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ABSTRACT 

Respiratory syncytial virus (RSV) is a respiratory tract virus that causes 

significant morbidity and mortality in children less than 5 years of age, and is a major 

global public health burden. RSV infection does not confer long-lasting protection, as 

reinfections occur throughout life, which poses a substantial disease risk on 

immunocompromised patients and the elderly population. Currently, there is no licensed 

vaccine to prevent RSV infection. RSV vaccine development has been hampered by the 

need for a strong and robust protective immune response as well as risk of inducing 

vaccine enhanced disease. Therefore, the establishment of precise measures of protection 

and disease severity to evaluate a wide range of RSV vaccine platforms early in 

development is necessary in order to avoid costly and time-intensive trials.  

Host microRNAs (miRNAs) implicated in chronic inflammatory diseases of the 

lung were screened in vaccinated and RSV-infected BALB/c mice, and their pattern and 

tempo of expression was evaluate during vaccination and RSV-challenge. Unique 

miRNA profiles may then be utilized as biomarkers for vaccine efficacy and disease 

severity upon RSV infection. Our studies indicate that the pattern and tempo of 



 

 

differentially expressed miRNA differ in a vaccine- and adjuvant-specific manner. In 

addition, these unique miRNA profiles correlate with known immune correlates and 

markers of disease severity for the RSV vaccines and vaccine adjuvants. Using an in vitro 

model of lung epithelial cells, we also identified key differences in cellular and exosomal 

miRNA-associated expression patterns; in addition, these studies demonstrate that 

exosomes preferentially incorporate specific miRNAs as their cargo during RSV 

infection.  

 Lastly, RNA interference (RNAi) technology was used for in vivo delivery of 

exogenous miR-467f to both rescue and further exacerbate the formalin-inactivated RSV 

(FI-RSV) vaccine enhanced disease phenotype produced upon RSV infection. By 

inducing gain- and loss- of-function, these studies indicate a biologically relevant role for 

miR-467f in linking the innate and adaptive immune response to vaccine enhanced 

disease. Taken together, this work establishes that miRNAs are intimately involved in the 

immune response and intracellular mechanisms controlling RSV replication and disease 

pathogenesis, and can be measured as parameters of disease severity and manipulated for 

therapeutic purposes. 
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CHAPTER 1 

INTRODUCTION 

 

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

tract disease in young children and the elderly and is as a common cause of bronchiolitis 

1.  RSV generally causes a localized lung infection resulting in a host inflammatory 

response that recruits immune cells required for viral clearance 2. Although the host 

inflammatory response is necessary for viral clearance, accumulating evidence strongly 

suggests that the response is linked to pulmonary disease pathogenesis 2. It has been 

shown that RSV can modulate the host innate immune response by manipulating host cell 

gene expression and via regulation of expression of microRNAs (miRNAs) that appear to 

regulate the anti-viral host response, and modifying the robustness of the memory 

immune response to RSV 3.  Despite RSV being a major healthcare burden, there is 

currently no safe and effective vaccine available, and there is a lack of effective 

prophylactic and therapeutic interventions 4. The first vaccine candidate, formalin-

inactivated RSV (FI-RSV), was associated with enhanced disease and also caused two 

deaths with subsequent natural RSV infection 5. The lack of success in developing RSV 

vaccines to date, and the fact that natural RSV infection provides limited protection from 

re-infection and disease, indicate that the task of developing a safe and efficacious live 

virus vaccine will be difficult 5. Therefore, a better understanding of both the host-virus 

interface and vaccine-enhanced disease is necessary to overcome these hurdles.  
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This highlights that multiple aspects affect RSV vaccine efficacy and safety, as 

well as indicate potential solutions to overcoming the obstacles related to RSV vaccine 

development using miRNA biomarkers and corresponding immune correlates. The long-

term goal of this research project is to evaluate miRNA expression profiles as biomarkers 

for determining protection and disease outcomes for RSV infection. The specific 

hypothesis of this work is that an alteration in the expression of cellular miRNAs 

implicated in chronic inflammatory diseases of the lung can be utilized as a biomarker for 

disease outcome and vaccine-enhanced disease with RSV infection. This hypothesis is 

based on the observation that specific miRNAs have been found to have critical roles in 

regulating key pathogenic mechanisms in asthma and in airway hyperresponsiveness, 

such as the polarization of the adaptive immune response, the activation of T cells, the 

regulation of eosinophil development, and the modulation of cytokine-driven responses 

6,7. The rationale for these studies is that the discovery of miRNA profiles that can be 

used as biomarkers can be applied across species to evaluate vaccine efficacy and disease 

pathogenesis, and that this insight is needed to better understand protective or disease-

associated host responses. In addition, a better understanding of miRNA regulation can 

provide a valuable target for new approaches to prevent and treat inflammatory diseases 

of the lung, which are urgently needed. 

 

Specific Aim 1: To determine the pattern and tempo of miRNA expression profiles in an 

in vivo BALB/c mouse model post-vaccination/pre-RSV challenge and post-

vaccination/post-RSV challenge. Mice are immunized with a set of vaccines chosen by 

their capability of inducing either a protective immune response (GA2 microparticle and 
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RSV CP52) or vaccine-enhanced disease (FI-RSV). A group of mice will also receive 

live RSV A2 prior to challenge to control for natural infection. It is understood that 

different delivery methods may affect biomarker expression, but we wish to evaluate the 

vaccines and methods typically used to deliver them. At different time-points after 

vaccination, and before and after RSV challenge, the lungs, bronchoalveolar lavage 

(BAL), and sera will be collected and evaluated for patterns of miRNA expression and 

compared to mock controls. The working hypothesis is that vaccination and RSV 

infection alters the host miRNA expression profile modulating the host immune response 

and disease outcome. We believe that miRNAs previously implicated in asthma and 

airway hyper-responsiveness will be down-regulated in mice who develop a protective 

immune response, and upregulated in vaccine-enhanced conditions – similar to these 

models, i.e. mucus hypersecretion, lung inflammation, airway hyperresponsiveness. The 

rationale is that characterization of host miRNA expression profiles in a mouse model 

induced by vaccination and RSV infection will allow for an improved understanding of 

how alterations in the host miRNA expression profile may affect the host immune 

response and disease outcome. 

 

Specific Aim 2: To develop an in vitro model to characterize miRNAs expressed by lung 

epithelial cells in response to RSV antigens and vaccines. We will use mouse lung 

epithelial (MLE-15) cells and human airway epithelial (CALU3) cells to study alterations 

in the expression of miRNAs implicated in the innate immune response. We will infect 

MLE-15 cells and CALU3 cells with live RSV A2 (RSV) and expose the cells to UV-

inactivated RSV A2 (uvRSV).  The miRNA expression pattern of these cells will then be 
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evaluated to define the miRNAs profiles that are RSV- and uvRSV –specific. The 

working hypothesis is that these alterations in miRNA profiles will be vaccine or RSV 

protein-specific, allowing for the development of miRNA biomarkers that can determine 

disease outcomes. The rationale is that by utilizing in vitro stimulation of MLE-15 cells 

and CALU3 cells, we will be able to determine alterations in the expression of miRNAs 

implicated in the innate immune response to RSV infection. MLE-15 cells are an 

immortalized type II pneumocyte cell line representing the distal bronchiolar and alveolar 

epithelium that maintain their differentiated phenotypes and functional characteristics for 

up to 30–40 cell culture passages 8. CALU3 cells are an immortalized, well-differentiated 

and characterized cell line, which is derived from human submucosal glands 9. In the 

human lung, the submucosal glands are a major source of airway surface liquid, mucins, 

and other immunologically active substances 9. In addition, CALU3 cells show high 

transepithelial electrical resistance (TEER) and similar expression of differentiation and 

tight junction/adhesion markers compared to primary cells 10.   

 

Specific Aim 3: To utilize bioinformatic tools to identify functionally relevant gene 

targets of particular miRNAs. Upon completion of Aims 1 and 2, we will have identified 

miRNA profiles linked to vaccine efficacy and RSV disease. We will use bioinformatic 

tools such as TarBase v7.0 (DIANA Tools) and Ingenuity IPA (Qiagen) to elucidate and 

validate the host genes that are being targeted by the different sets of miRNAs. The 

working hypothesis is that utilizing these tools we will be able to elucidate the signaling 

pathways and gene mechanisms by which these miRNAs are modulating RSV disease 

outcomes. The rationale is that by utilizing bioinformatic tools, we will be able to 
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elucidate the signaling pathways and gene mechanisms by which these miRNAs are 

modulating RSV disease outcomes. Then we will translate these findings into disease 

interventions at the host-virus interface using RNAi technology. 

 

Specific Aim 4: To develop RNA interference (RNAi) approaches to target the 

expression of miRNA biomarkers of interest. Upon completion of Aims 1, 2, and 3 we 

will have identified a set of host genes and miRNAs linked to protective immune 

response against RSV as well as miRNAs involved in vaccine-enhanced disease and 

airway hyperresponsiveness. Based on these findings, we will select the best candidates 

and miRIDIAN microRNA Hairpin Inhibitors (GE Dharmacon) will be used to inhibit 

endogenous microRNAs and miRIDIAN microRNA Mimics (GE Dharmacon) will be 

used to mimic the function of endogenous miRNAs. By suppressing or enhancing 

miRNA activity we will be able to further elucidate and validate the functional roles of 

individual miRNAs in vitro (MLE-15 cells) or in vivo (BALB/c mice). Our main goal 

will be inhibiting miRNAs that promote inflammation and disease pathogenesis and 

promoting those miRNAs involved in protective immune response. The working 

hypothesis is that RNAi can be used to modulate the miRNAs of interest and thereby 

improve the immune response to RSV vaccines as well as provide protection against 

RSV infection and disease pathogenesis. The rationale is that RNAi is a powerful 

experimental tool for the functional annotation of mammalian genomes. Therefore, RNAi 

technology can be utilized to modulate the miRNAs of interest and thereby improve the 

immune response to RSV vaccines as well as provide protection against RSV infection 

and disease pathogenesis. In addition, it is important to experimentally assess the 
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functional relevance of the predicted miRNA targeting site(s) in order to understand the 

roles of miRNA in complex biological processes. 



 
 

 

7 

References 

1 Knudson, C. J. & Varga, S. M. The Relationship Between Respiratory Syncytial 

Virus and Asthma. Vet Pathol, doi:10.1177/0300985814520639 (2014). 

2 Christiaansen, A. F., Knudson, C. J., Weiss, K. A. & Varga, S. M. The CD4 T cell 

response to respiratory syncytial virus infection. Immunologic research, 

doi:10.1007/s12026-014-8540-1 (2014). 

3 Thornburg, N. J., Hayward, S. L. & Crowe, J. E., Jr. Respiratory syncytial virus 

regulates human microRNAs by using mechanisms involving beta interferon and 

NF-kappaB. MBio 3, doi:10.1128/mBio.00220-12 (2012). 

4 Bakre, A. et al. Respiratory syncytial virus modifies microRNAs regulating host 

genes that affect virus replication. J Gen Virol 93, 2346-2356, 

doi:10.1099/vir.0.044255-0 (2012). 

5 Rey, G. U. et al. Decrease in formalin-inactivated respiratory syncytial virus (FI-

RSV) enhanced disease with RSV G glycoprotein peptide immunization in 

BALB/c mice. PloS one 8, e83075, doi:10.1371/journal.pone.0083075 (2013). 

6 Lu, T. X. MicroRNA in the Pathogenesis of Allergic Inflammation.  (2012). 

7 Lu, T. X. & Rothenberg, M. E. Diagnostic, functional, and therapeutic roles of 

microRNA in allergic diseases. The Journal of allergy and clinical immunology 

132, 3-13; quiz 14, doi:10.1016/j.jaci.2013.04.039 (2013). 

8 Moore, E. C., Barber, J. & Tripp, R. A. Respiratory syncytial virus (RSV) 

attachment and nonstructural proteins modify the type I interferon response 

associated with suppressor of cytokine signaling (SOCS) proteins and IFN-



 
 

 

8 

stimulated gene-15 (ISG15). Virology journal 5, 116, doi:10.1186/1743-422x-5-

116 (2008). 

9 Zhu, Y., Chidekel, A. & Shaffer, T. H. Cultured human airway epithelial cells 

(calu-3): a model of human respiratory function, structure, and inflammatory 

responses. Crit Care Res Pract 2010, doi:10.1155/2010/394578 (2010). 

10 Stewart, C. E., Torr, E. E., Mohd Jamili, N. H., Bosquillon, C. & Sayers, I. 

Evaluation of differentiated human bronchial epithelial cell culture systems for 

asthma research. J Allergy (Cairo) 2012, 943982, doi:10.1155/2012/943982 

(2012). 

 

 



 
 

 

9 

 

 

CHAPTER 2 

LITERATURE REVIEW 1,2,3 

 

1 Understanding respiratory syncytial virus (RSV) vaccine development and aspects of disease 
pathogenesis. Jorquera PA*, Anderson L*, Tripp RA. 2015. Expert Rev Vaccines. 15(2):173-87. Reprinted 
here with permission of the publisher. 
 
2 MicroRNA Profiling from RSV infected biofluids, whole blood and tissue samples. Anderson L, Jorquera 
PA, Tripp RA. 2016. Methods Mol Biol.1442:195-208. Reprinted here with permission of the publisher.  
 
3 Human Respiratory Syncytial Virus: An Introduction. Jorquera PA, Anderson L, Tripp RA. 2016. 
Methods Mol Biol. 1442: 1-12. Reprinted here with permission of the publisher.  

 



 
 

 

10 

1. RSV Genome and Replication Cycle 

Respiratory syncytial virus (RSV) is a pathogenic member of the Paramyxoviridae 

family that can cause severe lower respiratory infections 1. RSV is in the Pneumovirinae 

subfamily and type species member of the Pneumovirus. RSV infection is associated with 

bronchiolitis and pneumonia in young infants 2 and is the leading cause of lower 

respiratory tract disease in children in the United States resulting in over 100,000 

hospitalizations and ~1,000 deaths per year 3-5. RSV is the primary cause of 

hospitalization for respiratory tract illness in young children with infection rates 

approaching 70% in the first year of life 5. In addition to young children, studies 

demonstrate that the elderly and immune compromised are also at an increased risk for 

severe disease with RSV 4. Despite substantial efforts, there are no available vaccines and 

few treatments except for passive immunoprophylaxis 1.  

RSV is an enveloped, nonsegmented, negative-sense, single-strand RNA virus 6-8. 

The viral genome consists of 10 open reading frames (ORFs) that encode 9 structural and 

2 nonstructural proteins 8. The nucleoprotein (N), phosphoprotein (P), and RNA-

dependent RNA polymerase (L) encapsulate the viral RNA to form a helical assembly 

termed the ribonucleoprotein complex (RNP) 8. This structure protects the RNA and 

forms the minimal replication machinery 8. RSV possesses three integral membrane 

proteins: the receptor attachment glycoprotein (G), the fusion protein (F), and a short 

hydrophobic (SH) protein 8. The G protein is involved in viral attachment to the host cell, 

while the F protein is responsible for fusion 8. The SH protein forms a pentameric ion 

channel 8. Much like other paramyxoviruses, the polymerization of the matrix protein (M) 

is regarded as the main force that drives RSV assembly and budding 8. M is a membrane-
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associated protein that consists of both positively charged and hydrophobic domains that 

are important for cytoplasmic membrane binding 8. The three additional genes contained 

in the genome are the two nonstructural proteins (NS1 and NS2) and M2. NS1 and NS2 

are type I interferon antagonists 8. The M2 gene encodes two distinct proteins, M2-1 and 

M2-2, which have been shown to function in genome transcription and replication 8.  

RSV primarily infects respiratory epithelial cells lining the nasal passages and 

respiratory tract 5. During infection, a host-acquired lipid bilayer consisting of the viral 

glycoproteins surrounds the RSV virion, and entry of the viral nucleocapsid into the host 

cell involves virus-specific membrane fusion. Binding and uptake/entry of RSV into host 

cells is dependent on interactions between the G and F proteins and numerous host cell 

molecules, both secreted- and surface-bound 9. While some of these interactions may 

favor RSV infection or elicit inappropriate immune responses, others may encourage 

viral clearance 9. The airway epithelium has a central role in defense against respiratory 

virus infections by expression of antiviral factors and immune mechanisms that 

contribute to viral resistance and clearance 10.  

Early upon RSV infection, the G protein mediates attachment to the cellular 

receptor CX3CR1 11 and the F protein binds to nucleolin 12 and induces fusion of the viral 

membrane and the plasma membrane. Fusion of the viral envelope with host cell 

membranes and syncytium formation are essential stages in the RSV life cycle, and both 

processes require the F protein to be intact (and are enhanced by the G protein) 3. The F 

protein, highly conserved among the Paramyxoviridae family, is synthesized as a 67 kDa 

precursor that undergoes proteolytic cleavage to produce two disulfide-linked 

polypeptides, F1 and F2, from the C- and N-termini respectively 3. Adjacent to these two 
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regions are two heptad repeat sequences, denoted HR-C and HR-N, that form a stable 

trimer of hairpin-like structures that undergo a conformational change to enable the viral 

and cell membranes to be opposed before viral entry 3. In addition to the ability of the F 

protein to bind heparin-containing structures on the cellular surface, the small GTP-

binding RhoA, a member of the Ras superfamily, also binds RSV F protein and facilitates 

virus-induced syncytium formation in Hep-2 cells 3,13. RhoA is involved in actin 

mobilization and signal transduction, and infection with RSV upregulates surface 

expression of RhoA and stimulates RhoA-mediated signaling 3,14. In addition, the F 

protein has been shown to interact with, and subsequently signal through, components of 

the lipopolysaccharide (LPS) receptor system; in particular, the pattern recognition 

receptors, CD14 and Toll-like receptor 4 (TLR4), have been implicated 3,15. Following 

entry into the host cell, virion uncoating release the nucleocapsid along with the L protein 

(RdRp) into the cytoplasm where viral transcription and replication proceeds 5. Once in 

the cytoplasm, encapsidated genomic RNA serves as template for both transcription and 

replication. The leader (Le) and trailer (Tr) sequences located at the 3’ and 5’ termini of 

the genome contain the genomic and antigenomic promoter elements. Transcription of 

mRNA occurs in a 3’ à 5’ order from a single promoter near the 3’ end resulting in a 

series of subgenomic mRNAs 5. Viral mRNAs can be detected by 4 h post infection with 

peak mRNA synthesis and protein expression occurring 12-20 h postinfection 5. The level 

of protein expressed is related to mRNA abundance, thus there are decreased levels of 

mRNA proportional to the gene distance from promoter sequence 5. Replication generates 

a complete positive-sense RNA complement of the genome called the antigenome, which 

acts as a template for genome synthesis 16. 
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Upon viral mRNA translation the G protein is produced in two forms, membrane-

bound G (Gm) and soluble G (Gs) 5. The RSV Glycoprotein is one of two major proteins 

recognized in the antibody response to infection, the other being the F protein 5. The G 

protein is a glycosylated type II transmembrane protein, consisting of an N-terminal 

cytoplasmic domain, a hydrophobic anchor region and an ectodomain made up of two 

mucin-like regions that are highly variable and rich in serine, threonine and proline, and 

are heavily glycosylated with N- and O-linked sugars 3. Thus, the G protein possesses 

unusual characteristics among viral membrane proteins and lacks homology to any other 

known Paramyxovirus protein 3. Previous studies indicate that the cell surface 

glycosaminoglycans (GAGs), heparin sulfate (HS) and chondroitin sulfate B are 

important for infection in vitro, by interacting with a putative heparin-binding domain 

(HBD) in the G protein 3,17. The mucin-like domains are separated by a 13 amino acid 

sequence, which contains four cysteine residues that are conserved across RSV strains 

3,18. The conserved nature of the cysteine noose and flanking 13 amino acid segment 

suggests that this region may be important for attachment, and previous data indicates a 

possible interaction with the TNF receptor (TNFR) 3. The G protein and TNFR share 

homology in the cysteine noose at the C-terminus, which may allow the G protein to 

interfere with the antiviral and apoptotic effects of TNF, and with TNFR expressed on 

host cells 3. In addition, a receptor on endothelial and epithelial cells, annexin II has been 

shown to bind RSV G protein, heparin and plasminogen 3. However, there is evidence 

that binding of the RSV G protein to leukocytes involves different receptors from those 

on epithelial cells 3. Malhotra et al. have shown that the G protein binds to L-selectin 

(CD62L), a leukocyte-specific adhesion receptor, in a heparin-dependent manner 3,19. 
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Previous studies in our laboratory demonstrated that the HBD region of the G protein 

contains a central-conserved cysteine-rich region that also contains a CX3C chemokine 

motif at amino acid 182-186, which binds to CX3CR1, the CX3CL1 (fractalkine) 

receptor 3,5,20. CX3CL1 mimicry by the G protein has been shown to facilitate RSV 

infection and alter CX3CL1 chemotaxis of human and mouse leukocytes 20. Furthermore, 

this may represent a functional role for the truncated form of the G protein secreted from 

infected cells, which may be largely responsible for the detrimental inflammatory 

response 3. 

The M protein regulates the assembly of the RSV virions by interacting with the 

envelope proteins F and G and with the nucleocapsid proteins N, P, and M2-1. Virions 

assemble at the plasma membrane where nucleocapsids localize with the cell-membrane 

containing membrane viral glycoproteins 5. The virions mature in clusters at the apical 

surface in a filamentous form associated with caveolin-1, and extend from the plasma 

membrane5. The release of progeny virus begins by 10 to 12 hours post infection, reaches 

peak after 24 hours, and continues until the cells deteriorate 16. 

 

2. RSV-induced Immune Response 

RSV infection of respiratory epithelial cells has been shown to alter the tempo 

and expression patterns of various genes related to protein metabolism, cell growth and 

proliferation, cytoskeleton organization, regulation of nucleotides and nucleic acid 

synthesis, and cytokine/chemokine genes linked with inflammation 5. While a primary 

function of airway epithelium is to promote gaseous exchange, it also functions as the 
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interface between the external environment and the host, thus acting as a first-line 

defense against pathogens 5. To overcome the repertoire of immune defenses 

encountered, RSV enlists a variety of immune modulatory and evasion strategies to 

promote virus infection and replication 5. RSV delays programmed cell death or 

apoptosis of epithelial cells to facilitate virus replication 5. It has been shown that RSV-

infected cells have increased expression of the anti-apoptosis gene IEX-1L and increased 

expression of several Bcl-2 family members including myeloid cell leukemia-1 and Bcl-

XL 5,21-24. RSV also modulates the host-cell responses via pattern recognition receptors 

(PRRs) and toll-like receptors (TLRs) 7.  Viruses that trigger TLRs initiate a complex 

signaling cascade leading to the expression of a variety of genes and signaling through 

NF-κB7. RSV also interacts with TLRs and PRRs and activates signaling and 

downstream cellular transcription pathways 7.  TLRs are broadly distributed along the 

airways by various cell types including: respiratory epithelial cells, alveolar macrophages 

and dendritic cells (DCs) 7. RSV infection of respiratory epithelial cells has been shown 

to result in increased TLR4 expression on the cell surface within 24 hours post-infection 

(hpi) 5,25,26. The upregulating of TLR4 leads to increased sensitivity to endotoxin, and 

upon stimulation with lipopolysaccharide (LPS) enhanced IL-6 and IL-8 production was 

observed 26. Like LPS, the RSV F protein can interact with TLR4 and CD14 in human 

monocytes leading to the activation of NF-κB and the production of proinflammatory 

cytokines TNF-α, IL-6 and IL-12 5,15. A previous study demonstrated that RSV promotes 

TNF-α, IL-6, MCP-1 and RANTES via interaction with TLR2 and TLR6 27. RSV also 

interferes with the host antiviral cytokine response 5. Several studies have shown that 

RSV NS1 and NS2 are important in antagonizing the type I IFN response in infected 
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epithelial cells as well as suppressing DC maturation 7. A recent study in MLE-15 lung 

cells showed that by 24hpi, in the absence of NS1 and NS2 proteins, type I IFN mRNA 

and IFN-β protein expression were suppressed 5,28. In this study, a role for RSV G-protein 

inhibition of IFN-β was revealed and linked to the induction of suppressor of cytokine 

signaling (SOCS)-1 and SOCS-3 expression. As type I IFNs have an important role in 

DC maturation, activation of natural killer (NK) cells, differentiation and function of T 

cells, as well as enhancing primary antibody responses, RSV-mediated inhibition of type 

I IFN production negatively impacts antiviral immunity and facilitates virus replication 

5,29,30. 

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

mediated cellular immune responses have a greater role in virus clearance 5. RSV-

specific CD8+ cytotoxic T-lymphocytes (CTLs) are found in the lungs and peripheral 

tissues after RSV infection, and they have a major role in viral clearance 5. In humans, 

CTLs recognize F, M, M2 and NS2 proteins, but there is little or no recognition of G, P 

or NS1 5,31. In BALB/c mice, CD8+ CTLs primarily recognize M2, F and N proteins, and 

the role of CTLs in the immune response to RSV is well illustrated by in vivo depletion 

studies 32-35. These studies suggest that both CD4+ and CD8+ lymphocytes are important 

for clearing RSV and that both contribute to the inflammatory response associated with 

infection 33. In BALB/c mice, the F protein primes both CD8+ and CD4+ T cells toward 

a Th1-type biased cytokine response while G protein primes typically CD4+ T cells that 

are biased towards the Th2-type cytokine response 5,36. The Th1 and Th2 CD4+ T cells 

elicited react to a single region comprising amino acids 183-197 of the G protein 5,37. The 

importance of CD4+ memory T cells to RSV infection has been investigated; however, 
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the majority of studies have focused on the response to RSV G protein priming 5. It has 

been shown that the memory CD4+ T cell response 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 TCR Vβ chain, such as Vβ14 38. CD4+ T cells expressing TCR Vβ14 

preferentially proliferate and expand into activated T cells in the lungs rather than the 

lymph nodes, which drain into the site of infection 39. Although this study is limited to a 

specific inbred strain of mice, these findings may be important for understanding the role 

RSV-specific CD4+ memory T cells have in RSV-induced immunopathology, a feature 

linked to polarized Th2-type cytokine response and pulmonary eosinophilia 40. 

 

3. RSV Antigens and Vaccine Development 

The failures of RSV vaccines, and the fact that natural infection provides limited 

protection from re-infection and disease, indicate that the task of developing a successful 

RSV vaccine will be difficult 41. Nevertheless, these failed vaccines can help identify the 

critical antigens to include or exclude in the development of RSV vaccines such as sites 

on surface proteins that are conserved among strains that induce protective antibodies that 

block disease, that elicit effector and memory responses, and that can be used in vaccine 

production 41. RSV infection induces antibody responses against several viral antigens; 

however, only two major surface glycoproteins (F and G proteins) induce neutralizing 

antibodies that have a major role in protection 5,42. In addition, neutralizing antibodies 

have an important role in protection from RSV infection, although serum and mucosal 

neutralizing antibodies seem to provide different levels of protection 5. Serum antibodies 
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mainly composed of IgG, gain access to the lungs more readily than to the nasal passages 

via transduction 5. Mucosal secretory IgA antibodies are short-lived and have less 

neutralizing activity compared with serum IgG antibodies 5. 

 

3.1. RSV F protein 

The RSV F protein is generally conserved among RSV strains and is essential for 

infectivity and fusion of the viral and cellular membranes 41. In addition, the F protein 

can interact with TLR4 and CD14 in human monocytes leading to the activation of NF-

κB and the production of proinflammatory cytokines TNF-α, IL-6, and IL-12 41. A recent 

study demonstrated that the N-terminal domain of the F1 segment physically interacts 

with the TLR4 co-receptor, MD-2 41.  

Recent advances in understanding the structural rearrangements of the F protein 

during fusion have helped vaccine and antiviral drug discovery for RSV 41. The F protein 

is a type I fusion protein that is synthesized in a metastable prefusion form stabilized on 

the virion 41. Proteolytic cleavage leads to a conformational change that causes the fusion 

of adjoining membranes to a highly stable post-fusion structure 41. Until recently, the 

known structure of the F protein was the post-fusion form, which contains three known 

antigenic sites (I, II, and IV) associated with neutralizing activity 41. However, absorption 

of human sera with post-fusion F demonstrated that the greater proportion of virus 

neutralization was not due to antibodies against epitopes in this conformation 41. Recent 

studies have identified the structure of pre-fusion F and a novel antigenic site located at 

the apex of the pre-fusion F trimer, known as site ∅ 41. Immunization with site ∅-

stabilized variants of RSV F in mice and macaques induced levels of RSV-specific 
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neutralizing activity approximately fourfold higher than that elicited by post-fusion F and 

approximately 20-fold higher than the protective threshold 41. In addition, high 

expression levels of a stabilized pre-fusion F protein has recently been achieved by 

introducing mutations in the refolding regions (RR1 and RR2) 41. This highly stable pre-

fusion F elicited neutralizing antibodies in cotton rats and induced complete protection 

from virus replication 41. However, additional studies may need to be conducted with the 

prefusion F protein to further elucidate its efficacy and safety, as well as its structural and 

functional stability 41. 

 

3.2. RSV G protein 

The RSV G protein is an important target for the induction of neutralizing 

antibodies; however, the head of the G protein is antigenically variable, and the sequence 

homology of G proteins between A and B subtype is only ~53% 41. Therefore, few G-

specific monoclonal antibodies are cross-reactive, while the majority of F-specific 

monoclonal antibodies are cross-reactive 5. However, studies have shown that strain-

specific antibody responses primarily recognize epitopes within the hypervariable C-

terminal region of the RSV G protein 18. More specifically, the glycosylation pattern of 

the RSV G protein varies with the infected cell type, indicating that the different 

glycosylation patterns on the RSV G proteins may be one of the mechanisms used to 

evade the host immune response via the alteration of the G-protein antigenic profile 18. 

This observation highlights the importance of the antibody response specific to the 

central conserved region (CCR) of the RSV G protein in generating cross-protection 
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against both strains of RSV 18. Therefore, antibodies that block G protein binding to host 

cells and neutralize the virus to prevent disease are the target 41. 

Vaccination of mice with a nanoparticle vaccine incorporating the G protein 

CX3C chemokine motif induced a strong neutralizing antibody response, increased G 

protein-specific and M2-specific T cell responses, and antibodies to G protein reduce 

RSV disease 43. A recent study that evaluated the safety and efficacy of a non-

glycosylated G protein vaccine produced in E. coli showed that the G protein induced 

protective immunity and no lung pathology in a mouse model against homologous and 

heterologous RSV challenge 44. A recombinant influenza virus carrying the chimeric 

constructs of hemagglutinin and central conserved-domains of the RSV G protein 

induced RSV-neutralizing antibodies and protected mice from RSV infection after a 

single intranasal inoculation 41. Similarly, another study showed that RSV virus-like 

particle (VLP) vaccines containing the RSV G alone or plus the F protein induced robust 

humoral and mucosal RSV-specific antibodies and demonstrated that VLPs carrying the 

F and G protein induced stronger immune responses than those carrying F alone, 

protecting mice against virus replication and lung inflammation 41. Together these results 

indicate that the RSV G protein is an important antigen to take in consideration when 

producing a new RSV vaccine 41. 

 

3.3. RSV SH, M2, N, and P proteins 

 The SH, M2, N, and P proteins of RSV are not typically targeted as vaccine 

antigens because other than the SH protein, they are internal proteins and typically not 

targeted by neutralizing antibodies 41. The SH protein is a transmembrane surface 
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glycoprotein 41. During infection, the SH protein accumulates at the lipid-raft structures 

of the Golgi complex, endoplasmic reticulum, and the cell surface 41. A minor fraction of 

SH proteins is modified by glycosylation or expressed as a truncated variant 41. It is 

important to note that non-neutralizing antibodies to the SH protein can influence viral 

replication by ADCC 41. A recent study produced an RSV vaccine antigen using the SH 

ectodomain (SHe) peptide conjugated to keyhole limpet hemocyanin, and it showed that 

immunization of mice and cotton rats induced high levels of SHe-specific IgG, reduced 

pulmonary RSV replication, and protection against morbidity 41. 

 Using internal RSV proteins as vaccine antigen have the potential for inducing 

cross-protective immune response, but since these proteins are not exposed on the virion 

surface, antibodies directed against them tend to be poorly neutralizing 41. Vaccination of 

mice with the RSV N and M2 proteins expressed in Mycobacterium bovis bacillus 

Calmette-Guerin (BCG) induced protective T cell responses against in absence of RSV-

neutralizing antibodies 41. Similarly, calves vaccinated with RSV P, N, and M2-1 proteins 

have been shown to develop cross-protective cell-mediated immune responses; however, 

the antibody responses were non-neutralizing 41. Recently, it was shown that adenovirus-

3 and modified Vaccinia Ankara vectors expressing RSV F, N, and M2-1 proteins induce 

neutralizing antibodies and broad cellular immunity in nonhuman primates 41. These data 

suggest that including N, P, or M2 proteins in a vaccine can promote broad RSV-specific 

T cell responses, but fail to induce neutralizing antibodies, suggesting at least one RSV 

surface protein should be included in candidate vaccines 41. 

 

4. Determining Correlates of Vaccine-induced Protection and Disease 
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As indicated above, a variety of host factors affect RSV disease pathogenesis. 

Although RSV disease phenotypes vary in humans and among animal models, 

inflammatory mediators have been strongly implicated in RSV pathogenesis 5. In 

addition, a large number of studies have demonstrated a link between severe RSV 

infection during early childhood and increased likelihood to develop either recurrent 

wheezing or asthma later in life, and that these conditions are associated with enhanced 

CD4+ T cell responses, inappropriate cytokine expression, inflammation and reduced 

immune regulation 6,45-55. Asthma is a chronic inflammatory disease of the lung that is the 

leading cause of morbidity and mortality in children worldwide 6. Over the past 20 years, 

numerous studies have indicated a relationship between early severe RSV infection and 

an increased risk in developing asthma, yet the exact nature of the relationship remains 

unclear 6.  

A recent study, in a rat model, demonstrated that RSV can spread across the 

placenta from the respiratory tract of the mother to the fetus, and persist postnatally in the 

lungs throughout development and into adulthood 56. Vertical RSV infection was 

associated with dysregulation of critical neurotrophic pathways during fetal development, 

leading to aberrant innervation and increased airway reactivity after postnatal reinfection 

with RSV 56. In addition, an altered balance between Th1- and Th2-type cytokines is 

likely responsible for a variety of inflammatory disorders including asthma, yet the role 

of post-transcriptional mechanisms such as those mediated by microRNAs (miRNAs) in 

regulating the relative magnitude and balance of the cytokine expression during RSV 

infection have been largely unexplored 57. Recent studies have identified miRNA profiles 

in multiple allergic inflammatory diseases 58-63.  
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Despite RSV being a major healthcare burden, there is currently no safe and 

effective vaccine available, and there is a lack of therapeutic interventions 7. Attempts to 

develop an effective live, inactivated, or subunit vaccine against RSV have largely been 

unsuccessful 33,64-66. Early efforts at vaccinating young children with a formalin-

inactivated RSV (FI-RSV) vaccine failed to protect the children from naturally acquired 

infection and actually enhanced lower respiratory tract disease upon later virus infection 

5,33,67-70. The determination of correlates of protection is an important step in the 

development of a vaccine 41. It provides objective criterion for protection associated with 

vaccination, and in some cases where clinical trials are dangerous, or when testing new 

combinations of vaccines, it may guide licensure of a vaccine candidate without 

demonstration of field efficacy 41. It is important to understand that the correlates of 

protection induced by vaccination are not necessarily the same correlates that operate to 

block infection 41. Cellular immunity is also important for recovery from disease: B cell-

deficient humans do recover from measles, whereas T cell deficiency leads to serious and 

fatal disease 41. 

