Francisco, CA) was added to the wells 

and plates were incubated for 30 min at room temperature. Following removal of the unbound 

streptavidin by washing, peroxidase substrate (2,2 '-azino-di[3-ethyl-benzthiazoline sulfonate]) 

(Kirkegaard and Perry Laboratories, Gaithersberg, MD) was added to the wells for 20 min. The 

reaction was stopped with 1% SDS. The determination of anti-RSV titers was determined by 

optical densities at 410 nm (reference 630 nm) on a Tecan ELISA plate reader (Tecan, Research 

Triangle Park, NC). Data are presented as the endpoint titer calculated as the reciprocal of the 

geometric mean of the dilution that resulted in an OD410 reading of 0.03. Isotypes determination 

kits (ThermoScientific, Rockford, IL) were used for antibody isotyping as described by the 

manufacturer. 

RSV M2 tetramer staining. BAL cells suspensions were blocked with purified anti-FcγRII/III 

monoclonal antibody (BD Pharmingen) for 30 min. Cells were washed with flow buffer and 

incubated with optimal concentrations of anti-CD8 FITC antibody (BD Pharmingen). Cells were 

washed and incubated with optimal concentrations of M282–90- specific H-2kd allophycocyanin-

conjugated tetramers (obtained from the Emory University Tetramer Core Facility, Atlanta, GA) 

for 45 min at 4°C. After tetramer staining, cells were washed twice with flow buffer and 

analyzed on a BD LSRII flow cytometer using FACSDiva software (Becton-Dickinson, 

Mountain View, CA) from >10,000 lymphocyte gated events. 

Histopathology. Histopathological examination was performed for lungs from siRNA-treated and 

untreated mice infected with RSV. Tissues were fixed in 10% buffered formalin, embedded in 

paraffin, sectioned, and stained with hematoxylin and eosin prior to light microscopy 

observation. Multiple sections from each tissue block were analyzed under light microscopy. 
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Statistics. For statistical evaluation between two treatments, a t-test for unpaired samples was 

used to compare the responses between WT and MM siRNA treated mice. Values with p<0.05 or 

p<0.01 were considered significant. The Kruskal-Wallis test (Prism Graph Pad, La Jolla, CA) 

was used to compare the medians between the three treatment groups where the significance was 

set at P < 0.05. 

Results 

Prophylactic siRNA treatment reduces virus lung titers and lung pathogenesis. 

 Previous prophylactic and therapeutic studies have shown that siRNAs targeting the P 

gene can reduce RSV replication (6).  Using the same siRNAs targeting the P gene (WT), a 

scrambled mismatch (MM) siRNA control, or PBS, the level of lung virus replication was 

determined. Mice prophylactically treated by intranasal (i.n.) inoculation with 200, 100 or 50 nM 

of siRNA for 12h prior to RSV infection had reduced lung virus titers at day 4 pi, an effect that 

was dose-dependent, in contrast to MM siRNA or PBS treated mice where no effect on virus titer 

was observed (Figure 3.1 A).   

To evaluate in vivo efficacy of siRNA prophylaxis, mice were i.n. treated with 100 nM (2 

mg/kg) WT or MM siRNA or PBS vehicle and 12h post-treatment i.n. infected with 106 pfu 

RSV/A2 (Figure 1B). Prophylactic treatment with WT siRNA reduced virus titers at all time 

points examined compared to MM siRNA or PBS-treated mice, and at days 4 and 6 pi, WT 

siRNA treated mice had significantly (p<0.05) reduced virus titers compared to MM siRNA or 

PBS-treated mice. No substantial lung histopathology was detected WT siRNA-treated mice at 

any time point examined. MM siRNA and PBS treated mice did not show substantial 

histopathology until day 6 pi. For comparison, the histopathology at day 6 pi is shown for WT 

siRNA treated mice (Figure 3.1Ci), PBS-treated mice (Figure 3.1Cii) and MM siRNA-treated  
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Figure 3.1. Prophylactic siRNA treatment reduces virus lung titers. A) Mice were 
prophylactically treated i.n. with 4 mg/kg, 2 mg/kg, or 1 mg/kg of WT siRNA (WT200, WT100, 
or WT50, respectively), MM siRNA (MM200, MM100, or MM50, respectively), or PBS for 12h 
prior to RSV/A2 infection (106 PFU).  Lungs were harvested at day 4 pi and virus titers 
determined by immunostaining plaque assay with anti-F protein monoclonal antibody (clone 
131-2A) as previously described (64). Data is presented as mean log10 PFU/g titer+SE from n=5 
mice/treatment/time-point in 3 separate experiments. The limit of virus detection is between 5-10 
PFU/g lung tissue. B) To evaluate the kinetics of siRNA efficacy, mice were intranasally treated 
with 2 mg/kg WT or MM siRNA or PBS vehicle, and 12h post-treatment, intranasally infected 
with 106 PFU RSV/A2 (Figure 3.1B). Lungs were collected at days 2, 4, 6, or 8 pi and assayed 
by immunostaining plaque assay using Vero cells as previously described (64). C) Lung 
histological pathogenesis was evaluated in WT siRNA-treated (Figure Ci), PBS-treated (Figure 
Cii), and MM siRNA-treated (Figure Ciii) mice at day 6 pi as previously described (26). 
Asterisks indicate a significant (p<0.01) difference from the control.   
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(Figure 3.1Ciii) mice. The MM siRNA and PPBS treated mice showed increased  

peribronchiolar, perivascular, and interstitial lymphocytic infiltrates typical of RSV-mediated 

pathogenesis (26). These results suggest that the extent of lung pathogenesis following RSV 

infection appears associated with the virus load. 

Bronchoalveolar leukocyte (BAL) response in siRNA-treated mice. 

 To determine if the reduction in virus titer associated with WT siRNA treatment affected 

the primary immune response, mice were prophylactically treated with 100 nM (2 mg/kg) WT or 

MM siRNA or treated with PBS vehicle. Twelve hours post-treatment, the mice were i.n. 

infected with 106 PFU of RSV/A2 and the BAL and sera collected at days 0, 2, 4, 6 or 8 pi. The 

magnitude of the primary bronchoalveolar leukocyte (BAL) response to RSV infection was 

highest for mice treated with MM siRNA or PBS compared to WT siRNA-treated mice (Table 

3.1). Consistent with peak virus titers (Figure 3.1B), the highest number of BAL cells infiltrating 

the lung occurred at day 6 pi for all treated mice, and at day 8 pi, all treated mice had similar 

BAL cell numbers indicating equilibration of BAL cell numbers among the groups of mice.  

The BAL cell types were determined during the primary immune response to RSV 

infection of WT and MM siRNA and PBS treated mice (Table 3.2). Peak CD4+ and CD8+ T cell 

numbers were detected at day 8 pi with no significant differences (p<0.0.5) in total cell numbers 

between siRNA or PBS-treated mice. A minimal B220+ cell response was observed at all time-

points for all treatments. Interestingly, higher numbers of DX5+ cells occurred at day 6 pi in WT 

or MM siRNA treated mice compared to PBS-treated mice, and MM siRNA treated mice had 

significantly (p<0.05) higher DX5+ cell numbers at day 8 pi compared to WT siRNA or PBS 

treated mice. This data suggests that siRNA treatment affects the DX5+ cell response at late time-

points. It is likely that DX5+ cells are being recruited by cytokines or chemokines produced  
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Table 3.1 Total bronchoalveolar lavage (BAL) cell numbers during primary RSV infection. 

 Day 0 Day 2 Day 4 Day 6 Day 8 

PBS 2.9 x 104 (+0.5) 6.0 x 105 +1.5)# 6.5 x 105 +1.5) # 1.2 x 106 +3.1) # 7.0 x 105 +1.2) # 

MM 3.1  x 104 (+0.8) 5.8 x 105 +2.1) # 7.9 x 105 +2.8) # 1.4 x 106 +3.5) # 8.0 x 105 +1.5) # 

WT 3.0 x 104 (+0.5) 3.9 x 105 +0.5) * # 3.8 x 105 +0.2)* # 0.5 x 106 +3.5) * # 6.5 x 105 +1.1) # 

 

Note: Mice were intranasally treated with phosphate buffered saline (PBS), 100 nM (2 mg/kg) 
mismatched siRNA (MM), or 100 nM (2 mg/kg) wild type siRNA (WT) specific for the RSV P 
gene prior to RSV/A2 infection (106 PFU). The total cell numbers (+standard error) were 
determined from 3-5 mice/treatment in three separate experiments. * = statistically different 
(p<0.05) from MM and PBS-treated mice; # = statistically different (p<0.05) from day 0 
response. 
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Table  3.2. Total number of cell types in the BAL during the primary response to RSV infection. 

Cell type 
and day p.i. 

