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ABSTRACT 

 Human respiratory syncytial virus (RSV) is the leading cause of severe 

respiratory disease and hospitalizations in infants and young children.  It also causes 

significant morbidity and mortality in elderly and immunocompromised populations.  

Despite 50 years of effort, no licensed vaccine exists.  Parainfluenza virus 5 (PIV5), a 

paramyxovirus that causes no known human illness, has been used as a platform for 

vector-based vaccine development.  We hypothesized that PIV5 could be used as a vector 

to develop RSV vaccines.  We generated vaccine candidates expressing either the fusion 

(F) or attachment (G) proteins of RSV and evaluated them in various pre-clinical animal 

models.  When tested in rodents and nonhuman primates, the vaccines were safe, 

immunogenic, and protective against RSV infection.  The vaccines were also stable after 

multiple passages in vitro and a single passage in vivo.  We sought to improve on the 

original F-expressing candidate by modifying the PIV5 vector, by modifying the F 

antigen, or by changing the position of the F gene insertion in the PIV5 genome.  We 

found that changing the position of the F gene insertion resulted in an improved vaccine 

candidate that was effective when administered intranasally or subcutaneously.  These 



results suggest that PIV5 presents an attractive platform for developing vector-based 

vaccines against RSV infection. 
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CHAPTER 1 

INTRODUCTION 

Human respiratory syncytial virus is the leading cause of pediatric respiratory 

infection and hospitalizations (1).  Since re-infection with RSV can occur throughout life, 

it is also a significant cause of morbidity and mortality in aged and immune-

compromised populations (2).  Despite efforts over the last several decades, no licensed 

vaccine exists.  Parainfluenza virus 5 (PIV5) has been used in our lab to develop several 

vaccine candidates against a variety of pathogens.  PIV5 has shown to be a promising 

vector, as it is safe, efficacious, and is able to overcome pre-existing host immunity (3–

9).  Therefore, the long-term goal of our studies is to develop a potential vaccine 

candidate against RSV using PIV5 as a vector.  The fusion (RSV-F) and attachment 

(RSV-G) proteins of RSV are known to play important roles in inducing protective 

immune responses against RSV infection (10, 11).  Therefore, we hypothesize that using 

PIV5 to express RSV-F or RSV-G will enable us to generate a safe and efficacious 

vaccine candidate.  The rationale for these studies is that successful completion will not 

only help advance the field of RSV vaccine research, but the results will also further our 

understanding of the immune responses elicited by PIV5 when used as a vector.  We will 

examine the following specific aims:   

Specific aim 1: To develop vaccine candidates against human RSV using 

parainfluenza virus 5 (PIV5) as a vector to express RSV surface glycoproteins.  The 

working hypothesis is that PIV5-expressing RSV-F or RSV-G will be able to elicit RSV 
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antigen-specific humoral responses and provide protection against RSV infection in 

various animal models. 

Specific aim 1a: To evaluate the efficacies of PIV5 expressing RSV-F or RSV-G 

as vaccines to prevent RSV infection in mice. 

Specific aim 1b: To evaluate the efficacies of the above vaccines in cotton rats, a 

more relevant model for RSV vaccine evaluation. 

Specific aim 1c: To examine the replication and evaluate the efficacies of the 

above vaccines in RSV-experienced and RSV-naïve non-human primates. 

Specific aim 1d: To determine the sequence stability of the vaccine candidates in 

vitro and in vivo.  In light of earlier studies involving the serial passage of PIV5 

expressing EGFP, the working hypothesis is that the PIV5 expressing RSV-F or RSV-G 

will remain stable through in vitro and in vivo passage. 