One of the many challenges of developing an RSV vaccine is the lack of an 

absolute correlate of protection that can be used to predict vaccine efficacy and clinical 

outcome 41. For example, the hemagglutination inhibition (HI) titer of 1:40 has been 

established as an immunologic correlate corresponding to a 50% reduction in the risk of 

contracting influenza 71,72. Since various components of the innate and adaptive immune 

response have shown to be important for controlling RSV infection and disease, it is 

likely that a combination of immune correlates, and/or biomarkers, will need to be 

defined to predict vaccine efficacy and safety 41. Different methods can be used for 
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biomarker detection and validation; however, some major hurdles are the lack of 

standardized specimen collection and storage, testing methodologies, and data analysis 41. 

Another obstacle includes the validation process, which will require verification that the 

diagnostic tests will improve the prevention and treatment of RSV disease and reduce 

healthcare costs 41. For example, current treatment for infants with bronchiolitis caused 

by RSV includes supplemental oxygen, nasal suctioning, fluids to prevent dehydration, 

and other supportive therapies 73. However, the use of nebulized epinephrine and 

nebulized ipratropium bromide have been shown to be possibly effective, and the 

appropriate use of corticosteroids remains controversial 73. Therefore, determining the 

appropriate usage criteria for diagnostic tests and treatments for RSV still remains to be 

elucidated.  

 

4.1. Overall antibody response 

 Serum neutralizing antibody titers is one of the most common immune correlates 

measured to assess vaccine efficacy 41. Estimating the minimum protective antibody 

concentration to prevent RSV disease is of critical importance in assessing a RSV 

vaccine candidate 41. To define a minimal protective antibody titer, one must first choose 

an antibody assay that best correlates with disease protection 41. Comparative analysis of 

enzyme-linked immunosorbent assay (ELISA), microneutralization (MN), and plaque 

reduction neutralization (PRN) assays have been examined to identify optimal 

neutralizing and protective IgG levels 41. In addition, antibodies directed against the RSV 

G protein CCR have been shown to have antiviral and anti-inflammatory effects that 

effectively neutralize RSV and protects from disease 41,43. Anti-F protein antibodies 
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generated by Palivizumab (Synagis) can prevent severe RSV disease in premature and 

term infants if administered by passive immune prophylaxis 41. In addition, a binding 

competition assay using Palivizumab (Synagis), named the Palivizumab competing 

antibodies (PCA), has been developed to demonstrate that candidate vaccines induce 

antibodies binding to the same region of F protein recognized by this efficacious product 

74. Lastly, antibodies in nasal secretions are likely to be a more important correlate of 

protection than serum antibodies. Low levels of RSV-specific nasal IgA (<1:60) have 

shown to be a significant risk factor for RSV infection and disease in adults 41. High level 

of nasal neutralizing antibodies are associated with reduction or prevention of infection 

and disease relative to any tier of serum antibodies 41. Thus, vaccines able to induce 

durable RSV-specific IgA responses may be more protective than those generating 

systemic antibody alone 41.   

 

4.2. T cell response 

RSV-specific CD4 and CD8 T lymphocyte responses are important in controlling 

infection and inhibiting virus replication and spread by producing antiviral cytokines, 

killing virus-infected targets, and regulating innate and adaptive effector functions 41. 

Increasing evidence in T cell-deficient hosts suggests that RSV-specific T cell responses 

reduce severe RSV disease in infants and older adults 41. It has been shown that CD8+ 

cytotoxic T lymphocyte (CTL) response peaks within 10 days of infection in infants 

exposed to RSV for the first time 41. In addition, a recent study found that vaccine-

elicited effector anti-RSV CD8+ T cells protected BALB/c mice against RSV infection 

and pathogenesis, and waning protection correlated with reduced CD8+ T cell cytokine 



 
 

 

26 

expression 75. A role for T cells in viral clearance is also suggested by a prospective study 

examining immunocompromised children less than five years of age that showed these 

individuals suffer more severe disease and shed virus at higher levels for several months, 

compared with 7-21 days in normal children 76. Similar findings have also been shown in 

adult bone marrow transplant recipients 76. The increased frequency and risk of severe 

RSV disease seen in elderly adults may similarly be related to the lower numbers and 

decreased proliferative and functional capacity of IFNγ producing RSV F-protein specific 

T cells seen in that high-risk population 76. Despite these data demonstrating the apparent 

importance of T cells, standardized parameters and additional studies need to be 

conducted to show the relevance of measuring T cell response in terms of providing an 

additional correlate of protection in humans for vaccine development. More specifically, 

the relationship between T cell numbers or function and protection from RSV re-infection 

is not a simple dynamic, and is complicated by checks and balances in the immune 

system 76. 

 

4.3 Biomarkers 

A biological marker (biomarker) is defined as a characteristic that is objectively 

measured and evaluated as an indicator of normal biological processes, pathogenic 

processes, or pharmacologic responses to a therapeutic intervention 77. Biomarkers have a 

critical role in improving the drug development, clinical trials, as well as in the larger 

biomedical research enterprise 78. More specially, biomarkers can provide a basis for the 

selection of lead candidates for clinical trials, for contribution to the understanding of the 

pharmacology and immunology of candidates, and for characterization of the subtypes of 
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disease for which a therapeutic intervention is most appropriate 77. In addition, they 

provide the greatest value in early efficacy and safety evaluations such as in vitro studies 

in tissue samples, in vivo studies in animal models, and early-phase clinical trials to 

establish “proof of concept” 77. When defining biomarkers, it is of equal importance to 

distinguish these from clinical endpoints. A clinical endpoint is a characteristic or 

variable that reflects how a patient or animal model feels, functions, or survives 77. 

Although clinical endpoints are the most credible characteristics for the assessment of the 

benefits and risks of a therapeutic intervention in randomized clinical trials, they are often 

not accessible during the early developmental stages of drug and vaccine design. 

Therefore, the development of subset of biomarkers that can function as surrogate 

endpoints is ideal. A surrogate endpoint is a biomarker that is intended to substitute for a 

clinical endpoint, in that it is expected to predict clinical benefit based on epidemiologic, 

therapeutic, pathophysiologic, immunologic, or other scientific evidence 77. It is also 

important to point out that the same biomarkers used as surrogate endpoints in preclinical 

and clinical trials are often extended to clinical practice in which disease responses are 

similarly measured 77. Therefore, understanding the relationship between measurable 

biological processes and clinical outcomes is vital to expanding our arsenal of treatments 

and vaccines for RSV, and for deepening our understanding of normal, healthy 

physiology as compared to diseased states. Based on these definitions, it is evident that 

the establishment of biomarkers that can accurately predict vaccine efficacy and disease 

outcomes for RSV would serve to expedite vaccine and therapeutic development for 

target populations, which are urgently needed. 
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4.3.1. MicroRNAs (miRNAs) 

miRNAs are a class of small noncoding, endogenous RNAs (sncRNAs), that can 

alter gene expression at the post-transcriptional level 62. miRNA genes constitute one of 

the most abundant gene families, and they are generally conserved across all eukaryotes 

and have been substantially expanded during evolution, with only twelve miRNAs having 

been lost from deuterostomes to mammals 79-81. The miRNA family is a global regulatory 

network controlling homeostasis, inflammatory responses, and affecting immunity and 

disease pathogenesis 82. miRNA genes are located on the sense/antisense strands in 

genic/intergenic and introns of genes as independent transcription units called mirtrons 

83,84. Parent genes are typically transcribed by RNA polymerase II 85,86, and in some cases 

by RNA polymerase III 87 producing long primary transcripts, pri-miRNAs, of varying 

length in the nucleus 82. Pri-miRNAs are processed by the microprocessor complex 

consisting of Drosha and DGCR8 into ~60 nucleotide long hairpin structured pre-

miRNAs, which are then exported out of the nucleus by exportin 5 (XPO5) 88. Exported 

pre-miRNAs are processed further by a Dicer and Argonaute complex to produce mature 

miRNA duplexes, 20-25 nucleotides long, that consist of a guide strand and a passenger 

strand, which is generally degraded 82.  The guide strand nucleotides 2-8 represent the 

“seed site” which recognizes a 6-8 nucleotide complementary sequence in the target 

gene(s) causing either a translational block or transcript decay in a RNA protein complex 

termed as RNA induced silencing complex (RISC) 82,88. Some miRNAs can also bind 

with perfect complementarity with the target transcript 82. Therefore, the degree of base 

pairing between the miRNA guide strand and mRNA, and the composition of the RISC 
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complex determine the downstream pathways 82. Due to the short sequence 

complementarity between a miRNA and its target, a single miRNA can regulate the 

expression of multiple genes 88,89. 

More specifically, various miRNAs have been found to have critical roles in 

regulating key pathogenic mechanisms in asthma and in airway hyper-responsiveness, 

including polarization of adaptive immune responses, activation of T cells, regulation of 

eosinophils, and modulation of cytokine-driven responses 57,60,90. miR-21 has been shown 

to regulate polarized adaptive immune responses in allergic asthma models, undergoing 

increased expression during eosinophilia 57,62. miR-106 regulates IL-10 and Th2 

response, and antagonism of miR-106a has been shown to decrease asthma severity58. 

miR-126 regulates the effector function of Th2 cells and the allergic inflammatory 

response in experimental asthma 59,61. miR-145 was recently found to be upregulated 

during eosinophilia and Th2-type response; additionally, antagonism of miR-145 

significantly attenuated eosinophil infiltration, mucus production, Th2 cytokine 

production, and airway hyperreactivity in experimental allergic airway inflammation 

59,62,63,91. miR-146 has been implicated as an inducer of inflammation, and up regulation 

of this miRNA could potentially suppress Th1 responses and promote Th2 responses 60-

63,92,93. miR-155, which is upregulated during allergic inflammation, regulates polarized 

T-cell responses to induce a predominantly Th2 response 58,60. The let-7 family can 

regulate the production of Th2-bias cytokines, and antagonism of these miRNAs 

attenuated experimental asthma. The let-7 family is encoded by 12 genes, which includes 

nine slightly different miRNAs; all Let-7 family members are believed to exert similar 
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functions because they share a common seed region, which mediates miRNA interaction 

with target mRNAs 94.  

As previously shown in our laboratory, expression patterns of miRNAs vary 

between normal physiological processes and disease 7,82,95,96. These differences form the 

basis as to why miRNA profiles should be exploited as diagnostic tools 82. Among the 

various biomolecule classes, miRNAs are very promising biomarkers owing to their 

stability in a variety of tissues and body fluids, and high stability within a particular 

sample type 82. Further, miRNA expression profiling has been used to differentiate 

cancerous cells. Recently, large-scale sets of cancer specimens revealed that miRNA 

profiling was able to successfully differentiate the origin tumor cells 97, as well as further 

tumor sub-classification 98. In addition, patterns of miRNA expression have successfully 

predicted clinical disease progression 99,100. It is important to note that altered miRNA 

expression patterns and their diagnostic potential are not restricted to cancer diagnosis but 

have been used to evaluate distinct types of cardiomyopathies 101, musculoskeletal 

disorders 102, neurodegenerative disorders 103, autoimmune diseases 104-109, and infectious 

diseases 110-116 which all drive unique miRNA profiles that can be used as potential 

biomarkers of disease progression and or treatment 82. Given that novel disease 

intervention strategies for RSV are urgently needed, an important first step is to increase 

our understanding of the virus-host interface and secondly develop predictive tools for 

evaluating disease outcomes and treatment strategies. Therefore, miRNAs implicated in 

asthma and lung inflammation can be evaluated as biomarkers for assessing the severity 

of primary RSV and vaccine-enhanced disease.  
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4.3.2. Cytokines 

The pattern of cytokine expression may serve as an immunological biomarker of 

RSV infection and disease; however, it can be difficult to obtain sufficient specimen 

volumes for analysis 41. For example, sputum and nasopharyngeal aspirate samples are 

both difficult to obtain and limited in their quality and quantity 41, and not all sites 

express or are exposed to similar cytokine patterns.  In contrast, human plasma and serum 

testing may present a valuable method for evaluating cytokines. Previous studies have 

evaluated cytokine profiles from these clinical samples as predictors of disease severity 

during RSV infection 41. In vivo levels of IFNγ in nasopharyngeal aspirates of infants 

with RSV lower respiratory tract infection were substantially decreased in mechanically 

ventilated infants compared to non-ventilated hospitalized infants 41,117. A recent study 

assessing serum samples from 52 RSV-infected children with varying degrees of disease 

severity showed that decreased CD4+ T cell counts and elevated levels of IL-8 and CCL-

5 readily discriminated severe from mild RSV infection with 82% sensitivity and 96% 

specificity 41,118. In addition, low levels of plasma TNF-α and IL-8 concentrations were 

associated with enhanced disease severity in infants with severe RSV bronchiolitis 41,119. 

Although the results from these two studies differ in terms of levels of IL-8 expression, it 

should be noted that the level of certain cytokines may not be as important as the patterns 

of cytokine expression 41. In addition, the pattern and tempo of cytokine expression 

differs substantially in vivo between areas of localized infection, such as the lungs, BAL, 

and systemic responses, such as in the blood. 

 

4.3.3. Matrix metalloproteinases 
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Matrix metalloproteinases (MMPs) are a group of enzymes that participate in 

extracellular matrix protein degradation. More specifically, MMPs have a vital role in 

viral infection, inflammation, and remodeling of the airway 41. Increased mRNA levels of 

MMP-1, -7, -9, -10, and -19 have been found in human nasal epithelial cells after RSV 

infection 41,120. A previous study has shown that RSV infection can induce the expression 

of MMP-9 in epithelial cells, and MMP inhibitors can reduce syncytia formation and 

RSV replication 41,121. A recent study using a Mmp9-/- mouse model demonstrated that 

MMP-9 exerts antiviral activity against RSV, considerably enhancing neutrophil 

recruitment and cytokine production and reducing airway hyperresponsiveness 41,122. 

These and other findings implicate MMPs as having an important role in RSV 

pathogenesis and disease progression, and thus, MMPs may serve as biomarkers of RSV 

disease pathogenesis 41. 

 

4.3.4. Neurotrophins and leukotrienes 

Neurotrophins (NTs) are a family of proteins responsible for neuronal survival, 

growth, and programmed cell death and are continuously present in all vertebrates 41. 

Two receptor classes mediate NT responses: the tropomyosin-related tyrosine kinases 

(Trks) and p75, a member of the tumor necrosis factor receptor superfamily 41. The lung 

expresses NTs and their receptors 41. It has been shown that NTs contribute to lung 

function and disease pathologies and are critical for the development of airway 

inflammation and hyperreactivity 41,56,123. 
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Leukotrienes (LTs) are critically involved in the pathogenesis of asthma and 

protection against respiratory pathogens 41. RSV infection in young infants results in the 

release of LTs and activation of the LT receptor during the acute inflammatory response 

of the lung airways 41,124. More specifically, the RSV G protein has been shown to reduce 

respiratory rates associated with the induction of substance P and G glycoprotein-

CX3CR1 interaction, an effect that is inhibited by treatment with anti-G glycoprotein, 

anti-SP, or anti-CX3CR1 monoclonal antibodies 41,125,126. It has been shown that 

substance P is important in the induction of LTs; therefore, interactions between 

substance P and LTs may represent an important mechanism of airway inflammation in 

response to RSV infection 41,124. Previous studies have demonstrated that elevated nasal 

LT levels mediate neurogenic inflammation in RSV-infected lungs and disease severity 

41,124,127,128. Elevated urinary LTE4 levels have been found in infants with RSV 

bronchiolitis and persistent airway obstruction 41,129. 

 

4.3.5. Lung epithelium-specific proteins 

The collection of BAL fluid is a common means of sampling the epithelial lining 

fluid to study the proteins secreted by the lung epithelium and investigate their alterations 

in lung disorders 130. However, over the past decade, researchers have shown the presence 

of these proteins in the bloodstream as well, even though in small amounts, demonstrated 

using ELISAd significant variations of these proteins’ levels in the serum of patients with 

different interstitial lung diseases 130.  These lung epithelium-specific proteins are mainly, 

if not exclusively secreted within the respiratory tract; therefore, their presence in the 
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vascular compartment can be theorized by a number of hypothetical mechanisms 130.  

Leakage from the lung into the bloodstream resulting from the increased permeability of 

lung vessels and barrier destruction between alveolar epithelium and endothelium due to 

injury to the basement membrane 130.There is increased production by the alveolar type II 

cells paired with an increase in total type II cells in the lung due to diffuse hyperplasia 130. 

Finally, these increased systemic protein levels resulting from diminished clearance rates 

from the circulation 130. 

 

4.3.5.1. Surfactant-associated Proteins (SPAs) 

Pulmonary surfactant is a complex and highly surface active material covering the 

alveolar space of the lung 130. A primary function of pulmonary surfactant is to reduce the 

surface tension at the air-liquid interface of the alveolus, thereby preventing alveolar 

collapse on expiration 130. There are four main surfactant-specific proteins, known as 

surfactant protein- (SP)-A, SP-B, SP-C, and SP-D 130. Studies have demonstrated that 

these proteins have an important role in the innate immune system of the lung, and show 

potential as useful markers for epithelial damage and turnover in the lung 130. It has been 

shown that serum SP-D concentration is associated with the severity of RSV bronchiolitis 

in pediatric patients 131.  Several studies have also indicated that a genetic association 

exists between SP-D and SP-A gene loci and severe RSV infection. More specifically, 

SP-D Met11Thr polymorphism as a factor associated with individual disease 

susceptibility and the severity of RSV bronchiolitis during infancy 132. In addition, SP-A2 

allele 1A3 was overrepresented in RSV-infected infants, compared with control patients 
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133. SP-A has also been used as a marker for lung adenocarcinomas to differentiate lung 

adenocarcinomas from other types, and to detect metastasis of lung adenocarcinomas 134. 

The serum SP-A levels also increase in patients with acute respiratory distress syndrome 

134. 

 

4.3.5.2. Mucin-associated Antigens 

Mucins (MUC) are major components of the mucus layer covering the airway 

epithelium 130.  They consist of a family of high molecular weight, heavily glycosylated 

proteins 130. Mucins are either membrane-bound or secreted at the surface of the 

respiratory tract 130. Krebs von den Lungen-(KL)-6/MUC1 is mainly associated with 

cellular membranes, including alveolar type II and epithelial cells of the respiratory 

bronchioles 130. More specifically, KL-6 is a sensitive indicator of damage to alveolar 

type II cells, which strongly express this mucin at their surface 130. Several studies have 

shown that KL-6 is a sensitive marker for interstitial lung diseases such as idiopathic 

pulmonary fibrosis, collagen vascular disease-associated interstitial pneumonia, radiation 

pneumonitis, hypersensitivity, pneumonitis and pulmonary sarcoidosis 130. In terms of 

respiratory viral infections, it has been shown that the MUC expression by RSV and 

hMPV differs significantly; more specifically, RSV infection results in stronger 

expression of MUC8, MUC15, MUC20, MUC21, and MUC22 while the expression of 

MUC1, MUC2, and MUC5B are induced by hMPV infection 135. 

 

4.3.5.3. Clara Cell Protein (CC16) 
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The Clara Cell secretory protein-(CC)- 16 is a low molecular weight protein 

secreted in large amounts into the lumen of the respiratory tract by non-ciliated 

bronchiolar Clara cells in humans and rodents 130. CC16 is not an entirely specific and 

exclusive product of Clara cells or even the lung 130. Even though the exact in vivo 

function of CC16 remains to be elucidated, evidence is accumulating that CC16 serves as 

an important immunosuppressive and anti-inflammatory mediator in the lung 130,136. 

Serum CC16 increases in acute or chronic lung disorders characterized by increased 

airway permeability 136. Additionally, CC16 can inhibit production of IFNγ by peripheral 

blood mononuclear cells 130. The sensitivity of serum CC16 to an increased leakiness of 

the lung allows for the detection of defects of the epithelial barrier at ozone levels below 

current air-quality guidelines 136. 

 

Conclusions 

 It has been over 60 years since the identification of RSV, and yet the highlights of 

RSV research dedicated to prevention and treatment have been relatively few. The 

reasons for this include the difficulty of working with RSV in the laboratory, the complex 

host immune responses of the different target populations, confinement of RSV 

replication in humans and few strong animal models, the early recognition of the complex 

immune responses to RSV, and the failure of the first vaccine leading to enhanced 

disease upon subsequent natural infection 2. Therefore, biomarkers of protection and 

disease are needed to advance RSV vaccine candidates 41. Ideally, these biomarkers and 

immune correlates need to translate among animal models used for predicting RSV 

vaccine efficacy and safety as well as to humans. This will not only be valuable for 
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preclinical trials, but also the identification of correlates induced within a few days after 

vaccination or even at baseline will be of great value in accelerating vaccine testing in 

clinical trials 137. In addition, a major challenge to moving toward vaccine licensure is 

determining which candidate vaccines are likely to succeed 64. The present approach in 

animal models has not proven adequate for predicting success in clinical trials and better 

platforms are needed. Therefore, miRNA biomarkers are a valuable approach for 

assessing the host immune response, antiviral activity, and disease pathogenesis associate 

with vaccine candidates as they provide practical application advantages. More 

specifically, miRNAs are advantageous as they are not only biologically stable, but also 

miRNA regulatory programs are evolutionarily conserved and their sequence homology 

among species. In addition, supplementary immune correlates will be useful to provide a 

systems biology approach to evaluating immunogenicity of potential vaccine candidates. 
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Abstract 

MicroRNAs (miRNAs) are short single-stranded noncoding RNA molecules 

involved in post-transcriptional gene regulation. In the airways, miRNAs are implicated 

in the regulation of antiviral defense, through the modulation of both innate and adaptive 

immune response in inflammatory and immune effector cells, but also in parenchymal 

cells of the lung. The primary target of respiratory syncytial virus (RSV), as well as other 

respiratory viruses, is airway epithelial cells. To address this and provide a better 

understanding of the virus-host interface, the potential role for miRNAs was examined in 

BALB/c mice. miRNAs have been shown to have important roles in lung development 

and in pulmonary diseases, such as regulating pathogenic mechanisms linked to asthma 

and airway hyperresponsiveness, cystic fibrosis, and chronic obstructive pulmonary 

disease. The rationale for this study is that understanding the changes in miRNA 

expression profiles and their contribution to the pathogenesis of the disease could lead to 

development of new clinical targets as well as diagnostic and prognostic tools for RSV, 

both of which are urgently needed. Using RT-qPCR to evaluate nine miRNAs in lung 

samples from BALB/c mice, we provide evidence that miRNA expression patterns are 

altered between naïve and RSV-infected or vaccinated mice, and that challenge of these 

mice leads to unique miRNA profiles in mice that recover or develop disease. In addition, 

the RSV strain utilized for RSV infection and challenge altered the miRNA expression 

levels. Overall, the miRNA profiles also appear to correlate with lung viral titers and 

Th1- and Th2- type cytokine expression levels in the lung and bronchoalveolar lavage 

(BAL), suggesting that these miRNAs may be involved in RSV pathogenesis. 
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Introduction 

Respiratory syncytial virus (RSV), an enveloped non-segmented negative strand 

RNA virus of the Paramyxoviridae family, is the most common cause of lower 

respiratory tract infections in infants and young children, and frequently recognized as a 

cause of respiratory illness in the elderly and high-risk adults (1-3). RSV bronchiolitis 

exhibits similar pathology to bronchiolitis caused by other respiratory viruses such as 

influenza virus, parainfluenza virus type 3, and adenovirus (4). RSV has a direct 

cytopathic effect on cells in the lung epithelium; in addition, a peribronchiolar cell 

infilitrate forms accompanied by submucosal edema and mucus secretion (4). Despite 

being highly infective, one of the features of RSV that poses a challenge to vaccine 

development is that natural infection does not provide effective immunological memory 

therefore re-infections are frequently observed (5, 6). Furthermore, it has been proposed 

that exposure to RSV early in life can exacerbate and potentially induce the development 

of recurrent allergic wheezing and asthma (5, 7). There is currently no licensed vaccine or 

therapeutic treatment for RSV, and so the recommended treatment options are primarily 

based on supportive care. Passive immunoprophylaxis with monoclonal antibody against 

a highly conserved RSV F epitope (Synagis) is available, but its efficacy, cost, delivery, 

and availability limit its usage for susceptible individuals (8). Clearly, new strategies for 

the prevention and treatment of RSV infections are urgently needed.  

Harnessing the immune response by vaccination is the most effective method for 

control of infectious diseases (8). The identification of novel immune correlates of 

vaccine efficacy that take into account parameters other than antibody titers has become 

increasingly more important in the development and the optimization of vaccine 
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candidates (9). The spectrum of vaccine candidates in development for RSV ranges from 

live attenuated viruses to vector-based and subunit vaccines in a wide variety of 

platforms, and it is likely that multiple vaccines will be necessary for the distinct target 

populations (10, 11). In terms of RSV vaccine development, the current clinical 

parameters and immune correlates used to assess the efficacy and safety of vaccine 

candidates are insufficient, often resulting in vaccine failure late in development and 

costly and time-intensive clinical trials (12). The best-studied model of RSV disease 

enhancement by the immune system is the formalin-inactivated RSV (FI-RSV) vaccine. 

In the 1960s, infants and young children immunized with a FI-RSV vaccine developed 

severe pulmonary disease following natural RSV infection (4, 13, 14). Therefore, the 

generation of vaccine-enhanced disease remains a major concern for RSV vaccine 

development, and so the ability to easily monitor the induction of immune correlates by 

vaccine candidates is becoming of critical concern in clinical development (9). To 

address these knowledge gaps, a study to address the feasibility of characterizing the 

immune response and disease severity through lung miRNA profiling was undertaken.  

During RSV infection, both viral proteins and mediators released by the host cells 

have been found to be involved in RSV-induced miRNA expression (1, 15-17). To date 

however, no previous studies have evaluated host miRNA expression profiles as potential 

immune correlates for RSV vaccination and subsequent infection. miRNAs are a class of 

highly conserved non-coding single-stranded RNA molecules approximately 20-22 

nucleotide in length that regulate post-transcriptional expression of target genes by 

mRNA cleavage and destruction or  translational repression (18, 19). In addition, 

miRNAs are evolutionary conserved among different organisms, and all miRNAs share a 
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common biosynthetic pathway and reaction mechanisms (20). More recently, 

microRNAs (miRNAs) have emerged as critical gene expression regulators with the 

potential to have a modulatory role in various pulmonary diseases but also to normal 

development of the lung and maintenance of its homeostasis (18, 21-23). Extensive 

research has examined miRNA involvement in the development and fate of immune cells 

and in both innate and adaptive immune responses (9, 24-26); however, little is known 

about the role of miRNA expression on signaling pathways and receptors with critical 

roles in the inflammatory response produced by RSV infection and vaccine-enhanced 

disease. To evaluate this, a set of miRNAs were selected that have been found to have 

critical roles in regulating key pathogenic mechanisms in asthma and airway 

hyperresponsiveness, such as the polarization of the adaptive immune response, the 

activation of T cells, the regulation of eosinophil development, and the modulation of 

cytokine-driven responses (27-31). 

We hypothesized that miRNAs implicated in chronic inflammatory diseases of the 

lung would have altered expression patterns between naïve, RSV-infected, or vaccinated 

mice. Using lung homogenates from retrospective studies in BALB/c mice designed to 

evaluate vaccine efficacy of a novel microparticle-based vaccine encompassing the RSV 

G protein CX3C chemokine motif, we evaluated the expression levels of nine miRNAs 

by RT-qPCR. This set of host miRNAs were evaluated to explore their potential to serve 

as diagnostic tools, in the context of other immune correlates being evaluated for vaccine 

efficacy. miRNA profiles were examined after challenge with wild-type RSV strain A 

and B viruses as well as RSV M37, a clinically derived virus, to determine the 

significance of RSV strain differences. These studies show that miRNA expression 
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patterns are altered between naïve and RSV-infected or vaccinated mice, and that RSV 

challenge of these mice leads to unique miRNA profiles that are linked to recovery or 

disease.  The results appear to correlate with lung viral titers and histopathology, Th1- 

and Th2- type cytokine expression levels and pro-inflammatory cytokine levels in the 

lung and BAL, thereby suggesting that these miRNAs may modulate RSV pathogenesis. 

 

Materials and Methods 

Animals 

Specific-pathogen-free, 6-to-8 weeks old female BALB/c mice (The Jackson 

Laboratory) were used in all experiments. Mice were housed in microisolator cages and 

were fed sterilized water and food ad libitum. All experiments were performed in 

accordance with the guidelines of the University of Georgia Institutional Animal Care 

and Use Committee (IACUC), with protocols approved by the University of Georgia 

IACUC. 

 

Virus infection 

There are two major antigenic subtypes of RSV, A and B, and additional 

antigenic variability occurs within the groups (6). RSV M37 is a wild type RSV A strain 

virus, first isolated from a 4 month old infant and used in human clinical studies (32). 

Mycoplasma-free virus stocks of wild-type RSV A2, wildtype RSV B1, and RSV 

Memphis Strain 37 (M37) were propagated in Vero E6 cells (ATCC CRL-1586) as 

described (33). Briefly, upon detectable cytopathic effect cells were scraped and collected 

in 50 mL conical tubes, then virus was harvested by sonicating scraped cells three times 
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for 10 sec intervals at maximum power, followed by centrifugation to pellet the cell 

debris. Virus supernatant, divided into 1 mL aliquots, was stored at -80°C until needed. 

Virus titers were determined through plaque assay on Vero E6 cells as described below.  

All mice were anesthetized by intraperitoneal (i.p.) injection of avertin (2, 2, 2-

tribromoethanol) followed by intranasal infection with 106 PFU of RSV A2, RSV B1, or 

RSV M37 in Phosphate Buffered Saline (PBS; GE Healthcare HyClone) in a total 

volume of 50 µl. The naïve mice received 50 µl of PBS (GE Healthcare HyClone) upon 

challenge. 

 

Vaccination 

LbL microparticles will be suspensed in phosphate buffered saline (PBS; 

Hyclone, Thermo Scientific) and dispersed by water bath sonication immediately prior to 

immunization. Doses will be adjusted to deliver either 50 µg DP/100 µL/mouse. Mice 

will be immunized without adjuvant subcutaneously (s.c.) between the shoulder blades. 

The control groups receive either 106 PFU of live RSV A2, RSV B1, or RSV M37 by 

intranasal (i.n.) instillation (positive control for protection), 100 µL of PBS per injection 

(negative control), and either 50 µg DP/100 µL/mouse of the irrelevant microparticle 

vaccine (irrMP) with the designed peptide containing a malaria amino acid sequence 

(placebo vaccine). The FI-RSV A2 vaccine group (vaccine-enhanced disease) will 

receive a 1:25 dilution in PBS of FI-RSV A2 by s.c. injection in a final volume of 50 

µL/mouse.  

 

Peptide synthesis 
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Peptide spanning the G protein CX3C motif of the RSV A2 strain was designed 

for vaccination. C-terminal amide peptides were synthesized on a CEM, LibertyTM 

microwave assisted synthesizer using the manufacturer’s standard synthesis protocols. 

Crude reduced peptides were partially purified by C18 reversed phase HPLC, correct 

molecular weight was confirmed by electrospray mass spectrometry (ESMS), and then 

lyophilized. Oxidative refolding was accomplished by dissolving the peptides at 2-5 

mg/mL in redox buffer (2.5 mM reduced glutathione, 2.5 mM oxidized glutathione, 100 

mM Tris pH 7.0) for 3h at room temperature then at 4°C overnight. Folding was judged 

complete by a shift to slightly shorter retention time on analytical HPLC. Following a 

final HPLC purification step refolding was confirmed by a loss of 4.0 (±0.4) amu in the 

ESMS spectra relative to that of the reduced peptide, as well as an absence of free thiol as 

detected by DTNB (Ellman’s assay). Correct disulfide bonding is partially confirmed by 

ESMS of fragments generated from a thermolysin digest of the synthetic peptide. 

Peptides were aliquoted, lyophilized, and stored at -20°C until use. 

 

Microparticle fabrication and quality control  

Microparticles were constructed as previously described (34) on 3µm diameter 

CaCO3 cores by alternately layering poly-I-glutamic acid (PGA, negative charge) and 

poly-I-lysine (PLL, positive charge) to build up a seven-layer film where the designed 

peptide (DP) containing the RSV G protein CX3C motif linked to a cationic sequence 

was added as the outermost layer. The composition of the film was determined by amino 

acid analysis (AAA), which showed that a comparable amount of the peptide component 

was present in each batch. Endotoxin levels were measured using limulus amebocyte 
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lysate (LAL) assay and were found to be less than 0.1 EU/ug of G peptide. The dispersity 

of the particle vaccines were monitored by dynamic light scattering (DLS). Stepwise LbL 

steadily increases the diameter of the particles several fold, from an apparent diameter of 

about 150nm for uncoated particles to about 400-500 nm for fully coated particles. Some 

particle aggregation was detected in each batch with a second population of particles in 

the 1500-2000 nm range. 

 

FI-RSV preparation 

  This protocol was adapted from the FI-RSV Lot 100 methods described 

previously (35). Vero E6 cells will be grown to 90% confluency in DMEM with 5% HI-

FBS (at least 20 T150cm2 flasks). Cells will be infected with RSV A2, RSV B1, or RSV 

M37 at a MOI=0.1 in DMEM without serum. When the cells show extensive CPE (~ day 

4pi), we will remove all but 2mL of media, scrape the cells and collect all the fluid into a 

50mL tube. 5mL will be distributed per tube and placed on ice; the cells will then be 

sonicated (3 times, 5 sec per time at maximum power) until all cells become debris. We 

will remove the cell debris by centrifugation at 3,000 rpm for 15 min at 4°C. The 

supernatant will be transferred to a clean tube and filter sterilized using a 2µm filter. We 

will determine the protein concentration of the preparation using BCA assay, and the 

concentration of protein will be adjusted to 1-2 mg/mL, allowing for consistency across 

batch preparations in the amount of protein used during vaccination. The virus will be 

inactivated by the addition of 37% formalin (final dilution 1:4,000) incubate at 37°C per 

3 days in agitation. Approximately 200µl will be reserved for plaque assay to determine 

the viral titer and to calculate the ratio between PFU: protein. The virus will be pelleted 
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by ultracentrifugation for 2 h at 25,000 rpm (Beckman; SW28 rotor). Then re-suspended 

in serum-free media at 1/25th of the original volume. Adsorbed overnight at room 

temperature in 4mg/mL aluminum hydroxide. The compound material will be pelleted by 

centrifugation (1,000 rpm for 15 min at room temperature) and the pellet will be re-

suspended in serum-free media (at 1/4th volume of step 7). Optional: use DMEM 

containing 200 units/ml each of neomycin, streptomycin and polymyxin B, and a 

1:40,000 final dilution of benzethonium chloride. This procedure will result in a final 

vaccine that is concentrated 100-fold and contains 16 mg/ml alum. The vaccine will be 

aliquoted in 1ml volumes and stored at 4°C. 