Total no. of cells(SE) 
WT MM PBS 

CD4+ 
2 1.5 x 103(+3.0) 3.1 x 103(+2.2) 2.5 x 103(+1.5) 
4 16.5 x 103(+3.1) 18.5 x 103(+2.5) 14.4 x 103(+2.8) 
6 16.2 x 103(+2.1) 16.0 x 103(+2.4) 12.2 x 103(+1.6) 
8 33.5 x 103(+5.8) 29.5 x 103(+6.0) 31.0 x 103(+5.2) 
CD8+ 
2 2.8 x 103(+1.1) 5.8 x 103(+2.2) 5.1 x 103(+1.5) 
4 18.5 x 103(+1.8) 17.9 x 103(+2.8) 18.9 x 103(+2.8) 
6 18.4 x 103(+2.5) 21.0 x 103(+2.1) 19.4 x 103(+2.6) 
8 48.6 x 103(+5.5) 39.5 x 103(+5.7) 48.0 x 103(+5.5) 
B220+ 
2 0.09 x 103(+0.1) 0.1 x 103(+0.1) 0.1 x 103(+0.1) 
4 0.5 x 103(+0.1) 0.2 x 103(+0.1) 0.8 x 103(+0.1) 
6 0.5 x 103(+0.5) 0.6 x 103(+0.2) 0.5 x 103(+0.1) 
8 0.3 x 103(+0.1) 0.1 x 103(+0.1) 0.6 x 103(+0.2) 
DX5+ 
2 2.5 x 103(+0.5) ┼ 5.0 x 103(+1.1) 4.8 x 103(+1.2) 
4 5.0 x 103(+0.5) 8.0 x 103(+1.2) 6.5 x 103(+1.3) 
6 7.5 x 103(+1.2) ┼# 14.4 x 103(+2.8)# 1.3 x 103(+1.1) ┼ 
8 1.9 x 103(+1.1) ┼ 7.0 x 103(+1.2) 0.5 x 103(+0.5)┼ 
RB6-8C5+ 
2 3.8 x 103(+0.8)┼# 11.8 x 103(+1.8)* 10.0 x 103(+1.5)* 
4 1.9 x 103(+0.8) 2.5 x 103(+1.8) 3.3 x 103(+2.5) 
6 5.8 x 103(+2.4) 6.0 x 103(+1.8) 7.4 x 103(+2.0) 
8 8.8 x 103(+1.4) 8.0 x 103(+2.7) 9.8 x 103(+0.4) 
CD11b+ 
2 3.1 x 103(+0.5) ┼# 5.9 x 103(+0.5) 5.1 x 103(+0.5) 
4 10.0 x 103(+2.8) 10.8 x 103(+2.8) 11.0 x 103(+2.2) 
6 5.0 x 103(+1.2) 4.1 x 103(+1.5) 5.9 x 103(+1.5) 
8 5.5 x 103(+1.8) ┼ 9.0 x 103(+1.1) 7.5 x 103(+1.5) 

 

Note: Mice were intranasally treated with 100 nM (2 mg/kg) wild type (WT) siRNA specific for 
the RSV P gene, 100 nM (2 mg/kg) mismatched (MM) siRNA, or phosphate buffered saline 
(PBS) prior to RSV/A2 infection (106 PFU). The total cell number +standard error were 
determined from 4-5 mice/treatment in three separate experiments using appropriate monoclonal 
antibodies and flow cytometry. * = statistically different (p<0.05) from WT-treated mice; ┼ = 
statistically different (p<0.05) from MM-treated mice; # = statistically different (p<0.05) from 
PBS-treated mice. 

 

 



90 
 

in the lung microenvironment at these time-points; however, the mechanism is not known.  It 

may be possible that off-target siRNA activities contribute to these findings, although similar 

experiments have shown that treatment with similar siRNAs alone do not induce detectable type 

I IFN levels (6). It is also unlikely that the DX5+ cells are responding directly to the siRNAs 

because they are rapidly degraded in vivo (38).  Since this effect occurs late in the response, i.e. 

day 6 pi, and only DX5+ cells appear affected by siRNA treatment, there is no evidence that 

siRNA treatment has a general proinflammatory effect in the lung. A higher number of RB6-

8C5+ cells, confirmed by H&E staining as PMN, and CD11b+ cells were detected at day 2 pi in 

PBS- and MM siRNA-treated mice compared to WT siRNA-treated mice, but no other 

substantial differences were observed at the other time-points examined. The differences in the 

recruitment of these innate immune cells between groups of treated mice are unclear, but it is 

possible that this may be linked to a reduced host cell response to infection associated with a 

decreased virus load in WT-treated mice (Figure 3.1B). 

T cell activation and intracellular cytokine expression.  

To determine the level of T cell activation in the BAL, the levels of CD44hi and CD62Llo 

expression by CD4+ and CD8+ T cells was determined at time-points post-RSV infection (Figure 

2A-C). CD4+ and CD8+ T cells from the BAL of mice prophylactically treated with WT or MM 

siRNA or PBS for 12h prior to infection, i.e. day 0, had very low levels of CD44hi or CD62Llo 

expression, e.g. the expression levels were below those observed for RSV  infected mice at day 2 

pi (Figure 3.2A-C). Both CD4+ and CD8+ T cells had increased CD44hi and CD62Llo expression 

at day 4 pi, and peak numbers of activated CD4+ and CD8+  CD44hi and CD62Llo T cells 

occurred between days 4 - 6 pi for MM siRNA treated mice (Figure 3.2B), and at days 8 pi for 

PBS (Figure 3.2A) and WT siRNA treated mice (Figure 3.2C). MM siRNA and PBS treated  
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Figure 3.2  CD44hi and CD62Llo expression by CD4+ and CD8+ T cells in the BAL.  Levels of 
CD44hi and CD62Llo expression by CD4+ and CD8+ T cells was determined at days 2 – 8 post-
RSV infection of PBS treated (A), MM siRNA treated (B) and WT siRNA treated (C) mice. To 
address the association between CD44hi and CD62Llo T cell expression and Th1/Th2 cytokine 
expression, the levels of intracellular IFNγ (Th1-type cytokine) and IL-6  (Th2-type cytokine) 
was determined for CD4+ and CD8+ T cells at days 2 – 8 pi of PBS treated (D), MM siRNA 
treated (E) and WT siRNA treated (F) mice. Data is presented as mean total cells+SE from n= 5 
mice/treatment/time-point in 3 separate experiments. 
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mice had significantly (p<0.05) higher numbers of activated CD4+ T cells between days 4 - 6 pi 

compared to WT siRNA-treated mice, and significantly (p<0.05) higher numbers of activated 

CD8+ T cells at 6 pi compared to WT siRNA-treated mice, suggesting that increased T cell 

activation may be linked to a higher virus load (Figure 3.1B). 

 To determine the pattern of cytokines expressed by T cells in the BAL, intracellular 

IFNγ (Th1-type) and IL-6 (Th2-type) expression was determined for CD4+ and CD8+ T cells at 

days 0 – 8 pi (Figure 2D-F). No significant cytokine response or difference (p<0.05) in the total 

number of CD4+ or CD8+ T cells expressing IFNγ or IL-6 was observed at day 0 (prior to 

infection).  CD4+ T cells in the BAL of any treatment group expressed significantly (p<0.01) 

higher levels of IFNγ and IL-6 at day 8 pi compared to CD8+ T cells, and at other time-points, 

also expressed higher IFNγ and IL-6  levels than CD8+ T cells. It is interesting to note that the 

magnitude of IFNγ and IL-6 expression by CD4+ T cells from WT siRNA treated mice was 

significantly (p<0.05) higher at days 4 – 6 pi compared to MM siRNA or PBS-treated mice. 

Overall, the pattern of CD4+ T cell cytokine expression suggested a mixed Th1/Th2-type 

cytokine response. However, the pattern of CD8+ T cell cytokine expression in all treated groups, 

although of lower magnitude compared to CD4+ T cells, was suggestive of a Th1-type response. 

CD8+ T cell IFNγ levels were significantly (p<0.05) higher than IL-6 at day 8 pi in PBS-treated 

mice, higher at days 6 – 8 pi in MM siRNA-treated mice, and higher at days 4-6 pi in WT 

siRNA-treated mice (Figure 3.2D-F). These results suggest that the pattern and magnitude of 

IFNγ and IL-6 expression is not directly linked to the level T cell activation (Figure 3.2A-C), and 

so not likely to be linked to the virus load. 
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BAL cell response, virus clearance, and lung pathology during the memory response. 

 To determine how a reduction in virus titer associated with prophylactic WT siRNA 

treatment affects the memory response to challenge, mice prophylactically treated with 100 nM 

(2 mg/kg) WT or MM siRNA or treated with PBS and previously infected with RSV were i.n. 

challenged 3 weeks later with 106 PFU of RSV/A Long and the BAL, lungs, and sera collected at 

days 0, 2, 4, 6, 8 or 10 pi. BAL cell numbers were similar among the treated mice except at day 6 

pi where WT siRNA-treated mice had significantly (p<0.05) higher numbers of total BAL cells 

(Table 3.3). As expected, the total number of BAL cells for any treatment group rapidly 

increased over the unchallenged but RSV-immune mice.  

The total number of CD4+ or CD8+ T cells expressing CD44hi or CD62Llo was 

determined in the BAL of mice treated with PBS, WT or MM siRNA at days 0 - 10 pi. No 

significant difference (p<0.05) in the total numbers of CD4+ or CD8+ CD44hi and CD62Llo T 

cells were determined between the treated mice at days 0 - 2 pi (range 500 – 5,500). However, 

between days 4 – 6 pi in WT siRNA treated mice, the total number of CD8+ CD44hi T cells in the 

BAL (range 11,000 – 39,500) was significantly (p<0.05) higher compared to MM siRNA or PBS 

treated mice (range 3,200 – 6,500), and CD8+ CD44hi T cell numbers peaked  at day 6 pi (range 

21,500 – 39,500). In contrast, there was no significant difference in the total number of CD4+ 

CD44hi T cells at any time point between days 0 – 6 pi (range 500 – 5,500) in PBS, WT or MM 

siRNA treated mice. Likewise, the total number of CD8+ CD62Llo T cells (range 28,000 – 

41,000) was significantly (p<0.05) higher between days 4 – 6 pi in the BAL of WT siRNA 

treated mice compared to PBS or MM siRNA treated mice, and CD8+ CD62Llo T cell numbers at 

day 6 pi (range 29,500 – 39,000). There was no significant difference (p<0.05) in the total  
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Table 3.3. Total bronchoalveolar lavage (BAL) cell numbers following RSV challenge of 
immune mice. 