Specific aim 2: To improve the rPIV5-RSV-F vaccine candidate by engineering 

RSV-F to be more immunogenic and/or by modifying the PIV5 vector to enhance RSV-F 

presentation.  The working hypothesis is that deleting the SH gene from the PIV5 

backbone and/or expressing pre-fusion mutants of RSV-F will improve the current 

vaccine candidate by enhancing apoptosis and by eliciting highly neutralizing antibodies, 

respectively (6, 12, 13). 
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CHAPTER 2 

LITERATURE REVIEW 

RSV Classification and History 

Human RSV (RSV) is an enveloped, non-segmented negative-sense RNA virus 

with a genome of approximately 15,200 nucleotides.  It belongs to the order 

Mononegavirales, family Paramyxoviridae, subfamily Pneumovirinae, and genus 

Pneumovirus.  RSV is a prototypical Pneumovirus that has counterparts that infect other 

animal species (e.g. bovine RSV (bRSV), ovine RSV (oRSV) and pneumovirus of 

rodents that infect other animal species (1).  RSV was first isolated in 1956 from a colony 

of chimpanzees with coryza and identified as chimpanzee coryza agent (2).  That same 

year, the virus was recovered from two children, one with pneumonia and the other with 

croup (3, 4).  The virus was renamed respiratory syncytial virus due to its ability to 

promote the formation of syncytia in infected tissue culture cells (3).  Etiological studies 

performed during the 1960s demonstrated a prominent association between lower 

respiratory tract illness and isolation of RSV from affected children, providing evidence 

that RSV is a major cause of childhood respiratory disease (4–9).  Studies of RSV 

infection among seropositive children and adults showed that symptoms of re-infection 

are generally milder, but that primary infection fails to provide long-lasting immunity (8–

10). 

 RSV strains are subdivided into two distinct antigenic groups, A and B.  Early in 

vitro neutralization studies showed that monoclonal antibodies raised against the F, G, 
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and N proteins of RSV Long, A2, and CH-18537 strains demonstrated virus-binding 

patterns that could be categorized into three groups, two of which were similar (11).  

Mufson et al. developed antibodies against the F, G, M, N, and P proteins of the Long 

strain and found that they reacted with different clinical isolates in two distinct patterns, 

leading to the designation of A and B subgroups.  The RSV Long and A2 strains belong 

to subgroup A, while CH-18537 belongs to subgroup B.  The variation between the A 

and B subgroups were attributed to differences in the G protein (12).  Johnson et al. 

determined the nucleotide and amino acid sequences of G mRNAs from the Long and 

CH-18537 strains and compared them to the A2 strain.  The Long and A2 strains share 

94% amino acid identity, while CH-18537 only shares 53% amino acid identity with A2 

(13).  Further sequencing studies of the variable region of G of clinical isolates revealed 

distinct clades, designated GA1 to GA5 for group A and GA1 to GA7 for group B (14).  

Subsequent studies identified two additional clades for the A subgroup (15).  Studies 

associating disease severity with different subgroups have yielded conflicting results.  

Some groups have reported that subgroup A viruses cause more severe RSV disease, 

while others have reported that there is no correlation between subgroup and disease 

severity (16–18).             

RSV Virion Structure and Morphology 

The RSV virion structure is pleomorphic when propagated in cell lines (19–21).  

Cryo-electron tomography has shown the presence of three virus morphologies: 

spherical, filamentous, and asymmetric (20, 21).  The spheres range from 100 nm to 1 µm 

in diameter.  The filaments are 70-190 nm wide and up to 10 µm in length (20, 22).  
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Filtration studies have shown that the filamentous viral particles are the predominant 

infectious form of RSV (19).  

Inside the particle, the single-stranded RNA (ssRNA) genome is encapsidated 

within the nucleocapsid.  The nucleocapsid associates with proteins that comprise the 

RNA-dependent RNA polymerase (RdRp).  The viral envelope surrounds these 

components and contains glycoproteins that protrude from the virus surface.  The matrix 

layer lines the interior of the viral envelope, providing structure to the particle (1). 