 

Lung viral titers 

RSV lung virus titers in treatment and control mice were also determined by RSV 

M gene copy number by RT-qPCR as previously described (36). Briefly, total RNA was 

extracted and quantified from the homogenized lung samples. Serial dilution of known 

PFU of RSV RNA was used to obtain a standard reference curve for RT-qPCR as 

described (37). Expression of RSV A2 M gene was determined by one-step RT-qPCR 

using the AgPath-ID One-Step RT-qPCR kit (Life Technologies) and the following 

primers and probe: RSV A2 M gene forward primer: 5’-GGC AAA TAT GGA AAC 

ATA GCT GAA-3’, RSV A2 M gene reverse primer: 5’-TCT TTT TCT AGG ACA TTG 

TAT TGA ACA G-3’, and RSV A2 M gene TaqMan probe: 5'-GTG TGT ATG TGG 

AGC CTT CGT GAA GCT-3'. RSV B1 M gene forward primer: 5’-GGT GCC TAT 

GTT CCA GTC ATC-3’, RSV B1 M gene reverse primer: 5’-GAC TCG TAG TGA 

AGG TCC TTT G-3’, and RSV B1 M gene TaqMan probe: 5’-TG CAA GCA TCA ACA 
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TAC TAG TGA AGC AGA-3’. All TaqMan probes were labeled at the 5' end with the 

reporter molecule 6-carboxyfluorescein (FAM) and labeled with a Blackhole quencher-1 

(BHQ1) at the 3' end.  Data was analyzed using RT-qPCR analysis software and cycle 

threshold (Ct) values and corresponding copy numbers were calculated. 

 

Histopathology 

Day 5 post-challenge, a subset of mice from each group were sacrificed and lung 

histopathological evaluation was performed. Briefly, lungs from vaccinated mice were 

removed post-challenge, perfused with 10% buffered formalin through the heart and 

trachea and fixed in 10% buffer formalin. The sections were embedded in paraffin, cut in 

5µm-thick sections and stained with hematoxylin and eosin. The sections were evaluated 

by light microscopy. Histopathological evaluation of the pulmonary sections was 

performed in a blinded fashion using an inflammatory scale of 0 to 4. The definition of 

the scores is as follows: 0 = no inflammation; 1 = minimal inflammation; 2 = mild 

inflammation; 3 = moderate inflammation; 4 = maximum inflammation. The following 5 

parameters were evaluated histologically: a) peribronchiolitis (presence of 

peribronchiolar inflammatory infiltrates); b) perivasculitis (presence of perivascular 

inflammatory infiltrates); c) bronchiolitis (presence of inflammatory cells in the 

bronchiolar epithelium or presence of necrotic bronchiolar epithelial cells in the 

bronchiolar lumina); d) alveolitis (presence of inflammatory cells in the alveoli); e) 

interstitial pneumonitis (presence of inflammatory cells in the alveolar septa) as described 

by Prince et al. (38). The summary value for each of the five parameters was added 
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together to arrive at a single summary score for each animal as described by Smith et al. 

(39). 

 

BAL collection and quantification of cytokines 

Day 5 post-challenge, a subset of mice from each group were sacrificed and 

tracheotomy was performed. The mouse lungs were flushed three times with 1 ml of PBS 

and the retained BAL was centrifuged at 400 x g for 5 min at 4°C. The recovered 

supernatants were collected and stored at -80°C until assessed for cytokine concentration, 

and the cell pellet were resuspended in 200 µL of FACS staining buffer (PBS containing 

1% BSA). Total cell numbers were counted using a hemocytometer. The Luminex® 

xMAPTM system using a MILLIPLEX MAP mouse cytokine immunoassay 

(MCYTOMAG-70K, Millipore) was used to quantitate cytokines in BAL supernatants 

according to the manufacturer protocol. Briefly, beads coupled with anti-IFN-γ, anti-IL-

1α, anti-IL-2, anti-IL-4, anti-IL-5, anti-IL-6, anti-IL-9, anti-IL-10, anti-IL-12p40, anti-

IL-13, anti-IL-15, anti-IL17A, anti-MCP-1, anti-RANTES, anti-TNF-α, and anti-Eotaxin 

monoclonal antibodies were sonicated, mixed, and diluted 1:50 in assay buffer. For the 

assay, 25 µL of beads were mixed with 25 µL of PBS, 25 µL of assay buffer and 25 µL of 

BAL supernatant and incubated overnight at 4°C. After washing, beads were incubated 

with biotinylated detection antibodies for 1 h and the reaction mixture was then incubated 

with streptavidin- phycoerythrin (PE) conjugate for 30 min at room temperature, washed, 

and resuspended in PBS. The assay was analyzed on a Luminex 200 instrument 

(Luminex Corporation, Austin, TX) using Luminex xPONENT 3.1 software. 
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Flow cytometry 

Flow cytometry analysis was performed as described by Jorquera et al. (40), 

BAL cell suspensions were incubated in FACS staining buffer and blocked with FcγIII/II 

receptor antibody (BD), and subsequently stained with antibodies from BD bioscience, 

i.e. PE-Cy7 or PE-conjugated anti-CD3e (145-2C11), PerCP-Cy5.5 or FITC -conjugated 

anti-CD8α (53-6.7), PerCP-Cy5.5-conjugated anti-CD4 (RM4-5) and optimized 

concentration of APC-conjugated MHC class I H-2Kd tetramer complexes bearing the 

peptide SYIGSINNI (Beckman Coulter) representing the immunodominant epitope of the 

RSV M2-1 protein. To determine cell types in lungs, cell suspensions were stained for 30 

min at 4°C with an optimized concentration of PerCP-Cy5.5-conjugated anti-CD45 (30-

F11), FITC-conjugated anti-CD11c (HL3), or PE-conjugated anti-SiglecF (E50-2440). 

Cells were acquired on a LSRII flow cytometer (BD bioscience) with data analyzed using 

FlowJo software (v 7.6.5). 

 

RNA isolation 

Total RNA was isolated from lung samples using RNAzol®RT (Molecular 

Research Center, Inc) following manufacture protocol for isolation of total RNA. Briefly, 

1 ml of RNAzol®RT (up to 100 mg of tissue per 1 mL of RNAzol®RT) was added to 0.4 

ml of each homogenized lung sample. 0.4 mL of water per 1 mL of RNAzol®RT was 

then added to the homogenate/lysate. The resulting mixture was vigorously shaken for 15 

sec and stored at room temperature for 15 minutes. Samples were then centrifuged at 

12,000 x g for 15 min at 4°C. Following centrifugation, DNA, protein and most 

polysaccharides were precipitate at the bottom of the tube. 1ml of the supernatant was 
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transferred to a new 2 ml microcentrifuge tube. RNA precipitation was accomplished by 

mixing 1 ml of the supernatant with 1 ml of isopropanol and 1µl of polyacryl carrier 

(Molecular Research Center, Inc.), samples were stored for 10 minutes at room 

temperature and then centrifuged at 12,000 x g for 10 min at 4°C. The RNA pellet was 

washed twice by mixing the RNA pellet with 75% ethanol (v/v) and then centrifuged at 

8,000 x g for 3 minutes. Residual alcohol solution was removed using a micropipette, and 

the RNA pellets was dried using a vacufuge® vacuum concentrator (Eppendorf) at 45 °C 

for approximately 6 minutes. RNA was solubilized in 20µl of RNase free water. The 

quantity of total RNA was determined using Epoch™ microplate spectrophotomer 

controlled with the Gen5 Data Analysis software interface (BioTek). 

 

RT-qPCR for miRNA detection 

To elongate the miRNAs, total RNA (1µg of total RNA per sample) was 

polyadenylated with E. coli poly A polymerase (PAP) to generate a poly-A tail at the 3’ 

end of each RNA molecule using the miRNA 1st-Strand cDNA Synthesis Kit (Agilent 

Technologies Cat. # 600036) following the manufactured protocol. Following 

polyadenylation, the RNA was used as template to synthesize 1st-strand cDNA using the 

miRNA 1st-Strand cDNA Synthesis Kit (Agilent Technologies Cat. # 600036) following 

the manufactured protocol. The cDNA was then diluted in 280 µl of RNase-free water for 

each 20 µl reaction. Brilliant III Ultra-Fast SYBR Green QPCR Master Mix (Agilent 

Technologies Cat. # 600886) was used for qPCR to quantify the expression levels of 

miR-21, miR-106, miR-126, miR-145, miR-146a, miR-146b, miR-155, Let-7d, and Let-

7f in each sample. To screen for contamination, a no-PAP control cDNA template was 
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prepared from the polyadenylated reaction (in which the PAP was omitted) and included 

in the qPCR reactions.  All samples were run in triplicate and n=3 mice per group. All 

miRNA levels were normalized by mouse-specific 18S rRNA (Applied Biosystems Cat. 

# 4331182) gene expression. Values were represented as expression/ mock treatment 

(PBS vaccinated/PBS challenged). 

 

miRNA primers 

Mouse-specific miRNA sequences were obtained from miRBase for the miRNAs 

of interest. Forward primers were designed based on the mature-miRNA sequence with 

the greatest number of deep-sequencing reads, and synthesized by Integrated DNA 

Technologies (IDT). The mouse-specific miRNA primers have 100% sequence homology 

with the human miRNA sequence; with the exception of miR-106a, which has two point 

mutations (Table 3.1). 

 

Statistical analysis 

All statistical analyses were performed using GraphPad Prism 6.0h (La Jolla, 

CA). The data is presented as the mean±standard error of the mean (SEM). Statistical 

significance was determined using One-way ANOVA followed by Bonferroni’s or 

Dunnett’s post-hoc comparisons tests, a p value ≤ 0.05 was considered significant. 

 

Results 

RSV G microparticle vaccination is protective against challenge 
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To evaluate whether immunization with RSV G protein microparticles induces 

protective immunity, vaccinated mice were challenged with RSV B1 or RSV M37 at day 

55 post-boost immunization and lung virus loads were determined at day 5 post-challenge 

(Fig.3.1). The naïve group, GA2-MP vaccinated group, and mice vaccinated with live 

RSV B1 or RSV M37 showed a significant (p≤0.0001) decrease in lung virus loads 

compared with irrMP control (Fig.3.2). However, no significant difference in lung virus 

loads was observed in the FI-RSV vaccinated group compared with irrMP control 

(Fig.3.2). Therefore, mice vaccinated with the irrMP control or a vaccine known to cause 

vaccine-enhanced disease (FI-RSV) had enhanced viral replication and lack of clearance 

in their lungs. 

An additional study was performed to determine whether a single immunization 

with GA2-MP induces protective immunity, vaccinated mice were challenged with RSV 

A2 at day 28 post-prime immunization and lung virus loads were determined at day 7 

post-challenge (Fig.3.5). As expected, the lung viral load was undetectable in the naïve 

mice and low levels of virus were present in the lungs of mice live RSV A2 vaccinated 

and subsequently challenged with RSV A2 (Fig.3.6). The irrMP mice showed a 

significant (p≤0.001) increase in lung virus loads compared with naïve mice and live 

RSV A2, FI-RSV, and GA2-MP vaccinated mice (Fig.3.6). GA2-MP vaccinated mice 

showed a decrease in lung virus loads compared with FI-RSV, but this finding was not 

statistically significant (Fig.3.6). These findings corroborate those observed with prime-

boost immunization and challenge with live RSV B1 or RSV M37, in that mice 

vaccinated with the irrMP control or FI-RSV show increased lung virus loads. However, 
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these results also demonstrate that a single immunization with GA2-MP does not provide 

protective immunity. 

 

Enhanced airway inflammation in FI-RSV vaccinated mice indicative of vaccine-

enhanced disease 

To determine if vaccination increased disease pathogenesis, lung 

histopathological examination was performed at 5 days post-challenge with RSV B1 or 

RSV M37. The FI-RSV vaccinated mice showed a significant increase in airway 

inflammation compared with all other groups (Fig.3.3). Additionally, the mice vaccinated 

with live RSV B1 or RSV M37 showed a significant increase in the overall 

histopathology score (Fig.3.3A) and perivaculitis (Fig.3.3B) compared with the irrMP 

control and naïve mice. Mice vaccinated with the GA2-MP developed minor airway 

inflammation (Fig.3.3). Taken together, these results indicate that the FI-RSV vaccinated 

mice have enhanced airway inflammation, which supports the use of this model as a 

positive control of vaccine-enhanced disease. In addition, vaccination with the GA2-MP 

induces decreased disease pathogenesis compared with live RSV and FI-RSV 

vaccination. 

 

Markers of enhanced eosinophil infiltration and airway inflammation 

Vaccination with FI-RSV vaccine or RSV G protein results in enhanced 

pulmonary disease after live RSV infection (41). Additionally, previous studies have 

reported that vaccinating BALB/c mice with FI-RSV results in high Th2/Th1 cell ratios, 

which have been associated with immunopathology (8, 42, 43). Furthermore, T cells 
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marked with Vβ14 TCR and with specificity for RSV G protein have been deemed 

responsible for immunopathology including airway hyperresponsiveness, mucus over-

production, and pulmonary eosinophilia following some, but not all strategies of 

vaccination (8, 40, 43-45). Eosinophilia is generally considered to be a component of the 

Th2-type immune response and airway inflammation (46). Eosinophil recruitment and 

activation are promoted by numerous factors, including IL-5, IL-4, IL-8, eotaxin, 

RANTES, mast cell products histamine and tryptase, and leukotriene B4 (46). Therefore, 

the outcome of vaccination and the induction of a Th2-type biased T cell response 

following live RSV challenge was investigated. Analysis of cytokines (IL-4, IL-5, and 

IL-6) and chemokines (RANTES and eotaxin) in BAL supernatant showed a tendency of 

increased cytokine expression in the FI-RSV vaccinated groups at 5 days post-challenge 

with live RSV B1 and RSV M37, as a marker for enhanced inflammation in these mice 

(Fig.3.4). All treatment groups had a higher overall level of cytokine expression with live 

RSV B1 challenge compared with live RSV M37 (Fig.3.4). This is likely due to the fact 

that live RSV M37 does not replicate as efficiently as RSV B1 in the mouse model of 

respiratory syncytial virus. In mice challenged with live RSV B1, the GA2-MP group had 

equivalent IFN-γ expression compared with irrMP control; in contrast, the naïve, live 

RSV, and FI-RSV groups had significantly lower levels (Fig.3.4A). The Th2-type 

cytokines IL-4 (Fig.3.4C), IL-5 (Fig.3.4D), and IL-6 (Fig.3.4E) were substantially lower 

in all groups except for mice vaccinated with FI-RSV. Elevated eotaxin and RANTES 

levels were also evaluated as markers of eosinophil infilitration. RANTES expression 

was increased significantly in the irrMP and live RSV mice after live RSV B1 challenge 

compared with naïve mice that received PBS (Fig.3.4B). Eotaxin expression was 
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increased significantly in the irrMP and FI-RSV vaccinated mice after live RSV B1 

challenge compared with all other groups, a similar trend was observed in FI-RSV 

vaccinated mice following RSV M37 challenge (Fig.3.4F). Taken together, these results 

indicate that elevated eotaxin, RANTES, and Th2-type cytokine levels upon RSV 

infection can be used as markers of enhanced eosinophil infilitration and airway 

inflammation.  

 

The effect of vaccination on pulmonary cell recruitment to the lung 

To evaluate the role of vaccination in pulmonary cell recruitment to the lung, flow 

cytometry was used to assess leukocyte recruitment in the BAL of mice at day 7 post-

challenge with RSV A2. There was no significant difference in the total CD45+ cells 

(Fig.3.7A) or total lymphocytes (Fig.3.7B) between vaccination groups, the naïve mice 

was trending towards reduced total cell numbers compared with all groups but this 

difference was not significant. Total eosinophil cell numbers were increased significantly 

(p≤0.5) in FI-RSV vaccinated mice compared with irrMP mice after RSV A2 challenge 

(Fig. 7C). There was no significant difference in the total number of eosinophils in naïve, 

GA2-MP, and live RSV A2 vaccinated mice compared with irrMP mice after RSV A2 

challenge (Fig.3.7C). The percentage of CD45+ BAL cells was also evaluated for the 

proportion of macrophages, lymphocytes, eosinophils, and neutrophils. All groups of 

mice showed a similar increase in the percentage of lymphocytes and neutrophils 

compared with the naïve mice (Fig.3.7D). Macrophage cell recruitment was decreased in 

all groups compared with naïve mice (Fig.3.7D). The most striking difference was 

observed in the eosinophils, as expected, the FI-RSV vaccinated mice showed increased 
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eosinophil infiltration (~50%) compare to all groups; however, the GA2-MP vaccinated 

mice also showed moderately increased eosinophil infiltration (~20%) (Fig.3.7D). Taken 

together, this data demonstrates that all vaccination groups induce increased lymphocyte 

recruitment by 7 days post-challenge as compared to the naïve mice. In addition, the FI-

RSV and GA2-MP vaccinated mice showed enhanced eosinophil recruitment as 

compared to the other groups.  

 

Alterations in miRNA expression patterns by vaccination and RSV infection 

miRNA biology is a key mechanism for mediating cellular responses under 

various stress conditions, in particular related to proinflammatory lung diseases (18, 47). 

In addition, recent studies demonstrate that miRNAs are likely involved in regulating 

various aspects of innate and acquired immunity, and thereby indirectly involved in a 

variety of inflammatory lung diseases (18, 48, 49). To evaluate the potential for host 

miRNAs to serve as diagnostic tools for vaccine efficacy, expression patterns of nine host 

miRNAs associated with critical roles in asthma and airway hyperresponsiveness were 

evaluated by RT-qPCR (Table 3.2). miR-21, miR-106, miR-126, miR-145, miR-146a, 

miR-146b, miR-155, Let-7d, and Let-7f expression levels showed a tendency of 

increased expression levels in FI-RSV vaccinated mice upon challenge with all RSV 

strains (A2, B1, and M37) (Fig.3.8). Unique miRNA expression patterns are observed 

between naïve, RSV-infected, FI-RSV vaccinated, and GA2-MP vaccinated mice 

(Fig.3.8). The RSV strain (A2, B1, or M37) used for RSV infection and challenge 

appears to alter the magnitude of miRNA expression levels, but the unique expression 

profiles are preserved among vaccine candidates and RSV infection (Fig.3.8). Overall, 
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the miRNA profiles also appear to correlate with lung viral titers and Th1- and Th2- type 

cytokine expression levels in the lung and bronchoalveolar lavage (BAL), suggesting that 

these miRNAs may be involved in RSV pathogenesis.  

 

miRNAs as potential biomarkers for characterizing adjuvant-mediated immune 

response profiles 

The goal of vaccination is to generate a strong immune response to the 

administered antigen that is capable of providing long-term protection against infection 

(50). To achieve this objective, adjuvants are often used to enhance the immunogenicity 

of antigens, reduce the amount of antigen or the number of immunizations needed for 

protective immunity, or to improve the efficacy of vaccines in target populations (50). An 

additional study was performed to evaluate the potential for adjuvants to enhance the 

immunogenicity of the GA2-MP vaccine. Briefly, BALB/c mice that received a single 

immunization with either irrMP, live RSV A2, FI-RSV, GA2-MP, or the GA2-MP with 

the addition of an adjuvant. Various adjuvants were evaluated based on their abilities to 

stimulate cellular and humoral immunity: RSV M2 protein epitope (Th1 response), Alum 

(Th2 response), Poli(I:C) (TLR3 agonist), TBD (Th1/Th17 response), and TiterMax 

(balance Th1/Th2 response). 28 days after immunization, mice were i.n. challenged with 

live RSV A2 and immune correlates were measured at 7 days post-challenge (data not 

shown). Adjuvant safety still remains a major roadblock in new vaccine development; 

therefore, the identification of miRNA biomarkers that accurately characterize adjuvant-

mediated immune responses would be beneficial to adjuvant science and clinical 

development. In order to evaluate this, retrospective lung homogenates were evaluated 
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from all mice to determine if the various adjuvants produced unique lung miRNA 

expression profiles. The expression patterns of the same nine host miRNAs associated 

with critical roles in asthma and airway hyperresponsiveness were evaluated by RT-

qPCR (Fig.S3.1). Among the mice that received the various adjuvants, six miRNAs 

showed significantly altered expression patterns between groups: miR-21, miR-145, miR-

146b, miR-155, let-7d, and let-7f (Table 3.3).  

The identification of these six miRNAs in correlation with specific adjuvants 

provides a novel opportunity to discern the mode of action by which these adjuvants 

modulate the adaptive immune response to vaccines. Overall, miR-146b, miR-155, Let-

7d, and Let-7f showed substantially increased expression levels in GA2 + Titermax, GA2 

+ Poli(I:C), GA2-MP + TBD vaccinated mice upon RSV challenge (Table 3.3). 

Interestingly, miR-146a and miR-146b have been found to be upregulated in patients 

with eosinophilic esophagitis, but the specific role of miR-146b in regulating adaptive 

immune responses has not been investigated (27). However, a recent study determined 

that miR-146a selectively suppresses Th1 responses via a STAT-1 dependent mechanism 

(51), and since miR-146a and miR-146b have an identical seed sequence it is plausible 

that miR-146b could also regulate STAT-1 expression and suppress Th1 responses (27). 

miR-155 is expressed by skin T cells, dendritic cells, and mast cells (27), and 

upregulation has been observed following T cell differentiation into both Th1 and Th2 

lineages through the downregulation of CTLA-4 in patients with atopic dermatitis (52). 

The let-7 family appears to target IL-13 expression, and downregulation likely enhances 

Th2 responses (27). miR-21 expression was increased significantly in mice that received 

GA2-MP + TiterMAX compared with irrMP, live RSV, GA2-MP + Poli(I:C), and GA2-



 79 

MP + TBD groups (Table 3). While miR-21 induction in cells of the innate immune 

response represents a key switch in the transition from a pro-inflammatory to anti-

inflammatory response, it is also found in both T and B-cells (53). miR-21 has been 

identified as a major regulator of Th1 versus Th2 response; more specifically, it limits 

activation of the IL-12/IFN-γ pathway, Th1 polarization, and the severity of delayed-type 

hypersensitivity (53, 54). Taken together, these results demonstrate that adjuvants alone 

produce unique miRNA profiles; this is a novel insight that has not previously been 

studied. Furthermore, the miRNAs identified may work additively or synergistically to 

initiate and/or maintain an exaggerated Th2 response by targeting different components 

of the T helper cell polarization pathway (27).  

 

Discussion 

The results of this lung miRNA profiling study provide unique insights into the 

pathogenesis and protection from RSV disease. miRNAs are a rapidly evolving research 

field, and we are just beginning to understand the contribution of these small non-coding 

RNA molecules to the function of the immune system and in the regulation of cellular 

processes that contribute to disease (26). In this study, we found that RSV infection and 

vaccination compared with naïve mice induced unique miRNA expression profiles. 

Specifically, miRNAs previously implicated in asthma and airway hyperresponsiveness, 

as identified by a manual literature search, were differentially expressed in response to 

vaccine candidates and live RSV vaccination that prime for protection and enhanced 

disease following RSV challenge. In addition, the differential expression of these miRNA 

profiles among the vaccine candidates appeared to correlate with other immune correlates 
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(Th2-type immune response and cytokine production) and markers of disease severity 

(lung viral load and pulmonary inflammation). To our knowledge, this is the first report 

of miRNA expression profiles of RSV vaccine candidates. These findings provide proof-

of-principle for the utilization of miRNAs as a biomarker for RSV disease pathogenesis 

and vaccine efficacy.  

A limitation of the present study is the sample collection methods used for lung 

miRNA profiling; the process of collecting lung tissues or bronchial washings is invasive 

and time-intensive, and ultimately not conducive to clinical development as diagnostic 

and prognostic tools. Most cells release miRNAs into the extracellular environment, 

predominantly in association with either vesicles (exosomes, microvesicles, and apoptotic 

bodies) (55-58) or protein complexes (Argonaute2 and high-density lipoprotein) (55, 59, 

60) that protect them from RNAse degradation (9, 61, 62). In recent years, it has been 

discovered that extracellular miRNAs circulate in the bloodstream, and remain 

remarkably stable (55, 61, 63). Therefore, the stability of miRNAs in serum and plasma 

and the ease by which miRNAs can be detected in a quantitative manner by methods such 

as qPCR and microarrays have generated immense interest in the use of circulating 

miRNAs as clinical biomarkers (55). To date, miRNAs have been evaluated as 

circulating biomarkers for diagnosis or prognosis of cardiovascular pathologies (55, 64, 

65), cancer (66-70), neurological disorders (71), and most importantly inflammatory 

disorders (72-75). 

Our future studies will focus on identifying blood-circulating miRNAs that are 

capable of functioning as novel and minimally invasive clinical biomarkers for RSV 

disease pathogenesis and vaccine outcomes. To enhance these findings, a serum miRNA 
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screen using microarray analysis can be used to validate these miRNAs as potential 

biomarkers for RSV vaccine enhanced disease, and also identify additional miRNAs that 

have a critical role in protection and enhanced disease outcomes. In addition, due to the 

retrospective nature of these studies the time point for evaluating miRNA expression was 

limited to post-vaccination/post-challenge. Therefore, future studies need to be conducted 

to assess additional time points during vaccination and RSV challenge in order to 

characterize the pattern and tempo of miRNA expression.  

The link between dysregulation of miRNAs and the pathogenesis of different 

pulmonary diseases also offers potentially new targets for enhancing vaccines and the 

development of therapeutic interventions, which are urgently needed. However, 

identifying the targets of miRNAs in biological systems and in processes such as 

inflammation and vaccine efficacy is a great challenge, and one of the most important 

goals to advancing our understanding of how miRNAs contribute to health and disease 

(26). In addition, as miRNAs have multiple targets it is likely that the physiological and 

pharmacological effects observed by modifying function are related to subtle changes in 

the levels of many target transcripts and potentially other subsidiary miRNAs (26). 

However, reporter assays and gain- and loss- of function studies to modulate miRNA 

activity have revealed promising results as validation of a target implicated in a 

pathological process (28, 76, 77). Recent advances in altering miRNA expression in 

animal models of related human diseases have also raised the possibility of using these 

molecules as a new class of therapeutic tools (18). Additionally, mastering an 

understanding of miRNA utilization, target prediction, and validation is key in harnessing 

miRNAs to prevent and treat clinical diseases.  
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Fig. 3.1: Schematic of the experimental design used to determine alterations in 

miRNA expression profiles in an in vivo murine model post-vaccination/post-RSV 

challenge with RSV M37 or RSV B1 challenge. Female, 6-8 week old BALB/c mice 

were immunized at days 0 and 28 with placebo vaccine (10 µg of irrelevant microparticle 

(irrMP)), 1x106 PFU of live RSV M37 or live RSV B1, FI-RSV M37 or FI-RSV B1 

equivalent to 1x106 PFU, or 10µg of GA2-MP vaccine (microparticle carrying the amino 

acidic region 169-196 of the RSV G protein). At day 55, mice were intranasally 

challenged with 1x106 PFU of either live RSV M37 or live RSV B1. Naïve mice (mock 

infected) were not prime-boost immunized but challenged with phosphate buffer saline 

(PBS). At 5 days post-challenge bronchoalveolar lavages (BAL) and lung samples were 

harvested from all mice.  
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Fig. 3.2: Lung viral titer at 5 days post-challenge of mice post-vaccination/post-RSV 

challenge with either RSV M37 or RSV B1. Groups of BALB/c mice were vaccinated 

with either GA2-MP or irrMP (placebo) diluted in PBS to yield 50 µg of designed 

peptide per dose, 106 equivalents of FI-RSV (vaccine enhanced disease), 106 PFU of live 

RSV M37 or RSV B1, or with 100 µL of PBS on days 0 and 28, and challenged i.n. on 

day 55 with 106 PFU of RSV M37 or RSV B1. (A) RSV M37 and (B) RSV B1 lung viral 

titers were determined at 5 days post-challenge by RT-qPCR using M gene copy number. 

Error bars represent the SEM from n=6 mice/group and results were considered 

significant with a P value ≤ 0.05 (*) as determined by One-way ANOVA and Dunnett’s 

test.  
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Fig. 3.3: Enhanced airway inflammation in FI-RSV vaccinated mice indicative of 

vaccine-enhanced disease. Groups of BALB/c mice were vaccinated with either GA2-

MP or irrMP (placebo) diluted in PBS to yield 50 µg of designed peptide per dose, 106 

equivalents of FI-RSV (vaccine enhanced disease), 106 PFU of live RSV M37 or RSV 

B1, or with 100 µL of PBS on days 0 and 28, and challenged i.n. on day 55 with 106 PFU 

of RSV M37 or RSV B1. (A) Quantitation of lung inflammation, (B) perivaculitis, and 

(C) alveolitis were scored at day 5 post-challenge. Error bars represent the SEM from 

n=3 mice/group and results were considered significant with a P value ≤ 0.05 (*) as 

determined by One-way ANOVA and Dunnett’s test.  
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Fig. 3.4: Elevated eotaxin and RANTES (CCL5) levels and Th2-type cytokine 

production upon RSV infection as markers of enhanced eosinophil infiltration and 

airway inflammation. Groups of BALB/c mice were vaccinated with either GA2-MP or 

irrMP (placebo) diluted in PBS to yield 50 µg of designed peptide per dose, 106 

equivalents of FI-RSV (vaccine enhanced disease), 106 PFU of live RSV M37 or RSV 

B1, or with 100 µL of PBS on days 0 and 28, and challenged i.n. on day 55 with 106 PFU 

of RSV M37 or RSV B1. The level of (A) IFN-γ, (B) RANTES, (C) IL-4, (D) IL-5, (E) 

IL-6, and (F) eotaxin were measured in BAL supernatant by Milliplex MAP Mouse 

Cytokine immunoassay, and the data are presented as picograms of cytokine/ mL of BAL 

supernatant. Error bars represent the SEM from n=3-5 mice/group and results were 

considered significant with a P value ≤ 0.05 (*) as determined by One-way ANOVA and 

Bonferroni’s test.  
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Fig. 3.5: Schematic of the experimental design used to determine alterations in 

miRNA expression profiles in an in vivo murine model post-vaccination/post-RSV 

challenge with RSV A2 challenge. Female, 6-8 week old BALB/c mice were 

immunized at days 0 with placebo vaccine (10 µg of irrelevant microparticle (irrMP)), 

1x106 PFU of live RSV A2, FI-RSV A2 equivalent to 1x106 PFU, or 10µg of GA2-MP 

vaccine (microparticle carrying the amino acidic region 169-196 of the RSV G protein). 

At day 28, mice were intranasally challenged with 1x106 PFU of live RSV A2. Naïve 

mice (mock infected) were not immunized but challenged with phosphate buffer saline 

(PBS). At 7 days post-challenge bronchoalveolar lavages (BAL) and lung samples were 

harvested from all mice.  
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Fig. 3.6: Lung viral titer 7 days post-challenge of mice post-vaccination/post-RSV 

challenge with RSV A2. Groups of BALB/c mice were vaccinated with either GA2-MP 

or irrMP (placebo) diluted in PBS to yield 50 µg of designed peptide per dose, 106 

equivalents of FI-RSV (vaccine enhanced disease), 106 PFU of live A2, or with 100 µL 

of PBS on day 0, and challenged i.n. on day 28 with 106 PFU of RSV A2. Lung virus 

loads were evaluted by RT-qPCR using RSV A2 M gene copy number. Error bars 

represent the SEM from n=6-8 mice/group and results were considered significant with a 

P value ≤ 0.05 (*) as determined by One-way ANOVA and Bonferroni’s test.     

 



 102 

 



 103 

Fig. 3.7: Pulmonary cell recruitment at 7 days post-challenge with RSV A2. Groups 

of BALB/c mice were vaccinated with either GA2-MP or irrMP (placebo) diluted in PBS 

to yield 50 µg of designed peptide per dose, 106 equivalents of FI-RSV (vaccine enhanced 

disease), 106 PFU of live A2, or with 100 µL of PBS on day 0, and challenged i.n. on day 

28 with 106 PFU of RSV A2. Flow cytometry analysis was performed on BAL cells 

suspensions to evaluated (A) Total CD45+ cells, (B) Total lymphocytes, (C) Total 

eosinophils, and (D) % BAL CD45+ cells by cell type (macrophages, lymphocytes, 

eosinophils, and neutrophils). Error bars represent the SEM from n=5 mice/group and 

results were considered significant with a P value ≤ 0.05 (*) as determined by One-way 

ANOVA and Bonferroni’s test.  
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Fig. 3.8: Unique miRNA expression patterns between naïve, RSV-infected, and 

vaccinated mice. Total RNA isolation was performed on lung homogenates from 

BALB/c mice (n=3 mice/group) and examined for (A) miR-21, (B) miR-106, (C) miR-

126, (D) miR-145, (E) miR-146a, (F) miR-146b, (G) miR-155, (H) Let-7d, (I) Let-7f 

expression levels using RT-qPCR. miRNA expression levels were normalized by 18S 

rRNA gene expression. Values are represented as expression over mock (naïve/PBS 

challenge mice). All data is representative of two independent experiments. Error bars 

represent the SEM and results were considered significant with a P value ≤ 0.05 (*) as 

determined by One-way ANOVA and Bonferroni’s test.    
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Table 3.1: This table shows the mouse-specific miRNA primer sequences. All of the 

miRNA primer sequences share 100% sequence homology between mice and humans, 

with the exception of miR-106. The miR-106 primer sequence contains two point 

mutations between mice and humans as indicated in red.   
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miRNA family Critical roles in asthma and airway hyperresponsiveness  

miR-21 ↑ During eosinophilia (48, 54), polarization of adaptive immune 

responses and activation of T cells (27), ↑ in asthma (27), negative 

regulator of TLR4 signaling (26) 

miR-106 Regulates IL-10 expression and Th2-type response (27, 78), ↑ in asthma 

(27) 

miR-126 ↑ In Th2-type cells that produce IL-5/IL-13 and allergic inflammatory 

response (27-29) 

miR-145 ↑ During eosinophilia, mucus production, and Th2-type response (26, 27, 

29, 48, 79) 

miR-146 ↑ in asthma (80), induces severe inflammation (25), polarization of 

adaptive immune responses and activation of T cells (27, 81), regulates 

mast cell survival (81), negative regulator of NF-κB signaling and TNF-

α response (26) 

miR-155 ↑ During allergic inflammation (27), facilitates Th2 cell differentiation 

(25, 27), ↑ effector and memory CD8+ T cell-mediated antiviral 

response (25), regulates the generation of immunoglobulin class-

switched plasma cells (82), positive regulator of TNF-α response (26) 

Let-7 ↑ in asthma (25), regulates IL-4, IL-5, and IL-13 expression (27, 30)  
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Table 3.2: This table lists miRNAs evaluated in this study and their known roles in 

modulating the host immune response. Seven miRNA families (a total of nine 

miRNAs) were selected for evaluation based on their critical roles in regulating key 

pathogenic mechanisms in allergic inflammation, including polarization of adaptive 

immune responses and activation of T cells, regulation of eosinophil development, and 

involvement with Th2-type cytokine responses. 
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Table 3.3: Six miRNAs show significantly altered expression patterns among 

adjuvants. BALB/c mice were vaccinated with either irrMP (placebo), GA2-MP, 

GA2/M2-MP (containing RSV-M2 protein epitope) or GA2-MP + adjuvant (alum, 

Poli(I:C), TBD, TiterMax) diluted in PBS to yield 50 µg of designed peptide per dose, 

106 equivalents of FI-RSV (vaccine enhanced disease), or 106 PFU of live A2 on day 0, 

and challenged i.n. on day 28 with 106 PFU of RSV A2. Total RNA isolation was 

performed on lung homogenates from BALB/c mice (n=3 mice/group) and miRNA levels 

were evaluated by RT-qPCR. miR-21, miR-145, miR-146b, miR-155, Let-7d, and Let-7f 

had significantly altered expression levels among adjuvant and vaccine groups. miRNA 

expression levels were normalized by 18S rRNA gene expression. Values are represented 

as expression over mock (naïve/PBS challenge mice). All data is representative of two 

independent experiments and results were considered significant with a P value ≤ 0.05 (*) 

as determined by One-way ANOVA and Bonferroni’s test. 
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Fig. S3.1: Vaccine adjuvants generate differential miRNA expression patterns. 