 Day 0 Day 2 Day 4 Day 6 Day 8 Day 10 

PBS 0.8 x 104  
(+0.5) 

5.5 x 105 
(+1.1) 

6.0 x 105 
(+1.4) 

7.2 x 105 
(+2.1) 

6.2 x 105 
(+1.2) 

2.1 x 105 
(+1.2) 

MM 0.5  x 104  
(+0.5) 

5.2 x 105 
(+1.2) 

6.7 x 105 
(+1.0) 

6.9 x 105 
(+2.0) 

6.9 x 105 
(+1.1) 

2.3 x 105 
(+1.5) 

WT 0.4 x 104  
(+0.5) 

5.2 x 105 
(+1.2) 

5.8 x 105 
(+1.2) 

9.6 x 105 
(+0.8) *# 

7.4 x 105 
(+1.3) 

2.0 x 105 
(+1.0) 

 

Note: Mice prophylactically treated with WT or MM siRNA or PBS and i.n. infected with 106 
PFU RSV/A2 were rested for 3 weeks pi then i.n. challenged with 106 PFU RSV/Long. BAL was 
collected at the days indicated post-challenge. The total cell numbers (+standard error) were 
determined from 4-5 mice/treatment in three separate experiments. * = statistically different 
(p<0.05) from MM-treated mice; # = statistically different (p<0.05) from PBS-treated mice. 
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number of CD4+ CD62Llo T cells at any time point between days 0 – 6 pi (range 1000 – 5,500) in 

PBS, WT or MM siRNA treated mice.  Between days 8 – 10 pi, the total numbers of 

CD8+CD44hi or CD62Llo T cells in the BAL of  WT siRNA treated were similar (range 20,500 – 

27,500), and remained significantly higher (p<0.05) compared to CD4+CD44hi or CD62Llo T 

cells in the BAL of  MM siRNA or PBS treated mice (range 2,200 – 4,500). These results 

suggest that CD8+CD44hi and CD8+CD62Llo are a  principal memory T cell population in the 

RSV memory response in WT siRNA treated mice, and that memory CD8+ T cells are more 

predominant than CD4+ T cells in the BAL. 

 In addition to investigating the T cell types, the numbers of innate immune cell types in 

the BAL was determined. No significant difference (p<0.05) in the total number of DX5+ or 

RB6-8C5+ cells was detected at any time point examined in PBS, MM or WT siRNA treated 

mice. However, there were higher numbers of DX5+ cells (range 17,000-24,000) in WT siRNA 

treated mice between days 4 - 6 pi compared to PBS or MM siRNA treated mice (range 14,000 – 

21,500), and the total number of RB6-8C5+ cells were higher in the BAL of WT siRNA treated 

mice at days 4 - 6 pi (range 16,000 – 22,000) compared to PBS- or MM siRNA-treated mice 

(range 13,500 – 16,000). 

 The lung virus titers in the treated mice were determined. The highest lung virus titers 

measured occurred at day 2 post-challenge in all treated groups; however, virus titers were 

significantly lower (p<0.05) at day 4 post-challenge in WT siRNA treated mice compared to 

MM siRNA or PBS treated mice (Figure 3.3A). No virus was detectable in the lungs of WT 

siRNA treated mice at day 4 post-challenge, however similar levels of virus (1.8 – 2.6 log10 pfu 

g/lung tissue) was detected in the lungs of  MM siRNA and PBS treated mice. All treated groups 

of mice cleared virus by day 6 pi. No lung histopathology was evident at day 0 prior to challenge  
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Figure 3.3  Lung virus titers in the memory response to RSV challenge. To determine the effect 
of treatment on lung virus titers in the memory response to RSV challenge, mice prophylactically 
treated with WT siRNA (WT), MM siRNA (MM) or PBS were challenged with 106 PFU RSV/A 
Long (A). The lungs were harvested at days 2, 4, and 6 post-challenge to determine  virus titers 
as previously described (64). Data is presented as mean log10 pfu/g titer+SE from n=5 
mice/treatment/time-point in 3 separate experiments. Lung histopathology was evaluated in the 
treated mice challenged with RSV (B). No lung histopathology was evident at day 0 prior to 
challenge for any treated group (data not shown). Histopathology was evaluated for WT siRNA 
treated at days 2, 4 and 6 pi (Figure 3Bi, Biv, Bvi, respectively), for PBS-treated mice at days 2, 
4 or 6 pi (Figure 3Bii, Bv and 3Bvii, respectively), and for MM siRNA treated mice at days 2, 4  
or 6 pi (Figure 3Biii, Bvi, and Bix, respectively) as previously described (26). Asterisks indicate 
a significant (p<0.01) difference from the control. 
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for any treated group, and no substantial histopathology was detected in WT siRNA treated at 

days 2, 4 or 6 pi (Figure 3.3Bi, Biv, Bvi, respectively). However, PBS and MM siRNA treated 

mice showed similar levels of peribronchiolar, perivascular, and interstitial lymphocytic 

infiltrates typical of RSV-mediated pathogenesis (26) at day 2 pi (Figure 3.3Bii and 3.3Biii, 

respectively), day 4 pi (Figure 3.3Bv and 3Bvi, respectively), and 6 pi (Figure 3.3Bvii and 

3.3Bix, respectively). These results show that prophylactic WT siRNA treatment, despite 

decreasing the virus load during the primary immune response, sufficiently primes for a robust 

memory immune response to RSV challenge that is not linked with substantial pulmonary 

disease pathogenesis compared to MM siRNA or PBS treated mice.  

Anti-RSV antibody responses. 

 The evidence that mice prophylactically treated with WT siRNA recovered from virus 

challenge faster (days 2-4 pi) compared to MM siRNA- or PBS-treated mice (days 4-6 pi; Figure 

3A) suggested a difference in the quality of the memory response related to treatment. To 

determine if the differences were in part related to the antibody response, the IgG1 (Th2-type) 

and IgG2a (Th1-type) anti-RSV antibody responses were examined in sera collected from the 

treated mice (Figure 3.4).  The antibody response was Th1/Th2 mixed with no significant 

differences in IgG1 or IgG2a responses between the treated groups of mice. WT siRNA-treated 

mice had slightly higher IgG1 and IgG2a antibody responses at day 10 pi compared to MM 

siRNA or PBS treated mice, but this difference likely does not explain the more rapid viral 

clearance by this group. Neutralizing antibody titers were also evaluated in the sera from WT and 

MM siRNA and PBS treated mice at day 6 pi; however, no statistical differences (p<0.05) in 

efficacy were determined where the neutralizing anti-RSV serum titers ranged from 6.0 to 6.9 

reciprocal mean log2 between the treated mice.   
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Figure 3.4 RSV-specific antibody responses in treated mice. RSV-specific IgG1 or IgG2a 
antibody responses in siRNA or PBS treated mice were determined at days 2, 6, 8, and 10 pi in 
mice challenged with 106 PFU RSV/A Long. Data is presented as mean ELISA OD+SE from n= 
5 mice/treatment/time-point in 3 separate experiments. 
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Memory T cell responses. 

 The higher number of CD44hi and CD62Llo CD8+ T cells in the BAL of WT siRNA 

treated memory mice compared to MM siRNA or PBS treated mice indicated  that the memory 

CD8+ T cell response may be associated with enhanced virus clearance. To address this 

possibility, the memory CD8+ T cell response to the immunodominant RSV M2 peptide (M282–

90)(36) was determined at days 0 – 6 pi using M2-Kd tetramer staining (Figure 3.5). The results 

show that significantly (p<0.05) higher total numbers of M2-specific CD8++ T cells trafficked to 

the lung between days 4 - 6 pi in WT siRNA-treated mice compared to MM siRNA or PBS 

treated mice (Figure 3.5A), a finding consistent with the results showing faster virus clearance in 

these treated mice compared to MM siRNA- or PBS-treated mice (Figure 3.3A). Notably, there 

was a significantly (p<0.01) higher total number of M2-specific CD8+ T cells expressing 

intracellular IFNγ between days 4-6 pi in WT siRNA-treated mice compared to MM siRNA or 

PBS treated mice (Figure 3.5B). These data suggest that CD8+ memory T cell response in WT 

siRNA-treated mice likely contribute to the enhanced rate of virus clearance. 

 To determine the pattern of cytokines expressed by memory T cells in the BAL, 

intracellular IFNγ (Th1-type) and IL-6 (Th2-type) expression were determined for CD4+ and 

CD8+ T cells at days 0 – 6 pi. The total number of CD4+ T cells expressing IFNγ was similar 

between days 4 – 6 pi for MM siRNA or PBS treated mice (range 20,000 – 27,500). In contrast, 

the total number of CD4+ T cells expressing IFNγ from WT siRNA-treated mice was 

significantly (p<0.05) higher (range 38,500 – 42,500). No significant difference (p<0.05) in the 

total number of CD4+ T cells expressing IL-6 was observed at any time-point among the groups 

of treated mice (range 3,500 – 10,500). A similar trend for IFNγ and IL-6 expression was 

observed for CD8+ T cells from MM siRNA- or PBS-treated mice where the total number of  
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Figure 3.5  CD8+ T cell memory response to the RSV M2 peptide. The CD8+ T cell memory 
response to the immunodominant RSV M2 peptide82–90 (36) was determined at days 0 – 6 pi 
using M2-Kd tetramer staining. The total number of M2 tetramer+ cells was determined at days 0, 
2, 4 and 6 pi (A). Data is presented as mean total cells+SE from n= 5 mice/treatment/time-point 
in 3 separate experiments. The total number of M2 tetramer+ cells expressing intracellular IFNγ 
was determined at days 0, 2, 4 and 6 pi (B). Data is presented as mean total cells+SE from n= 5 
mice/treatment/time-point in 3 separate experiments. 
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CD8+ T cells expressing IFNγ between days 4 – 6 pi ranged from 28,000 – 40,000, and in 

contrast, the total number of CD8+ T cells expressing IFNγ from WT siRNA-treated mice was 

significantly (p<0.01) higher (range 59,000 – 72,000). No substantial difference in IL-6 

expression was observed (range 2,500 – 4,500) among the groups of treated mice. The higher 

total number of CD8+ T cells expressing IFNγ from WT siRNA-treated mice is consistent with 

the finding of higher total numbers of M2-specific CD8+ T cells in WT siRNA-treated mice 

compared to MM siRNA or PBS treated mice (Figure 3.5A) - features that may be linked to 

more rapid virus clearance in memory mice (Figure 3.3A). 