RSV Genome and Proteins 

The RSV genome contains 10 genes in the following order: (3’) NS1-NS2-N-P-

M-SH-F-G-M2-L (5’) (23).  These genes encode 11 proteins, with M2 encoding the 

proteins M2-1 and M2-2 (24).  Nonstructural proteins 1 and 2 (NS1 and NS2) are 

involved in suppressing host type I and type III interferon (IFN) responses and promoting 

anti-apoptotic pathways in the cell (25–29).  The nucleoprotein (N) encapsidates the 

RNA genome and protects it from degradation by host proteins.  N, along with the 

phosphoprotein (P) and large polymerase (L) protein, form the minimum unit required for 

RNA replication (23).  M2-1 is a processivity factor that prevents the premature 

termination of RNA transcription (30, 31).  M2-2 is involved in switching RNA synthesis 

between transcription and replication (24).  The M (matrix) protein lines the inside of the 

virus envelope and is important in virus packaging and budding.  The F glycoprotein 

mediates fusion between the viral membrane and the host cell, as well fusion between the 

membranes of infected cells.  Unlike other paramyxoviruses, expression of F alone is 

sufficient to mediate fusion and does not require the involvement of G, the attachment 

protein (32).  G is the heavily glycosylated surface protein involved in virus attachment 
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to host cells.  It contains two hypervariable mucin-like regions that are poorly conserved 

between different virus strains.  It also has a conserved central region that contains a 

CX3C motif, which plays a role in cytokine mimicry and immune evasion (33).  The 

short hydrophobic (SH) protein has viroporin-like properties and is able to downregulate 

apoptosis as well as TNF-α signaling (34, 35). 

RSV Entry and Replication Cycle 

RSV attachment to the host cell is mediated by both G and F (36).  Following 

attachment, the virus has been shown to enter the cell by multiple mechanisms.  

Srinivaskamur et al. found that RSV fused directly with the target membrane, much like 

other paramyxoviruses (37).  However, studies by Kolokoltsov et al. showed RSV 

entered via clathrin-mediated endocytosis (38).  San-Juan-Vergara et al. demonstrated 

RSV entry by a two-step mechanism in which hemifusion occurs at cholesterol-rich 

plasma membrane domains followed by endocytosis and fusion in endosomes (39).  A 

more recent study by Krzyzaniak et al. showed RSV is internalized by macropinosomes 

and penetrates the cell prior to fusion with endolysosomal compartments (40).  The 

precise mechanism of RSV entry remains unclear.  

Following entry, the processes of RSV gene expression and genome replication 

are similar to those of other non-segmented negative-strand RNA viruses (41).  The 

genome is transcribed by the RdRp to generate capped, methylated, and polyadenylated 

subgenomic mRNAs.  These mRNAs are translated by host cell machinery to produce the 

viral proteins.  The genome is also transcribed to produce the positive-sense antigenomic 

RNA, which is used as the template for producing more negative-sense, genomic RNA.  

The RdRp initiates transcription and replication at promoter sequences located at the 3’ 
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ends of the genomic and antigenomic RNAs. The leader (Le) sequence at the 3’ end of 

the genomic RNA controls the initiation of mRNA transcription.  The trailer (Tr) 

sequence at the 3’ end of the controls synthesis of the antigenome (42).  Once a sufficient 

amount of viral genome and proteins have been produced, the genome is packaged into 

the virion and buds out of the cell in a process largely coordinated by M.  

PIV5 Classification and History 

Parainfluenza virus 5 (PIV5) is a member of the order Mononegavirales, family 

Paramyxoviridae, subfamily Paramyxovirinae, and genus Rubulavirus (1).  It was first 

discovered in 1956 as a contaminant in rhesus monkey primary kidney cell cultures and 

named simian virus 5 (SV5) (43).  However, later epidemiological studies suggested that 

SV5 was not of simian origin.  Wild-caught monkeys with no evidence of SV5 exposure 

seroconverted in captivity, suggesting that infection occurred during transit or through 

human contact (44–46). There was also evidence that SV5 naturally infects humans (46, 

47).  However, these results have been confounded by the possibility that SV5 could have 

been a contaminant in the cells used for virus isolation. Furthermore, since SV5-specific 

antibodies cross-react with those of other paramyxoviruses viruses in hemadsorption 

assays, early serological tests of SV5 immune status may not be reliable (48, 49).  