Groups of BALB/c mice were vaccinated with either irrMP (placebo), GA2-MP, 

GA2/M2-MP (containing RSV-M2 protein epitope) or GA2-MP + adjuvant (alum, 

Poli(I:C), TBD, TiterMax) diluted in PBS to yield 50 µg of designed peptide per dose, 

106 equivalents of FI-RSV (vaccine enhanced disease), or 106 PFU of live A2 on day 0, 

and challenged i.n. on day 28 with 106 PFU of RSV A2. Total RNA isolation was 

performed on lung homogenates from BALB/c mice (n=3 mice/group) and examined for 

(A) miR-21, (B) miR-106, (C) miR-126, (D) miR-145, (E) miR-146a, (F) miR-146b, (G) 

miR-155, (H) Let-7d, (I) Let-7f expression levels using RT-qPCR. miRNA expression 

levels were normalized by 18S rRNA gene expression. Values are represented as 

expression over mock (naïve/PBS challenge mice). All data is representative of two 

independent experiments and error bars represent the SEM and results were considered 

not significant with a P > 0.5 by One-way ANOVA Bonferroni’s test. 
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Abstract 

 Respiratory syncytial virus (RSV) is the leading cause of severe viral respiratory 

illness in pediatric populations globally. To date there is no vaccine available for RSV; 

however, the importance of RSV as a respiratory pathogen makes development of a safe 

and effective vaccine a high priority. However, due to the spectrum of differences 

between the four target populations for RSV vaccination, vaccine safety and efficacy 

concerns as well as vaccine strategies will differ. Therefore, we need to establish precise 

measures of vaccine protection and disease severity to evaluate a wide range of 

promising vaccines early in development in order to avoid costly and time-intensive 

trials. microRNAs (miRNAs) are emerging as promising biomarkers for a variety of 

diseases. miRNAs are small noncoding RNA molecules that function RNA silencing 

(RNAi) and post-transcription regulation of gene expression. In this study, we utilized a 

miRNA PCR array to characterize the serum miRNA expression profiles in BALB/c mice 

in response to model RSV vaccines and live RSV in order to improve our understanding 

of how alterations in the host miRNA expression profile may affect the host immune 

response and disease outcome. In this study, we identified 50 miRNAs post-prime 

vaccination, 75 miRNAs post-boost vaccination, and 50 miRNAs post-challenge with 

RSV that were differentially expressed among the vaccine candidates from a panel of 84 

miRNAs, which corresponded with other known immune correlates and markers of 

disease severity. To our knowledge, this is the first report to identify miRNA expression 

profiles as potential biomarkers for RSV vaccine efficacy and disease outcomes, and 

these findings may provide valuable insights for vaccine development and novel targets 
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for therapeutic interventions for inflammatory diseases of the lung, which are urgently 

needed. 
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Introduction 

Respiratory syncytial virus (RSV) is the most common cause of childhood acute 

lower respiratory infection (ALRI) worldwide and is responsible for over 30 million new 

ALRI episodes worldwide and up to 199,000 deaths in children under five years old, 

resulting in more than 3.4 million hospital admission associated with severe RSV disease 

(1, 2). The elderly are also at risk of severe RSV disease (2). Currently, the only approved 

RSV prophylactic is passive immunization using palivizumab for high-risk populations, 

but such treatment has limited applicability due to availability, cost, and treatment 

logistics (2-4). Unfortunately, efforts to develop a safe and effective RSV vaccine have 

been largely unsuccessful (5). Attempts in the 1960s to develop a formalin-inactivated 

RSV (FI-RSV) vaccine candidate were hampered by several factors, including lack of 

protection against infection in infants and children, and an association with enhanced 

disease that resulted in two deaths upon subsequent natural RSV infection (2, 5). Concern 

that any other inactivated RSV vaccine may result in vaccine-enhanced disease upon 

subsequent natural infection has directed development of live virus vaccines for RSV 

naïve infants and children. Over the past 35 years, efforts to develop a live-attenuate RSV 

vaccine candidate using serial cold-passage, chemical mutagenesis, and reverse genetics 

have been unsuccessful, largely due to the fact that the level of attenuation cannot be 

predicted precisely often resulting in over- or under- attenuation of the virus (6-12). In 

addition, natural RSV infection does not provide long-term protective immunity bringing 

into question the benefit of pursuing live-attenuated RSV vaccine candidates (4).  

Therefore, additional RSV vaccine platforms have been developed, such as protein 

subunit (13-16), vectored (17-26), particle-based (27-31), and nucleic acid (32-34) 
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vaccines. Each of these vaccine strategies has a unique set of advantages and 

disadvantages in terms of vaccine safety and efficacy, cold-chain logistics, and 

production costs. Despite these impacts, no vaccine currently exists for RSV, in part due 

to an incomplete understanding of the host immune response to the virus, which has 

challenged and delayed RSV vaccine development efforts (2). In addition, the 

epidemiology of RSV disease implies that there are at least four distinct target 

populations for RSV vaccines: infants, young children, pregnant women, and the elderly 

(3). Due to the spectrum of differences between these target populations, vaccine safety 

and efficacy concerns as well as vaccine strategies will be different (3). Therefore, we 

need to establish precise measures of vaccine protection and disease severity to evaluate a 

wide range of promising vaccines early in development in order to avoid costly and time-

intensive trials.  

A large number of studies have demonstrated a link between severe RSV 

infection during early childhood and increased likelihood to develop either recurrent 

wheezing or asthma later in life (35-43). Asthma is a chronic inflammatory disease of the 

lung that is the leading cause of morbidity and mortality in children worldwide (35). Over 

the past 20 years, numerous studies have indicated a relationship between early severe 

RSV infection and an increased risk in developing asthma, yet the exact nature of the 

relationship is still unclear (35). In addition, an altered balance between Th1- and Th2-

type cytokines is responsible for a variety of inflammatory disorders such as asthma, yet 

the role of post-transcriptional mechanisms such as those mediated by microRNAs 

(miRNAs) in adjusting the relative magnitude and balance of the cytokine expression 

have been largely unexplored (44). However, recent studies have identified miRNA 
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profiles in multiple allergic inflammatory diseases (45-50). Specific miRNAs have been 

found to have critical roles in regulating key pathogenic mechanisms in asthma and in 

airway hyperresponsiveness, including polarization of adaptive immune responses, 

activation of T cells, regulation of eosinophil development, and modulation of cytokine-

driven responses (44, 47, 51).  

miRNAs are small, endogenous noncoding RNAs, approximately 20-25 

nucleotides long that can alter the modulation of gene expression at a post-transcriptional 

level (49). They govern gene expression by inducing mRNA degradation or translation 

inhibition, thereby having a critical role in determining the level of protein expression of 

gene target(s) (49, 52). The multi-target regulation potential of miRNAs themselves 

presents opportunities to dissect immune signaling networks by decoding the target-

recognition information encoded in the miRNA genes (52). In addition, among the 

various other biomolecule classes, miRNAs are highly stable in a variety of tissues and 

body fluids, and have high stability within a particular sample type (53). Intensive studies 

have also shown that their expression patterns vary between normal physiological 

processes and disease (53-56). These unique advantages have made miRNAs very 

promising biomarkers for the diagnosis of neurodegenerative disorders (57), autoimmune 

diseases (58-63), cardiovascular disease (64), and cancers (65, 66). Similarly, these cell-

free small RNAs are also involved in the detection of infectious diseases (67-73). Given 

the emerging role of miRNAs in regulating the immune system and inflammatory 

responses in the host and their importance in the regulation of the virus-host interface, it 

is critical to determine if miRNA profiles found in sera can be used as a biomarker for 

RSV disease pathogenesis and vaccine efficacy.  
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To date, there are no well-established techniques to quantify the stability or 

buffering dynamics of immune responses during vaccination and virus infection in vivo; 

however, identification and manipulation of miRNA genes in mice, which generally 

results in subtle changes to the immune system, presents a unique opportunity to study 

how miRNA regulation affects the immune signals and memory response induced by 

vaccination and RSV infection (52). Therefore, the rationale for this study is that 

characterization of the serum miRNA expression profiles in BALB/c mice in response to 

vaccination and RSV infection allows for an improved understanding of how alterations 

in the host miRNA expression profile may affect the host immune response and disease 

outcome. We hypothesized that vaccination and RSV infection alters the pattern and 

tempo of host miRNA expression thereby modulating the host immune response and 

disease outcome, allowing for the identification of miRNA biomarkers for determining 

vaccine efficacy and protection from RSV. In the present study, we successfully screen 

miRNAs involved in the activation and differentiation of T cells and B cells in the sera 

from BALB/c mice at various time points post vaccination/pre-challenge and post 

vaccination/post-challenge with RSV using a variety of RSV vaccine candidates that 

demonstrate protection and enhanced disease. The miRNA PCR array was also evaluated 

for their potential as a biomarker for RSV vaccine development by evaluating miRNA 

profiles in the context of other known immune correlates for each vaccine candidate. In 

this study, we identified 50 unique miRNAs post-prime vaccination, 75 unique miRNAs 

post-boost vaccination, and 50 unique miRNAs post-challenge with RSV that were 

differentially expressed among the model vaccines from a panel of 84 miRNAs. The 

miRNA profiles identified in the various vaccine candidates correlated with immune 
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parameters and clinical markers of disease severity. Identification of miRNAs that 

indirectly or directly modulate the immune response to vaccination and RSV disease can 

provide valuable novel targets for new approaches to prevent and treat inflammatory 

diseases of the lung, which are urgently needed. 

 

Materials and Methods 

Animals 

Specific-pathogen-free, 6-to-8 weeks old female BALB/c mice (The Jackson 

Laboratory) were used in all experiments. Mice were housed in microisolator cages and 

were fed sterilized water and food ad libitum. All experiments were performed in 

accordance with the guidelines of the University of Georgia Institutional Animal Care 

and Use Committee (IACUC), with protocols approved by the University of Georgia 

IACUC. 

 

Viruses 

RSV A2 is a wild-type strain and RSV CP52 (gifted by Stephen Whitehead and 

Brian Murphy at LID, National Institute of Allergy and Infectious Diseases, Bethesda, 

MD) is a cold passage live attenuated virus that lacks the G and SH genes, derived from 

the RSV B1 strain. RSV CP52 was propogated in vero cells held at 32 °C as described 

(74). RSV A2 was propagated in Vero E6 cells (ATCC CRL-1586) incubated at 37 °C as 

described (75). The titer was determined for both viruses by plaque assay on Vero E6 

cells, and plaques were enumerated by immunostaining (27, 75). 
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Peptide synthesis  

Peptide spanning the G protein CX3C motif of the RSV A2 strain was designed 

for vaccination. C-terminal amide peptides were synthesized on a CEM, LibertyTM 

microwave assisted synthesizer using the manufacturer’s standard synthesis protocols. 

Crude reduced peptides were partially purified by C18 reversed phase HPLC, correct 

molecular weight was confirmed by electrospray mass spectrometry (ESMS), and then 

lyophilized. Oxidative refolding was accomplished by dissolving the peptides at 2-5 

mg/mL in redox buffer (2.5 mM reduced glutathione, 2.5 mM oxidized glutathione, 100 

mM Tris pH 7.0) for 3h at room temperature then at 4°C overnight. Folding was judged 

complete by a shift to slightly shorter retention time on analytical HPLC. Following a 

final HPLC purification step refolding was confirmed by a loss of 4.0 (±0.4) amu in the 

ESMS spectra relative to that of the reduced peptide, as well as an absence of free thiol as 

detected by DTNB (Ellman’s assay). Correct disulfide bonding is partially confirmed by 

ESMS of fragments generated from a thermolysin digest of the synthetic peptide. 

Peptides were aliquoted, lyophilized, and stored at -20°C until use. 

 

Microparticle fabrication and quality control  

Microparticles were constructed as previously described (29) on 3µm diameter 

CaCO3 cores by alternately layering poly-I-glutamic acid (PGA, negative charge) and 

poly-I-lysine (PLL, positive charge) to build up a seven-layer film where the designed 

peptide (DP) containing the RSV G protein CX3C motif linked to a cationic sequence 

was added as the outermost layer. The composition of the film was determined by amino 

acid analysis (AAA), which showed that a comparable amount of the peptide component 
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was present in each batch. Endotoxin levels were measured using limulus amebocyte 

lysate (LAL) assay and were found to be less than 0.1 EU/ug of G peptide. The dispersity 

of the particle vaccines were monitored by dynamic light scattering (DLS). Stepwise LbL 

steadily increases the diameter of the particles several fold, from an apparent diameter of 

about 150nm for uncoated particles to about 400-500 nm for fully coated particles. Some 

particle aggregation was detected in each batch with a second population of particles in 

the 1500-2000 nm range. 

 

FI-RSV A2 preparation 

This protocol was adapted from the FI-RSV Lot 100 methods described by Prince 

et al. (76). Briefly, Vero E6 cells infected with RSV A2 at a MOI=0.1 in SF-DMEM 

(Hyclone). When the cells showed extensive cytopathic effect  (~ day 4pi), medium was 

removed; cells were scraped, collected into a 50mL tube and sonicated. Cell debris was 

removed by centrifugation at 600 x g for 15 min at 4°C. The supernatant was transferred 

to a clean tube and filter sterilized using a 2µm filter. Protein concentration was 

determined by BCA assay, and the final concentration was adjusted to 1-2 mg/mL. The 

virus was inactivated by the addition of 37% formalin (final dilution 1:4,000) incubated 

at 37°C per 3 days in agitation. The virus was pelleted by ultracentrifugation for 2 h at 

25,000 rpm (Beckman; SW28 rotor) then re-suspended in SF-DMEM (Hyclone) at 1/25th 

of the original volume, and then adsorbed overnight at room temperature in 4 mg/mL 

aluminum hydroxide. The compound material was pelleted by centrifugation and the 

pellet was re-suspended in SF-DMEM and total virus inactivation was confirmed via 

plaque assay. This procedure resulted in an FI-RSV vaccine that is concentrated 100-fold 
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and contains 16 mg/ml alum. The vaccine was aliquoted in 1ml volumes and stored at 

4°C. 

 

Vaccination  

LbL microparticles will be suspended in phosphate buffered saline (PBS; 

Hyclone, Thermo Scientific) and dispersed by water bath sonication immediately prior to 

immunization. Doses were adjusted to deliver either 50 µg DP/100 µL/mouse. Mice were 

immunized with GA2-MP without adjuvant subcutaneously (s.c.) between the shoulder 

blades. FI-RSV A2 vaccinated mice (positive control for enhanced disease) received a 

1:25 dilution of FI-RSV A2 in PBS by intramuscular (i.m.) injection in a final volume of 

50 µL/mouse. RSV CP52 vaccinated mice (positive control for protection) received 106 

PFU of RSV CP52 diluted in PBS (GE Healthcare HyClone)  by intranasal (i.n.) 

instillation in a final volume of 50 µL/mouse. PBS vaccinated mice (vehicle control) 

received 50 µL of PBS (vehicle control) by s.c. injection. Naïve mice did not receive any 

vaccinations. 

 

Virus challenge 

Mice were anesthetized by i.p. administration of Avertin (150-250 mg/kg; Sigma-

Aldrich) and challenged  i.n. with 106 PFU of RSV A2 diluted in PBS (GE Healthcare 

HyClone). Naïve mice were not challenged with RSV A2. 

 

Lung viral titers 
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RSV lung virus titers in treatment and control mice were determined by plaque 

assay as previously described (75). Briefly, lungs were aseptically removed from mice at 

day 5 post-RSV A2 challenge (106 PFU /mouse), and individual lung specimens were 

homogenized at 4°C in 1 mL of SF-DMEM (Hyclone) by use of gentleMACSTM 

Dissociator (Miltenyi Biotec). Samples were centrifuged for 10 min at 200 x g, the 

supernatants were transferred to a new tube and used immediately or stored at -80°C until 

they were assayed. For the plaque assay, 10-fold serial dilutions of the lung homogenates 

were added to 90% confluent Vero E6 cell monolayers. Following adsorption for 2h at 

37°C, cell monolayers were overlaid with 1% methylcellulose medium and incubated at 

37°C for 7 days. The plaques were enumerated by immunostaining with monoclonal 

antibodies against RSV F protein (clone 131-2A) as previously described (27).  

 

Indirect ELISA 

At days 14 post boost and 5 post challenge, RSV A2-specific and RSV B1-

specific IgG antibodies were detected by ELISA using 96-well high binding plates 

(Corning, NY) coated with 106 PFU/mL RSV A2 or RSV B1 in 0.05 M carbonate- 

bicarbonate buffer, pH 9.6. Sera were added to plates in serial dilutions. RSV-specific 

antibodies were detected with horseradish peroxidase (HRP) conjugated antibodies 

specific for mouse IgG (Southern Biotech) followed by addition of SureBlue TMB 1-

Component Microwell Peroxidase Substrate (KPL, Inc.) for 15 min. Antibody titers were 

determined as the last sample dilution that generated an OD450 reading of greater than 

0.2 (mean OD value of background plus 2 standard deviation of the mean). 
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Microneutralization assay 

Six two-fold serial dilutons (1:50-1:1600) of serum were made with SF-DMEM 

(Hyclone). The diluted serum was incubated with 1x105 PFU/well of RSV A2 for one 

hour at 37 °C, 5% CO2 (77). Synagis (palivizumab) was used as a positive control for 

neutralizing activity. Positive control wells of virus without sera and negative control 

wells without virus or sera were included in triplicate on each plate. The serum and virus 

mixture was transferred to ~80-90% confluent monolayers of Vero cells in 96-well plates 

and incubated for 2 h at 37 °C, 5% CO2. The virus overlay was then aspirated, and 150 

µl/well of DMEM-10% FBS was added and plates were recovered for 3-4 days at 37 °C, 

5% CO2. Then plates were fixed with 80% acetone in PBS (GE Healthcare HyClone) for 

10 minutes at 4 °C, fixative was then aspirated, and plates were rinsed twice with PBS 

(GE Healthcare HyClone).  The plates were then rinsed three times with 150 µl/well of 

wash buffer (PBS + 0.1% Tween-20). A monoclonal antibody to the RSV F protein 

(clone 131-2A) was diluted in PBS with 0.5% gelatin + 0.15% Tween 20 and incubated 

for 1 h at 37 °C, 5% CO2. Wells were rinsed with wash buffer and HRP conjugated goat 

anti-mouse IgG (Southern Biotech) was added, followed by another 1 h incubation. After 

washing, TMB substrate (Thermo Fisher Scientific) was added and absorbance was 

measured at 450/650 nm dual wavelength using the Epoch™ microplate 

spectrophotometer controlled with the Gen5 Data Analysis software interface (BioTek. 

The percentage of neutralization was calculated, and all samples were normalized to the 

average value from the no serum control wells to account for background absorbance.  

 

ELISPOT analysis 
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24hr prior to the assay, 96-well Multiscreen plates (Millipore) were coated with 

the anti-mouse IL-4 or anti-mouse IFN-γ capture antibody (R&D Systems) and incubated 

overnight at 4°C. The plates were then blocked by the addition of 200 µL of RPMI-10 

medium (RPMI 1640 supplemented with 10% FBS, 100 U/mL penicillin, 100 µg/mL 

streptomycin, 50 µM 2-mercaptoethanol and 2 mM L-glutamine) and incubated for 2 h at 

37°C. In parallel, spleens were harvested from treatment and naïve mice at 5 days and 7 

days post challenge with RSV A2 and prepared to a single cell suspension using a syringe 

plunger and a 70 µm mesh nylon strainer. The cell suspensions were collected by 

centrifugation for 10 min at 200 x g and suspended in RPMI-10 at a concentration of 107 

cells/mL. Spleen cell suspensions were added to each well, and cells were stimulated 

with either 10 µg/mL RSV M2 (82-90) peptide, 10 µg/mL RSV F (51-66) peptide, 10 

µg/mL RSV G (183-198) peptide or 10 µg/mL GFP (irrelevant peptide control) for 24h at 

37°C and 5% CO2. Plates were washed 4 times with wash buffer (0.05% Tween-20 in 

PBS), anti-mouse IL-4 or anti-mouse IFN-γ detection antibody (R&D Systems) was 

added and plates were incubated overnight at 4°C. Detection antibody was removed, 

plates were washed and cytokine spots were developed using NBT/BCIP substrate 

(Thermo Fisher Scientific). Spots were counted using an ELISPOT reader (CTL-

ImmunoSpot®).  

 

BAL and serum collection and quantification of cytokines 

3 days and 5 days post-challenge, a subset of mice from each group was sacrificed 

and tracheotomy was performed and sera were collected. The mouse lungs were flushed 

three times with 1 ml of PBS and the retained BAL was centrifuged at 400 x g for 5 min 
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at 4°C. The recovered supernatants were collected and stored at -80°C until assessed for 

cytokine concentration, and the cell pellet were resuspended in 200 µL of FACS staining 

buffer (PBS containing 1% BSA). Total cell numbers were counted using a 

hemocytometer. The Luminex® xMAPTM system using a MILLIPLEX MAP mouse 

cytokine immunoassay (MCYTOMAG-70K, Millipore) was used to quantitate cytokines 

in BAL supernatants and sera according to the manufacturer protocol. Briefly, beads 

coupled with anti-IFN-γ, anti-IL-1α, anti-IL-2, anti-IL-4, anti-IL-5, anti-IL-6, anti-IL-9, 

anti-IL-10, anti-IL-12p40, anti-IL-13, anti-IL-15, anti-IL17A, anti-MCP-1, anti-

RANTES, anti-TNF-α, and anti-Eotaxin monoclonal antibodies were sonicated, mixed, 

and diluted 1:50 in assay buffer. For the assay, 25 µL of beads were mixed with 25 µL of 

PBS (for BAL samples) or serum matrix (for serum samples), 25 µL of assay buffer and 

25 µL of BAL supernatant or serum and incubated overnight at 4°C. After washing, 

beads were incubated with biotinylated detection antibodies for 1 h and the reaction 

mixture was then incubated with streptavidin- phycoerythrin (PE) conjugate for 30 min at 

room temperature, washed, and resuspended in PBS. The assay was analyzed on a 

Luminex 200 instrument (Luminex Corporation, Austin, TX) using Luminex xPONENT 

3.1 software. 

 

RNA isolation 

Whole blood was collected from mice in 1.5 ml microcentrifuge tubes (Fisher 

Scientific) and allowed to clot at room temperature for 30 to 60 minutes. The tubes were 

then centrifuged for 10 minutes at 3000 rpm and 4 °C. The upper serum phase was 

transferred to a new 1.5 ml microcentrifuge tube. The serum samples were then 
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centrifuged for 10 minutes at 16,000 x g and 4 °C and the cleared supernatant was 

carefully transferred to a new microcentrifuge tube without disturbing the pellet. Samples 

were then processed for RNA isolation, or stored at -80 °C until further processing. Total 

RNA was isolated from sera samples collected from mice using the miRNeasy 

Serum/Plasma Kit (Qiagen) following manufacture protocol for isolation of total RNA. A 

total volume of 100 µl of serum was used per mouse for total RNA isolation, and RNA 

was eluted in 20 µl of RNase-free water. The miRNeasy Serum/Plasma Spike-In Control 

(Qiagen) was spiked in to each sample prior to RNA purification as an internal control 

for miRNA expression profiling in serum to allow for monitoring of RNA recovery and 

reverse transcription efficiency. RNA concentration was determined using Epoch™ 

microplate spectrophotometer controlled with the Gen5 Data Analysis software interface 

(BioTek). 

 

miRNA PCR arrays and data analysis 

cDNA synthesis was performed on 200 ng per sera RNA sample using the 

miScript II RT kit with miScript HiSpec Buffer (Qiagen) following manufacture protocol. 

Reactions were incubated for 60 min at 37 °C followed by 5 min at 95 °C. The undiluted 

cDNA was then stored at -20 °C. Prior to real-time PCR, cDNA was diluted 1:10 (200 µl 

of RNase-free water was added to each 20 µl reaction). Real-time PCR for mature 

miRNA expression profiling was performed using the miScript miRNA PCR Array 

Mouse T-Cell & B-Cell Activation (Qiagen) following manufacture protocol. Briefly, 

each PCR array contains a miScript Primer Assay for 84 T-Cell and B-Cell related 

mature miRNAs. For controls, the PCR arrays contain duplicate wells of the C. elegans 
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miR-39 miScript Primer Assays that can be used as an alternative normalizer for array 

data (Ce), six snoRNA/snRNA controls SNORD61, SNORD95, SNORD96A, 

SNORD68, SNORD72, RNU6B (RNU6-2) (SN1/2/3/4/5/6), duplicate wells of reverse 

transcription controls (miRTC), and duplicate wells of positive PCR controls (PPC). The 

miScript Primer Assay for C. elegans miR-39 (Qiagen) is included on each PCR Array to 

detect the miRNeasy Serum/Plasma Spike-In Control (Qiagen). The miScript Primer 

Assays for miR-16, miR-21, and miR-191 are included in the miScript miAll PCR arrays 

were run on Stratagene models Mx3005P and Mx3000P and the specificity of the SYBR 

Green PCR signal was confirmed by melting curve analysis. The results were analyzed 

using miScript miRNA PCR Array data analysis tool (Qiagen) using the ΔΔCT method of 

relative quantification and interpretation of the control assays. Briefly, ΔCT value for 

each mature miRNA profiled in the plate is calculated using the formula ΔCT = 

CTmiRNA – AVG CT SN1/2/3/4/5/6. ΔΔCT for each miRNA across 2 miScript miRNA PCR 

Arrays or 2 samples is calculated using the formula: ΔΔCT = ΔCT (sample 2) – ΔCT 

(sample 1) where sample 1 is the control sample (vehicle or naïve mice) and sample 2 is 

the experimental sample. Fold-change for each gene from sample 1 to sample 2 is 

calculated as 2(-ΔΔCT). If the fold-change was > 2, the result was reported as a fold 

upregulation. If the fold-change was < 0.5, the result was reported as a fold 

downregulation.  

 

RT-qPCR for miRNA validation 

The relative expression levels of candidate miRNAs selected from the PCR array 

analysis were validated by RT-qPCR. Briefly, cDNA was prepared using the miScript II 
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RT kit with miScript HiSpec Buffer (Qiagen) and diluted 1:10 (200 µl of RNase-free 

water was added to each 20 µl reaction) and real-time PCR was performed using the 

miScript SYBR Green PCR Kit (Qiagen) following manufacture protocol. Mouse-

specific miRNA sequences were obtained from miRBase for the miRNAs of interest. 

Forward primers were designed based on the mature-miRNA sequence with the greatest 

number of deep-sequencing reads, and synthesized by Integrated DNA Technologies 

(IDT). All qPCR reactions were run on Stratagene models Mx3005P and Mx3000P and 

the specificity of the SYBR Green PCR signal was confirmed by melting curve analysis. 

miRNA levels were normalized by RU6B (RNU6-2) (Qiagen) gene expression and all 

samples were run in duplicate.  The 2^-ΔΔCt method was utilized to calculate expression 

fold change over mock (naïve or vehicle mice). 

 

Statistical analysis 

All statistical analyses were performed using GraphPad software (San Diego, 

CA). Statistical significance was determined using a student’s t-test, One-way ANOVA 

or Two-way ANOVA followed by Bonferroni’s post-hoc comparisons tests, a p value ≤ 

0.05 was considered significant. 

 

 

Results 

The model vaccines induce predicted protection against RSV replication and RSV-

specific antibody responses 
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To demonstrate that the model vaccines induce protective immunity, vaccinated 

mice were challenged with RSV A2 (106 PFU/mouse) at 6 weeks post-boost 

immunization, and the lung virus loads and antibody responses were determined 

(Fig.S4.1). At 5 days post-challenge, mice vaccinated with RSV CP52 and GA2-MP 

showed a significant (p≤0.05) decrease in lung virus loads compared to PBS vaccinated 

mice, while FI-RSV vaccinated mice showed no significant difference in lung virus 

clearance (Fig.4.1A). Sera antibody titers were determined at 14 days after the second 

immunization (boost) by ELISA using plates coated with either RSV A2 or RSV B1 

virus. Immunization with RSV CP52 and FI-RSV elicited higher titers of anti-RSV A2 

IgG and higher titers of cross-reactive anti-RSV B1 IgG compared to PBS vaccinated 

mice, however the difference was not statistically significant (Fig.4.1B and 4.1C). 

Immunization with GA2-MP elicited low levels of anti-RSV A2 IgG, but no difference 

was observed in the levels of cross-reactive anti-RSV B1 IgG compared to PBS 

vaccinated mice at 14 days post-boost (Fig.4.1B and 4.1C). Sera antibody levels were re-

evaluated at 5 days post-challenge with RSV A2. Immunization with RSV CP52 elicited 

significantly (p≤0.0001) higher titers of anti-RSV A2 IgG and the anti-RSV B1 IgG 

levels were significantly (p≤0.001) higher compared to PBS vaccinated mice (Fig.4.1D 

and 4.1E). Immunization with FI-RSV and GA2-MP also elicited higher anti-RSV A2 

IgG titers compared to PBS vaccinated mice, however this difference was not statistically 

significant (Fig.4.1D and 4.1E).  Immunization with FI-RSV elicited higher titers of 

cross-reactive anti-RSV B1 IgG compared to PBS vaccinated mice, but immunization 

with GA2-MP did not increase anti-RSV B1 IgG levels (Fig.4.1E). The inability of the 

GA2-MP vaccine to elicit cross-reactive antibodies against RSV B1 is likely due to the 
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fact that the microparticle-based vaccine carries the CX3C motif of the RSV A2 G 

protein (78). Taken together, these results demonstrate that immunization with both RSV 

CP52 (positive control for protection) and GA2-MP (microparticle-based vaccine 

candidate) induced protective immunity and RSV-specific antibodies, whereas 

immunization with FI-RSV (positive control for enhanced disease) did not protect from 

RSV infection despite eliciting an equivalent antibody response. These findings are 

consistent with previous studies showing that RSV CP52 is able to induce RSV serum-

neutralizing antibody responses in cotton rats, African green monkeys, and chimpanzees 

(79, 80). 

 

Vaccination with RSV CP52 induces neutralizing antibodies 

Neutralizing antibodies are a critical component of an efficacious vaccine. To 

evaluate whether immunization with the model vaccines induced neutralizing antibodies, 

an in vitro microneutralization assay was performed using sera from mice vaccinated and 

subsequently challenged with RSV A2 (106 PFU/mouse), and Synagis® (palivizumab) 

was used as a positive control for neutralization. At day 3 and day 5 post-challenge, RSV 

CP52 vaccinated mice showed a significant (p≤0.0001) increase in neutralizing antibody 

titer compared to PBS vaccinated mice, while neither FI-RSV nor GA2-MP vaccinated 

mice showed substantial increases in neutralization titer compared to PBS vaccinated 

mice (Fig.4.2A and 4.2B).  

 

The model vaccines induce a predicted Th1 and Th2 memory response 
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To evaluate the memory T cell response induced by the model vaccines, the Th1- 

(IFN-γ) and Th2-type (IL-4) cell frequencies were measured by ELISPOT assay at 14 

days post-boost vaccination. Mice immunized with PBS, FI-RSV, or GA2-MP had 

significantly lower frequencies of M2- (p≤0.0001) and F-specific (p≤0.001) IFN-γ 

secreting cells than RSV CP52 vaccinated mice (Fig.4.3A). Th1-type cytokines (IFN-γ, 

IL-1α, TNF-α, IL-2) and chemokines (MCP-1 and RANTES) were also evaluated in sera 

and BAL supernatant among the model vaccines by luminex assay. RSV CP52 

vaccinated mice induced moderate IFN-γ expression levels compared to all groups, 

however this difference was not statistically significant (Fig.4.4A). IL-1α expression 

levels were higher in the sera compared to the BAL, however there was no significant 

difference in expression levels between vaccination groups (Fig.4.4B). TNF-α and IL-2 

expression levels were low in both sera and BAL, and there were no substantial 

differences among the vaccination groups (Fig.4.4C and 4.4D). MCP-1 expression levels 

were higher in the BAL of FI-RSV vaccinated mice, however this difference was not 

statistically significant compared to all groups (Fig.4.4E). RANTES expression levels 

were significantly (p≤0.5) lower in the sera of GA2-MP vaccinated mice compared to 

PBS vaccinated mice, but there was no difference among the other vaccinated groups 

(Fig.4.4F). In contrast, FI-RSV vaccinated mice had significantly (p≤0.05) higher 

frequencies of M2-, F-, G-, and GFP-specific IL-4 secreting cells compared to mice 

immunized with PBS, CP52, and GA2-MP (Fig.4.3B). In addition, GA2-MP vaccinated 

mice had significantly (p≤0.0001) higher G-specific IL-4 secreting cells compared to 

mice vaccinated with PBS and RSV CP52 (Fig.4.3B). Analysis of Th2-type cytokines 

(IL-4, IL-5, IL-6, IL-10, IL-13) in sera and BAL supernatant showed that FI-RSV 
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vaccinated mice had higher expression levels overall compared to all groups, however 

this difference was not statistically significant (Fig.4.5A-E). Eotaxin expression levels 

were substantially higher in the sera compared to the BAL, however there was no 

significant difference in expression levels among the vaccination groups (Fig.4.5F). 

Taken together, these results indicate that RSV CP52 vaccination induces a strong Th1-

type T cell response where as FI-RSV vaccination induces a strong Th2-type T cell 

response, and GA2-MP vaccination induces a balanced Th1/Th2 T cell response. 