Discussion 

 The most successful approach to control RSV infection to date has been prevention or 

treatment with anti-RSV antibodies. RSV-immune globulin (RespiGam™) was the forerunner 

for use in children less than two years of age at high-risk of RSV infection (70). This treatment 

was basically supplanted with palivizumab, an IgG1 humanized monoclonal antibody that 

selectively binds the RSV F protein and is neutralizing (27, 70).  Palivizumab has been shown to 

reduce the rate of hospitalization and is the current primary means of RSV prevention as no safe 

and efficacious vaccine is available (24). Despite the utility of anti-RSV antibodies to control 

infection, new antiviral drug approaches are being sought that have potentially broader 

application and efficacy.   

The use of RNAi drugs to target viruses as a disease intervention strategy is an approach 

that continues to grow both in academia and industry as many important human viruses lack 

efficacious vaccines and anti-viral drugs, an example being RSV. RNAi drugs whose active 

component are siRNAs appear to be ideal for inhibiting respiratory viruses such as RSV because 

there are multiple siRNA targets in conserved viral genes, and because siRNAs can be targeted  
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to sites of infection, i.e. the respiratory epithelia. It is also important to consider that RNAi drug 

efficacy is independent of immune status, thus these drugs may be an effective treatment strategy 

in the very young, elderly or immune compromised individuals that are often susceptible to 

severe disease particularly following RSV infection (1, 23, 34). 

RNAi of RSV replication was demonstrated using a 21-nucleotide long double-stranded 

interfering RNA targeting the RSV P gene (6). Using this approach it was previously shown that 

RSV silencing by RNAi is highly efficient in that nanomolar siRNA concentrations led to RSV 

silencing both in vitro and in vivo (4, 6),  and the effect was highly specific in that siRNAs 

targeted only the gene of interest and silencing was not related to induction of an IFN response. 

Although the efficacy of siRNA treatment to reduce virus replication was clear, it remains 

unclear how siRNA treatment affects the host immune response to infection or subsequent 

challenge. This issue is not trivial, and is particularly important for RSV, where natural infection 

does not seem to induce durable immunity and individuals may be repeatedly infected with the 

same and different strains of RSV (9, 40, 50, 59).   

 In this study, we examined the effect of prophylactic siRNA treatment targeting the RSV 

P gene on the primary and memory immune response to RSV infection or challenge. This study 

addresses questions related to the pathogenic threshold associated with virus load and the quality 

of the innate and adaptive immune response to RSV infection and challenge. This relationship is 

important as RSV disease severity is thought to be principally due to the host immune response 

(19, 46, 66), and the history of attenuated RSV vaccine studies has often revealed inadequate 

immunogenicity (16, 22, 41, 67), suggesting the virus load is relevant in the outcome of the 

memory response. To determine if some of the  immune responses associated with WT siRNA 

prophylaxis could be emulated by titering down RSV/A2 during primary infection, we also 
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performed a series of experiments in which mice were i.n. inoculated with 106, 105, 104 or 103 

PFU of RSV/A2. The results suggested that the quality of the primary immune response was 

different at the two time-points examined, i.e. days 4 and 6 pi compared to WT siRNA treated 

mice, particularly in the total number and type of BAL cells recruited to the lung, as well as in 

the pattern of intracellular cytokine expression. These results were not unexpected because Toll-

like receptors (TLRs) are affected by RSV F and G proteins (21, 28, 37, 53), and decreasing the 

virus concentration for infection effectively decreases the amount of these viral surface proteins 

for interaction with TLRs which impacts the induction of innate and adaptive immune responses. 

Also, mice prophylactically treated with WT siRNA receive a virus inoculum of 106 PFU, but 

the level of virus replication is limited by RNAi-mediated P gene silencing following virus 

infection – not because of virus titer during infection. Thus, this aspect of the study was 

confounding and not pursued further. The significance of an appropriate host response to  RSV 

disease severity is evident in formalin-inactivated RSV vaccine studies where disease 

enhancement has been associated with Th2-type cytokine shifts and remarkable changes in 

pulmonary cell trafficking, particularly the development of pulmonary eosinophilia (11). These 

features are linked to quantitative differences in the pattern, type, and magnitude of the host 

response to RSV and RSV proteins. We show that a reduction in the lung virus load mediated 

WT siRNA is associated with reduced pulmonary cell infiltration, and largely reduced levels of 

cell activation, cytokine expression and pathology during the primary response to infection. 

These findings are consistent with a reduced inflammatory response and the hypothesis that the 

virus load contributes to disease severity in part due to the host immune response. However, the 

reduced inflammatory response associated with WT siRNA treatment prophylaxis did not 

detrimentally affect the memory T cell or antibody response to RSV challenge. Indeed, the 
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memory T cell response was robust in WT siRNA treated mice.  It has been shown that CD4+ 

and CD8+ T cells make significant independent contributions to the restriction of RSV 

replication in the mouse model (17, 25, 33, 51, 54), and a dominant role for CD4+ T cells is help 

for effective CD8+ T cell priming (69). Since the CD4+ T cell response was similar between WT 

and MM siRNA treated mice during the primary immune response, but the CD8+ T cell memory 

response was by several parameters more dynamic for WT siRNA treated mice, the results 

suggest that CD4+ priming of CD8+ T cells is effective at conditions of reduced virus load 

associated with WT siRNA treatment. In addition, as CD8+ T cells (in particular RSV M2-

specific CD8+ T cells) have been shown to have an important role in the regulation of Th2 CD4+ 

T cell responding to RSV infection as well as regulating lung pathogenesis (25, 33, 48, 54), the 

results suggest that CD8+ T cells were appropriately primed in WT siRNA treated mice as the 

memory response was associated with a mixed Th1/Th2-type cytokine and antibody responses 

and limited lung pathology was observed.  

 As indicated in the study, one of the features associated with the vigorous RSV-specific 

memory response in WT siRNA treated mice was the development of high numbers of RSV M2-

tetramer specific, IFNγ expressing CD8+ T cells. RSV M2-specific CD8+ T cells have been 

shown to regulate and reduce Th2-mediated pathology in an IFNγ-independent manner (48), a 

finding that may be consistent with limited level of lung histopathology observed in WT siRNA 

treated mice compared to MM siRNA or PBS treated mice. It is not clear what accounts for the 

differences in RSV M2-tetramer specific CD8+ T cell numbers between treated mice; however, it 

is possible that the pattern of IL-6 expression may affect the regulation of this response. IL-6 was 

expressed earlier and to generally higher levels in WT siRNA treated mice compared to MM 

siRNA or PBS treated mice. IL-6 has been shown to have an important role in the development 
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of T cell memory to influenza virus, and specifically that its ability to potentially suppress 

CD4+CD25+ regulatory T cells (39).  

 The implications of this study are that RNAi drugs can be developed that target 

conserved RSV genes, e.g. P gene, and can be used in vivo to reduce virus replication and 

diminish parameters of disease pathogenesis without impairing priming of the memory response. 

The findings of this study suggest that virus load may be linked with disease pathogenesis in part 

due to the magnitude of the host immune response. However, pathogenesis does not appear to be 

directly linked to the RSV-specific CD8+ T cell response because WT siRNA treated mice have 

higher numbers of RSV M2-specific CD8+ T cells and have low levels of pulmonary 

pathogenesis compared to MM siRNA or PBS treated mice. It is possible that the reduced virus 

load related to WT siRNA treatment limits the threshold required for some RSV genes to modify 

aspects of RSV immunity leading to a more appropriate anti-viral response. For example, RSV G 

protein expression has been linked to modified cytokine and chemokine response by BAL cells, 

altered trafficking and responses by CX3CR1+ T cells, and molecular mimicry of fractalkine-

mediated responses (31, 41, 59, 63, 64, 66). The findings from these studies provide a foundation 

for new RSV disease intervention studies that employ RNAi technologies, and may offer a new 

direction in treatments for RSV. 
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CHAPTER 4 

ANTIBODIES REACTIVE TO THE CENTRAL CONSERVED REGION OF THE RESPIRATORY 

SYNCYTIAL VIRUS (RSV) G PROTEIN BLOCK G PROTEIN BINDING TO THE FRACTALKINE 

RECEPTOR, CX3CR1, AND REDUCE DISEASE PATHOGENESIS IN MICE 
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Abstract  

Respiratory syncytial virus (RSV) is a major cause of morbidity and some mortality in 

infants, young children and the elderly worldwide. Currently there is no safe and effective 

vaccine. The anti-viral drugs to control RSV infection are limited. RSV has been shown to 

modulate the host immune response to infection by various mechanisms. RSV G protein contains 

CX3C chemokine motif that has been shown to bind to the fractalkine receptor, CX3CR1, and 

modulate the immune responses by CX3CR1+ cells. Evidence in mice suggests that G protein 

CX3C-CX3CR1 interaction contributes to immune evasion and may contribute to disease 

pathogenesis. This study determined if antibodies reactive to epitopes across the central 

conserved region of G protein blocked G protein interaction with CX3CR1. Using an in vitro 

binding model of human 293 cells transfected with CX3CR1, antisera derived from mice 

vaccinated with G protein peptides or polypeptides were tested in vitro for their ability to prevent 

purified RSV G protein from binding to CX3CR1 by flow cytometry. The results show that 

antibodies specific for the central conserved region of the G protein have higher blocking 

activities than the ones specific for N- and C- terminal regions. In vivo, we have also shown that 

antibodies specific for the central conserved region can reduce mouse body weight loss, 

significantly reduce lung pathology and decrease lung virus titers. These results suggest that 

vaccines can be made which induce G protein CX3C-CX3CR1 blocking antibodies, and that this 

vaccine strategy may be useful to prevent G protein immune modulation and disease 

pathogenesis. 