However, with data strongly suggesting that SV5 was of non-simian origin, the name was 

changed to PIV5 in 2009 (1). 

No human disease has been reliably attributed to PIV5 infection.  Goswami et al. 

reported the presence of antibodies against PIV5 in the cerebrospinal fluid (CSF) of 

multiple sclerosis (MS) patients, suggesting a possible link between the virus and the 

disease (50).  This link was later dismissed.  Vankdvik and Norrby were unable to 
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confirm that PIV5 was a major immunogen in the CSF of MS patients and attributed 

Goswami et al.’s findings to cross-reacting antibodies against other paramyxoviruses 

(51).  Furthermore, antibodies against PIV5 have been detected in the CSF of patients 

with a variety of neurological disorders, showing that it is not likely the etiological agent 

of MS (52). Cohn et al. found that both MS patients and healthy individuals had positive 

proliferative T-cell responses to PIV5, further confirming that the virus does not cause 

MS (53). The results from this study also suggest that the human population has been 

widely exposed to PIV5 with no apparent disease. 

PIV5 has also been isolated from a variety of other animals. It has been associated 

with kennel cough in dogs, but experimental infection of dogs with PIV5 does not cause 

kennel cough (54–56). PIV5 has been found in cows, cats, hamsters, and pigs, but the 

host range of the virus is still unclear (43, 44, 46, 57). 

PIV5 Genome Organization and Proteins 

The PIV5 genome contains 7 genes that encode 8 proteins.  The genes follow the 

order: (3’) NP-P/V-M-F-SH-HN-L (5’).  NP encapsidates the RNA genome and forms a 

helical nucleocapsid structure that protects the genome from degradation by cellular 

nucleases.  The P mRNA is generated from the P/V gene by the insertion of two 

nontemplated guanine residues into the transcript via RNA editing.  The P protein does 

not have enzymatic activity, but serves as a cofactor for the viral polymerase to regulate 

transcription and replication.  NP, P, and L (large polymerase protein) together form the 

RdRp (1).  Faithful transcription of the P/V gene results in expression of the V protein, 

which plays an important role in counteracting the host antiviral responses (58).  The 

matrix (M) protein coordinates the viral budding process and provides structure to the 
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virion.  The fusion protein (F), hemagglutinin-neuraminidase protein (HN), and small 

hydrophobic protein (SH) are envelope proteins.  F is a surface glycoprotein that 

mediates the fusion of viral and host cell membranes.  HN mediates attachment via sialic 

acid receptors on the cell surface and also cleaves them, preventing virus aggregation at 

the cell membrane during budding.  HN also activates F to promote membrane fusion (1).  

The small hydrophobic protein (SH) has anti-apoptotic activity, and deleting SH from 

PIV5 induces apoptosis in L929 cells through a TNF-α-dependent extrinsic mechanism 

(59).  

PIV5 as a Vaccine Vector 

Development of a reverse genetics system for PIV5 has enabled researchers to 

engineer it to express foreign genes and use it as a vector for vaccines.  Given the anti-

PIV5 immunity in humans, anti-vector immunity may be a problem.  Our recent studies 

indicate that pre-existing immunity to PIV5 does not negatively affect immunogenicity of 

a PIV5-based vaccine in dogs, demonstrating that pre-existing anti-PIV5 immunity is not 

a concern for using PIV5 as a vector (60).  This result is consistent with the report that 

neutralizing antibodies against PIV5 do not prevent PIV5 infection in mice (61).  The 

genome structure of PIV5 is also stable, in contrast to positive strand RNA viruses such 

as poliovirus (62).  Recombinant PIV5 expressing GFP has been generated, and the GFP 

gene was maintained for more than 10 generations (the duration of the experiment) (63).  