 

The model vaccines induced unique temporal patterns of differential miRNA 

expression 

 To understand the potential for host miRNAs as biomarkers of vaccine efficacy 

and RSV disease severity, we evaluate the miRNA expression profiles in mouse sera 

post-vaccination/pre-RSV challenge and post-vaccination/post-RSV challenge. Using a 

miRNA PCR array, 84 miRNAs were evaluated to identify unique miRNA profiles for 

the model vaccines in the context of other known immune correlates and markers of 

disease severity. PCR array analysis showed that the model vaccines induced unique 

temporal-specific miRNA expression patterns. Among the 84 miRNAs on the miRNA 

PCR array, 65 (~77%) were detected in the sera of GA2-MP vaccinated mice, 70 (~83%) 

were detected in the sera of FI-RSV vaccinated mice, and 58 (69%) were detected in the 

sera of RSV CP52 vaccinated mice (Fig.4.6). Characteristically, more differentially 

expressed miRNAs were aroused post-boost vaccination compared to post-prime and 

post-challenge among all vaccine candidates (Fig.4.6). We identified miRNAs that were 

differentially expressed in each model vaccine for the duration of vaccination (post-
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prime, post-boost, and post-challenge) and RSV challenge; more specifically, 11 

miRNAs were found for GA2-MP vaccinated mice, 18 miRNAs were found for FI-RSV 

vaccinated mice, and 8 miRNAs were obtained from RSV CP52 vaccinated mice (Table 

4.1-4.3). Therefore, the miRNA expression patterns induced by the GA2-MP, FI-RSV, 

and RSV CP52 vaccines were temporal-specific. The ability to detect a group of common 

and unique miRNAs for the RSV vaccine platforms at various time points during 

vaccination and subsequent RSV-challenge demonstrates their potential as biomarkers of 

vaccine efficacy, and their importance in forwarding RSV vaccine development. 

 

Differentially expressed miRNAs in response to the model vaccines  

 In order to understand the potential for these miRNAs to distinguish between 

protective and enhanced disease outcomes, we evaluated the differentially expressed 

miRNAs in a vaccine-specific manner across a range of time points during vaccination 

and after RSV-challenge. At 7 days post-prime a total of 42 miRNAs were differentially 

expressed among the model vaccines, of which 34 miRNAs showed upregulated 

expression levels and 8 miRNAs showed downregulated expression levels compared to 

PBS control (Fig.4.7A). The GA2-MP vaccinated mice had a total of 9 miRNAs, FI-RSV 

vaccinated mice had 38 miRNAs, and RSV CP52 had 15 miRNAs that showed a group of 

unique and common miRNAs at 7 days post-prime (Fig.4.7A). At 14 days post-prime, 23 

miRNAs showed altered expression levels among the vaccine groups, and of those 14 

miRNAs were upregulated and 9 miRNAs were downregulated (Fig.4.7B and Fig.4.8). In 

terms of altered miRNA expression patterns by vaccine groups at 14 days post-prime, FI-

RSV vaccinated mice induced 7 miRNAs, GA2-MP vaccinated mice induced 13 
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miRNAs, and RSV CP52 vaccinated mice induced 8 miRNAs (Fig.4.7B). The greatest 

numbers of differentially expressed miRNAs among the vaccinated mice were induced at 

7 days post-boost vaccination, with 73 miRNAs (~87%) from the miRNA PCR array 

showing altered expression levels (Fig.4.7C). Of those 73 miRNAs, the number of 

upregulated miRNAs dramatically increased to 72 (~99%) of the total differentially 

expressed miRNAs; however 1 miRNA (miR-182-5p) showed downregulation in GA2-

MP vaccinated and RSV CP52 vaccinated mice but FI-RSV vaccinated mice induced 

upregulated expression levels (Fig.4.8). Of the altered miRNA expression levels induced 

by the model vaccines, FI-RSV vaccinated mice induced 66 miRNAs, GA2-MP 

vaccinated mice induced 56 miRNAs, and RSV CP52 vaccinated mice induced 35 

miRNAs (Fig.4.7C). By 14 days post-boost the amount of miRNAs that showed altered 

expression levels had decreased substantially to a total of 29 miRNAs (~35%) from the 

miRNA PCR array; among them, 22 (~76%) were upregulated and 6 (~21%) were 

downregulated, and 1 (miR-184-3p) was upregulated in FI-RSV vaccinated mice but 

downregulated in GA2-MP vaccinated mice  (Fig.4.7D and Fig.4.8). Of the 29 miRNAs 

differentially expressed at 14 days post-boost, 3 were induced in FI-RSV vaccinated 

mice, 7 were induced in the GA2-MP vaccinated mice, and 21 were induced by RSV 

CP52 vaccinated mice (Fig.4.7D). A total of 50 miRNAs were differentially expressed 

post-challenge, 3 days and 5 days post-RSV challenge combined (Fig.4.7E-F). At 3 days 

post-challenge, 27 miRNAs showed altered expression levels; among these, 24 were 

upregulated and 3 were downregulated (Fig.4.7E and Fig.4.8). Mice vaccinated with FI-

RSV induced differential expression of 1 miRNA (miR-483-5p), and GA2-MP and RSV 

CP52 vaccinated mice induced 6 and 22 miRNAs, respectively (Fig.4.7E). By 5 days 
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post-challenge, 44 miRNAs were differentially expressed; of these, 35 were upregulated 

and 9 were downregulated (Fig.4.7F and Fig. 4.8). Furthermore, FI-RSV vaccinated mice 

had 25 differentially expressed miRNAs, GA2-MP had 35 differentially expressed 

miRNAs, and RSV CP52 had 12 differentially expressed miRNAs (Fig.4.7F). 

 

Common and distinct differentially expressed miRNAs induced by the model 

vaccines 

 Post-prime vaccination all vaccines induced distinct differentially expressed 

miRNA profiles; however, groups of common miRNAs were also identified among the 

model vaccines (Fig.4.9A-B). Let-7a-5p, miR-467f, miR-142a-5p, and miR-20b-5p were 

downregulated in all vaccine groups at 7 days post-prime; however, by 14 days post-

prime only miR-467f was downregulated in all groups (Fig.4.9A-B). Let-7f-5p 

expression was also in GA2-MP vaccinated mice at both 7 days (~4.52 fold) and 14 days 

post-prime (~2.52 fold), and FI-RSV vaccinated mice (~2.84 fold) had upregulated 

expression levels at 7 days post-prime (Fig.4.9A-B). miR-483-5p expression levels were 

downregulated in FI-RSV vaccinated mice at 7 days (~0.36 fold) and 14 days post-prime 

(~0.36 fold), and RSV CP52 (~0.46 fold) vaccinated mice at 7 days post-prime 

(Fig.4.9A-B). miR-26b-5p expression levels were increased in GA2-MP vaccinated mice 

at 7 days (~2.23 fold) and 14 days post-prime (~2.45 fold) (Fig.4.9A-B). miR-15a-5p was 

upregulated in GA2-MP vaccinated mice (~2.11 fold) and FI-RSV vaccinated mice 

(~6.62 fold) at 7 days post-prime (Fig.4.9A). Expression levels of miR-17-5p, miR-195a-

5p, miR-19b-3p, and miR-20a-5p were increased in FI-RSV vaccinated mice and RSV 

CP52 vaccinated mice at 7d post-prime (Fig.4.9A); however, miR-182-5p was 
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downregulated in mice vaccinated with FI-RSV (~0.13 fold) and RSV CP52 (~0.08 fold) 

at 7 days post prime (Fig.4.9A). Let-7e-5p, miR-181a-5p, and miR-15a-5p expression 

levels were upregulated in GA2-MP vaccinated mice and RSV CP52 vaccinated mice at 

14 days post-prime (Fig.4.9B).  

 The overall post-boost miRNA profile identified a total of 75 differentially 

expressed miRNAs at both time points combined (Fig.4.10). At 7 days post-boost, miR-

98-5p, miR-26a-5p, miR-155-5p, miR-223-3p, miR-669e-5p expression levels were 

upregulated in GA2-MP vaccinated mice and RSV CP52 vaccinated mice, where as miR-

182-5p expression levels were downregulated in these vaccine groups (Fig.4.10A). miR-

1196-5p and miR-483-5p expression levels were increased in FI-RSV vaccinated mice 

and RSV CP52 vaccinated mice at 7 days post-boost (Fig.4.10A). miR-714 expression 

levels were increased in GA2-MP and RSV CP52 vaccinated mice at 14 days post-boost 

(Fig.4.10B). miR-483-5p, miR-467f, miR-669f-3p, miR-466g, and miR-98-5p expression 

levels were downregulated in GA2-MP vaccinated mice at 14 days post-boost 

(Fig.4.10B). miR-146b was upregulated in FI-RSV vaccinated mice at both 7d post-boost 

(~2.10 fold) and 14d post-boost (~2.25 fold) (Fig.4.10A-B). miR-669f was upregulated in 

GA2-MP vaccinated mice at 7d post-boost (~2.48 fold) and downregulated by 14d post-

boost (~0.45 fold) (Fig.4.10A-B). 

 Among the 84 miRNAs on the miRNA PCR array, 50 miRNAs were 

differentially expressed among all of the model vaccines at post-challenge time points. 

miR-145a and miR-346 were differentially expressed in GA2-MP vaccinated mice at 3d  

and 5d post challenge as well as in RSV CP52 vaccinated mice at 5d post-challenge 

(Fig.4.11A-B). miR-98 expression was upregulated in RSV CP52 vaccinated mice at 3d 
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post-challenge (~2.12 fold) and 5d post-challenge (~3.05 fold), however FI-RSV 

vaccinated mice also showed increased expression levels at 5d post-challenge (~3.4 fold) 

(Fig.4.11A-B). miR-467f expression was highly upregulated in GA2-MP vaccinated mice 

(~12.31 fold) and RSV CP52 vaccinated mice (~8.54 fold) at 3 days post-challenge 

(Fig.4.11A). At 5 days post-challenge, a total of 44 unique miRNAs were differentially 

expressed (Fig.4.11B). The following miRNA profile was upregulated in FI-RSV 

vaccinated mice and GA2-MP vaccinated mice at 5 days post-challenge: miR-93-5p, 

miR-195a-5p, miR-30e-5p, miR-15a-5p, miR-17-5p, miR-142a-3p, miR-106a-5p, miR-

106b-5p, miR-20a-5p, miR-20b-5p, miR-31-5p, and let-7g-5p (Fig.4.11B). miR-346-5p 

expression levels were increased in GA2-MP vaccinated mice and RSV CP52 vaccinated 

mice, however miR-365-3p and miR-145a-5p expression levels were downregulated in 

these vaccinated mice at 5 days post-challenge (Fig.4.11B). miR-346-5p expression 

levels were upregulated in GA2-MP vaccinated mice and RSV CP52 vaccinated mice at 

5 days post-challenge (Fig.4.11B). Taken together, this data demonstrates that a group of 

common and unique miRNA profiles can be identified for each vaccine (GA2-MP, FI-

RSV, and RSV CP52), and temporal changes are observed in their expression patterns.  

 

Discussion: 

 Blood-circulating miRNAs have the potential to become highly valuable 

biomarkers in the near future. In particular, the identification of serum miRNA profiles 

capable of directly reporting the differential activation state of clinically relevant 

lymphocytic subsets may become an innovative tool to provide vital information with 

regards to the immune responses occurring during vaccination and disease (81). In this 
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study, we identified vaccine- and temporal-specific differentially miRNA expression 

patterns in mouse sera at various time points during vaccination and post-RSV challenge. 

Specifically, groups of common and distinct miRNAs were differentially expressed in 

response to the model vaccines that prime for protection (RSV CP52 vaccine) and disease 

(FI-RSV vaccine), as well as a microparticle-based RSV vaccine platform (GA2-MP). To 

our knowledge this is the first report of miRNA expression profiles as biomarkers for 

vaccine efficacy and disease outcomes in the mouse model. The identification of 

differentially expressed host miRNAs is just an initial step toward understanding miRNA 

regulation of host-virus interactions during vaccination. However, the biological basis of 

the difference in protection and disease outcomes for RSV vaccine candidates remains 

largely unknown, and the identification of novel biomarkers such as these may provide a 

reliable and accessible option for assessing vaccines during development. 

 In addition, the assessment of known immune correlates for the model vaccines 

provided an accurate framework for the assessment of the miRNA profiles induced 

during vaccination. These results indicated that vaccination was successful for all 

vaccines as indicated by the induction of RSV-specific antibodies. However, a reduction 

in lung viral load was only observed for the RSV CP52 and GA2-MP vaccinated mice, 

but not for the FI-RSV vaccinated mice or the PBS control. In addition, RSV CP52 

vaccination induced a strong Th1-type T cell response where as FI-RSV vaccination 

induced a strong Th2-type T cell response, and GA2-MP vaccination induces a balanced 

Th1/Th2 T cell response. Taken together, these results demonstrate that the model 

vaccines induced appropriate immune responses; more specifically, the RSV CP52 

vaccine induced protection from RSV disease and the FI-RSV vaccine induced vaccine 
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enhanced disease. Therefore, we were able to successfully profile a novel RSV vaccine 

candidate, GA2-MP, using this miRNA profiling platform. 

 Although this study generated a unique list of candidate miRNAs that potentially 

regulate RSV vaccine efficacy and immune responsiveness, additional studies are 

warranted to clarify the mechanisms behind how these candidate miRNAs mediate host-

virus interactions during RSV vaccination and subsequent infection. In addition, a 

potential limitation of this study is that it is limited to the mouse model. Although 

miRNAs are evolutionarily conserved, there are mainly physiological and immunological 

differences between animal species. Thus, it is plausible to assume that differences in 

host genetic factors and immune system components may have an important role in the 

regulation of miRNA expression during vaccination and RSV infection. Therefore, 

additional animal models need to be evaluated to validate these miRNA profiles. 
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Fig. 4.1: Lung viral titers and RSV-specific antibody response. Groups of BALB/c 

mice were vaccinated twice with vehicle (PBS), the live-attenuated vaccine (RSV CP52), 

the inactivated vaccine (FI-RSV), or the microparticle-based vaccine (GA2-MP) using a 

prime-boost regimen. Control mice (naïve) received no vaccinations. Three weeks after 

the boost vaccination mice were challenged with 1x106 PFU of RSV A2 via i.n. delivery. 

(A) Lung virus titers were determined 5 days post-challenge by plaque assay (n=4 

mice/group). Sera were obtained from blood taken 14 days post-boost and (B) RSV A2-

specific IgG levels and (C) RSV B1-specific IgG levels were determined by indirect 

ELISA (n=4 mice/group). Sera were obtained from blood taken at 5 days post challenge 

and (D) RSV A2-specific IgG levels and E) RSV B1-specific IgG levels were determined 

by indirect ELISA (n=4 mice/group). Error bars represent the SEM and results were 

considered significant with a P value ≤0.05 (*), ≤0.01 (**), ≤0.001 (***), and ≤0.0001 

(****) as determined by one-way ANOVA and Bonferroni’s test.  
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Fig. 4.2: Immunization with RSV CP52 generates RSV-neutralizing antibodies. 

Groups of BALB/c mice were vaccinated twice with vehicle (PBS), the live-attenuated 

vaccine (RSV CP52), the inactivated vaccine (FI-RSV), or the microparticle-based 

vaccine (GA2-MP) using a prime-boost regimen. Three weeks after the boost vaccination 

mice were challenged with 1x106 PFU of RSV A2 via i.n. delivery. At (A) 3 days post-

challenge and (B) 5 days post-challenge, sera were collected and tested for RSV-

neutralizing activity using a microneutralization assay. All samples were assayed in 

duplicate and n=4 mice/group. Horizontal lines represent the mean antibody titer of each 

group and results were considered significant with a a P value ≤0.05 (*), ≤0.01 (**), 

≤0.001 (***), and ≤0.0001 (****) as determined by one-way ANOVA and Bonferroni’s 

test. 
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Fig. 4.3: Frequency of RSV-specific IFNγ and IL-4 secreting cells after virus 

challenge. Groups of BALB/c mice were vaccinated using a prime-boost regimen at days 

0 and 21 with vehicle (PBS), the live-attenuated vaccine (RSV CP52), the inactivated 

vaccine (FI-RSV), or the microparticle-based vaccine (GA2-MP). The number of M282-

90-specific, F51-66-specific, G183-198-specific, and GFP-specific (irrelevant peptide control) 

IL-4 and IFNγ producing splenocytes were determined by ELISPOT in cells harvested at 

14 days post-boost vaccination. (A) IFNγ producing splenocytes and (B) IL-4 producing 

splenocytes. The data are presented as cytokine spots/106 splenocytes. For IFNγ, the 

asterisks (*) represent a p-value significant compared to RSV CP52. For IL-4, the 

astericks (*) represent a p-value significant compared to FI-RSV A2 and hashtags (#) 

represent a p-value significant compared to GA2-MP. Error bars represent the SEM from 

n=4 mice/group and results were considered significant with a P value ≤0.05 (*/#), ≤0.01 

(**/##), ≤0.001 (***/###) and ≤0.0001 (****/####) as determined by two-way ANOVA 

and Bonferroni’s test.  
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Fig. 4.4: Differential Th1-type cytokine and chemokine expression among vaccine 

groups. Groups of BALB/c mice were vaccinated twice with vehicle (PBS), the live-

attenuated vaccine (RSV CP52), the inactivated vaccine (FI-RSV), or the microparticle-

based vaccine (GA2-MP) using a prime-boost regimen. Three weeks after the boost 

vaccination mice were challenged with 1x106 PFU of RSV A2 via i.n. delivery. The level 

of (A) IFN-γ, (B) IL-1α, (C) TNFα, (D) IL-2, (E) MCP-1, and (F) RANTES were 

measured in sera and BAL supernatant by Luminex assay, and the data are presented as 

picograms (pg) of cytokine/ ml of BAL supernatant at 3 days post challenge (n=4-6 

mice/group). The dashed line indicates the limit of detection (LOD) = 3.2 pg/ ml. Error 

bars represent the SEM and results were considered significant with a P value ≤ 0.05 (*) 

as determined by one-way ANOVA and Bonferroni’s test. 
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Fig. 4.5: Differential Th2-type cytokine and chemokine expression among vaccine 

groups. Groups of BALB/c mice were vaccinated twice with vehicle (PBS), the live-

attenuated vaccine (RSV CP52), the inactivated vaccine (FI-RSV), or the microparticle-

based vaccine (GA2-MP) using a prime-boost regimen. Three weeks after the boost 

vaccination mice were challenged with 1x106 PFU of RSV A2 via i.n. delivery. The level 

of (A) IL-4, (B) IL-5, (C) IL-6, (D) IL-10, (E) IL-13, and (F) eotaxin were measured in 

sera and BAL supernatant by Luminex assay, and the data are presented as picograms 

(pg) of cytokine/ ml of BAL supernatant at 3 days post challenge (n=4-6 mice/group). 

The dashed line indicates the limit of detection (LOD) = 3.2 pg/ ml. Error bars represent 

the SEM and results were considered significant with a P value ≤0.05 (*) as determined 

by one-way ANOVA and Bonferroni’s test.  



 164 

 



 165 

Fig. 4.6: Temporal pattern of differential miRNA expression in the model vaccines. 

BALB/c mice (n=4/group) were vaccinated twice with vehicle (PBS), the live-attenuated 

vaccine (RSV CP52), the inactivated vaccine (FI-RSV), or the microparticle-based 

vaccine (GA2-MP) using a prime-boost regimen. Three weeks after the boost vaccination 

mice were challenged with 1x106 PFU of RSV A2 via i.n. delivery. Using a miRNA PCR 

array, 84 miRNAs were evaluated to identify unique sera miRNA profiles in mice for the 

model vaccines. The tempo of common and unique differentially expressed miRNAs for 

(A) GA2-MP, (B) FI-RSV, and (C) RSV CP52 vaccinated mice at post-prime (7 and 14 

days), post-boost (7 and 14 days), and post-RSV challenge (3 and 5 days). miRNA 

expression levels are normalized by SN1/2/3/4/5/6 expression. Values are represented as 

expression/mock treatment (PBS vaccinated/RSV A2 challenge) and fold change was 

calculated using 2(-ΔΔCT) method. Differential expression was determined using the 

following criteria, if the fold change was > 2, the result was reported as a fold 

upregulation. If the fold change was < 0.5, the result was reported as a fold 

downregulation.  
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Fig. 4.7: Common and unique differential miRNA profiles in the model vaccines. 

Groups of BALB/c mice were vaccinated twice with vehicle (PBS), the live-attenuated 

vaccine (RSV CP52), the inactivated vaccine (FI-RSV), or the microparticle-based 

vaccine (GA2-MP) using a prime-boost regimen. Three weeks after the boost vaccination 

mice were challenged with 1x106 PFU of RSV A2 via i.n. delivery. Sera miRNA profiles 

of vaccinated mice (n=4/group) were evaluated at (A) 7 days post-prime, (B) 14 days 

post-prime, (C) 7 days post-boost, (D) 14 days post-boost, (E) 3 days post-challenge, and 

(F) 5 days post-challenge using a miRNA PCR array. The venn diagrams depict the 

miRNA profiles for all vaccine candidates by time points. miRNA expression levels are 

normalized by SN1/2/3/4/5/6 expression. Values are represented as expression/mock 

treatment (PBS vaccinated/RSV A2 challenge) and fold change was calculated using 2(-

ΔΔCT) method. Differential expression was determined using the following criteria, if the 

fold change was > 2, the result was reported as a fold upregulation. If the fold change was 

< 0.5, the result was reported as a fold downregulation. 
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Fig. 4.8: The number of differentially expressed miRNAs during vaccination and 

post-RSV challenge. Sera miRNA profiles of vaccinated mice (n=4/group) were 

evaluated at 7 days post-prime, 14 days post-prime, 7 days post-boost, 14 days post-

boost, 3 days post-challenge, and 5 days post-challenge using a miRNA PCR array. The 

y-axis indicates the number of differentially expressed miRNAs. Significance was 

determined using a fold change threshold of > 2, the result was reported as a fold 

upregulation. If the fold change was < 0.5, the result was reported as a fold 

downregulation. 
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Fig. 4.9: Common and distinct differentially expressed miRNAs induced by the 

model vaccines at post-prime vaccination. Sera miRNA profiles of vaccinated mice 

(n=4/group) were evaluated at (A) 7 days and (B) 14 days post-prime using a miRNA 

PCR array. The relative expression levels of candidate miRNAs selected from the PCR 

array analysis were validated by RT-qPCR. Values are represented as fold change/mock 

(PBS vaccinated/RSV A2 challenge). miRNA levels were normalized by RU6B gene 

expression and all samples were run in duplicate. Fold change was calculated using 2(-

ΔΔCT) method. Differential expression was determined using the following criteria, if the 

fold change was > 2, the result was reported as a fold upregulation. If the fold change was 

< 0.5, the result was reported as a fold downregulation. 
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Fig. 4.10: Common and distinct differentially expressed miRNAs induced by the 

model vaccines at post-boost vaccination. Sera miRNA profiles of vaccinated mice 

(n=4/group) were evaluated at (A) 7 days and (B) 14 days post-boost using a miRNA 

PCR array. The relative expression levels of candidate miRNAs selected from the PCR 

array analysis were validated by RT-qPCR. Values are represented as fold change/mock 

(PBS vaccinated/RSV A2 challenge). miRNA levels were normalized by RU6B gene 

expression and all samples were run in duplicate. Fold change was calculated using 2(-

ΔΔCT) method. Differential expression was determined using the following criteria, if the 

fold change was > 2, the result was reported as a fold upregulation. If the fold change was 

< 0.5, the result was reported as a fold downregulation. 
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Fig. 4.11: Common and distinct differentially expressed miRNAs induced by the 

model vaccines at post-challenge with RSV A2. Sera miRNA profiles of vaccinated 

mice (n=4/group) were evaluated at (A) 3 days and (B) 5 days post-challenge with 106 

PFU of RSV A2 using a miRNA PCR array. The relative expression levels of candidate 

miRNAs selected from the PCR array analysis were validated by RT-qPCR. Values are 

represented as fold change/mock (PBS vaccinated/RSV A2 challenge). miRNA levels 

were normalized by RU6B gene expression and all samples were run in duplicate. Fold 

change was calculated using 2(-ΔΔCT) method. Differential expression was determined 

using the following criteria, if the fold change was > 2, the result was reported as a fold 

upregulation. If the fold change was < 0.5, the result was reported as a fold 

downregulation. 
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Table 4.1: Temporal miRNA expression of GA2-MP vaccinated mice. BALB/c mice 

(n=4/group) were vaccinated twice with vehicle (PBS), the live-attenuated vaccine (RSV 

CP52), the inactivated vaccine (FI-RSV), or the microparticle-based vaccine (GA2-MP) 

using a prime-boost regimen. Three weeks after the boost vaccination mice were 

challenged with 1x106 PFU of RSV A2 via i.n. delivery. Using a miRNA PCR array, 84 

miRNAs were evaluated to identify unique sera miRNA profiles in mice for the model 

vaccines. This table shows the tempo of common and unique differentially expressed 

miRNAs for GA2-MP vaccinated mice at post-prime (7 and 14 days), post-boost (7 and 

14 days), and post-RSV challenge (3 and 5 days). miRNA expression levels are 

normalized by SN1/2/3/4/5/6 expression. Values are represented as expression/mock 

treatment (PBS vaccinated/RSV A2 challenge) and fold change was calculated using 2(-

ΔΔCT)  method. Differential expression was determined using the following criteria, if the 

fold change was > 2, the result was reported as a fold upregulation. If the fold change was 

< 0.5, the result was reported as a fold downregulation.  
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Table 4.2: Temporal miRNA expression of FI-RSV vaccinated mice. BALB/c mice 

(n=4/group) were vaccinated twice with vehicle (PBS), the live-attenuated vaccine (RSV 

CP52), the inactivated vaccine (FI-RSV), or the microparticle-based vaccine (GA2-MP) 

using a prime-boost regimen. Three weeks after the boost vaccination mice were 

challenged with 1x106 PFU of RSV A2 via i.n. delivery. Using a miRNA PCR array, 84 

miRNAs were evaluated to identify unique sera miRNA profiles in mice for the model 

vaccines. This table shows the tempo of common and unique differentially expressed 

miRNAs for FI-RSV vaccinated mice at post-prime (7 and 14 days), post-boost (7 and 14 

days), and post-RSV challenge (3 and 5 days). miRNA expression levels are normalized 

by SN1/2/3/4/5/6 expression. Values are represented as expression/mock treatment (PBS 

vaccinated/RSV A2 challenge) and fold change was calculated using 2(-ΔΔCT) method. 

Differential expression was determined using the following criteria, if the fold change 

was > 2, the result was reported as a fold upregulation. If the fold change was < 0.5, the 

result was reported as a fold downregulation.  
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Table 4.3: Temporal miRNA expression of RSV CP52 vaccinated mice. BALB/c 

mice (n=4/group) were vaccinated twice with vehicle (PBS), the live-attenuated vaccine 

(RSV CP52), the inactivated vaccine (FI-RSV), or the microparticle-based vaccine (GA2-

MP) using a prime-boost regimen. Three weeks after the boost vaccination mice were 

challenged with 1x106 PFU of RSV A2 via i.n. delivery. Using a miRNA PCR array, 84 

miRNAs were evaluated to identify unique sera miRNA profiles in mice for the model 

vaccines. This table shows the tempo of common and unique differentially expressed 

miRNAs for RSV CP52 vaccinated mice at post-prime (7 and 14 days), post-boost (7 and 

14 days), and post-RSV challenge (3 and 5 days). miRNA expression levels are 

normalized by SN1/2/3/4/5/6 expression. Values are represented as expression/mock 

treatment (PBS vaccinated/RSV A2 challenge) and fold change was calculated using 2(-

ΔΔCT)  method. Differential expression was determined using the following criteria, if the 

fold change was > 2, the result was reported as a fold upregulation. If the fold change was 

< 0.5, the result was reported as a fold downregulation.  
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Supplemental information 

 

Fig. S4.1: Vaccination schedule for in vivo BALB/c mouse studies. 4 mice per group 

were vaccinated twice with vehicle (PBS), the live-attenuated vaccine (RSV CP52), the 

inactivated vaccine (FI-RSV A2), or the microparticle-based vaccine (GA2-MP) using a 

prime-boost regimen. Control mice (naïve) received no vaccinations. At day 42 (three 

weeks after boost vaccination) mice were challenged with 1x106 PFU of RSV A2 via i.n. 

delivery. Naïve mice did not receive virus. Mice were sacrificed at various time points 

post-prime, post-boost, and post-challenge to harvest sera and tissues to assess miRNA 

expression levels and other immune correlates. 
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CHAPTER 5 

CHARACTERIZATION OF MICRORNAS IN LUNG EPITHELIAL CELLS IN 

RESPSONSE TO RSV ANTIGENS AND VACCINES1

 

1 Anderson L, Jorquera PA, Williams CM, Tripp RA. To be submitted to Journal of Virology. 
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Abstract 

Respiratory syncytial virus (RSV) is the leading cause of viral bronchiolitis and 

pneumonia worldwide, and therefore a major health and economic burden (1). Despite 

over half a century of dedicated research, there remains no licensed vaccine and no 

effective licensed therapeutics. A large number of studies suggest that early inflammatory 

and immune events characteristic of the innate host response may be crucial in 

determining the outcome of acute RSV infection as well as its potential long-term 

consequences, such as asthma and airway hyperresponsiveness (2-5). Various 

microRNAs (miRNAs) have been identified to have critical roles in modulating multiple 

allergic airway inflammatory diseases (6-11). To date however, few studies have been 

performed to elucidate the role of miRNA-dependent mechanisms in virus-induced 

immune response in the airways. Airway epithelial cells are the main targets for RSV 

infection, as well as the preliminary site for the activation of the innate immune response 

(1, 2). The rationale for this study is that by utilizing an in vitro model of lung epithelial 

cells, we are able to determine alterations in the expression of miRNAs implicated in the 

innate immune response to RSV. In addition, the expression of miRNAs was also 

evaluated intracellularly using a novel P19 protein-based immunostaining method, and 

demonstrate that both RSV-infected and uninfected cells produce miRNAs during RSV 

infection. Our studies indicate that miRNAs appear to have an important role in the host 

response to RSV infection, and multiple miRNAs are induced by infection in lung 

epithelial cells.  
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Introduction 

 The innate immune response is the first line of host defense against invading 

pathogens. The respiratory epithelium provides a protective physical barrier against 

injurious inhaled stimuli, and therefore is the main target of RSV (2). Following infection 

of the local respiratory epithelium, respiratory syncytial virus (RSV) spreads along the 

respiratory tract via cell-to-cell transfer of the virus along the intracytoplasmic bridges 

(2). After attachment to epithelial cells, RSV induces NF-κB-mediated gene transcription 

promoting an antiviral state (1). Epithelial cells also express a variety of pathogen pattern 

recognition receptors (PRRs), such as Toll-like receptors (TLRs) and nucleotide binding 

and oligomerization domain-like receptors (NLRs), which recognize pathogens or 

pathogen-associated molecular patterns (PAMPs) (12). Recognition of RSV by TLRs on 

respiratory epithelial cells promotes the secretion of inflammatory cytokines and 

chemokines.  Accordingly, within hours after RSV infection, an enhanced expression of 

genes related to local inflammatory responses, antigen processing and chemoattraction 

are observed in the lung epithelium (1). These processes promote the production of 

chemokines and the recruitment of eosinophils, NK cells, and CD4+ T cells to the 

airways (1). However, the immune response must maintain a balance between pro-

inflammatory and anti-inflammatory mediators, as excessive inflammation can 

exacerbate tissue damage and cause chronic inflammatory diseases (12).  

miRNAs, a class of small noncoding RNA molecules, may participate in the 

modulation of epithelial immune responses at various steps of the innate immune system, 

including  production and release of cytokines and chemokines, expression of adhesion 

and costimulatory molecules, shuttling of miRNAs through release of extracellular 
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vesicles, and feedback regulation of immune homeostasis (12). Furthermore, the immune 

response to respiratory viruses such as rhinovirus, influenza virus, and respiratory 

syncytial virus is associated with an altered expression of distinct miRNAs, and 

alterations in the miRNA expression profile in epithelial cells may contribute to the 

pathogensis of both acute and chronic airway disease (13). By affecting post-

transcriptional gene expression, acting on mRNAs by either translational inhibition or 

mRNA decay, miRNAs are involved in the regulation of immunological and 

nonimmunological cellular functions (13). In addition, miRNAs can be shuttled through 

epithelial cell-derived exosomes. Exosomes are small 30-90 nm extracellular vesicles 

derived from the multivesicular body sorting pathway and are produced by a variety of 

cells including epithelial cells (12). More specifically, a variety of cellular gene products, 

such as proteins, mRNAs, and miRNAs, are packaged in exosomes, and exosome 

secretion allows the contents to be transferred to recipient cells (12, 14). Previous studies 

have shown that there exists a class of miRNAs that are preferentially sorted into 

exosomes, such as miR-320 (15-20)29,41,52,55,56 and miR-150 (15, 18, 19, 21-23). 

Previous studies in our laboratory have demonstrated that specific miRNAs show 

altered expression patterns between naïve, RSV-infected, and vaccinated mice, which 

correlate with other immune correlates and clinical endpoints suggesting that these 

miRNAs may modulate RSV pathogenesis (unpublished work). We hypothesized that 

miRNAs implicated in chronic inflammatory diseases of the lung will show altered 

expression profiles in lung epithelial cells during RSV infection, allowing for the 

potential identification and development of miRNA biomarkers. Using mouse lung 

epithelial (MLE-15) cells and human airway epithelial (CALU3) cells, an in vitro model 
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was developed to evaluate both cellular and exosome-derived miRNA expression patterns 

in RSV-infected cells by RT-qPCR. Expression of miRNAs was also evaluated in vitro 

using a novel P19 protein-based staining technique. P19 is a 19 kDa protein that binds 

21-25 mer double-stranded RNAs (dsRNAs) with high affinity in a size dependent and 

sequence independent fashion, making it a pan-miRNA marker of cellular processes. 

 

Materials and Methods 

Cell culture and viruses 

MLE-15 cells (ATCC CRL-2110) were cultured in HITES media [RPMI 1640 

media (Cellgro, Manassas, VA) with 10  nM hydrocortisone (Sigma-Aldrich, St. Louis, 

MO), 10  nM β-estradiol (Sigma-Aldrich), 2  mM L-glutamine (Gibco, Carlsbad, CA), and 

1% ITS (insulin-transferring-selenium; Gibco)] with 4% exosome-free FBS (Systems 

Bioscience, Inc., Palo Alto, CA). CALU3 cells (ATCC HTB-55) were cultured in 

Dulbecco’s modified Eagle’s medium (DMEM; Cellgro) with 1% Non-essential amino 

acids (NEAA-100x; Gibco), 2  mM L-glutamine (Gibco), 0.1% HEPES buffer (Gibco), 

and 20% exosome-free FBS (Systems Bioscience, Inc.). Mycoplasma-free virus stock of 

wild type RSV A2 was propagated in Vero E6 cells (ATCC CRL-1586) as described 

(24). Briefly, upon detectable cytopathic effect cells were scraped and collected in 50 mL 

conical tubes, then virus was harvested by sonicating scraped cells three times for 10 sec 

intervals at maximum power, followed by centrifugation to pellet the cell debris. Virus 

supernatant, divided into 1 mL aliquots, was stored at -80°C until needed. Virus titers 

were determined through immunostaining plaque assay on Vero E6 cells as described 

previously (25). The RSV A2 was ultraviolet (UV)-inactivated (> 170 J/m2) by exposure 
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to UV light on ice, and inactivated viruses were assayed by immunostaining plaque assay 

to confirm inactivation (25). 