Introduction 

Human respiratory syncytial virus (RSV) is one of the most important human pathogens 

that cause serious lower respiratory tract diseases in infants, young children, the elderly, and the 
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immune comprised worldwide (4, 8, 17, 18). In the US, RSV is estimated to be associated with 

more than 120,000 respiratory hospitalizations each year in infants, with more than 200 deaths 

attributed to RSV lower respiratory tract disease and as many 175,000 hospitalizations and 

14,000 deaths in adults greater than 65 years of age each year (10, 33, 36). However, there is 

currently no safe and effective RSV vaccine or drug after more than 40 years of effort.  

Palivizumab, targeting the RSV F protein is currently used in passive immune 

prophylaxis (5, 11), however passive antibody therapy for RSV is expensive, inconvenient and 

has limited efficacy for broader use (25). The modest prophylactic efficacy is likely linked to 

genetic variation in seasonal RSV strains, anti-antibody responses, and a short half-life of serum 

monoclonal antibodies (12, 16, 25). Thus, there is a need for development of safe and efficacious 

RSV vaccines. Unfortunately, natural RSV infection provides only limited protective immunity 

and humans may experience repeated infections and disease throughout life (2, 31). The first 

RSV candidate vaccine, a formalin-inactivated alum-precipitated RSV (FI-RSV) preparation, did 

not confer protection and was associated with a greater risk of serious disease with subsequent 

natural infection (6, 40).  The understanding of FI-RSV enhanced diseases mechanism is still 

incomplete. It is thought that a deficiency in neutralizing antibodies, induction of a biased Th2-

type T cell response, and poor CTL responses following vaccination contributed to the poor 

efficacy and enhanced pulmonary disease associated with FI-RSV vaccination (9, 26-28, 35). 

The experience with the FI-RSV vaccine has generated a great deal of concern about the safety 

of any non-live RSV vaccine and led to an extremely cautious approach to novel RSV vaccines. 

Increased understanding of the mechanisms of immunity and RSV disease pathogenesis are 

required for future RSV vaccine development, and new and effective disease intervention 

strategies are urgently needed for controlling RSV infection.  
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RSV is a single stranded negative sense RNA virus belonging to the Pneumovirinae 

subfamily in the Pneumovirus genus. The RSV genome contains ten genes encoding 11 viral 

proteins. Of the 11 viral proteins, G and F proteins are the two main surface glycoproteins which 

induce neutralizing antibodies (7, 34), thus they have become the focus of vaccine development. 

Accumulating evidence suggests that the RSV F protein is important in inducing protective 

immunity (15, 29), while the G protein seems to be associated with disease pathogenesis (22, 30). 

One of the disease mechanisms linked to the G protein induced pathologenesis is CX3C  

chemokine mimicry (38). RSV G protein has marked similarities and structural features to 

fractalkine (Fkn), the only known CX3C chemokine (38). Both G protein and Fkn exist as 

membrane-bound and secreted forms and both contain a CX3C chemokine motif that can bind to 

the fractalkine receptor, CX3CR1 (13, 21). Fractalkine functions to recruit immune cells to sites 

of inflammation as well as providing cell adhesion (13). In particular, Fkn mediates the 

recruitment and activation of CX3CR1+ leukocytes including subsets of NK cells and CD4 and 

CD8 T lymphocytes (19). RSV G protein has been shown to have fractalkine-like chemotactic 

activity in vitro  (38). In vivo, acting by CX3C mimicry,  RSV G protein acts as a fractalkine 

antagonist and modulates the immune responses by inhibiting fractalkine-mediated responses 

through altering the trafficking of CX3CR1+ cells and modifying the magnitude and cadence of 

cytokine and chemokine expression (19, 37). Infection of mice with a RSV mutant virus lacking 

the CX3C motif leads to a substantial increase of pulmonary NK cells and CD4 and CD8 cells 

compared to wild type RSV (19). This suggests that G protein CX3C-CX3CR1 interaction 

contributes to immune evasion and may contribute to disease pathogenesis. It is also very likely 

that RSV utilizes this immune modulation system to facilitate its replication and persistence.  
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Thus, the G protein CX3C-CX3CR1 interaction remains an important target for disease 

intervention strategies against RSV infection.  

In the present study, we investigated a new disease intervention strategy to develop 

antibodies reactive to the central conserved region of CX3C motif to block its interaction with 

CX3CR1. We hypothesize that vaccines inducing CX3C-CX3CR1 blocking antibodies will 

prevent RSV G protein immune modulation and disease pathogenesis by ablating the function of 

CX3CR1 mimicry of RSV G protein, and lead to new strategies in vaccine development. In this 

study, mice were vaccinated with G protein polypeptides or peptides across different regions of 

the CX3C motif of RSV G protein. Our results show that antibodies specific for the central 

conserved region of the G protein have higher blocking activities in vitro  and prevent body 

weight loss indicative of disease pathogenesis, as well as prevent lung pathology and decrease 

lung virus titers compared to antibodies reactive to  N- and C- terminal regions of the G protein. 

These results suggest that a vaccine strategy to induce G protein CX3C-CX3CR1 blocking 

antibodies may be useful to prevent G protein immune modulation and disease pathogenesis. 

Materials and Methods 

Peptide and polypeptide: 

G protein peptides and polypeptides spanning regions of the RSV G protein were 

designed for vaccination (Table 4.1 and Figure 4.2). The synthesized G peptides were dissolved 

in DMSO at a concentration of 2.5mg/ml. The G polypeptides were expressed and purified from 

Escherichia coli. The G gene fragments were amplified by reverse transcription-PCR, cloned 

into the expression vectors pQE41 or pQE42 and expressed in Escherichia coli. The proteins 

were purified by immobilized metal affinity chromatography as described previously (23).   
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Stably transfection of human 293 cells with CX3CR1 receptor: 

Human 293 cells were transfected with the pCX3CR1 plasmid by using Lipofectamine 

2000 (Invitrogen, Carlsbad, CA) according to the manufacture protocol. Briefly, 293 cells were 

plated in 24-well plate at 2 x 105 cells/well one day before transfection to allow for 80% 

confluency at the time of transfection. Plasmid DNA and lipofectamine 2000 were diluted with 

Opti-MEM (GIBCO, Grand Island, NY) in a 96-well flat-bottom plate (Costar, Corning, NY). 

Diluted DNA or Lipofectamine 2000 was added into the wells and Opti-MEM was added to 

bring the volume up to 50µl. The diluted DNA and Lipfectamine 2000 were combined, mixed 

gently and incubated for 30 min at room temperature (RT) to form DNA-lipofectamin complex. 

Opti-MEM (300µl) was added to the complex and mixed gently. Growth medium was removed 

from the cells to be transfected and replaced with 200µl of growth medium without serum. The 

complex was then added to the cells and incubated at 37°C overnight. Growth medium (400µl) 

containing 2X heat-inactivated fetal bovine serum (Hyclone, Logan, Utah) was added to the cells 

24h later.  Cells were passaged at 1:10 dilution into selective medium DMEM (Cellgro, Herndon, 

VA)   containing 0.5mg/ml of antibiotic (G418) (GIBCO, Grand Island, NY) out to 72 hours 

post-transfection. The expression of CX3CR1 was verified by flow cytometry (BD bioscience, 

Franklin Lakes, NJ) using FITC-conjugated anti-CX3CR1 monoclonal antibodies (MBL 

International, Woburn, MA). 

Cell sorting: 

The stably CX3CR1-transfected 293 cells (CX3CR1.293) cells were stained with FITC 

labeled monoclonal antibody anti-CX3CR1 (MBL International,Woburn, MA) and used for 

sorting high expression clones. Briefly, transfected CX3CR1.293 cells were trypsinized and 

resuspended in PBS (Hyclone, Logan, Utah) at 1 x 106 cells/ml in 15ml conical tubes BD 
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bioscience, Franklin Lakes, NJ). Cells were washed with washing buffer (PBS containing 0.2% 

BSA) at 200g for 5min and then stained with 500µl of monoclonal antibody (anti-CX3CR1-

FITC 1:50 dilution) for 30min at 4°C. Cells were washed twice and resuspended in 1ml of flow 

buffer. Sorting was performed on a Cytomation MoFlo (Dako, Fort Collins, CO). Cells were 

sorted to round bottom 96-well plates (Costar, Corning, NY)  filled with 200µl/well of DMEM 

10% FBS culture medium with 0.5mg/ml of G418 antibiotics. Sorted cells were allowed to grow 

for one week to reach sufficient numbers in each well before screening for CX3CR1 expression 

by flow cytometry as indicated above. The highest expression clones were selected for the 

following fractalkine/G protein CX3C-CX3CR1 binding experiment.  