PIV5 can be grown to 8x108 PFU/ml, demonstrating its potential as a cost-effective, safe 

vaccine vector that is amenable to mass production.   

PIV5 has been used as a platform for developing vector-based vaccines against 

other viruses.  A single-dose immunization of PIV5 expressing the rabies virus 
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glycoprotein G protects mice against lethal rabies virus challenge (64).  Additionally, a 

single-dose inoculation of as little as 103 PFU of PIV5 expressing H5 hemagglutinin 

(HA) protects against lethal H5N1 challenge in mice (65).  Also, PIV5 expressing the NP 

protein of influenza virus (PIV5-NP) provides broad protection against different subtypes 

of influenza viruses (66).  Immunization with PIV5-NP is more efficacious than 

immunization with either adenovirus (AdV) or vaccinia virus (VV)-based vectors 

expressing NP.  In the best result reported to date, a single inoculation of 1010 virus 

particles of replication-deficient AdV-NP conferred only 80% protection of mice from 

lethal H1N1 challenge and the mice lost close to 30% of body weight (67).  There is no 

report of a successful single inoculation of AdV-NP against H5N1 challenge in mice.  

MVA, a modified vaccinia virus-Ankara strain containing a deletion in the late genes, has 

been used extensively as a vaccine vector.  However, MVA expressing NP did not 

provide immunity against lethal influenza virus challenge (68).  Together, these results 

demonstrate that PIV5 has the potential to be an effective vaccine vector.  Importantly, 

intranasal administration of PIV5 is effective for eliciting robust mucosal immune 

responses (65), and thus ideal for vaccinating against respiratory pathogens. 

RSV Transmission and Symptoms 

RSV is spread by large droplet or fomite transmission.  The onset of illness 

typically occurs three to five days after infection.  Primary infection is usually 

symptomatic, with upper respiratory symptoms including coughing, sneezing, sore throat, 

rhinorrhea, and nasal congestion.  These symptoms can be accompanied by fever and 

otitis media.  RSV infection can also cause lower respiratory tract illness, such as 

bronchiolitis and pneumonia.  Wheezing may be present during acute infection, and 
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airway hyperreactivity may be observed later in life.  Symptoms of repeat infection are 

generally milder than those observed during primary infection (23).  

RSV Pathogenesis 

Disease associated with RSV infection is due to a combination of damage caused 

by the virus as well as the host immune response.  Tissue culture models of RSV 

infection have demonstrated that the virus is not especially cytopathic, as it does not 

cause widespread tissue destruction (69, 70).  Infection is generally restricted to the 

ciliated superficial cells of the respiratory tract (69).  Pathologic changes include necrosis 

of ciliated cells, influx of inflammatory cells, and excessive mucus production.  The 

accumulation of cell debris, inflammatory infiltrates, and mucus obstructs the bronchioles 

and alveoli.  In patients with pneumonia, the interalveolar walls thicken and the alveoli 

fill with fluid.  Interestingly, syncytia formation in vivo has only been observed on 

occasion (23). 

In humans, RSV infection triggers the infiltration of many immune cells, with 

neutrophils being the most abundant cell type (71).  The neutrophil response precedes the 

peak CD8+ T-cell response (which occurs during convalescence), suggesting that some of 

the disease caused during acute infection is possibly neutrophil-mediated (72).  However, 

studies in murine models have demonstrated the involvement of both CD8+ and CD4+ T-

cells in both viral clearance and disease.  In depletion studies of T lymphocytes in mice, 

Graham et al. observed a dominant role of CD8+ T-cells in contributing to disease (73).  

However, in light of the results from the Lukens et al. study, the role of CD8+ T-cells in 

pathogenesis is unclear.  Th2 biasing of the CD4+ T-cell response is also thought to 

contribute to disease, as Th2-like immune responses lead to increased mucus production 
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and wheezing, hallmarks of RSV infection.  Furthermore, a positive correlation has been 

observed between increased IL-4 production and RSV disease severity (74).  Despite this 

evidence, there have been mixed reports of Th1 and Th2-biased immune responses in 

infants with severe RSV infection.  Furthermore, since neonates are born with a Th2 bias, 

it is possible that the Th2 response is due to the status of the infant immune system, and 

not the virus (75). 