 

Infection assays 

 24h prior to RSV infection, MLE-15 and CALU3 cells were seeded on 24-well 

plates (Corning Life Sciences, Corning, NY). MLE-15 and CALU3 cells were then 

infected for 2h incubation at 37°C with live RSV A2 at multiplicity of infection (MOI) = 

1 or 0.1, UV-inactivated RSV A2 (uvRSV) equivalent to MOI=1 , or mock (Vero E6 cell 

lysate). After 2h incubation at 37°C, cells were rinsed with PBS and replenished with 

culture media without virus. Supernatants were harvested at 8h, 24h, and 48h after 

infection and exosome isolation was performed, and subsequently RNA isolation from 

the exosome pellet. RNAzol®RT (Molecular Research Center, Inc. Cincinnati, OH) was 

then added to each well to harvest cell lysate and total RNA isolation was performed. 

 

Exosome isolation 

500 µl of supernatant per well was used for exosome isolation using ExoQuick-

TC™ for Tissue Culture Media and Urine (System Biosciences (SBI), Palo Alto, CA) as 

directed by manufacturer’s protocol. Briefly, the supernatant was centrifuged at 3,000 x g 

for 15 minutes to remove cells and cell debris. The supernatant was transferred to a sterile 

1.5 ml microcentrifuge tube and incubated with 100 µl of ExoQuick-TC overnight at 4°C. 

The ExoQuick-TC/supernatant mixture was centrifuged at 1,500 x g for 30 min at 4°C. 

The supernatant was aspirated, and the residual ExoQuick-TC was spun down by 

centrifugation at 1,500 x g for 5 min at 4°C. All traces of fluid were removed by 
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aspiration, taking great care not to disturb the precipitated exosomes in pellet. Exosome 

RNA isolation was then performed using RNAzol®RT (Molecular Research Center, 

Inc.). 

 

RNA isolation 

Total RNA was isolated from cell lysate or exosome pellet using RNAzol®RT 

(Molecular Research Center, Inc) following manufacture protocol for isolation of total 

RNA. Briefly, 1 ml of RNAzol®RT (up to 100 mg of tissue per 1 mL of RNAzol®RT) 

was added to cell lysate or exosome pellet. 0.4 mL of water per 1 mL of RNAzol®RT 

was then added to the homogenate/lysate. The resulting mixture was vigorously shaken 

for 15 sec and stored at room temperature for 15 minutes. Samples were then centrifuged 

at 12, 000 x g for 15 min at 4°C. Following centrifugation, DNA, protein and most 

polysaccharides were precipitate at the bottom of the tube. 1ml of the supernatant was 

transferred to a new 2 ml microcentrifuge tube. RNA precipitation was accomplished by 

mixing 1 ml of the supernatant with 1 ml of isopropanol and 1µl of polyacryl carrier 

(Molecular Research Center, Inc.), samples were stored for 10 minutes at room 

temperature and then centrifuged at 12,000 x g for 10 min at 4°C. The RNA pellet was 

washed twice by mixing the RNA pellet with 75% ethanol (v/v) and then centrifuged at 8, 

000 x g for 3 minutes. Residual alcohol solution was removed using a micropipette, and 

the RNA pellet was dried using a vacufuge® vacuum concentrator (Eppendorf) at 45 °C 

for approximately 6 minutes. RNA was solubilized in 20µl of RNase free water. The 

quantity of total RNA was determined using Epoch™ microplate spectrophotomer 

controlled with the Gen5 Data Analysis software interface (BioTek). 
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RT-qPCR for miRNA detection 

To elongate the miRNAs, total RNA (100 ng of total RNA per sample) was 

polyadenylated with E. coli poly A polymerase (PAP) to generate a poly-A tail at the 3’ 

end of each RNA molecule using the miRNA 1st-Strand cDNA Synthesis Kit (Agilent 

Technologies Cat. # 600036) following the manufactured protocol. Following 

polyadenylation, the RNA was used as template to synthesize 1st-strand cDNA using the 

miRNA 1st-Strand cDNA Synthesis Kit (Agilent Technologies Cat. # 600036) following 

the manufactured protocol. The cDNA was then diluted in 280 µl of RNase-free water for 

each 20 µl reaction. Brilliant III Ultra-Fast SYBR Green QPCR Master Mix (Agilent 

Technologies Cat. # 600886) was used for qPCR to quantify the expression levels of 

miR-21, miR-106, miR-126, miR-145, miR-146a, miR-146b, miR-155, Let-7d, and Let-

7f in each sample. To screen for contamination, a no-PAP control cDNA template was 

prepared from the polyadenylated reaction (in which the PAP was omitted) and included 

in the qPCR reactions.  All samples were run in triplicate and n=4 wells per group. All 

miRNA levels were normalized by mouse-specific 18S rRNA (Applied Biosystems Cat. 

# 4331182) gene expression. The 2^-ΔΔCt method was utilized to calculate expression 

fold change infected/mock.  

 

P19 protein-based staining 

At 8h, 24h, and 48h post-infection, media was removed from the 24-well 

transwell plates (Corning Life Sciences) and MLE-15 cells were washed three times with 

Phosphate Buffered Saline (PBS; GE Healthcare HyClone). The MLE-15 cells were then 

fixed at room temperature overnight by adding 10% Buffered Formalin (Fisher 
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Scientific) to the basal and apical chambers of the transwell plates. The following day, 

formalin was removed and discarded in appropriate waste container and cells were 

washed three times with PBS (GE Healthcare HyClone) to remove residual formalin. The 

fixed cells were then permeabilized by adding 0.5% Triton X-100 diluted in PBS (GE 

Healthcare HyClone) to basal and apical chambers and incubating at room temperature 

for 15 minutes. The 0.5% Triton X-100 was then removed and cells were washed three 

times with PBS (GE Healthcare HyClone).  The transwell plates were then blocked (both 

basal and apical chambers) with 3% BSA + 0.01% Tween-20 in PBS for one hour at 

room temperature on rocker. The transwell plates were then washed three times with 

0.01% Tween-20 in PBS for 15 minutes at room temperature on the rocker. Monoclonal 

antibodies against RSV F protein (clone 131-2A) were then added (1:500 dilution in 3% 

BSA + 0.01% Tween-20 in PBS) and incubated for one hour at room temperature on the 

rocker. Transwell plates were then washed three times with 0.01% Tween-20 in PBS at 

room temperature on the rocker. Secondary antibody goat anti-mouse IgG conjugated to 

Alexa Fluor 546 (ThermoFisher Scientific Cat. # A-11030) was added (1:1000 dilution in 

3% BSA + 0.01% Tween-20 in PBS) and incubated for one hour at room temperature on 

the rocker. Transwell plates were then washed three times with 0.01% Tween-20 in PBS 

at room temperature on the rocker. P19 binding protein (New England BioLabs Inc. Cat. 

# M0310L) was added (1:50 dilution in 3% BSA + 0.01% Tween-20 in PBS) and 

incubated for one hour at room temperature on the rocker. Transwell plates were then 

washed three times with 0.01% Tween-20 in PBS at room temperature on the rocker.  

Anti-CBD monoclonal antibody (New England BioLabs Inc. Cat. # E8034S) was added 

(1:50 dilution in 3% BSA + 0.01% Tween-20 in PBS) and incubated for one hour at room 
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temperature on the rocker. Transwell plates were then washed three times with 0.01% 

Tween-20 in PBS at room temperature on the rocker. Secondary antibody goat anti-rabbit 

IgG conjugated to Alexa Fluor 488 (ThermoFisher Scientific Cat. # A-11008) was added 

(1:1000 dilution in 3% BSA + 0.01% Tween-20 in PBS) and incubated for one hour at 

room temperature on the rocker. 4',6-diamidino-2-phenylindole (DAPI) (at 1:5000 

dilution in 3% BSA + 0.01% Tween-20 in PBS) was then added for 5 minutes at room 

temperature on the rocker. Transwell plates were then washed three times with 0.01% 

Tween-20 in PBS at room temperature on the rocker. The transwell membrane from each 

well was removed using a scalpel blade and mounted on microscope slides, then 1 drop 

of ProLong Diamond Antifade Mountant (ThermoFisher Scientific Cat. # P36961) was 

added to each transwell membrane and a coverslip was placed on top. The slides sat 

overnight in a Biological Safety Cabinet (BSC) with the fan on and protected from light. 

The following day, the edges where the slide and coverslip meet were sealed with clear 

nail varnish. The slides were then imaged on the EVOS FL Cell Imaging System 

(ThermoFisher Scientific). 

 

miRNA primers  

Mouse-specific miRNA sequences were obtained from miRBase for the miRNAs 

of interest. Forward primers were designed based on the mature-miRNA sequence with 

the greatest number of deep-sequencing reads, and synthesized by Integrated DNA 

Technologies (IDT). The mouse-specific miRNA primers have 100% sequence homology 

with the human miRNA sequence; with the exception of miR-106a, which has two point 

mutations (Table 5.1).  
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Statistical analysis 

All statistical analyses were performed using GraphPad Prism 6.0h (La Jolla, 

CA). The data is presented as the mean±standard error of the mean (SEM). Statistical 

significance was determined using One-way ANOVA followed by Bonferroni’s or 

Dunnett’s post-hoc comparisons tests, a P value ≤ 0.05 was considered significant. 

 

Results 

 

Alterations in miRNA expression patterns in lung epithelial cells during infection 

with live RSV and uvRSV. 

 The constant battle between the host and the virus for survival necessitates the 

continued evolution of novel and improved mechanisms of gene regulation (26). A newly 

emerging approach of gene regulation is that of miRNAs that can regulate gene 

expression at the level of mRNA stability and translational efficiency (26). In order to 

fully comprehend the intricate interaction of the host and the virus during infection, the 

impact of miRNAs on changes in gene regulation and cellular communication is an 

important consideration. To determine the differential miRNA expression profile of 

MLE-15 and CALU3 cells to RSV infection, cells were infected for 2h incubation at 

37°C with live RSV A2 at MOI = 1 or 0.1, UV-inactivated RSV A2 (uvRSV) equivalent 

to MOI = 1, or mock (Vero E6 cell lysate) and RNA was harvested from the cell lysate 

and exosomes at 8h, 24, and 48h post infection (Fig.S5.1). The pattern and tempo of 

expression for nine host miRNAs associated with critical roles in asthma and airway 

hyperresponsiveness were evaluated by RT-qPCR to define those that were RSV- and 
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uvRSV- specific. In addition, cellular and exosomal miRNA expression levels were 

evaluated to determine if lung epithelial cells undergo a preferential sorting mechanism 

that guides specific intracellular miRNAs to exosomes during RSV infection. Overall, 24 

hpi appears to be the optimal time point for assessing miRNA expression levels (Table 

2).  

 A unique pattern and tempo of miR-21 expression was observed between the 

epithelial cell types, and within that the alterations in miRNA expression appear to be 

time point and MOI dependent (Fig. 5.1). The fold change in miR-21 expression levels 

ranged from 0.4-6.8 in the cell lysate and 0.5-12.0 in the exosomes in MLE-15 cells 

(Fig.5.1A); where as in CALU3 cells, the fold change in miR-21 expression levels ranged 

from 0.1 to 22.0 and 0.07 to 6.9 in cell lysate and exosomes, respectively (Fig.5.1B). 

miR-106 expression levels were increased, in general, among all infection conditions 

across all time points in MLE-15 cells (Fig.5.2A), however miR-106 expression levels 

were only upregulated at 24 hpi in CALU3 cells (Fig.5.2B). MLE-15 and CALU3 cells 

showed differential miR-126 expression levels at all time points (8, 24, and 48 hpi) 

(Fig.5.3), with a notable increase in exosome-derived miR-126 expression levels in MLE-

15 cells among all infection conditions at 24 hpi and 48 hpi (Fig.5.3A). Overall miR-145, 

miR-146a, and miR-146b expression levels were lower in CALU3 cells compared to 

MLE-15 cells, however there was a unique pattern and tempo of expression among the 

time points in both cell lines (Fig.5.4-5.6). In addition, miR-146b expression levels were 

upregulated among all infection conditions by 8 hpi in both MLE-15 and CALU3 cells 

(Fig.5.6). MLE-15 cells showed enhanced exosome-derived miR-155 expression at 24 

hpi and 48 hpi among all infection conditions, with the fold changes ranging from 1.7 to 
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53.9 folds (Fig.5.7A). At 24 hpi, exosome-derived miR-155 expression was highly 

upregulated in CALU3 cells infected with live RSV A2 at MOI=1 (~116.1 fold change), 

live RSV A2 at MOI=0.1 (~73.9 fold change), and UvRSV (~37.6 fold change) over 

mock treated cells, however this tempo of expression was reduced by 48 hpi (Fig.5.7B). 

Let-7d and let-7f expression levels were substantially increased in MLE-15 cells 

compared to CALU3 cells (Fig.5.8-5.9). Interestingly, MLE-15 cells showed upregulated 

exosome-derived let-7d expression levels among all infection conditions at 24 hpi 

(Fig.5.8A), where as CALU3 cells did not show a similar trend until 48 hpi (Fig.5.8B). 

Taken together, this data demonstrates that miRNAs have a unique pattern and tempo of 

expression in RSV-infected lung epithelial cells, and that certain miRNAs are potentially 

preferentially loaded into exosomes. In addition, MLE-15 and CALU3 cells infected with 

uvRSV were still capable of producing detectable miRNA expression levels, 

demonstrating that viral replication is not necessary for miRNA induction.  

 

Both RSV-infected and uninfected epithelial cells induce intracellular miRNA 

expression 

 Expression of miRNAs was also evaluated intracellularly using a novel P19 

protein-based immunostaining technique. P19 RNA binding protein from the Carnation 

Italian ringspot virus (CIRV), a plant tombusvirus, is an RNA-silencing suppressor that 

binds small interfering RNA (siRNA) with high affinity (27). The dimeric P19 protein 

binds 21-25 mer dsRNA in a size-dependent sequence-independent manner (27). To 

visualize miRNA expression in RSV-infected lung epithelial cells, MLE-15 cells were 

infected with live RSV A2 (MOI=1 and 0.1), uvRSV (equivalent to MOI=1), or mock 
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(Vero E6 cell lysate). RSV F protein expression, miRNA expression, and DAPI staining 

was evaluated by immunofluorescence at 8, 24, and 48 hpi. At all time points miRNA 

expression was visible in live RSV A2, uvRSV, and mock infected cells (Fig.5-10-5.12). 

In addition, miRNA expression was visible in both RSV-infected cells and uninfected 

cells at all time points (Fig.5.10-5.12), but appeared reduced in uvRSV-infected cells by 

24 and 48 hpi (Fig.5.11-5.12). miRNA expression was also visible outside the nucleus of 

the cells, as shown by the overlay + DAPI images (Fig.5.10-5.12). Taken together, these 

studies provide proof-of-concept for a novel immunostaining technique for the 

visualization of intracellular miRNA expression. In addition, both RSV-infected and 

uninfected lung epithelial cells induced miRNA expression. However additional 

epithelial cell surface markers and confocal microscopy is required to determine the 

precise location of the miRNAs (Fig.5.10-5.12). 

 

Discussion 

 These studies identified key differences in cellular and exosome miR-associated 

expression patterns in RSV-infected cells, and also evaluated the pattern and tempo of 

intracellular and exosome-derived miRNA expression levels using live RSV and uvRSV. 

In addition, our studies indicate that exosomes preferentially incorporate specific 

miRNAs as their cargo during RSV infection, as noted by the upregulated exosome-

derived miR-associated expression patterns of miR-126, miR-155, let-7d, and let-7f.  

 Interestingly, miR-155 has been found as enriched in exosomes derived from 

tumor cell lines or peripheral blood from cancer patients (15, 21, 23), providing 

evidentiary support for preferential sorting of this miRNA into exosomes. In addition, 



 196 

recent literature indicates that mammals may response with miRNAs as a part of the host 

inflammatory response mounted against pathogens, including cytokines such as 

interferons (IFNs) (28). IFN-β treatment has been shown to induce miR-155 expression 

in macrophage cells in a Jun N-terminal protein kinase (JNK)-dependent manner, 

possibly dependent upon TNF-α (28, 29).  

 Members of the let-7 family also target IL-6 expression, and has an extensive list 

of other experimentally validated targets, including SOCS4, caspase-3, p27, TLR4, IL-

13, and IL10 (28). Let-7 regulation could be a mechanism of IL-6 secretion during RSV 

infection (28). As RSV infection induces secretion of numerous proinflammatory 

cytokines, including type I and type II IFNs, TNF-α, IL-12, and IL-6 (28, 30-32). In 

addition, two RSV nonstructural proteins, NS1 and NS2, inhibit the induction of host 

miRNAs, revealing how complex and multilayered the interaction is between 

paramyxoviruses and the innate response in epithelial cells (28, 33).  

 In summary, miRNAs appear to have an important role in the host response to 

RSV infection, and multiple miRNAs are induced by infection, in a cell-type-specific 

fashion. The miRNA profiles evaluated here are linked to expression in epithelial cells, 

however other cell types are likely contributing to the miRNA environment during RSV 

infection. Furthermore, using a novel P19 protein-based staining technique, we are able 

to demonstrate that both RSV-infected and uninfected cells produce miRNAs, and that 

these miRNA profiles are detectable by 8 hpi, and sustained till at least 48 hpi. In 

addition, our results have identified common miRNAs whose expression change in regard 

to inflammatory responses, therefore commonalities in the changing expression of 

specific miRNAs during the host inflammatory responses suggest that these miRNAs 
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may have a critical role in the innate response mounted against pathogens and other lung 

injuries. 
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Fig. 5.1: Pattern and tempo of miR-21 expression levels in lung epithelial cells with 

live and UV-inactivated RSV A2 infection. 24h prior to RSV infection, MLE-15 and 

CALU3 cells were seeded on 24-well plates. Then the cells were infected for 2h 

incubation at 37°C with live RSV A2 at multiplicity of infection (MOI) = 1 or 0.1, UV-

inactivated RSV A2 equivalent to MOI = 1, or mock (Vero E6 cell lysate). At 8, 24, and 

48 hpi, cell lysate and supernatant were collected from (A) MLE-15 cells and (B) 

CALU3 cells, and miRNA expression levels were determined by RT-qPCR. miR-21 

expression levels are normalized by 18s rRNA gene expression and values are 

represented as expression over mock (vero E6 cell lysate). All data is representative of 

three independent experiments with n=3 wells/condition. Error bars represent the SEM 

and results were considered significant with a P value ≤0.05 (*) by a One-way ANOVA 

and Bonferroni’s test. 
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Fig. 5.2: Pattern and tempo of miR-106 expression levels in lung epithelial cells with 

live and UV-inactivated RSV A2 infection. 24h prior to RSV infection, MLE-15 and 

CALU3 cells were seeded on 24-well plates. Then the cells were infected for 2h 

incubation at 37°C with live RSV A2 at multiplicity of infection (MOI) = 1 or 0.1, UV-

inactivated RSV A2 equivalent to MOI = 1, or mock (Vero E6 cell lysate). At 8, 24, and 

48 hpi, cell lysate and supernatant were collected from (A) MLE-15 cells and (B) 

CALU3 cells, and miRNA expression levels were determined by RT-qPCR. miR-106 

expression levels are normalized by 18s rRNA gene expression and values are 

represented as expression over mock (vero E6 cell lysate). All data is representative of 

three independent experiments with n=3 wells/condition. Error bars represent the SEM 

and results were considered significant with a P value ≤0.05 (*) by a One-way ANOVA 

and Bonferroni’s test. 
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Fig. 5.3: Pattern and tempo of miR-126 expression levels in lung epithelial cells with 

live and UV-inactivated RSV A2 infection. 24h prior to RSV infection, MLE-15 and 

CALU3 cells were seeded on 24-well plates. Then the cells were infected for 2h 

incubation at 37°C with live RSV A2 at multiplicity of infection (MOI) = 1 or 0.1, UV-

inactivated RSV A2 equivalent to MOI = 1, or mock (Vero E6 cell lysate). At 8, 24, and 

48 hpi, cell lysate and supernatant were collected from (A) MLE-15 cells and (B) 

CALU3 cells, and miRNA expression levels were determined by RT-qPCR. miR-126 

expression levels are normalized by 18s rRNA gene expression and values are 

represented as expression over mock (vero E6 cell lysate). All data is representative of 

three independent experiments with n=3 wells/condition. Error bars represent the SEM 

and results were considered significant with a P value ≤0.05 (*) by a One-way ANOVA 

and Bonferroni’s test. 
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Fig. 5.4: Pattern and tempo of miR-145 expression levels in lung epithelial cells with 

live and UV-inactivated RSV A2 infection. 24h prior to RSV infection, MLE-15 and 

CALU3 cells were seeded on 24-well plates. Then the cells were infected for 2h 

incubation at 37°C with live RSV A2 at multiplicity of infection (MOI) = 1 or 0.1, UV-

inactivated RSV A2 equivalent to MOI = 1, or mock (Vero E6 cell lysate). At 8, 24, and 

48 hpi, cell lysate and supernatant were collected from (A) MLE-15 cells and (B) 

CALU3 cells, and miRNA expression levels were determined by RT-qPCR. miR-145 

expression levels are normalized by 18s rRNA gene expression and values are 

represented as expression over mock (vero E6 cell lysate). All data is representative of 

three independent experiments with n=3 wells/condition. Error bars represent the SEM 

and results were considered significant with a P value ≤0.05 (*) by a One-way ANOVA 

and Bonferroni’s test. 
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Fig. 5.5: Pattern and tempo of miR-146a expression levels in lung epithelial cells 

with live and UV-inactivated RSV A2 infection. 24h prior to RSV infection, MLE-15 

and CALU3 cells were seeded on 24-well plates. Then the cells were infected for 2h 

incubation at 37°C with live RSV A2 at multiplicity of infection (MOI) = 1 or 0.1, UV-

inactivated RSV A2 equivalent to MOI = 1, or mock (Vero E6 cell lysate). At 8, 24, and 

48 hpi, cell lysate and supernatant were collected from (A) MLE-15 cells and (B) 

CALU3 cells, and miRNA expression levels were determined by RT-qPCR. miR-146a 

expression levels are normalized by 18s rRNA gene expression and values are 

represented as expression over mock (vero E6 cell lysate). All data is representative of 

three independent experiments with n=3 wells/condition. Error bars represent the SEM 

and results were considered significant with a P value ≤0.05 (*) by a One-way ANOVA 

and Bonferroni’s test. 
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Fig. 5.6: Pattern and tempo of miR-146b expression levels in lung epithelial cells 

with live and UV-inactivated RSV A2 infection. 24h prior to RSV infection, MLE-15 

and CALU3 cells were seeded on 24-well plates. Then the cells were infected for 2h 

incubation at 37°C with live RSV A2 at multiplicity of infection (MOI) = 1 or 0.1, UV-

inactivated RSV A2 equivalent to MOI = 1, or mock (Vero E6 cell lysate). At 8, 24, and 

48 hpi, cell lysate and supernatant were collected from (A) MLE-15 cells and (B) 

CALU3 cells, and miRNA expression levels were determined by RT-qPCR. miR-146b 

expression levels are normalized by 18s rRNA gene expression and values are 

represented as expression over mock (vero E6 cell lysate). All data is representative of 

three independent experiments with n=3 wells/condition. Error bars represent the SEM 

and results were considered significant with a P value ≤0.05 (*) by a One-way ANOVA 

and Bonferroni’s test. 
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Fig. 5.7: Pattern and tempo of miR-155 expression levels in lung epithelial cells with 

live and UV-inactivated RSV A2 infection. 24h prior to RSV infection, MLE-15 and 

CALU3 cells were seeded on 24-well plates. Then the cells were infected for 2h 

incubation at 37°C with live RSV A2 at multiplicity of infection (MOI) = 1 or 0.1, UV-

inactivated RSV A2 equivalent to MOI = 1, or mock (Vero E6 cell lysate). At 8, 24, and 

48 hpi, cell lysate and supernatant were collected from (A) MLE-15 cells and (B) 

CALU3 cells, and miRNA expression levels were determined by RT-qPCR. miR-155 

expression levels are normalized by 18s rRNA gene expression and values are 

represented as expression over mock (vero E6 cell lysate). All data is representative of 

three independent experiments with n=3 wells/condition. Error bars represent the SEM 

and results were considered significant with a P value ≤0.05 (*) by a One-way ANOVA 

and Bonferroni’s test. 
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Fig. 5.8: Pattern and tempo of let-7d expression levels in lung epithelial cells with 

live and UV-inactivated RSV A2 infection. 24h prior to RSV infection, MLE-15 and 

CALU3 cells were seeded on 24-well plates. Then the cells were infected for 2h 

incubation at 37°C with live RSV A2 at multiplicity of infection (MOI) = 1 or 0.1, UV-

inactivated RSV A2 equivalent to MOI = 1, or mock (Vero E6 cell lysate). At 8, 24, and 

48 hpi, cell lysate and supernatant were collected from (A) MLE-15 cells and (B) 

CALU3 cells, and miRNA expression levels were determined by RT-qPCR. Let-7d 

expression levels are normalized by 18s rRNA gene expression and values are 

represented as expression over mock (vero E6 cell lysate). All data is representative of 

three independent experiments with n=3 wells/condition. Error bars represent the SEM 

and results were considered significant with a P value ≤0.05 (*) by a One-way ANOVA 

and Bonferroni’s test. 
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Fig. 5.9: Pattern and tempo of let-7f expression levels in lung epithelial cells with live 

and UV-inactivated RSV A2 infection. 24h prior to RSV infection, MLE-15 and 

CALU3 cells were seeded on 24-well plates. Then the cells were infected for 2h 

incubation at 37°C with live RSV A2 at multiplicity of infection (MOI) = 1 or 0.1, UV-

inactivated RSV A2 equivalent to MOI = 1, or mock (Vero E6 cell lysate). At 8, 24, and 

48 hpi, cell lysate and supernatant were collected from (A) MLE-15 cells and (B) 

CALU3 cells, and miRNA expression levels were determined by RT-qPCR. Let-7f 

expression levels are normalized by 18s rRNA gene expression and values are 

represented as expression over mock (vero E6 cell lysate). All data is representative of 

three independent experiments with n=3 wells/condition. Error bars represent the SEM 

and results were considered significant with a P value ≤0.05 (*) by a One-way ANOVA 

and Bonferroni’s test. 
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Fig. 5.10: miRNA expression in MLE-15 cells at 8 hpi with live and UV-inactivated 

RSV. MLE-15 cells were infected with live RSV A2 at MOI = 1 and 0.1, UV-inactivated 

RSV A2 (equivalent to MOI = 1), or mock (Vero E6 cell lysate). At 8 hours post-

infection (8 hpi), RSV (anti-F) and miRNA expression (P19 binding protein) was 

evaluated by immunofluorescence, and DAPI staining was used to label the nuclear DNA 

of cells.  All data is representative of three independent experiments with n=3 

wells/condition. 
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Fig. 5.11: miRNA expression in MLE-15 cells at 24 hpi with live and UV-inactivated 

RSV. MLE-15 cells were infected with live RSV A2 at MOI = 1 and 0.1, UV-inactivated 

RSV A2 (equivalent to MOI = 1), or mock (Vero E6 cell lysate). At 24 hpi, RSV (anti-F) 

and miRNA expression (P19 binding protein) was evaluated by immunofluorescence, and 

DAPI staining was used to label the nuclear DNA of cells.  All data is representative of 

three independent experiments with n=3 wells/condition. 
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Fig. 5.12: miRNA expression in MLE-15 cells at 48 hpi with live and UV-inactivated 

RSV. MLE-15 cells were infected with live RSV A2 at MOI = 1 and 0.1, UV-inactivated 

RSV A2 (equivalent to MOI = 1), or mock (Vero E6 cell lysate). At 48 hpi, RSV (anti-F) 

and miRNA expression (P19 binding protein) was evaluated by immunofluorescence, and 

DAPI staining was used to label the nuclear DNA of cells.  All data is representative of 

three independent experiments with n=3 wells/condition. 
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Table 5.1: miRNA forward primer sequences. All of the miRNA primer sequences 

share 100% sequence homology between mice and humans, with the exception of miR-

106. The miR-106 primer sequence contains two point mutations between mice and 

humans as indicated in red.   
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Table 5.2: Summary of miRNA expression levels in lung epithelial cells infected with 

live RSV A2 normalized to mock at 24 hpi. Table provides summary of cell lysate and 

exosome-derived expression levels of nine miRNAs evaluated in MLE-15 and CALU3 

cells by RT-qPCR. If the fold-change was > 1.2, the result was reported as a fold 

upregulation. If the fold-change was < 0.8, the result was reported as a fold 

downregulation, and if the fold-change was between 0.8-1.2 the result was reported as no 

change. All data is representative of three independent experiments with n=3 

wells/condition. 
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Supplemental information 

 

Fig S5.1: Schematic of the experimental design for in vitro infection of MLE-15 and 

CALU3 cells with RSV A2. 24h prior to RSV infection, MLE-15 and CALU3 cells were 

seeded on 24-well plates, and then infected for 2h incubation at 37°C with live RSV A2 

at multiplicity of infection (MOI) = 1 or 0.1, UV-inactivated RSV A2 equivalent to MOI 

= 1, or mock (Vero E6 cell lysate). At 8, 24, and 48 hpi, cell lysate and supernatant were 

collected from all wells and miRNA expression levels were determined by RT-qPCR, a 

subset of wells were used for P19 protein-based staining. All data is representative of 

three independent experiments with n=3 wells/condition. 
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CHAPTER 6 

INHIBITION OF MIR-467F EXACERBATES ENHANCED DISEASE 

ASSOCIATED WITH FORMALIN-INACTIVATED RESPIRATORY 

SYNCYTIAL VIRUS VACCINATION 1 

 

 

1 Anderson LJ, Jorquera PA, Williams CW, Howerth EW, Tripp RA. To be submitted to 
Journal of Virology. 
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Abstract 

 Respiratory syncytial virus (RSV) is a high priority target for vaccine 

development. Previous efforts to develop live or inactivated vaccines have been 

unsuccessful. In studies conducted in the 1960s, children immunized with a formalin-

inactivated respiratory syncytial virus (FI-RSV) vaccine developed severe pulmonary 

disease following natural RSV infection. The development of vaccine enhanced disease, 

in immunized subjects and animal models, remains a major concern in the development 

of a safe and efficacious RSV vaccine, as the mechanism and immunological basis for 

enhanced disease is not completely understood. To address this and provide a better 

understanding of the virus-host interface the potential role for microRNAs (miRNAs) 

was examined. miRNAs have been shown to have important roles in regulating key 

pathogenic mechanisms linked to asthma and in airway hyperresponsiveness. In this 

study, we hypothesize that upon RSV infection of vaccinated mice memory cells produce 

miR-467f that promotes T cell activation and a safe inflammatory response that prevents 

vaccine-enhanced disease; however, inhibition of miR-467f will result in exacerbation of 

vaccine enhanced disease. We demonstrate the use of RNAi technology for in vivo 

delivery of exogenous miRNA to both rescue and further exacerbate the FI-RSV induced 

enhanced disease phenotype induced upon subsequent RSV challenge. By inducing gain- 

and loss- of-function, these studies indicate a biologically relevant role for miR-467f in 

linking the innate and adaptive immune response that responds to FI-RSV induced 

enhanced disease, and its potential as a novel therapeutic target for RSV patients.  



 228 

Importance 

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

respiratory tract infections in infants and young children and the elderly, and a high 

priority target for vaccine development. Despite many decades of research, there still 

remains no licensed vaccine or therapeutic treatment against RSV. The failure of the 

formalin-inactivated RSV (FI-RSV) vaccine has been a major obstacle in developing 

novel RSV vaccines. A better understanding of the host factors governing vaccine-

enhanced disease is necessary to overcome these hurdles. It has been shown that RSV can 

modulate the immune response to infection by regulating host gene expression through 

induction of microRNAs (miRNAs) related to the antiviral response. To date, no 

information is currently available regarding the role of miR-467f in respiratory virus 

infections. Using gain- and loss- of function studies, the role of miR-467f is revealed 

regarding cellular and humoral immune responses to vaccination and subsequent RSV 

infection.  
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Introduction 

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

tract infections in infants and young children, and increasingly recognized as a cause of 

respiratory illness in adults (1, 2). RSV can also cause serious lower respiratory tract 

disease in high-risk populations such as the elderly and immunocompromised (3, 4). RSV 

is a 15 kb negative-sense single-strand RNA virus in the Paramyxoviridae family (5, 6). 

RSV generally induces a localized lung infection resulting in a host inflammatory 

response that recruits immune cells required for viral clearance (7). Although the host 

inflammatory response is necessary for viral clearance, accumulating evidence strongly 

suggests that this response is linked with pulmonary pathogenesis and inflammation (7). 

Despite many decades of research, there still remains no licensed vaccine or therapeutic 

treatment options against RSV (4).  There is passive immune prophylaxis (palivizumab), 

a humanized anti-RSV F protein monoclonal antibody preparation (8), which can be used 

in specific high-risk populations, however its usage is limited due to high cost and 

restrictive qualification criteria. Therefore, supportive care, such as supplemental oxygen, 

mechanical ventilation, and fluid replacement, is the mainstay therapy for RSV infection 

(4, 9).  

The first candidate vaccine, formalin-inactivated RSV (FI-RSV) resulted in 

tremendous failure, as it did not prevent RSV infection in recipient infants, resulted in 

enhanced disease following natural infection (3, 10-12). The failure of the FI-RSV 

vaccine in the 1960s has been a major obstacle in developing novel RSV vaccines. 

Therefore, a better understanding of both the virus-host interface and vaccine-enhanced 

disease is necessary to overcome these hurdles. Although the host inflammatory response 
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is necessary for viral clearance, accumulating evidence strongly suggests that an 

exacerbated inflammatory response is linked to the pathogenesis of the pulmonary 

changes observed following RSV infection (13). It has been shown that RSV can 

modulate the immune response to infection by regulating host gene expression through 

induction of microRNAs (miRNAs) related to the anti-viral response(14). miRNAs are 

small, 20-25 nucleotide long noncoding RNAs, which modulate gene expression at a 

post-transcriptional level by inhibiting translation or inducing degradation of mRNA via 

their specific interactions with those target genes (15-17). Due to the short sequence 

complementarity between a miRNA and its target, a single miRNA can regulate the 

expression of multiple genes (18, 19). The miRNA family is a global regulatory network 

controlling homeostasis, inflammatory responses, and affecting immunity and disease 

pathogenesis (20). Therefore, by regulating cellular gene expression trough miRNAs, 

RSV can modulate host innate immune response, and by extension, the potency of the 

memory immune response to RSV. 