RSV G protein purification: 

Native G protein from RSV strain A2 was purified from RSV A2 infected Vero cells 

(MOI = 1) using affinity chromatography. Briefly, RSV-infected Vero E6 cells were collected at 

day 5 post infection and the cell pellets were resuspended in cold PBS containing ‘complete’ 

protease inhibitors (Sigma, St. Louis, MO). Triton X-100 (Sigma,St. Louis, MO) was added the 

cell pellet to a final concentration of 0.01%, and the cell slurry was stirred on ice for 30 minutes. 

Lysate was subjected to sonication at 25% power for 6 cycles of 2X 60 seconds blasts, resting for 

5 minutes in between cycles, followed by centrifugation at 10,000 g for 15 min. The supernatant 

was then collected, filtered through a 0.2 µm filter (Whatman, Florham Park, NJ), and applied to 

a Hi-Trap NHS-activated column (Amersham, Piscataway, NJ) that was coupled to anti-RSV G 

antibody (clone 131-2G) according to the manufacturers’ instructions. The column was 

equilibrated with 5 column volumes of PBS + 0.2% N-Octyl-β-glycoside (Thermo Scientific, 

Rockford, IL) using FPLC at a flow rate of 2 ml/minute. The 131-2G monoclonal antibody was 

used because it recognizes the G protein of RSV A2. Lysate was loaded at a flow rate of 0.5 
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ml/minute, the column washed with 4 column volumes of PBS + 0.2% N-Octyl-β-glycoside, and 

eluted with 4 column volumes of 0.1M glycine, 1% N-Octyl-β-glycoside, pH 2.2, collecting 10 

X 2 ml fractions. The fractions were neutralized with 0.3 ml of 2M Tris pH 8.0, and those 

fractions containing the G protein (determined by UV absorption during FPLC and by Western 

blot analysis) were pooled and dialyzed overnight at 4°C against PBS pH 7.4. This purification 

yields highly purified G protein with no detectable F protein by Western blot analysis and no 

detergent after dialyzing. 

Mice and G peptide/polypeptide vaccination: 

Four-to-six-week-old specific-pathogen-free female BALB/c mice were purchased from 

Charles River Laboratories (Frederick, MD), housed in microisolator cages, and fed filtered 

water and food ad libitum. The studies were reviewed and approved by the university 

institutional review committee. All the peptides were conjugated to KLH (Pierce, Rockford, IL) 

for vaccination according to the manufacture protocol. KLH conjugated peptides were then used 

to immunize mice at the dose of 50 µg/mice together with Montanide (Seppic, Paris, France) as 

an adjuvant. G protein polypeptides were directly mixed with TiterMax(Norcross, Georgia) as an 

adjuvant and the mice were intramuscularly immunized at a dose of 50 µg/mice. Mice were 

boosted as indicated for primary immunization every two weeks. A modified indirect ELISA was 

used for the detection of antibody titers in the immune serum. The antisera from vaccinated mice 

were used for G protein CX3C-CX3CR1 inhibition assay. 

ELISA assay: 

Sera from blood of immunized mice were collected one week after the last boost. The 

titers of antisera were determined using a modified indirect ELISA as previously described (20). 

Briefly, flat-bottom ELISA plates (Costar, Corning, NY) were coated with immunizing peptides 
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or polypeptides overnight at 4°C. The plates were then blocked by 5% dry milk in PBS for 1 

hour at 37°C .Serial of dilutions of sera in PBS were added to the wells and incubated for 1 hr at 

37°C. The plates were washed three times with washing buffer (PBS containing 0.05% Tween), 

and incubated for 1 hr at 37°C with alkine-phosphatase conjugated goat anti-mouse IgG(H+L) 

(Thermo Scientific, Rockford, IL). After washing, the plates were developed with pNpp substrate 

(Sigma, St. Louis, MO) as described by the manufacturer. 

Fractalkine-G protein CX3C-CX3CR1 binding/inhibition assay:  

Antisera derived from mice vaccinated with G polypeptides and peptides were purified 

by immobilized protein G (Thermo Scientific, Rockford, IL) to remove endogenous CX3CL1 

and other serum factors which might compete with G protein for binding to CX3CR1. Purified 

antisera antibodies were then pre-incubated with 500 nM of purified RSV G protein for 1 hr at 

4°C. Monoclonal antibody 131-2G and protein G purified normal mouse serum were used as a 

positive and negative control. CX3CR1-transfected 293 cells (CX3CR1.293) were washed and 

plated into a round bottom 96-well plate (Costar, Corning, NY) at 2 x 105 cells/well. The cells 

were washed again and resuspended in PBS containing anti-human CD32 (Fc block) (BD 

bioscience, Franklin Lakes, NJ) at 1 µg/ml, and incubated at 4°C for 15 min. Cells were 

resuspended in the pre-mix of serum and RSV G protein + 2.5 µg/ml heparin (Neoparin Inc. 

Alameda, CA) to prevent non-specific binding and incubated for 45 min at 4°C. Cells were then 

washed in PBS containing 0.2% BSA (FACS buffer) and incubated with alexa-488 conjugated 

anti-G protein monoclonal antibody (130-2G) for 30 min at 4°C. The percentage of cells binding 

to G protein was determined by FACS analysis. The percent inhibition of G protein binding to 

CX3CR1 was calculated by the formula (percent specific binding to CX3CR1.293 cells in 
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absence of antisera antibody – percent specific binding in the presence of antisera antibody) x 

100 x 100% / (percent specific binding to CX3CR1.293 cells in absence of antisera antibody).  

Disease pathogenesis:  

The G peptides or polypeptides used for this aspect of the study were based on their 

ability to induce specific antibodies in mice. G polypeptides (G1, G2, G3) and G peptides (D-1, 

RT32 and WT) were chosen to vaccinate mice intramuscularly for the pathogenesis study. The 

control groups were vaccinated with 1 x 106 live RSV A2 or mock Vero cell lysate  

intramuscularly, respectively. Mice were challenged with 1 x 106 live RSV A2 after the last 

immunization. The body weight of each mouse was measured every day after virus infection, i.e. 

from day 0 to day 6. Histopathological examination was performed for each group of mice after 

RSV infection. Lung tissues were fixed in 10% buffered formalin (Fisher Scientific, Fair Lawn, 

NJ), embedded in paraffin (Sigma, St. Louis, MO), sectioned, and stained with hematoxylin and 

eosin (Vector Laboratory, Burlingame, CA) prior to light microscopy observation. Multiple 

sections from each tissue block were analyzed under light microscopy.  

Lung virus titers: 

The RSV lung virus titers in G polypeptide or G peptide vaccinated and control mice 

were determined as previously described (39). Briefly, lungs were aseptically removed from 

mice at days 2, 4, and 6 post-RSV challenge. Individual lung samples were homogenized in 1 ml 

of DMEM medium by the Qiagen tissue lyser (Qiagen, Valencia, CA). The supernatants were 

transferred to a Cryogenic Vial (Corning, Corning, NY) and snap frozen using liquid nitrogen, 

and stored at –80°C until they were simultaneously assayed to minimize biological variation. For 

immunostaining plaque assay, ten-fold serial dilutions of the lung homogenates were added to 90% 

confluent Vero cell monolayers. Following adsorption for 1 hour at 37°C, cell monolayers were 



128 
 

 
 

overlaid with tissue culture media containing DMEM with 10% FBS and 2% 

carboxymethylcellulose (Sigma, St. Louis, MO), incubated at 37°C for 5 days, and the plaques 

enumerated by immunostaining with monoclonal antibodies against RSV F protein (clone 131-

2A). 

Statistics: 

Student’s t test for unpaired samples was used to compare the responses between G 

polypeptides/peptides immunized groups and control groups of mice. P values of <0.05 or <0.01 

were considered significant.  

Results 

G protein binds to CX3CR1 highly expressed on stably transfected human 293 cell line  

CX3CR1-transfected 293 (CX3CR1.293) cells and untransfected 293 (293) cells were 

evaluated for G protein binding by flow cytometry. CX3CR1.293 expressing >95% CX3CR1 

compared to 293 cells were used for the binding studies (Figure 4.1A). Fractalkine and RSV G 

protein bound to CX3CR1.293 cells in a dose-dependent manner; however, fractalkine binding 

had a higher apparent binding affinity compared to RSV G protein (Figure 4.1B). For example, 

the percent specific binding of fractalkine to CX3CR1.293 cells was similar to G protein binding 

but at 1000-fold lower concentrations, i.e. 100pM binds vs. 100nM, respectively. This result 

suggests that fractalkine has a higher affinity and/or avidity for CX3CR1 compared to G protein.  