RSV Immunobiology 

RSV innate immunity 

Toll-like receptors.  Innate immunity is important in eliciting the early defense 

against RSV infection.  RSV possesses pathogen-associated molecular patterns (PAMPs) 

that are recognized by pattern recognition receptors (PRRs). RSV is known to stimulate 

Toll-like receptors (TLRs), RIG-I-like receptors (RLRs), and nucleotide oligomerization 

domain (NOD)-like receptors (NLRs) on immune cells and in tissues.  

TLR2 is expressed on the surface of immune cells as a heterodimer in complex 

with TLR1 or TLR6.  TLR2 typically recognizes lipoproteins and lipoteichoic acid from 

bacteria but can also be stimulated by RSV (76, 77).  RSV infection triggers TLR2/6 

signaling on leukocytes and induces the production of TNF-α, IL-6, CCL2, and CCL5.  It 

also promotes neutrophil trafficking and dendritic cell activation in the lung.  Mice 

deficient in TLR2 or TLR6 are less able to control RSV replication, indicating that these 

TLRs play an important role in innate immunity against RSV.  

TLR3 is an intracellular receptor that recognizes double-stranded (dsRNA) (76).  

While RSV is a single-stranded RNA virus, dsRNA intermediates are formed during its 

replication cycle (78).  Following stimulation, TLR3 signals through TRIF to induce the 
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activation of NF-κB and the production of type I IFNs (76).  Groskreutz et al. found that 

RSV infection of A549 cells and primary human tracheobronchial epithelial cells 

increased TLR3 and protein kinase R (PKR) expression, leading to NF-κB activation and 

IL-8 production. Interestingly, TLR3 expression was only detectable on the cell surface 

following RSV infection, sensitizing cells to repeat dsRNA exposure.  These results 

suggest a possible mechanism for airway hyperresponsiveness that is observed in RSV 

patients after infection.  TLR3 expression during RSV infection is also important for IP-

10/CXCL10 and CCL5 production, two chemokines that have been previously reported 

to correlate with disease severity (78). 

TLR4, a surface receptor essential for lipopolysaccharide (LPS) recognition, is 

also known to play a role in RSV recognition (76, 79).  RSV interacts with TLR4, with 

CD14 acting as a co-receptor, and activates NF-κB in vivo (79, 80).  The early innate 

response occurs independent of virus replication shortly after infection and is dependent 

on TLR4 activation.  The later response requires virus replication but is TLR4-

independent (80).  TLR4 signaling is important for RSV immunity, as TLR4-deficient 

mice have reduced NK cell and CD4+ T-cell recruitment to the lung during RSV 

infection.  These mice also demonstrate reduced NK cell function, decreased IL-12 

production, and delayed viral clearance (81).  TLR4/CD14 signaling is also important for 

the production of the pro-inflammatory cytokines IL-6 and IL-8 in epithelial cells (82). 

The clinical significance of TLR4 signaling in humans is unclear.  Awomoyi et al. 

reported that polymorphisms (SNPs) encoding N299G or T399I substitutions in the 

TLR4 ectodomain correlate with symptomatic RSV infection in high-risk infants. These 

substitutions have been previously associated with decreased TLR4 responsiveness and 
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increased susceptibility to bacterial infections (83).  Conversely, increased TLR4 

expression on blood monocytes isolated from infants has been linked with increased RSV 

disease severity (84).  Still, other groups have reported that there is no correlation 

between TLR4 expression and RSV disease (85, 86).  Thus, while RSV interacts with 

TLR4 to trigger innate immune responses, the clinical significance of the interaction is 

unclear. 