The discovery of RNA interference (RNAi) has expanded our understanding of 

the mechanisms regulating host gene expression, and considerable interest has been 

placed on the role of miRNA species (21). In the last decade, it has been reported that 

different cell types can produce and secrete exosomes containing miRNAs to the extra-

cellular space in response to different stimuli. Several studies have shown that upon 

antigen exposure and lymphocyte activation, B and T cells secrete a set of miRNAs that 

can further modulate cell activation and differentiation; for example, when CD4 T cells 

are activated, they downregulate intracellular miR-150 while accumulating in 

extracellular vesicles (22). When the intracellular miR-150 is reduced, several genes are 
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de-repressed, among them c-Myb (23, 24) a transcription factor that promotes 

lymphocyte survival and Notch3 (25) a receptor protein that is crucial for T cell 

differentiation. In addition to detection in extracellular vesicles, circulating miRNAs have 

been detected in cell-free bodily fluids such as serum, plasma and other bodily fluids (26-

28); therefore, they can be easily profiled through microarray, RT-qPCR and sequencing. 

Different groups have explored this via measurement of serum miRNAs and nowadays 

blood-circulating miRNAs are considered one of the most promising clinical biomarkers 

for the diagnosis, prognosis, and therapeutic options.  

Previous studies in our laboratory utilizing a miRNA PCR array identified 

upregulated expression of miR-467f in serum of mice vaccinated with protective RSV 

vaccines, but not in FI-RSV vaccinated mice upon subsequent RSV infection (manuscript 

in preparation). miR-467f has not been previously reported in any miRNA screens for 

respiratory viruses; however, a microarray-based approach to examine the miRNA 

expression in mice with HIV-associated nephropathy (HIVAN) showed that treatment 

with rapamycin (an mTOR inhibitor) to slow down HIVAN progression induces up-

regulation of miR-467f expression (16). Interestingly rapamycin inhibits RSV-induced 

mTOR activation, and increases the frequency of RSV-M282-90 -specific CD8 T cells and 

RSV-specific memory T cell precursors in mice (29). Although the gene target(s) for 

miR-467f is unknown, its role is predicted in a variety of major signal transduction 

pathways, such as the apoptosis, cytokines, transforming grow factor beta (TGF-β), 

fibroblast growth factor (FGF) and PI3 kinase (PI3K) signaling pathways (16, 30).  

It has been shown that RSV vaccine candidates that promote a safe immune 

response induce protective antibodies and RSV-specific CD8 T cells that protect mice 
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from vaccine-enhanced disease upon RSV infection. We hypothesize that upon RSV 

infection of vaccinated mice host memory cells produce miR-467f that promotes T cell 

activation and a safe inflammatory response that prevents vaccine-enhanced disease; 

however, inhibition of miR-467f will result in exacerbation of vaccine enhanced disease. 

In this study, we evaluate the potential immunomodulatory role of intranasal delivery of 

exogenous miR-467f mimic and miR-467f inhibitor in mice using a model of FI-RSV 

induced enhanced disease.  In addition, we examine features of the antiviral effect, host 

immune response, histopathology, and in vivo tracking of miR-467f treatment.  

 

Materials and Methods 

Animals 

Specific-pathogen-free, 6-to-8 weeks old female BALB/c mice (The Jackson 

Laboratory) were used in all experiments. Mice were housed in microisolator cages and 

were fed sterilized water and food ad libitum. All experiments were performed in 

accordance with the guidelines of the University of Georgia Institutional Animal Care 

and Use Committee (IACUC), with protocols approved by the University of Georgia 

IACUC. 

 

Virus infection and vaccination 

RSV A2 was propagated in Vero E6 cells (ATCC CRL-1586) as described (31). 

Mice were anesthetized by intraperitoneal administration of Avertin (150-250 mg/kg; 

Sigma-Aldrich) and intranasally challenged with 106 PFU of RSV A2 in Phosphate 

Buffered Saline (PBS; GE Healthcare HyClone). The FI-RSV A2 vaccinated mice 
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received a 1:50 dilution in PBS of FI-RSV A2 (prepared as described below) by 

intramuscular (i.m.) injection in a final volume of 50 µL/mouse. Control mice (naïve and 

naïve+RSV) did not receive any vaccination. 

 

FI-RSV A2 preparation:  

This protocol was adapted from the FI-RSV Lot 100 methods described by Prince 

et al. (32). Briefly, Vero E6 cells infected with RSV A2 at a MOI=0.1 in DMEM without 

serum (SF-DMEM). When the cells showed extensive cytopathic effect (~ day 4pi), 

medium was removed; cells were scraped, collected into a 50mL tube and sonicated. Cell 

debris was removed by centrifugation at 600 x g for 15 min at 4°C. The supernatant was 

transferred to a clean tube and filter sterilized using a 2µm filter. Protein concentration 

was determined by BCA assay, and the final concentration was adjusted to 1-2 mg/mL. 

The virus was inactivated by the addition of 37% formalin (final dilution 1:4,000) 

incubated at 37°C per 3 days in agitation. The virus was pelleted by ultracentrifugation 

for 2 h at 25,000 rpm (Beckman; SW28 rotor) then re-suspended in SF-DMEM at 1/25th 

of the original volume, and then adsorbed overnight at room temperature in 4 mg/mL 

aluminum hydroxide. The compound material was pelleted by centrifugation and the 

pellet was re-suspended in SF-DMEM and total virus inactivation was confirmed via 

plaque assay. This procedure resulted in an FI-RSV vaccine that is concentrated 100-fold 

and contains 16 mg/ml alum. The vaccine was aliquoted in 1ml volumes and stored at 

4°C. 

 

In vivo miRNA treatment 
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The miR-467f mimic, miR-467f inhibitor, and miRNA scramble were 

resuspended in 500µl of Opti-MEM® (ThermoFisher), then 5µl of DharmaFECT1 (GE 

Dharmacon, Lafayette, CO) was added, mixed gently by pipetting and incubated for 20 

minutes at room temperature. At 24 h prior to RSV A2 mice received 5 nmol of miR-

467f mimic, miR-467f inhibitor, or miRNA scramble in 50µl of transfection mixture via 

I.N. delivery. Mice in the vehicle control group received 50µl of the transfection mixture 

as a treatment control. Control mice (naïve and naïve+RSV) did not receive any 

treatment.  

 

RNA isolation  

Total RNA was isolated from sera samples collected from mice using the 

miRNeasy Serum/Plasma Kit (Qiagen) following manufacture protocol for isolation of 

total RNA. A total volume of 100 µl of serum was used per mouse for total RNA 

isolation, and RNA was eluted in 20 µl of RNase-free water. Lung RNA was isolated 

from lung samples using RNAzol®RT (Molecular Research Center, Inc) following 

manufacture protocol for isolation of total RNA. Lugs samples were homogenized with 

RNAzol®RT (up to 100 mg of tissue per 1 mL of RNAzol®RT) and total RNA was 

solubilized in 20µl of RNase free water. RNA concentration was determined using 

Epoch™ microplate spectrophotometer controlled with the Gen5 Data Analysis software 

interface (BioTek). 

 

RT-qPCR for miRNA detection 



 235 

For the total RNA isolated from the sera, the miScript II RT Kit (Qiagen Cat. # 

218161) was used to generate cDNA for sensitive and specific miRNA detection. cDNA 

detection by miScript SYBR® Green PCR Kit (Qiagen Cat. # 218073) was used to 

quantify the expression levels of miR-467f in each sample. All miRNA levels were 

normalized by RNU6 (Qiagen Cat. # MS00033740) and all samples were run in 

duplicate. For the total RNA isolated from the lungs, the miRNA 1st-Strand cDNA 

Synthesis Kit (Agilent Technologies Cat. # 600036) was used for the polyadenylation of 

the miRNAs at the 3’ end from the total RNA and reverse transcription to convert the 

polyadenylated miRNA to cDNA. cDNA detection by Brilliant III Ultra-Fast SYBR 

Green QPCR Master Mix (Agilent Technologies Cat. # 600886) was used to quantify the 

expression levels of miR-467f in each sample. All miRNA levels were normalized by 

mouse-specific 18S rRNA (Applied Biosystems Cat. # 4331182) gene expression and all 

samples were run in duplicate.  The 2^-ΔΔCt method was utilized to calculate expression 

fold change over mock (naïve mice). 

 

miRNA primer 

The mouse-specific miR-467f sequence was obtained from miRBase, and the 

forward primer was designed based on the mature miRNA sequence with the greatest 

number of deep-sequencing reads, and synthesized by Integrated DNA Technologies 

(IDT). The final primer sequence was 21 nt in length with the following sequence: 5’-

ATA TAC ACA CAC ACA CCT ACA-3’.  

 

Lung viral titer by plaque assay 
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RSV lung virus titers in treatment and control mice were determined by plaque 

assay as previously described (31). Briefly, lungs were aseptically removed from mice at 

day 5 post-RSV A2 challenge (106 PFU /mouse), and individual lung specimens were 

homogenized at 4°C in 1 mL of SF-DMEM (Hyclone) by use of gentleMACSTM 

Dissociator (Miltenyi Biotec). Samples were centrifuged for 10 min at 200 x g, the 

supernatants were transferred to a new tube and used immediately or stored at -80°C until 

they were assayed. For the plaque assay, 10-fold serial dilutions of the lung homogenates 

were added to 90% confluent Vero E6 cell monolayers. Following adsorption for 2h at 

37°C, cell monolayers were overlaid with 1% methylcellulose medium and incubated at 

37°C for 7 days. The plaques were enumerated by immunostaining with monoclonal 

antibodies against RSV F protein (clone 131-2A) as previously described (33). 

 

Lung viral titer by RT-qPCR 

RSV lung virus titers in treatment and control mice were also determined by RSV 

A2 M gene copy number by RT-qPCR as previously described (34). Briefly, total RNA 

was extracted and quantified from the homogenized lung samples. Serial dilution of 

known PFU of RSV A2 RNA was used to obtain a standard reference curve for RT-

qPCR (35). Expression of RSV A2 M gene was determined by one-step RT-qPCR using 

the AgPath-ID One-Step RT-qPCR kit (Life Technologies) and the following primers and 

probe: RSV A2 M gene forward primer: 5’-GGC AAA TAT GGA AAC ATA GCT 

GAA-3’, RSV A2 M gene reverse primer: 5’-TCT TTT TCT AGG ACA TTG TAT TGA 

ACA G-3’, and TaqMan probe: 5'-GTG TGT ATG TGG AGC CTT CGT GAA GCT-3', 

labeled at the 5' end with the reporter molecule 6-carboxyfluorescein (FAM) and labeled 
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with a Blackhole quencher-1 (BHQ1) at the 3' end.  Data was analyzed using RT-qPCR 

analysis software and cycle threshold (Ct) values and corresponding copy numbers were 

calculated. 

 

ELISPOT analysis 

24h prior to the assay, 96-well Multiscreen plates (Millipore) were coated with 

the anti-mouse IL-4, anti-mouse IFN-γ, or anti-mouse IL-5 capture antibody (R&D 

Systems) and incubated overnight at 4°C. The plates were then blocked by the addition of 

200 µL of RPMI-10 medium (RPMI 1640 supplemented with 10% FBS, 100 U/mL 

penicillin, 100 µg/mL streptomycin, 50 µM 2-mercaptoethanol and 2 mM L-glutamine) 

and incubated for 2 h at 37°C. In parallel, spleens were harvested from treatment and 

naïve mice at 5 days and 7 days post-challenge with RSV A2 and prepared to a single cell 

suspension using a syringe plunger and a 70 µm mesh nylon strainer. The cell 

suspensions were collected by centrifugation for 10 min at 200 × g and suspended in 

RPMI-10 at a concentration of 107 cells/mL. Spleen cell suspensions were added to each 

well, and cells were stimulated with either 10 µg/mL RSV M2 (82-90) peptide, 10 µg/mL 

RSV F (51-66) peptide, 10 µg/mL RSV G (183-198) peptide or 10 µg/mL GFP 

(irrelevant peptide control) for 24h at 37°C and 5% CO2. Plates were washed 4 times 

with wash buffer (0.05% Tween-20 in PBS), anti-mouse IL-4, anti-mouse IFN-γ, or anti-

mouse IL-5 detection antibody (R&D Systems) was added and plates were incubated 

overnight at 4°C. Detection antibody was removed, plates were washed and cytokine 

spots were developed using NBT/BCIP substrate (Thermo Fisher Scientific). Spots were 

counted using an ELISPOT reader (CTL-ImmunoSpot®).  
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BAL collection and quantification of cytokines 

Day 5 and 7 post-challenge, a subset of mice from each group was sacrificed and 

tracheotomy was performed. The mouse lungs were flushed three times with 1 ml of PBS 

and the retained BAL was centrifuged at 400 x g for 5 min at 4°C. The recovered 

supernatants were collected and stored at -80°C until assessed for cytokine concentration, 

and the cell pellet were resuspended in 200 µL of FACS staining buffer (PBS containing 

1% BSA). Total cell numbers were counted using a hemocytometer. The Luminex® 

xMAPTM system using a MILLIPLEX MAP mouse cytokine immunoassay 

(MCYTOMAG-70K, Millipore) was used to quantitate cytokines in BAL supernatants 

according to the manufacturer protocol. Briefly, beads coupled with anti-IFN-γ, anti-IL-

1α, anti-IL-2, anti-IL-4, anti-IL-5, anti-IL-6, anti-IL-9, anti-IL-10, anti-IL-12p40, anti-

IL-13, anti-IL-15, anti-IL17A, anti-MCP-1, anti-RANTES, anti-TNF-α, and anti-Eotaxin 

monoclonal antibodies were sonicated, mixed, and diluted 1:50 in assay buffer. For the 

assay, 25 µL of beads were mixed with 25 µL of PBS, 25 µL of assay buffer and 25 µL of 

BAL supernatant and incubated overnight at 4°C. After washing, beads were incubated 

with biotinylated detection antibodies for 1 h and the reaction mixture was then incubated 

with streptavidin- phycoerythrin (PE) conjugate for 30 min at room temperature, washed, 

and resuspended in PBS. The assay was analyzed on a Luminex 200 instrument 

(Luminex Corporation, Austin, TX) using Luminex xPONENT 3.1 software. 

 

Flow cytometry 

 For flow cytometry analysis, cell suspensions were incubated in FACS staining 

buffer and blocked with FcγIII/II receptor antibody (BD Bioscience), and subsequently 
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stained with optimized concentrations of anti-mouse antibodies obtained from BD 

bioscience, i.e. PE-conjugated anti-CD3e (145-2C11), Alexa fluor 488-conjugated anti-

CD8α (53-6.7), PerCP-Cy5.5-conjugated anti-CD4 (RM4-5), PE-Cy7 conjugated anti-

CD69 (H1.2F3) and APC-conjugated MHC class I H-2Kd tetramer complexes bearing 

the peptide SYIGSINNI (Beckman Coulter) representing the immunodominant epitope of 

the RSV M2-1 protein [55]. To determine cell types in lungs, BAL cell suspensions were 

stained for 60 min at 4°C with an optimized concentration of PerCP-Cy5.5-conjugated 

anti-CD45 (30-F11), APC-conjugated anti-CD11c (HL3), PE-conjugated anti-SiglecF 

(E50-2440), Alexa fluor 488-conjugated anti-CD125 (T21) and PE-Cy7 conjugated anti-

CD69 (H1.2F3). Cells were acquired on a LSRII flow cytometer (BD Bioscience) with 

data analyzed using FlowJo software (v 7.6.5). Based on cell surface markers expression 

three different cell types were identified: SCChigh CD45+ SiglecF+ CD11clow as 

eosinophils, SSChigh CD45+ SiglecF+ CD11chigh as alveolar macrophages [56] and 

SCCmed CD45+ SiglecF- CD11clow as other granulocytes (basophils or neutrophils). These 

three cell types were subsequently classified according to the level of expression of 

CD125 (IL-5 receptor α subunit) as IL-5R negative, medium or high. 

 

Indirect ELISA 

RSV A2-specific IgG antibodies were detected by ELISA using 96-well high 

binding plates (Corning, NY) coated with 106 PFU/mL RSV A2 in 0.05 M carbonate- 

bicarbonate buffer, pH 9.6. Sera or BAL supernatant were added to plates in serial 

dilutions. RSV-specific antibodies were detected with horseradish peroxidase (HRP) 

conjugated antibodies specific for mouse IgG (Southern Biotech) followed by addition of 



 240 

SureBlue TMB 1-Component Microwell Peroxidase Substrate (KPL, Inc.) for 15 min. 

Antibody titers were determined as the last sample dilution that generated an OD450 

reading of greater than 0.2 (mean OD value of background plus 2 standard deviations of 

the mean). 

 

Bioinformatics Analysis 

Predicted gene targets for miR-467f were identified by DIANA TarBase v7.0 

based on the criteria of experimentally validated genes and successful binding of miR-

467f to the 3’UTR of these chosen gene targets. Important pathways associated with 

these gene targets were identified through GeneCards®: Human Genome Database. 

Ingenuity IPA (Qiagen) was also used to identify 56 potential gene targets of miR-467f. 

 

Statistics 

All statistical analyses were performed using GraphPad software (San Diego, 

CA). Statistical significance was determined using a Student’s t-test, One-way ANOVA 

or Two-way ANOVA followed by Bonferroni’s post-hoc comparisons tests, a p value ≤ 

0.05 was considered significant. 

 

Results 

miR-467f mimic enhances mucosal and systemic antibody response 

A RSV vaccine-enhanced disease model was established in mice using the FI-

RSV vaccine prepared as previously described (32).  A miR-467f mimic and a miR-467f 

inhibitor were used to either enhance or attenuate the effects of endogenous miR-467f, 
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respectively. BALB/c mice were primed and boosted by i.m. vaccination on day -42 and -

21, respectively, with 50 µL of FI-RSV (106 PFU equivalents of RSV A2), treated with 5 

nmol of miRNA  (i.n.) or 50 µL of vehicle on day -1, and challenged with 106 PFU of 

RSV A2 on day 0 (Fig. S6.1). Age- and sex-matched naïve control groups received no FI-

RSV immunization.  24 hours post miRNA treatment all mice were challenged with live 

RSV A2, except the naïve group that received no virus (Fig. S6.1). To determine whether 

miR-467f inhibitor treatment exacerbates vaccine-enhanced disease, body weight loss 

was recorded daily from the day RSV challenge (day 0) until all mice were sacrificed on 

day 7 post-infection (pi). As shown in Fig.6.1A, miR-467f mimic or inhibitor treatment 

had no detectable affect on body weight loss, as there was no significant difference in 

body weight loss among treatment groups at any time point post infection (Fig.6.1A). 

Next, the effect of miR-467f mimic and inhibitor on the systemic and mucosal antibody 

response was assessed at day 7 pi. RSV A2-specific antibody levels were measured in the 

serum and the bronchoalveolar lavage (BAL) (Fig.6.1B-D). All groups vaccinated with 

FI-RSV elicited high levels of RSV-specific IgG in the serum (Fig.6.1B), where the FI-

RSV vaccinated mice had a ~60-fold increase in IgG titers compared to naïve mice 

infected with RSV (day 7 pi). Only mice treated with miR-467f mimic elicited 

significantly (p≤0.01) higher serum RSV A2-specific IgG titers (Fig.6.1B). Interestingly, 

a similar trend was observed in the mucosal antibody response, where miR-467f mimic 

treated mice elicited significantly (p≤0.05) higher RSV-specific IgG levels in the BAL as 

compared to the vehicle group, and the miR-467f inhibitor group, but not the miRNA 

scramble control (Fig.6.1C). RSV-specific IgA levels in BAL showed a similar trend to 

the IgG levels, but were not statistically significant (Fig.6.1D). It is not surprising that 
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there was no substantial difference in antibody titers between naïve and naïve+RSV mice 

(day 7 pi). This likely due to the time it takes (approximately 15 days) for IgG, and 

longer for IgA, to reach detectable levels in the serum and mucosal tissues (36, 37).  

Overall, these findings demonstrate that the FI-RSV vaccination elicited an RSV-specific 

B cell memory response, which upon RSV challenge resulted in high RSV-specific IgG 

and IgA levels in the serum and the BAL. Quite interestingly, it appears that local 

enhancement of miR-467f using a miR-467f mimic potentiated the mucosal and systemic 

RSV-specific antibody response, but the local inhibition of miR-467f with a miR-467f 

inhibitor had no detectable impact on the antibody response. 

 

MiR-467f expression levels in the sera and lungs of mice following RSV challenge 

To evaluate the in vivo effect of the miR-467f mimic and inhibitor treatment on 

the endogenous levels of miR-467f, miR-467f expression was measured in the sera and 

the lungs of mice at day 7 post-challenge with RSV (Fig.6.2 and Fig.S6.1). The scramble 

miRNA control group was used to control for off-target effects; the vehicle group was 

used to control for the transfection mixture used for i.n. delivery; the naïve+RSV group 

was used to demonstrate the endogenous levels of miR-467f during live RSV infection 

and the naïve uninfected control was used to calculate the base line expression of miR-

467f (Fig.6.2). As seen in Fig.2A at day 7 pi, the miR-467f level in the sera was 

significantly (p≤0.05) higher in the miR-467f mimic group than in naïve+RSV group or 

the other groups, indicating that i.n. administration of miR-467f mimic on day -1 

enhanced the systemic levels of this miRNA. Conversely, miR-467f expression levels in 

the sera of the mice treated with a miR-467f inhibitor were equivalent to that of the 
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naïve+RSV, vehicle, and scramble groups (Fig.6.2A). In the lung tissue, expression of 

miR-467f was reduced in all treatment groups compared to naïve+RSV mice, and as 

expected mice treated with miR-467f inhibitor showed the most significant (p≤0.05) 

difference compared to the vehicle control (Fig.6.2B). Surprisingly, the group of mice 

treated with miR-467f mimic showed no significant increase in the pulmonary levels of 

miR-467f at day 7 pi compared to the vehicle control (Fig.6.2B). These results show that 

FI-RSV vaccination prior to RSV infection induces immunological changes that result in 

reduced miR-467 expression in the lungs. Further, these results show that i.n. delivery of 

miR-467f mimic results in an increase of serum miR-467f by day 7 pi (day 8 post 

treatment), with no change in pulmonary levels. This data suggests that miR-467f may 

access the blood stream or could stimulate immune cells to produce miR-467f resulting in 

elevated levels of this miRNA. It is possible that at an earlier time point post miRNA 

administration may generate detectable miR-467f expression levels in the lungs.  

 

Enhancement or attenuation of miR-467f does not affect lung viral titers  

Previous studies that characterized the FI-RSV vaccine-enhanced disease 

phenotype showed that mice exhibited reduced viral titers in the lung following RSV 

challenge (12, 38, 39). In addition, there is convincing evidence that the degree of RSV 

virus load correlates with disease severity (40-43). In the earliest phases of the infection, 

activation of host defense mechanisms and regulation of viral replication is governed by a 

variety of mechanisms that involve gene expression that are subsequently governed by 

other factors (37, 40, 44, 45). miRNAs have recently emerged as gene expression 

regulators that have a modulatory role in virus infection by altering the host response in 
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inflammatory and immune cells as well as airway epithelial cells (21, 40, 46-48). To 

evaluate the role of miR-467f in RSV replication, in vitro studies were performed using 

mouse lung epithelial (MLE-15) cells transfected for 48 hours with miRNA scramble, 

miR-467f mimic, miR-467f inhibitor, or vehicle (transfection reagent control) and 

subsequently infected with live RSV A2 at MOI=0.5.  The MLE-15 cells transfected with 

miR-467f mimic had a significantly (p≤0.01) higher viral titers as compared to the 

vehicle and the miRNA scramble control (Fig.S6.2A). Conversely, the miR-467f 

inhibitor treated cells had reduced viral titers compared to the vehicle control and similar 

to miRNA scramble control (Fig.S6.2A). To substantiate that the observed changes in 

viral titers relate to alterations in the miRNA expression levels, RT-qPCR was performed 

to assess miR-467f expression levels among groups. Compared to the miRNA scramble 

control, all groups showed equivalent miR-467f expression levels with the exception of 

the miR-467f mimic where significantly (p≤0.001) higher levels were observed 

(Fig.S6.2B). Taken together, these in vitro results show that the miR-467f inhibitor has 

an antiviral effect whereas the miR-467f mimic has a proviral effect on RSV replication.  

To assess the relationship between viral load and miR-467f expression in vivo, 

lung virus titers were determined at days 5 and 7 post-challenge.  At day 5 post-challenge 

(peak of RSV replication) all groups vaccinated with FI-RSV had considerably lower 

lung viral titers as compared to the naïve+RSV group due to the partial protection 

induced by the FI-RSV vaccine (Fig.6.3A). Mice treated with vehicle control and miR-

467f mimic had lower lung viral titers than miRNA scramble or miR-467f inhibitor, but 

this difference was not significant indicating that miRNA treatment has no effect on RSV 

replication (Fig.6.3A). Moreover, no substantial reduction in RSV genome copy number 
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was observed at daya 5 and 7 pi, indicating that although livr RSV clearance occurs, RSV 

genome remains in the lungs for longer periods of time (Fig.6.3B).   Thus, these results 

indicate that though miR-467f has a proviral effect in vitro at 24 hpi and does not 

detectably affect RSV replication or viral clearance in vivo at days 5 and 7 pi, however it 

does have an impact in the RSV-specific antibody response (Fig.6.1). Therefore, these 

results are suggestive that miR-467f may be linked to the host immune response to RSV 

infection.  

 

MiR-467f inhibition alters the Th1/Th2 phenotype 

It is well known that the FI-RSV vaccine is not a safe and efficacious vaccine as it 

resulted in vaccine-enhanced disease in recipients upon exposure to live RSV (49-53). 

The vaccine enhanced disease is a complex phenomenon that can be in part described as 

the presence of pulmonary eosinophilia and a Th2 biased response in FI-RSV vaccinated 

animals challenged with RSV (39, 51, 54-57), with a predominant increase in IL-4 

expression and other Th2-type cytokines (54). To investigate whether treatment with the 

miR-467f mimic and miR-467f inhibitor altered the Th1/Th2 memory response, the 

frequencies of IFNγ (Th1) and IL-4 (Th2) secreting cells were measured in the spleens of 

treated mice by ELISPOT assay at day 5 and day 7 post-challenge. Splenocytes were 

stimulated with peptides representing the RSV-derived CD4 epitopes F51-66 and G183-198 

and the immunodominant RSV-specific CD8 epitope M282-90 (58). As expected, at day 5 

pi naïve mice infected with RSV developed RSV-specific Th1-type cell response directed 

against the M2 and F proteins (Fig.6.4A), and at day 7 pi most of the cells producing 

IFNγ were M282-90-specific T cells, most likely CD8 T cells (Fig.6.4B). Overall, FI-RSV 
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vaccinated mice challenged with RSV showed increased levels of cells producing IL-4 

expressing cells compared to naïve+RSV mice (Fig.6.4C and 6.4D), with a clear Th2-

type bias response; compared to the mice in the vehicle group of mice there was no 

significant difference in IFNγ-secreting cells among all of the groups at 5 dpi (Fig.6.4A) 

and 7 dpi (Fig.6.4B). However, FI-RSV vaccinated mice treated with the miR-467f 

inhibitor had significantly (p≤0.05) higher frequencies of IL-4 secreting cells as 

compared to the vehicle group at day 5 post-challenge (Fig.6.4C). Similarly at day 7 post-

challenge, the miR-467f inhibitor group also had higher frequencies of IL-4 secreting 

cells than the vehicle group, however this difference was not significant (Fig.6.4D). 

Overall, mice vaccinated with FI-RSV had an exacerbated response to peptide 

stimulation (including the irrelevant peptide GFP) independently of the miRNA treatment 

(Fig.6.4). 

Analysis of cytokines (IFNγ, IL-1α, TNF-α, and IL-2) and chemokines (MCP-1 

and RANTES) in BAL supernatant showed a trend towards of increased cytokine 

expression in the FI-RSV vaccinated groups at days 5 and 7 pi independently of miRNA 

treatment, as a marker for enhanced inflammation in these mice (Fig.6.5). All treatment 

groups had similar IL-1α (Fig.6.5B) and IL-2 (Fig.6.5D) expression at day 5 and day 7 

post-challenge as compared to the respective vehicle groups, but the expression decreased 

by day 7 post-challenge. There was no substantial difference in TNF-α levels among 

treatment groups at days 5 and 7 pi as compared to the vehicle control groups (Fig.6.5C).  

Only the miR-467f mimic group showed significant (p≤0.01) upregulation of RANTES 

expression as compared to the vehicle control groups (Fig.6.5F). IFNγ, IL-5 and Eotaxin 

were significantly increased in the mice treated with miR-467f inhibitor as compared to 
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the vehicle group (Fig.6.5A, 6.6B and 6.6F). At day 5 post-challenge, the levels of MCP-

1 were also higher in the miR-467f inhibitor group compared to the vehicle group, 

however this difference was not statistically significant and expression among all groups 

had diminished by day 7 post-challenge (Fig.6.5E). To investigate this further, the 

frequency of IL-5 producing splenocytes was determined by ELISPOT assay at day 7 

post-challenge. Although there was no significant difference in IL-5 secreting cells as 

compared to the vehicle group, all FI-RSV vaccinated mice had higher frequency of IL-5 

producing cells than naïve+RSV mice (Fig.6.6C). These findings are particularly 

important, as various studies have shown that of the inflammatory mediators postulated 

to contribute to the regulation of eosinophil trafficking and degranulation, only IL-5 (59-

64) and eotaxin (65-68) have been identified to selectively regulate eosinophil function 

(69). Taken together, these results indicate that enhancement of endogenous miR-467f 

levels using the miR-467f mimic does not promote a Th1-type cytokine phenotype; 

however, attenuation of endogenous miR-467f levels using the miR-467f inhibitor 

promotes a Th2-type biased phenotype as compared to the vehicle control. Therefore, 

lack of miR-467f expression appears to further exacerbate the Th2-type response 

previously reported in FI-RSV induced enhanced disease. Importantly, the elevated levels 

of IL-5 and eotaxin in the BAL supernatant of mice treated with the miR-467f inhibitor 

are indicative of eosinophilic inflammation of the airways, which has a critical role in the 

pathogenesis of asthma (69).  

 

Treatment with miR-467f mimic is associated with enhancement of the pulmonary 

CD4+ T cell response and reduced RSV M2-specfic CD8+ T cell response 
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It was important to evaluate the role of miR-467f in pulmonary infiltration and T 

cell activation, as these are characteristics linked to FI-RSV vaccine enhanced disease 

(12, 54, 70). Flow cytometry was used to determine T cell types and CD69 expression 

was used as a marker for T cell activation (71-73). miR-467f mimic treatment was 

associated with a significant (p≤0.01) increase in pulmonary recruitment of CD3+ T cells 

compared to mice treated with the miR-467f inhibitor (Fig.6.7A), and this increase was 

consistent with recruitment of CD4+ T cells (Fig.6.7B) over CD8+ T cells (Fig.6.7C). The 

overall increase in CD4+ T cells observed was also reflected in an increase in the total 

amount of activated CD69+ CD4+ T cells recruited to the lungs (Fig.6.7D). Treatment 

with miR-467f mimic or inhibitor had no impact in the overall proportions of activated 

CD69+ CD4 or CD69+ CD8 T cells compared to the total number of CD3+ T cells 

(Fig.6.8A). Mice vaccinated with FI-RSV had a lower percentage of RSV-specific CD8 T 

cells following RSV infection compared to naïve+RSV mice (~20% vs ~60%), likely due 

to the Th2-type biased response induced by the vaccine (Fig.6.8B). Within FI-RSV 

vaccinated mice, treatment with miR-467f mimic and miR-467f inhibitor had no 

detectable influence on the recruitment of RSV M2-specific CD8+ T cells (Fig.6.8B). 

However, the miR-467f mimic had a significantly (p≤0.05) lower percentage of RSV 

M2-specific CD8+ CD69+ T cells compared to the miR-467f inhibitor (Fig.6.8C), while 

this difference was not observed for the CD8+ CD69- T cells (Fig.6.8D). In summary, 

these results demonstrate that treatment with the miR-467f mimic is linked to enhanced 

pulmonary CD4+ T cell infiltration, resulting in an increase in the number of activated 

CD4+ T cells, reducing the percentage of RSV M2-specific activated CD8+ T cells. This 
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data suggests that miR-467f has an important role in CD4+ and RSV-specific CD8+ T cell 

activation in the airways during vaccine enhanced disease. 

 

miR-467f regulates pulmonary infiltration of granulocyte cells 

IL-5 functions synergistically with the Th2-type cytokines IL-4 and IL-13 (74), and with 

the eosinophil chemoattractant eotaxin to promote eosinophil activation and recruitment 

into tissues in acute inflammatory responses (74). More specifically, IL-5 expression has 

a critical role in eosinophil and basophil differentiation, exerting its effects through the 

IL-5 receptor (IL-5R) (75). Given the considerably elevated levels of IL-5 and eotaxin 

expression induced by the miR-467f inhibitor, it was important to determine the 

correlation with pulmonary granulocyte trafficking and activation. A unique finding 

showed that by flow cytometry macrophage, eosinophil, and other granulocyte cells had 

differential IL-5R α subunit (CD125) expression levels (Fig.6.9). Overall, alveolar 

macrophages (SSChigh CD45+ SiglecF+ CD11chigh) showed moderate levels of IL-5R 

expression (IL-5R medium), whereas contrary to what we expected, most of the eosinophils 

(SCChigh CD45+ SiglecF+ CD11clow) showed low or no detectable expression of IL-5R 

(IL-5Rneg), and a third population of granulocytes (SCCmed CD45+ SiglecF- CD11clow) 

showed the highest levels of IL-5R expression (Fig.6.9 and Fig.S6.3B). The naïve+RSV 

group had significantly (p≤0.05) higher numbers of IL-5Rmed macrophages as compared 

to the miR-467f inhibitor treated mice, but there was no important differences between 

the miR-467f mimic and miR-467f inhibitor treated mice in the number of IL-5Rneg, IL-

5Rmed or IL-5Rhi macrophages (Fig.6.9A). The miR-467f inhibitor treated mice had 

substantially higher numbers of IL-5Rneg eosinophils as compared to the naïve, 
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naïve+RSV, and vehicle groups (Fig.6.9B). There was no significant difference between 

the miR-467f mimic and miR-467f inhibitor treated mice in the number of IL-5Rneg, IL-

5Rmed or IL-5Rhi eosinophils (Fig.6.9B). We had anticipated finding increased levels of 

IL-5R expression in the eosinophil population of the miR-467f inhibitor group since this 

group had upregulation of IL-5 and eotaxin levels in the BAL; however, this may be 

explained by prior in vivo studies that have shown that IL-5-activated eosinophils may 

lose membrane IL-5Rα (mIL-5Rα) and release soluble IL-5Rα (sIL-5Rα) (76, 77). The 

miR-467f inhibitor group had significantly (p≤0.05) higher numbers of IL-5Rmed 

granulocytes compared to the naïve and naïve+RSV groups (Fig.6.9C). Interestingly, the 

miR-467f inhibitor treated mice had considerably higher numbers of IL-5Rhi granulocytes 

compared to the naïve (p≤0.0001), naïve+RSV (p≤0.0001), vehicle (p≤0.0001), scramble 

(p≤0.01), and miR-467f mimic (p≤0.0001) groups (Fig.6.9C). It is highly likely that this 

other granulocyte population is basophils, due to their high IL-5R expression levels and 

granularity; however, additional basophil activation and functional markers are needed to 

confirm this.  