Antibody responses to G polypeptide/peptides  

To determine if antibodies reactive to epitopes across the central conserved region of G 

protein blocked G protein interaction with CX3CR1, three G protein polypeptides and nine G 

peptides derived from G protein were used to vaccinate mice to generate polyclonal antibody 

responses. The three G protein polypeptides that were used for immunization correspond to 1) 
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Figure 4.1. Transfection and expression of CX3CR1 receptor on human 293 cells and the binding 
of fractalkine and G protein to the receptor. A) A plasmid pCX3CR1 containing CX3CR1 was 
trasnfected into human 293 cells by lipofectamin 2000. After transfection, the cells were stained 
by anti-CX3CR1-FITC. Highly expression of CX3CR1 on human 293 cells after sorting was 
detected by flow cytometry. B) Fractalkine and RSV native G protein binds to the CX3CR1 in a 
dose dependent manner. 
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the internal variable, glycosylated region (RSV G1, aa 67-147), 2) the central conserved region 

(RSV G2, aa 148-198), and 3) the carboxy-terminal variable region (RSV G3, aa 199-298) of the 

G protein of RSV strain A2. The linear representation of the RSV G protein and localization of G 

polypeptides that are derived from G protein are shown in Figure 4.2. The following peptides 

derived from G protein were designed for vaccination (Table 4.1). 1) A wild type G protein 

peptide encompassing the G protein CX3C motif (AA171-201, 

VPCSICSNNPTCWAICKRIPNKKPGKKTTTKP;  WT), 2) A 12-mer G protein peptide N-

terminal to the CX3C motif (NKKPGKKTTTKP, RT32), 3) A 12-mer G protein peptide 

encompassing the G protein CX3C motif (TCWAICKRIPNK; GENBANK, attachment protein 

locus 1912305, accession number M111486,  RT33) 4) A 12-mer G protein peptide C-terminal 

to the CX3C motif (NKKPGKKTTTKP, RT34) , 5) A 12-mer G protein peptide variant of RT33 

containing a ALA substitution for ILE in the CX3C motif (TCAAACKRIPNK,  RT+ala), 6) A 

12-mer G protein peptide with a deletion of ILE in the CX3C motif (TCWACKRIPNKK, D-1), 7) 

A 12-mer G protein peptide with an ALA addition in the CX3C motif (TCWAIACKRIPN,  

D+1) , 8) a heterologous I-Ed-restricted 12-mer peptide from the L protein (amino acids 393-405) 

of RSV, and 9) a G peptide that has previously been shown to induce a protective immune 

response (amino acids 174-187) with the substitution Cys186→Ser (32). Mice were vaccinated 

with 50 µg of polypeptide or peptide antigens and boosted every two weeks; however for G 

polypeptides, mice were boosted once and for G peptides twice. Seven days after the last 

immunization, all three G polypeptides used for vaccination generated substantial antibody 

responses in which G2 polypeptide produced highest antibody response (Figure 4.3A). However, 

the peptides gave differential antibody responses, and within the nine peptides examined, three  
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Figure 4.2. Linear representation of the RSV G protein and G fragments. The cysteines found in 
the G protein are indicated as C, while the transmembrane and cytoplasmic domains are 
indicated by TM and CT, respectively.  
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Table 4.1. The G peptides designed to immunize mice for antisera  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Peptide                           Partial G glycoprotein AA sequence  
 171                       182     186                                     201  
 WT  VPCSICSNNPTCWAICKRIPNKKPGKKTTTKP 
 RT32 VPCSICSNNPTC 
 RT33                          TCWAICKRIPNK 
 RT34                                                    NKKPGKKTTTKP 
 RT+ala                          TCAAACKRIPNK 
 D-1                          TCWA  CKRIPNKK 
 D+1                          TCWAIACKRIPNK 
 L393 INGKWIILLSKF  
 G174-187          SICSNNPTCWAICK 
The location of the CX3C motif(CWAIC) in the G glycoprotein is compared to G glycoprotein 
peptides outside the CX3C motif(RT32 and RT34), containing the CX3C motif (RT33) or to 
peptides with a single AA deletion (D-1) or insertion (D+1)  
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Figure 4.3. The titer of immune sera from mice immunized by G polypeptides and peptides. A) 
Mice were immunized with three G polypeptides(G1, G2 and G3) mixed with TiterMax at 50ug 
antigen per mice. Two weeks later, the mice were boosted by the same antigens. Blood were 
collected seven days after the last immunization and antibody titers in the sera were measured by 
ELISA assay. B) Mice were immunized with nine G peptides( indicated in Table1) mixed with 
Montanide at 50 µg antigen per mice. At two weeks interval, the mice were boosted twice by the 
same antigens. Blood were collected seven days after the last immunization and antibody titers in 
the sera were measured by ELISA assay.  
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peptides (WT, RT32 and D-1) produced substantial antibody responses (Figure 4.3B).  It is likely 

that these three peptides contain immunodominant conserved linear epitopes. 

Antisera inhibition of G protein binding to CX3CR1 

Antisera derived from three polypeptides (G1, G2 and G3) and three peptides (WT, RT32 

and D-1) that reacted well to G protein (Figure 4.3) were used to determine their ability to block 

G protein binding to CX3CR1 (Figure 4.4). The results indicated that antibodies specific for N- 

and C- terminal regions across the central conserved region of the G protein have different 

blocking activities; however, G2 specific antibodies have the highest inhibition (Figure 4.4).  As 

expected, antibodies reactive to the WT peptide had higher inhibition compared to the RT32 and 

D-1. These results demonstrated that CX3C motif in the G protein is important for the CX3CR1 

receptor binding, and that antibodies recognizing epitopes N- or C-terminal proximal to the 

CX3C motif have a reduced ability to block G protein binding to CX3CR1 receptor. 

G polypeptide/peptide vaccination reduce disease pathogenesis in mice 

Mice were vaccinated intramuscularly with G protein polypeptides (G1, G2 and G3) and 

peptides (D-1, RT32 and WT) to determine the association between antibodies that block G 

binding to CX3CR1 and inhibit or reduce RSV disease severity following RSV challenge (Figure 

4.3). The live RSV vaccination and no vaccination were added  as controls. The antibody titers in 

the vaccinated mice were tested against the immunizing antigens or RSV. After RSV challenge 

of vaccinated mice, weight loss at day from day 0 to day 6 post-infection was determined as one 

parameter of disease pathogenesis. In addition, the lungs from the vaccinated mice were 

examined for histopathology by H&E staining. The results showed that mice vaccinated with G 

protein polypeptides or peptides that induced G protein CX3C-CX3CR1 blocking antibodies 

displayed less body weight loss compared to control vaccinated mice or unvaccinated mice  
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Figure 4.4. The purified antisera antibody derived from mice vaccinated with G protein 
polypeptides and peptides prevent native RSV G protein binding to CX3CR1 to different levels. 
The native G protein was first pre-incubated with antisera and 2.5 µg/ml of heparin for 45min at 
4°C. CX3CR1.293 cells were blocked with Fc-block and incubated with G protein-antisera pre-
mix for 45min at 4°C. Then the cells were stained with anti-G mAb(130-2G) conjugated with 
Alexa488 for the detection of binding of G protein to CX3CR1 by flow cytomety.  
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(Figure 4.5). Within the groups of vaccinated mice, the G2 polypeptide and WT peptide 

vaccinated mice showed the least body weight loss compared to any of the other vaccination 

groups (Figure 4.5). Importantly these results are consistent with these vaccinated mice also 

generating the highest G protein CX3C-CX3CR1 blocking antibodies (Figure 4.4). The levels of 

peribronchiolar, perivascular, and interstitial lymphocytic infiltrates is typical in RSV-mediated 

pathogenesis (14). No lung histopathology was evident at day 0 prior to RSV infection for any 

vaccination group, which indicated that the vaccination itself did not cause obvious lung 

pathogenesis (Figure 4.6 a, d, g, j, m, p, s and v,). Substantially reduced lung pathology was 

observed in both G2 polypeptides and WT peptide vaccination group at day 4 and day 6 post 

infections compared to any of the other vaccination groups (Figure 4.6 g-i and s-u). These results 

indicate that G protein CX3C-CX3CR1 interaction is an important mechanism contributing to 

RSV-mediated disease pathogenesis. These results suggest that RSV vaccines that induce CX3C-

CX3CR1 blocking antibodies may reduce the pathology of diseases in mice.  

G polypeptides/peptide vaccination reduces lung virus replication. 

Lung virus titers were determined at days 2, 4 and 6 post-RSV challenge of G peptide or 

polypeptide vaccinated mice (Figure 4.7). Peak lung virus titers were detected at day 4 post 

infection in all vaccinated groups, and surprisingly, mice vaccinated with live RSV showed the 

highest virus titer at day 4 post-infection compared to other peptide or polypeptide vaccinated 

groups (Figure 4.7). The G2 polypeptide and WT peptide vaccinated mice had lowest virus titers 

of all the vaccinated mice at every time point post-infection, and significantly (P<0.05) lower 

virus titers compare to any of the vaccinated mice at day 4 post-infection. These results show 

that vaccines that induce CX3C-CX3CR1 blocking antibodies can reduce virus replication in 

mice. It is possible that the higher lung virus titers in the live RSV vaccinated mice may reflect 

immune dysregulation potentially through CX3C chemokine mimicry.  
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Figure 4.5. The weight change of mice vaccinated with G protein polypeptide, peptides, RSV 
and non-vaccinated control. Mice were vaccinated with G protein polypeptides (G1, G2 and G3) 
or KLH conjugated peptides (D-1, RT32 and WT) and boosted every two weeks. For 
polypeptides, mice were boosted once and for peptides, twice. Then mice were infected with 1 x 
106 PFU/mice of RSV A2.  
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Figure 4.6. The lung histopathology of mice vaccinated with G protein polypeptide, peptides, 
live RSV and non-vaccinated control. Mice were vaccinated with G protein polypeptides(G1,G2 
and G3) or KLH conjugated peptides(D-1, RT32 and WT) and live RSV or no vaccination 
control. Mice were boosted every two weeks. For polypeptides, mice were boosted once and for 
peptides, twice. Then mice were infected with 1 x 106 PFU/mice of RSV A2 seven days after the 
last vaccination. Lung histopathology was examined by H&E staining at day 0, 4 and 6 post 
infections. 
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Figure 4.7. Lung virus titers in mice vaccinated with G protein polypeptide, peptides, live RSV 
and non-vaccinated control. Mice were vaccinated with G protein polypeptides (G1, G2 and G3) 
or KLH conjugated peptides (D-1, RT32 and WT) and live RSV or no vaccination control. Mice 
were boosted every two weeks. For polypeptides, mice were boosted once and for peptides, 
twice. Then mice were infected with 1 x 106 PFU/mice of RSV A2 7 days after last vaccination. 
Lung virus titers were detected by immunostaining plaque assay at day 2, 4 and 6 post infections. 
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Discussion 