TLR7, an endosomal TLR that detects ssRNA, is also known to play a role in 

innate immunity against RSV.  Stimulation of TLR7 leads to the production of type I 

IFNs and inflammatory cytokines (87).  RSV infection in TLR7-deficient mice results in 

increased inflammation and mucus production.  These mice also have increased levels of 

IL-4, IL-13, and IL-17, and their dendritic cells display reduced IL-12 production and 

increased IL-23 production.  These results suggest that TLR7 is important for RSV 

immunity, and its absence leads to a dysregulated Th17-like T-cell response that leads to 

enhanced mucus production.  

Rig-I-like receptors.  Retinoic acid-inducible gene I-like receptors (RLRs) are a 

family of cytoplasmic RNA helicases that detect viral RNA (88).  RIG-I is one member 

of this family known to be important in RSV innate immunity.  RSV infection of A549 

cells stimulates RIG-I signaling within 12 hours and activates the NF-κB and IRF-3 

pathways, leading to the early production of IFN-β, IP-10/CXCL10, CCL5, and ISG15.  

RIG-I signaling also regulates TLR3 induction through the production of IFN-β (89).  

The viral protein NS2 is able to inhibit both the RIG-I and TLR3 pathways.  NS2 binds to 

the N-terminus of the caspase activation and recruitment (CARD) domain of RIG-I, 

inhibiting its interaction with the downstream effector, mitochondrial antiviral signaling 
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protein (MAVS).  This blocks the activation of NF-κB and IRF-3, and the subsequent 

production of type I IFNs and inflammatory cytokines (88). 

RSV adaptive immunity 

 Immunity against RSV infection is mostly attributed to neutralizing antibodies.  

The F and G proteins are the major viral antigens capable of eliciting the production of 

neutralizing antibodies (90, 91).  Animal studies involving passive transfer of serum 

antibodies or the administration of monoclonal antibodies have demonstrated protective 

roles against RSV infection (92–94).  Studies in humans have shown an inverse 

correlation between neutralizing antibody titers and risk of infection (95).  Furthermore, 

the administration of the commercial monoclonal antibody, Synagis (palivizumab), is 

used to prevent severe infection in high risk populations, such as premature infants (96).  

Since serum antibodies enter the respiratory tract by passive transudation, a relatively 

high level of serum neutralizing antibodies is required to confer protection 

(approximately 1:380 for a 99% reduction in virus in the lower respiratory tract and 

1:3500 in the upper respiratory tract based on the cotton rat model) (94).  Secretory IgA 

is also known to play a protective role against RSV infection, but the protection is not as 

long-lived (97, 98). 

 While antibodies are important for preventing infection, T-cell responses to RSV 

are important for viral clearance.  Murine studies have shown that both CD4+ and CD8+ 

T-cells responses are required for complete viral clearance (73).  CD8+ T-cells recruited 

to the site of infection secrete cytokines and induce lysis of infected cells.  IFN-γ has 

been shown to be particularly important, as the adoptive transfer of CD8+ T-cells 

deficient in IFN- γ production fail to protect against RSV challenge (99).  The secretion 
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of perforin and granzymes, or the upregulation of Fas ligand induce the apoptosis of 

infected target cells.  The role of T-cells in protection against RSV is especially apparent 

in individuals with T-cell deficiencies, as they experience prolonged virus shedding 

(100).  However, as was previously discussed, both of these T-cell subsets, while 

protective, have also been implicated as contributors to RSV disease. 

At-Risk Populations 

It has been previously mentioned that the major at-risk populations for RSV 

infection are infants, the elderly, and the immunocompromised.  These groups have 

immunological differences that have implications for developing vaccine candidates. 

Infants 

Infants are at risk for infection due to immunological immaturity, as well as 

inherent differences in immunity due to the transition from the in utero environment to 

the outside. Infants have dampened innate immune responses. For example, neonatal 

neutrophils have impaired chemotactic and killing capabilities. Antigen-presenting cells 

(APCs) also display impaired chemotaxis, phagocytic function, and expression of co-

stimulatory molecules. Infants tend to produce different cytokine profiles in response to 

infection compared with adults, which may be a consequence of biased TLR stimulation. 