From these different cell populations, leukocyte activation was evaluated using 

CD69 expression in the context of negative-, medium-, and high- IL-5R expression. 

Similar to what we previously observed, the naïve+RSV mice had a significantly 

(p≤0.01) higher number of CD69+ IL-5Rmed macrophages as compared to the miR-467f 

inhibitor, but there was no substantial difference between the miR-467f mimic and miR-

467f inhibitor treated mice (Fig.6.9D). The miR-467f inhibitor group had a significantly  

(p≤0.05) higher number of CD69+ IL-5Rmed eosinophils compared to the naïve and 

naïve+RSV mice, but there was no difference in CD69+ IL-5R expression between the 
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miR-467f inhibitor and the miR-467f mimic treated mice (Fig.6.9E). The miR-467f 

inhibitor treated mice had a significant (p≤0.05) increase in the number of IL-5Rmed and 

IL-5Rhi CD69+ granulocytes compared to all other groups (Fig.6.9F). CD69 expression 

on basophils has been shown as a useful in vitro as well as in vivo marker of activation of 

these cells by IL-3 (78). Taken together, these results indicate that attenuation of miR-

467f expression levels substantially increases pulmonary granulocyte infiltration, and 

likely basophil recruitment. However, enhancement or attenuation of miR-467f 

expression had no substantial effect on pulmonary infiltration of macrophage and 

eosinophil cells. Mast cells, basophils and eosinophils express many of the same 

receptors and cytokines; yet have different effector functions (79). Recent data from 

mouse models show a direct role for basophils in antigen presentation for induction of 

Th2-type responses, with expression of MHC class II molecules and IL-4 production 

(79). Given the data shown, basophils may be a crucial component of the allergic 

inflammation observed in vaccine-enhanced disease.  

 

Identifying functionally relevant gene targets of miR-467f 

In order to understand the biological role of miR-467f, we identified the predicted host 

gene targets and the associated major signal transduction pathways. 56 gene targets were 

identified for miR-467f (Fig.6.S4). Of these predicted gene targets for miR-467f, the top 

10 functionally relevant gene targets were identified by DIANA TarBase v7.0 based on 

the criteria of experimentally validated genes and successful binding of miR-467f to the 

3’UTR of these chosen gene targets (Table 6.1). These are associated with 11 major 

signal transduction pathways (Table 6.1). Of these major signal transduction pathways 
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both PI3K-Akt signaling (80, 81) and TGFβ signaling (82-84) have been previously 

described as having a role in various aspects of RSV infection. Therefore, we examined 

Pten and Klf6 gene expression levels in the lungs of all mice at day 5 post-RSV 

challenge. There were no substantial differences in Pten or Klf6 expression between the 

groups of mice examined at 5 dpi (Fig.S6.5). Overall FI-RSV vaccinated mice had 

somewhat higher Klf6 expression levels as compared to the naïve+RSV group mice, 

however this difference was not statistically significant (Fig.S6.5). Taken together, these 

results suggest that miR-467f regulates the expression of genes other than Pten and Klf6. 

miR-467f is predicted to modulate at least 56 different genes (Fig.S6.4) belonging to 

various pathways, several of which have already been implicated in RSV replication, 

immune response and cell cycle. However, further studies need to be conducted to better 

elucidate the mechanism of action by which miR-467f influences the adaptive immune 

response to FI-RSV induced enhanced disease. Overall, these results demonstrate that 

miR-467f promotes antibody responses and CD4+ T cell recruitment to the lungs of RSV-

challenged mice, without affecting RSV replication in vivo; where as, inhibition of miR-

467f enhances expression of proinflammatory cytokines (i.e. IL-5 and eotaxin) that 

results in recruitment of IL-5Rmed and IL-5Rhi granulocytes and enhanced lung 

pathogenesis.  

 

Discussion 

 The present study provides novel insights into the potential immunomodulatory 

effects of miR-467f expression on the host-virus interface and vaccine enhanced disease. 

Host genetic studies are beginning to outline factors associated with severity of RSV 
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disease; for example, certain polymorphisms in RANTES, IL-8, IL-4, and IL-13 genes 

have been associated with RSV disease (85). However, very little is known about how the 

host miRNA response induced during vaccination and in response to RSV infection 

modulates enhanced disease. These studies demonstrate that attenuation of endogenous 

miR-467f levels in vivo using the miR-467f inhibitor elicits a higher Th2 RSV-specific T 

cell response as compared to the vehicle control. Therefore, the miR-467f inhibitor 

appears to further exacerbate the Th2-type response previously reported in FI-RSV 

induced enhanced disease. The significantly elevated levels of IL-5 and eotaxin in the 

BAL supernatant of mice treated with the miR-467f inhibitor also support the notion of 

eosinophilic inflammation of the airways. Furthermore, numerous studies have shown a 

strong correlation between the presence of eosinophils and their products in the airways, 

disease severity, and airway hyperreactivity (AHR) (69, 86-90). Therefore, these studies 

demonstrate a specific role for miR-467f in the regulation of critical features of vaccine 

enhanced disease and allergic disease.  

 As well as augmenting the cellular immune response resulting in exacerbation of 

FI-RSV induced enhanced disease; this data suggests a role for miR-467f in mechanisms 

related to antibody-mediated protection from RSV. IgA is particularly well suited for the 

control of respiratory virus infections as this isotype is localized to the mucosal lining of 

the respiratory tract (49). IgG can also cross epithelial cells into the respiratory tract and, 

in the absence of IgA, can protect against RSV disease (49) . This study demonstrates 

that mice treated with miR-467f mimic show higher RSV A2-specific IgG and IgA levels 

in the BAL as compared to the other groups. 
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In vitro studies showed that enhancement of endogenous miR-467f expression 

using a miR-467f mimic had a considerable proviral effect as compared to the miRNA 

scramble control. However, no changes in RSV replication were seen in mice treated 

with miR-467f mimic. It is possible that by day 5 post-challenge (6 days post miRNA 

treatment) any initial proviral effect is no longer evident because at this stage RSV has 

completed more than one round of replication. Importantly, mice treated with miR-467f 

mimic showed an increase in local RSV-specific antibody and CD4 T cell response, with 

a substantial increase in CD69+ CD4 T cells, which indirectly suggest that miR-467f may 

increase RSV replication in epithelial cells at early time points, enhancing the amounts of 

viral antigen and triggering stronger local immune response.  Another possibility 

affecting the correlation between the in vitro and in vivo results could be related to the 

chosen route of delivery, low transfection efficiency of miR-467f mimic into airway 

epithelial cells in vivo, as well as lower local concentration of miRNA compared to an in 

vitro setting; but more importantly it highlights the importance of in vivo studies when 

assessing the role of miRNAs on viral replication and pathogenesis. Intranasal delivery of 

the miRNA mimic and inhibitor was chosen to target airway epithelial cells and immune 

cells infiltrating the lung, as this route has been shown previously to be effective (91-94). 

In addition, several studies have used a transfection reagent for in vivo miRNA and 

siRNA delivery in order to protect the naked RNA from rapid degradation. This study 

utilized in vivo tracking using a Dy547-labeled miRNA to demonstrate that the 

exogenous miRNA is in fact penetrating the upper and lower respiratory tract and 

remaining viable during the course of live RSV infection. More specifically, these results 

demonstrate that the miRNA was present in lymphocyte (CD45+) cells obtained from the 
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BAL, lungs, and trachea of mice at 24 hours pre- and 3 days post-infection with RSV 

(Fig.S6.6). 

By inducing gain- and loss- of-function, we describe a physiological role for miR-

467f in linking the innate and adaptive immune response that responds to FI-RSV 

induced enhanced disease. However, further investigation is needed into the subsequent 

impact of miR-467f on key downstream mechanisms that modulate the innate and 

memory contributing to inflammation. Activation of the PI3K-Akt pathway has been 

demonstrated to occur during the early phase of infection by numerous cytopathic 

viruses, such as human immunodeficiency virus, RSV, rubella virus, Coxsackie B virus, 

herpes simplex virus, flaviviruses, influenza virus, adenovirus, hepatitis B virus, and 

severe acute respiratory syndrome-associated coronavirus, and to prolong survival of 

infected cells and thereby promote virus replication (95-97). Based on this information 

from previous studies and as Pten was identified as the top gene target, we evaluated Pten 

mRNA expression in the lungs of all mice. However, we did not observe any change in 

Pten mRNA expression levels among the naïve+RSV, vehicle, scramble, miR-467f 

mimic, and miR-467f inhibitor treated mice at 5 days post-challenge (Fig.S5). This 

observation has caveats, as it is likely that Pten mRNA expression may have been altered 

at earlier time points post-miR-467f mimic treatment, and perhaps day 5 pi was too late 

to see any differences or perhaps genes further downstream in the pathway may have 

shown differential expression at this time point. It remains possible that we may need to 

assess PTEN protein expression to corroborate these findings. There are also other 

miRNAs that target the PI3k/Akt signaling pathway, and thereby perhaps modulating the 

functionality of that pathway by directly or indirectly interacting with miR-467f.  
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In conclusion, our data shows that miR-467f modifies the host immune response 

to vaccination and subsequent RSV challenge. Thus, the present study provides the proof-

of-concept that miRNAs are intimately involved in the cellular and adaptive immune 

response and intracellular mechanisms controlling RSV replication and disease 

pathogenesis, and can be measured as parameters of disease severity and manipulated for 

therapeutic purposes. Further functional investigation of miR-467f in models of vaccine 

enhanced disease and airway inflammation will not only enhance our understanding of 

the mechanisms employed by miR-467f, but also perhaps lead to the development of 

novel therapeutic strategies for RSV patients.  
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Fig. 6.1: Body weight loss and RSV-specific antibody response. (A) Animals were 

weighed daily and percentage of weight loss calculated based on day 0 (n=6 mice/group). 

(B) Sera were obtained from blood taken 7 days post-challenge and RSV A2-specific IgG 

levels were determined by indirect ELISA (n=6 mice/group) BAL supernatant were 

obtained from mice (n=3/group) and (C) RSV A2-specific IgG levels and (D) RSV A2-

specific IgA levels were determined by indirect ELISA. All data is representative of three 

independent experiments. Error bars represent the SEM and results were considered 

significant with a P value ≤0.05 (*) as determined by One-way ANOVA and 

Bonferroni’s test. 
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Fig. 6.2: MiR-467f expression levels in the sera and lungs of mice following virus 

challenge. Groups of BALB/c mice were vaccinated using a prime-boost regimen with 

FI-RSV A2 diluted in PBS on days -42 and -21. On day -1 mice received a single 

treatment of either vehicle, miRNA scramble control, miR-467f mimic, or miR-467f 

inhibitor via i.n. delivery. Control mice (naive and naïve+RSV) did not receive any 

treatment. 24h post treatment all mice received 1x106 PFU of RSV A2 via i.n. delivery or 

control mice (naïve) received no virus. Total RNA isolation was performed on (A) sera 

from total blood (n=5-6 mice/group) and (B) lung homogenates (n=3 mice/group) and 

examined for miR-467f expression levels using RT-qPCR. MiR-467f expression levels 

were normalized by (A) RNU6 expression or (B) 18S rRNA gene expression. Values are 

represented as expression over mock (naïve mice). All data is representative of three 

independent experiments. Error bars represent the SEM and results were considered 

significant with a P value ≤0.05 (*) as determined by One-way ANOVA and 

Bonferroni’s test.  
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Fig. 6.3: Lung viral titers following virus challenge. Groups of BALB/c mice were 

vaccinated using a prime-boost regimen with FI-RSV A2 diluted in PBS on days -42 and 

-21. On day -1 mice received a single treatment of either vehicle, miRNA scramble 

control, miR-467f mimic, or miR-467f inhibitor via i.n. delivery. Control mice (naive and 

naïve+RSV) did not receive any treatment. On day 0, mice received 1x106 PFU of RSV 

A2 via i.n. delivery and control mice (naïve) received no virus. Lung virus titers were 

determined 5 days post-challenge or 7 days post-challenge by (A) plaque assay (n=3 

mice/group) and (B) RSV A2 M gene copy number using RT-qPCR (n=6-8 mice/group). 

The data are presented as PFU/ml of lung homogenate. All data is representative of three 

independent experiments. Error bars represent the SEM and results were considered 

significant with a P value ≤0.05 (*), ns= no significant, as determined by Two-way 

ANOVA and Bonferroni’s test.  
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Fig. 6.4: Frequency of RSV-specific IFNγ and IL-4 secreting cells after virus 

challenge. Groups of BALB/c mice were vaccinated using a prime-boost regimen with 

FI-RSV A2 diluted in PBS on days -42 and -21. On day -1 mice received a single 

treatment of either vehicle, miRNA scramble control, miR-467f mimic, or miR-467f 

inhibitor via i.n. delivery. 24h post treatment all mice received 1x106 PFU of RSV A2 via 

i.n. delivery or control mice (naïve) received no virus. The number of M282-90-specific, 

F51-66-specific, G183-198-specific, and GFP-specific (irrelevant peptide control) IL-4 and 

IFNγ producing splenocytes were determined by ELISPOT in cells harvested at 5 or 7 

days post-challenge. (A) IFNγ producing splenocytes at 5 days post-challenge, (B) IFNγ 

producing splenocytes at 7 days post-challenge, (C) IL-4 producing splenocytes at 5 days 

post-challenge and (D) IL-4 producing splenocytes at 7 days post-challenge. The data are 

presented as cytokine spots/106 splenocytes. Asterisks (*) represent a p-value significant 

compared to the Vehicle group. All data is representative of three independent 

experiments. Error bars represent the SEM from n=6-8 mice/group and results were 

considered significant with a P value ≤0.05 (*) as determined by One-way ANOVA and 

Bonferroni’s test. 



 276 

 



 277 

Fig. 6.5: Differential Th1-type cytokine and chemokine expression patterns amongst 

treatment groups at 5 days and 7 days post-challenge. The level of (A) IFN-γ, (B) IL-

1α, (C) TNFα, (D) IL-2, (E) MCP-1, and (F) RANTES were measured in BAL 

supernatant by Luminex assay, and the data are presented as picograms of cytokine/ mL 

of BAL supernatant at 5 days post-challenge (n=6-8/group) and 7 days post-challenge 

(n=3/group). Asterisks (*) represent a p-value significant compared to the vehicle group 

at 5 days post-challenge and hashtags (#) represent a p-value significant compared to the 

vehicle group at 7 days post-challenge. All data is representative of three independent 

experiments. Error bars represent the SEM and results were considered significant with a 

P value ≤0.05 (*/#), ≤0.01 (**/##) and ≤0.001 (***/###) as determined by One-way 

ANOVA and Bonferroni’s test.  
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Fig. 6.6: Differential Th2-type cytokine and chemokine expression patterns amongst 

treatment groups at 5 days and 7 days post-challenge. The level of (A) IL-4, (B) IL-5, 

(D) IL-6, (E) IL-13, and (F) Eotaxin were measured in BAL supernatant by Luminex 

assay, and the data are presented as picograms of cytokine/ mL of BAL supernatant at 5 

days post-challenge (n=6-8/group) and 7 days post-challenge (n=3/group). (C) The 

number of M282-90-specific, F51-66-specific, G 183-198-sepcific, and GFP-specific (irrelevant 

peptide control) IL-5 producing splenocytes was determined by ELISPOT in cells 

harvested at 7 days post-challenge. Asterisks (*) represent a p-value significant compared 

to the vehicle group at 5 days post-challenge and hashtags (#) represent a p-value 

significant compared to the vehicle group at 7 days post-challenge. All data is 

representative of three independent experiments. Error bars represent the SEM and results 

were considered significant with a P value ≤0.05 (*/#) and ≤0.01 (**/##) as determined 

by One-way ANOVA and Bonferroni’s test.  
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Fig. 6.7: Treatment with miR-467f mimic is associated with enhancement of the 

pulmonary CD4+ T cell response. Groups of BALB/c mice were vaccinated using a 

prime-boost regimen with FI-RSV A2 diluted in PBS on days 0 and 21. Three weeks 

after the boost vaccination mice received a single treatment of vehicle, miRNA scramble 

control, miR-467f mimic, or miR-467f inhibitor via I.N. delivery. Control mice (naive 

and naïve+RSV) did not receive any treatment. 24h post treatment all mice received 

1x106 PFU of RSV A2 via I.N. delivery or control mice (naïve) received no virus. (A) T 

cell (CD3+), (B) CD4+ T cell (CD3+CD4+), (C) CD8+ T cell (CD3+CD8+), (D) CD4+ 

CD69+ T cell, and (E) CD8+ CD69+ T cell infiltration was determined at 7 days post-

challenge by flow cytometry. All data is representative of three independent experiments. 

Asterisks (*) represent a p-value significant for the miR-467f mimic as compared to the 

miR-467f inhibitor. Error bars represent the SEM and results were considered significant 

with a P value ≤0.05 (*) and ≤0.01 (**) as determined by a Student’s t-test.  
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Fig. 6.8: Treatment with miR-467f mimic reduces the pulmonary M2-specific CD8+ 

T cell response. Groups of BALB/c mice were vaccinated using a prime-boost regimen 

with FI-RSV A2 diluted in PBS on days 0 and 21. Three weeks after the boost 

vaccination mice received a single treatment of either vehicle, miRNA scramble control, 

miR-467f mimic, or miR-467f inhibitor via I.N. delivery. Control mice (naive and 

naïve+RSV) did not receive any treatment. 24h post treatment all mice received 1x106 

PFU of RSV A2 via I.N. delivery or control mice (naïve) received no virus. (A) 

percentage of CD69+ T cell, (B) percentage of M2-specific CD8+ T cell, (C) percentage 

of M2-specific CD69+ CD8+ T cell, (D) percentage of M2-specific CD69- CD8+ T cell 

infiltration was determined at 7 days post-challenge by flow cytometry. All data is 

representative of three independent experiments. Asterisks (*) represent a p-value 

significant for the miR-467f mimic as compared to the miR-467f inhibitor. Error bars 

represent the SEM and results were considered significant with a P value ≤0.05 (*) as 

determined by a Student’s t-test.  



 284 

 



 285 

Fig. 6.9: Treatment with miR-467f inhibitor affects pulmonary infiltration of 

granulocyte cells. Groups of BALB/c mice were vaccinated using a prime-boost regimen 

with FI-RSV A2 diluted in PBS on days 0 and 21. Three weeks after the boost 

vaccination mice received a single treatment of vehicle, miRNA scramble control, miR-

467f mimic, or miR-467f inhibitor via I.N. delivery. Control mice (naive and 

naïve+RSV) did not receive any treatment. 24h post treatment all mice received 1x106 

PFU of RSV A2 via I.N. delivery or control mice (naïve) received no virus. (A) 

Macrophage, (B) eosinophil, (C) granulocyte, (D) CD69+ macrophage, (E) CD69+ 

eosinophil, (F) CD69+ granulocyte cell infiltration by IL-5Rneg, IL-5Rmed and IL-5Rhi 

expression was determined at 7 days post-challenge by flow cytometry. All data is 

representative of three independent experiments. Asterisks (*) represent a p-value 

significant as compared to the miR-467f inhibitor. Error bars represent the SEM and 

results were considered significant with a P value ≤0.05 (*), ≤0.01 (**), ≤0.001 (***), 

and ≤0.001 (****) as determined by a Two-way ANOVA and Bonferroni’s test.  
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Table 1: The top 10 functionally relevant gene targets and associated major signal 

transduction pathways of miR-467f. Predicted gene targets for miR-467f were identified 

by DIANA TarBase v7.0 based on the criteria of experimentally validated genes and 

successful binding of miR-467f to the 3’UTR of these chosen gene targets. Important 

pathways associated with these gene targets were identified through GeneCards®: 

Human Genome Database.  
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Fig. S6.1: Vaccination and miRNA treatment schedule for in vivo BALB/c studies. 6 

to 8 mice per group were vaccinated twice with FI-RSV A2 using a prime-boost regimen. 

Control mice (naïve and naïve+RSV) received no vaccinations. Three weeks after the 

boost vaccination mice received a single treatment of either vehicle, miRNA scramble 

control, miR-467f mimic, or miR-467f inhibitor via I.N. delivery. Control mice (naive 

and naïve+RSV) did not receive any treatment. 24h post treatment all mice received 

1x106 PFU of RSV A2 via I.N. delivery or control mice (naïve) received no virus. All 

mice were sacrificed at either day 5 or day 7 post-challenge with RSV A2. 
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Fig. S6.2: MLE-15 cells were transfected with miR scramble, miR-467f mimic, miR-

467f inhibitor, or transfection reagent control. Cells were transfected for 48h prior to 

RSV A2 infection at MOI=0.5. (A) Viral titers were determined at 48 hpi by plaque 

assay. (B) MiR-467f expression levels were determined at 48 hpi by RT-qPCR and 

normalized by 18S rRNA gene expression. Values are represented as expression over 

mock infected. All data is representative of three independent experiments performed in 

triplicate. Asterisks (*) represent a p-value significant compared to the scramble group. 

Error bars represent the SEM and results were considered significant with a P value 

≤0.05 (*), ≤0.01 (**) and ≤0.001 (***) as determined by One-way ANOVA and 

Bonferroni’s test. 
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Figure S6.3: Percentage of CD45+ cell types in BAL. Groups of BALB/c mice were 

vaccinated using a prime-boost regimen with FI-RSV A2 diluted in PBS on days -42 

and -21. Three weeks after the boost vaccination mice received a single treatment of 

vehicle, miRNA scramble control, miR-467f mimic, or miR-467f inhibitor via I.N. 

delivery. Control mice (naive and naïve+RSV) did not receive any treatment. 24h post 

treatment all mice received 1x106 PFU of RSV A2 via I.N. delivery or control mice 

(naïve) received no virus. BAL samples were collected from all mice at day 7 post-

challenge. (A) Four populations of cell types were identified in the BAL (R1-R4) and 

gating strategies are shown in (B). All data is representative of three independent 

experiments and Error bars represent the SEM from n=3 mice per group.  
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Figure S6.4: Ingenuity Pathway Analysis (IPA) of miR-467f gene targets distributed 

by cellular compartment. 56 gene targets were identified for miR-467f by pathway 

analysis using IPA (Qiagen). 
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Figure S5: PTEN and KLF6 expression levels in the lungs of mice following virus 

challenge. Groups of BALB/c mice were vaccinated using a prime-boost regimen with 

FI-RSV A2 diluted in PBS on days -42 and -21. On day -1 mice received a single 

treatment of either vehicle, miRNA scramble control, miR-467f mimic, or miR-467f 

inhibitor via I.N. delivery. Control mice (naive and naïve+RSV) did not receive any 

treatment. 24h post treatment all mice received 1x106 PFU of RSV A2 via I.N. delivery 

or control mice (naïve) received no virus. Lungs were harvested and homogenized from 

all mice at day 5 post-challenge. Total RNA isolation was performed on lung 

homogenates (n=6-8 mice/group) and examined for (A) PTEN expression levels and (B) 

KLF6 expression levels using RT-qPCR. PTEN and KLF6 expression levels were 

normalized by 18S rRNA gene expression. Values are represented as expression over 

mock (naïve mice). All data is representative of two independent experiments. Error bars 

represent the SEM and results were considered not significant with a P > 0.05 (ns) as 

determined by a student’s t-test. 
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Fig. S6.6: Percentage of miRNA positive lymphocytes in the respiratory tract pre- 

and post-infection with RSV. Dy547-labeled miRNA mimic transfection control (GE 

Dharmacon) was resuspended in Opti-MEM (ThermoFisher), then 5µl of DharmaFECT1 

(GE Dharmacon) was added, mixed gently and incubated for 20 minutes at room 

temperature.  Female 6-8 week old BALB/c mice were i.n. administered either 5 nmol of 

miRNA or 50 µl of vehicle (transfection reagent control). 24h post-treatment, a subset of 

mice treated with either miRNA or vehicle were sacrificed and BAL, lungs, and trachea 

were harvested. The additional mice were i.n. challenged with 106 PFU of RSV A2 in 

PBS, at 3 days post-infection (4 days post-treatment) the mice were sacrificed and BAL, 

lungs, and trachea were harvested. The percentage of miRNA+ cells in the BAL (black), 

lungs (grey), and trachea (white) was determined by flow cytometry. For flow cytometry 

analysis, cell suspensions were incubated in FACS staining buffer and blocked with 

FcγIII/II receptor antibody, and subsequently stained with optimized concentrations of 

anti-mouse antibodies obtained from BD bioscience: APC-conjugated MHC class I H-

2Kd tetramer complexes bearing the peptide SYIGSINNI (Beckman Coulter) 

representing the immunodominant epitope of the RSV M2-1 protein (RSV-specific cells), 

PerCP-Cy5.5-conjugated anti-CD45 (30-F11) (CD45+ cells), and Dy547-labeled miRNA 

was visualized using Cy3 channel (miRNA+ cells). Values are represented as percentage 

of miRNA+ cells/CD45+ cells. All data is representative of three independent experiments 

and n=4 mice/group. Error bars represent the SEM and results were considered 

significant with a P value ≤ 0.05 (*) and ns= no significant as determined by One-way 

ANOVA and Bonferroni’s test. 
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CHAPTER 7 

CONCLUSIONS 

 

 Respiratory syncytial virus (RSV) infection occurs in the majority of children 

during infancy, and by 2 years of age over 80% of children have been infected (1, 2). In 

addition, 2-3% of infants with RSV infection are admitted to the hospital, presenting 

clinically with bronchiolitis or pneumonia (1, 2). In addition, RSV infection does not 

confer long-term protection, as reinfections occur throughout life, which poses a 

substantial disease risk in elderly individuals and immunocompromised patients (3, 4).  

Despite more than 50 years of research there are no licensed vaccines to prevent RSV 

infection, and prophylaxis treatment is limited to passive immunization with palivizumab, 

a humanized anti-F monoclonal antibody (4). Palivizumab is expensive, and its use is 

limited to high-risk infants and young children (4).  Current therapeutic options for RSV 

are limitied, and treatment is primarily supportive care; bronchodilators and inhaled and 

systemic corticosteroids have been shown as minimally effective (4-6).  

 Given that the high burden of RSV disease, it warrants substantial effort to 

develop a safe and efficacious vaccine. The first clinical trial using a formalin-inactivated 

RSV (FI-RSV) vaccine resulted in disastrous outcomes in young patients upon RSV 

infection; of which, many patients developed enhanced pulmonary disease and required 

hospitalized, and 2 deaths occurred (4, 7, 8). Efforts to develop an effective RSV vaccine 

have led to extensive investigation of the immune response to RSV; however, the 
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development of vaccine enhanced disease remains a critical concern in the development 

of a safe and efficacious RSV vaccine. Recent studies also suggest that there is an 

association between RSV-induced bronchiolitis and asthma within the first decade of life 

(2). Therefore, despite the considerable progress made in our understanding of several 

aspects of respiratory viral infections, further investigation needs to be done to 

understand the pathogenesis of FI-RSV and establish immune correlates of protection 

from RSV, as well as elucidate molecular mechanisms governing early virus-host 

interactions during the RSV infection process. 

 More recently, microRNAs (miRNAs) have emereged as gene expression 

regulators with the potential to modulate airway inflammation and lung diseases (9-11). 

miRNAs comprise a class of highly conserved noncoding single-stranded RNA 

molecules, approximately 18-25 nt in length (9). Their biological functions include 

modulation of the innate (11-16) and adaptive (17-22) immune response as well as other 

nonimmuniological cell functions (9, 23-25). In addition, the scope of biological function 

is wide, ranging from the regulation of cell differentiation and proliferation to influencing 

apoptosis (9). The long-term goal of this research project was to evaluate miRNA 

expression profiles as biomarkers for determing vaccine protection and disease outcomes 

for RSV infection. The specific hypothesis was that an alteration in the expression of host 

miRNAs implicated in chronic inflammatory diseases of the lung could be utilized as 

biomarker for disease outcome and vaccine-enhanced disease upon subsequent RSV 

infection. In addition, better knowledge of miRNA regulation may be a valuable target 

for novel approaches to prevent and treat inflammatory diseases of the lung. 
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 Specific Aim 1: To determine the pattern and tempo of miRNA expression profiles 

in an in vivo BALB/c mouse model post-vaccination/pre-RSV challenge and post-

vaccination/post-RSV challenge. In Chapter 3, we found that RSV infection and 

vaccination induced expression of nine host miRNAs that showed unique expression 

profiles in the lung compared to naïve mice. Specifically, miRNAs previously implicated 

in asthma and airway hyperresponsiveness were differentially expressed in response to 

vaccine candidates and live RSV vaccination that prime for protection and enhanced 

disease following RSV challenge. In addition, the differential expression of these lung 

miRNA profiles among the vaccine candidates appeared to correlate with other immune 

correlates (Th2-type immune response and cytokine production) and markers of disease 

severity (lung viral load and pulmonary inflammation). In addition, we identified six 

miRNAs in the lungs of BALB/c mice (miR-21, miR-145, miR-146b, miR-155, let-7d, 

and let-7f) that showed unique expression patterns in correlation with specific vaccine 

adjuvants, which shows that adjuvants alone produce characteristic miRNA profiles. To 

our knowledge, this is the first report of miRNA expression profiles of RSV vaccine 

candidates and vaccine adjuvants. These findings provide proof-of-principle for the 

utilization of miRNAs as potential biomarkers of vaccine efficacy, and may be important 

in forwarding RSV vaccine development. 

 In chapter 4, a miRNA PCR array was used to screen 84 miRNAs implicated in 

the activation and differentiation of T cells and B cells; briefly, sera was collected from 

BALB/c mice vaccinated with model vaccines (GA2-MP, FI-RSV, RSV CP52) and 

evaluated for miRNA expression levels at various time points post vaccination/pre-

challenge and post-/vaccination/post-challenge with RSV at 106 PFU. We identified 50 
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unique miRNAs post-prime vaccination, 75 unique miRNAs post-boost vaccination, and 

50 unique miRNAs post-challenge with RSV that were differentially expressed among 

the model vaccines. In addition, array analysis showed that each vaccine induced 

vaccine- and temporal-specific miRNA expression patterns, and that vaccination and 

subsequent RSV infection caused a group of common and distinct differentially 

expressed miRNAs. The model vaccines were also evaluated for immune correlates and 

clinical markers of disease severity to link known vaccine-induced immunological 

responses to miRNA expression profiles, thereby demonstrating their potential use as 

novel biomarkers for RSV vaccine safety and efficacy. 

 Specific Aim 2: To develop an in vitro model to characterize miRNAs expressed 

by lung epithelial cells in response to RSV antigens and vaccines. As demonstrated in 

Chapter 5, we identified key differences in cellular and exosome miR-associated 

expression patterns in MLE-15 and CALU3 cells infected with live RSV and uvRSV. In 

addition, these studies demonstrate that exosomes preferentially incorporate specific 

miRNAs as their cargo during RSV infection, as shown by the upregulated exosome-

derived miRNA-associated expression patterns of miR-126, miR-155, let-7d, and let-7f. 

Intracellular miRNA expression was also evaluated using a novel P19 protein-based 

immunostaining technique, both RSV-infected and uninfected lung epithelial cells (MLE-

15 cells) induced miRNA expression by 8 hpi, and miRNA induction was detected at 

both 24 and 48 hpi as well. Taken together, these studies identified common miRNAs 

that may have a major role in the innate response mounted against RSV, and perhaps 

other respiratory pathogens and lung injuries. 
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 Specific Aim 3: To utilize bioinformatic tools to identify functionally relevant 

gene targets of particular miRNAs. In chapter 6, the role of miR-467f was evaluated 

regarding cellular and humoral immune responses to FI-RSV vaccination and subsequent 

RSV infection using gain- and loss- of function studies. To investigate the biological role 

of miR-467f, we identified 56 predicted host gene targets for miR-467f using Ingenuity 

Pathway Analysis (IPA) software. The top 10 functionally relevant gene targets were 

identified using DIANA TarBase v7.0, and 11 major signal transduction pathways were 

found to be associated with these gene targets. Of these major signaling transduction 

pathways both PI3K-Akt signaling and TGFβ signaling have been previously implicated 

in various aspects of RSV infection. This data demonstrates that further studies are 

needed to elucidate the mechanism of action by which miR-467f influences the adaptive 

immune response to FI-RSV induced enhanced disease. 

 Specific Aim 4: To develop RNA interference (RNAi) approaches to target the 

expression of miRNA biomarkers of interest. Chapter 6 focused on evaluating the 

potential immunomodulatory role of intranasal delivery of exogenous miR-467f mimic 

and miR-467f inhibitor in mice using FI-RSV vaccination as a model of vaccine 

enhanced disease.  In addition, we examine features of the antiviral effect, host immune 

response, histopathology, and in vivo tracking of miR-467f treatment. These studies 

utilized in vivo tracking of exogenous miRNA delivery using a Dy547-labeled miRNA, 

and we found that the miRNA was present in lymphocytes (CD45+) cells obtained from 

the BAL, lungs, and trachea of mice at 24 hours pre- and 3 days post-infection with RSV. 

We demonstrated that miR-467f promoted antibody responses and CD4+ T cell 

recruitment to the lungs of RSV-challenged mice, without affecting RSV replication in 
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vivo; where as, inhibition of miR-467f enhances expression of proinflammatory cytokines 

(i.e. IL-5 and eotaxin) that results in recruitment of IL-5Rmed and IL-5Rhi granulocytes 

and enhanced lung pathogenesis. Therefore, the miR-467f inhibitor appears to further 

exacerbate the Th2-type response previously reported in FI-RSV induced enhanced 

disease. 

 Taken together, this work establishes that miRNAs are intimately involved in the 

cellular and adaptive immune response and intracellular mechanisms controlling RSV 

replication and disease pathogenesis, and can be measured as parameters of disease 

severity and manipulated for therapeutic purposes. These studies identified common 

miRNAs whose expression altered in response to inflammatory responses; therefore, 

commonalities in the changing expression of specific miRNAs suggest that these 

miRNAs may have a critical role in vaccine-induced immune responses and the innate 

response to RSV infection. In conclusion, these findings may offer promising biomarkers 

for vaccine development and novel targets for developing new therapies against RSV 

infection. Furthermore, with the emergence of miRNAs across many disease platforms, 

these studies provide innovations that facilitate detection of miRNAs, as well as 

techniques that allow for their characterization in biofluids, tissue samples, and exosomal 

vesicles. In addition, a better understanding of the influence of miRNAs on RSV disease 

pathogenesis provides a valuable contribution to the research field, in terms of applying 

this knowledge across species. 
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