The RSV G and F proteins are the two major viral surface proteins responsible for 

inducing the majority of the immune response to RSV (1, 29). Notably, the F protein can induce 

neutralizing antibodies and a level of protective immunity; however, the G protein induces 

limited or no neutralizing antibodies and appears to have an important role in modulating 

immunity and is linked with RSV disease pathogenesis. The RSV G protein contains a CX3C 

chemokine motif in the central conserved region of the protein that mimics the activities of 

fractalkine, the only CX3C chemokine, by binding to the CX3C receptor and antagonizing the 

activities of fractalkine (38). Besides modulating CX3C chemokine activity, several studies have 

shown that the G protein also contributes to immune evasion by modifying Th1 and Th2-type 

cytokine and other chemokine responses, particularly the MIP family of chemokines (3, 19, 38).   

In this study, we evaluated RSV G protein binding to CX3CR1 expressed on human 293 

cells lines, and antibody blocking of G protein-CX3CR1 interaction by vaccination studies with 

G protein peptides or polypeptides. The studies demonstrated that antibodies directed to or 

immediately proximal to the CX3C site in the G protein can block binding to CX3CR1, reduce 

lung virus titers, and reduce disease pathogenesis. The results showed that CX3C motif in the G 

protein is important for the CX3CR1 receptor binding and antibodies against CX3C motif can 

inhibit G protein binding to CX3CR1 receptor. The central conserved G protein polypeptide (G2) 

and peptide (WT) were able to induce potent and specific antibodies having higher G protein 

blocking activities compared to antibodies induced by N-terminal (G1) or C-terminal (G3) 

polypeptides. Interestingly, the study showed that a single amino acid deletion from CX3C motif 

in a peptide (D-1) dramatically reduces the ability antibodies generated to this peptide to block G 

protein binding to CX3CR1, thus indicating a critical amino acid in the antibody epitope. 
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Examining some parameters of disease pathogenesis in mice vaccinated with G 

polypeptide or peptide vaccines revealed that disease protection correlated with antibodies that 

blocked G protein-CX3CR1 binding as determined in vitro . In these studies, the best protection 

from weight loss or lung histopathology was related to vaccination with the G2 polypeptide or 

WT peptides that were derived from the CX3C conserved region of RSV G protein. Interestingly, 

mice vaccinated with live RSV and subsequently challenged with live RSV had the highest 

levels of enhanced lung disease pathology compared to any of the other vaccination groups or to 

the no vaccination control. This indicates that antibodies generated to the initial virus vaccination 

were generally ineffective from protecting from challenge with the same strain of virus (a feature 

commonly observed in humans) suggesting immune modification by the G protein and likely G 

protein CX3C-CX3CR1 interaction may contribute to the disease pathogenesis observed. These 

results indicate that RSV G protein may play a role in disease pathogenesis and CX3C 

chemokine mimicry may contribute the enhanced disease pathogenesis as mice vaccinated with 

peptides or polypeptides that induce CX3C-CX3CR1 blocking antibodies exhibit reduced 

pathology of diseases.  

Of note, the results also showed that vaccines that induce CX3C-CX3CR1 blocking 

antibodies induce antibodies that effectively reduce lung virus replication. Studies examining 

sera from all vaccinated groups indicated that antibodies with virus neutralization were only 

generated from mice vaccinated with peptides or polypeptides encompassing the G protein 

CX3C site.  This is consistent with studies in the literature indicating that very few G protein-

specific monoclonal antibodies efficiently neutralize RSV, and that G protein-specific antibody 

neutralization requires multiple antibodies (24). It is likely that the higher lung virus titers in the 

live RSV vaccinated mice reflect immune dysregulation. Beyond the ability of antibodies 
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directed to the G protein CX3C site to neutralize RSV, it is also very likely that blocking G 

protein CX3C-CX3CR1 interaction may facilitate infiltration of CX3CR1+ NK cells, CD4 and 

CD8 T cells into the lungs leading to faster virus clearance.  

The outcome from the studies have suggested that modifying the G protein CX3C motif 

or inducing antibodies that block G protein CX3C-CX3CR1 interaction should enhance vaccine 

safety and efficacy and offer a promising new strategy for RSV vaccine development. 
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CHAPTER 5 

CONCLUSION 

 

Despite the importance of respiratory syncytial virus (RSV) as a leading agent of severe 

respiratory diseases in infants, young children, and the elderly there is still no safe and effective 

vaccine and treatments are limited. To address these issues two studies were investigated: 1) a 

RNAi therapeutic drug approach to reduce RSV disease pathogenesis while allowing for 

effective immunization, and 2) evaluating RSV G protein subunit vaccines composed of G 

protein peptides or polypeptides to induce antibodies that block G protein CX3C-CX3CR1 

interaction.  

The first study centered on the development of siRNA therapeutics investigated how 

RNA interference can facilitate vaccine development. Specifically, we examined the effect of 

prophylactic siRNA treatment targeting the RSV P gene on the primary and memory immune 

response to RSV infection or challenge. In this study, we used small inhibitory RNA (siRNA) 

targeting a conserved viral gene to inhibit RSV replication in host. The purpose, however, was 

not to completely halt the replication of virus, but to reduce pathogenesis and expose the immune 

system to sufficient virus so as to vaccinate against future challenges. There are several 

important findings related to this study. First, we have shown that virus load is relevant to the 

outcome of the memory response. Our results indicated that siRNA prophylaxis without reducing 

the initial virus load induces better memory responses than the treatment of initial low virus load. 

Second, we have shown that reduced virus load in lung is associated with reduced inflammatory 

response, which tested our hypothesis that the virus load contributes to disease severity in part 
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due to the host immune response. However, pathogenesis does not appear to be directly linked to 

the RSV-specific CD8+ T cell response because WT siRNA treated mice have higher numbers of 

RSV M2-specific CD8+ T cells and have low levels of pulmonary pathogenesis compared to MM 

siRNA or PBS treated mice. On the other hand, RSV M2-specific CD8+ T cells have been shown 

to regulate and reduce Th2-mediated pathology in an IFNγ-independent manner, which is 

consistent with limited level of lung histopathology, observed in WT siRNA treated mice 

compared to MM siRNA or PBS treated mice. Third, our study has revealed the possibility that 

reduced virus load related to WT siRNA treatment limits the threshold required for some RSV 

genes to modify aspects of RSV immunity leading to a more appropriate anti-viral response.  In 

summary, our results in this study showed that siRNA can act as effective anti-viral drug to 

reduce the viral load and disease pathogenesis while allowing for the induction of a potent 

memory response to challenge. The findings from these studies provide a foundation for new 

RSV disease intervention studies that employ RNAi technologies, and may offer a new direction 

in treatments for RSV 

The second area of study was centered on the development of therapeutic antibodies 

against RSV infection. RSV can envade immunity via various modulatory mechanisms; however 

RSV G protein CX3C chemokine mimicry has been shown to be very important in facilitating 

RSV infection and replication. Thus, the studies determined the regions in the G protein that 

induce G protein CX3C-CX3CR1 blocking antibodies to help identify important vaccine 

components and therapeutic antibody approaches. All three G polypeptides used for vaccination 

produced good antibody responses in which G2 polypeptide produced highest antibody response. 

The peptides we designed to immunize the mice have different humoral immunogenicity. Within 

the nine peptides, three peptides (WT, RT32 and D-1) produce good antibody responses after 
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two boosts. The study showed that antibodies specific for N- and C- terminal regions and across 

the central conserved region of the G protein have different CX3C-CX3CR1 blocking activities. 

G2 specific antibodies directed against the central conserved region had the highest inhibition of 

G protein binding to CX3CR1, i.e. ~ 30%.  Antibodies induced by WT peptide vaccination had 

higher inhibition compared to the RT32 and D-1 peptide vaccinated mice. The one amino acid 

deletion clearly reduced the blocking activity. These results demonstrate that the CX3C motif in 

the G protein is important for the CX3CR1 receptor binding. Consistent with the in vitro 

experiments, the in vivo experiments in mice showed that vaccination with G polypeptide or  

peptide vaccines that induce antibodies with CX3C-CX3CR1 blocking activities have reduced 

lung disease pathogenesis compared to the control or no vaccination and to live RSV 

vaccination. Correspondingly, G polypeptide or peptide vaccines that induce antibodies with 

CX3C-CX3CR1 blocking activities reduce lung disease pathogenesis and these vaccination 

groups also have the lowest lung virus titers among all vaccination groups. Together, these data 

results show that protective anti-G protein antibodies recognizing the central conserved cysteine-

rich region of the G protein prevent RSV disease pathogenesis, which is linked to antibody-

mediated inhibition of G protein CX3C interaction with CX3CR1 and immune modulation. 

In summary, these studies have defined new strategies for safe and effective RSV 

vaccines, and aided our understanding of some of the mechanisms contributing to RSV disease 

in humans.  
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