They have reduced production of pro-inflammatory cytokines, such as TNF-α, IL-12, and 

IFN-γ, in response to LPS. Their production of IL-10, IL-6, and IL-23 tends to be higher 

than in adults. This bias from Th1-type cytokines towards Th2/Th17-type cytokines is 

thought to contribute to disease susceptibility, but may be necessary for survival in utero 

(101). 
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In terms of adaptive immunity, CD4+ T-cell responses in infants tend to be lower 

and more Th2-biased. This pattern along with sub-optimal APC function contribute to 

sub-optimal CD8+ T-cell responses. Humoral responses after primary infection tend to be 

lower in magnitude and short-lived, but get boosted with repeat exposure to RSV, 

suggesting immunological immaturity. B-cells in infants express lower levels of CD40, 

CD80, and CD86 costimulatory molecules, making them less responsive to signals from 

other immune cells. Low expression of CD21 supports the production of memory B-cells 

but suppresses the development of antibody-producing plasma cells, therefore 

suppressing antibody production (102). Maternal antibodies transferred through the 

placenta provide immune protection but wane within the first three months of life. 

Maternal antibodies can also suppress primary antibody responses in the infant (103). All 

of these factors together (blunted innate and adaptive responses, along with Th2-biasing) 

enhance infant susceptibility to RSV infection. 

Immunocompromised 

Depending on nature of their underlying condition, immunocompromised 

individuals are more susceptible to RSV infection for many reasons. HIV-positive 

patients have impaired virus clearance due to T-cell deficiency and can shed virus for 

months, whereas healthy individuals shed virus for a few weeks. Hematopoietic stem cell 

transplant patients are most susceptible to RSV infection, especially prior to engraftment, 

because their immune systems have been globally depleted. Organ transplant patients are 

not just susceptible to RSV infection due to immunosuppressive therapy, but RSV 

infection has also been associated with organ rejection (23). In patients with chronic 
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obstructive pulmonary disorder (COPD), RSV infection and the resulting inflammation 

can exacerbate COPD symptoms and further impair breathing (104). 

Elderly 

Elderly adults are a particularly high-risk population due to immune senescence. 

Similar to infants, aged adults have defects in innate immunity. Neutrophil chemotaxis 

and killing capabilities are impaired. Dendritic cells have reduced phagocytic capabilities 

as well. Whereas infants have normal TLR expression levels but defects in TLR 

stimulation, elderly individuals have decreased TLR expression and function. These 

defects in innate immunity impact the first-line response to RSV infection. 

Reduced T-cell function is a hallmark of immune senescence. Cytotoxic T-cell function 

is diminished. Long-lived CD4+ T-cells in the peripheral compartment develop defects in 

forming immunological synapses, T-cell receptor signaling, and proliferation. These 

defects result in reduced B-cell help and antibody production. With aging also comes a 

shift from Th1 to Th2-type responses. Th17 responses are also upregulated in response to 

increased production of IL-6. Serum IgG levels against RSV seem to remain relatively 

stable even with aging. Thus, elderly individuals are more likely to have trouble clearing 

RSV infection due to reduced T-cell function (15). 

Target Groups for Vaccination 

Target groups for vaccination can be divided into four categories: children less 

than six months old, children more than six months old, elderly adults, and pregnant 

women.  Each group has different underlying immunological factors and vaccination 

goals that need to be achieved. 
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Children less than six months of age should be vaccinated with the goal of 

preventing serious complications caused by RSV infection.  These children comprise the 

most susceptible population and have the highest hospitalization rates of any of the target 

groups (105).  Vaccinating this group is particularly challenging because the presence of 

maternal antibodies can suppress the infant’s immune response to vaccination (103, 106).  

Factors associated with immunological immaturity will also impact vaccine efficacy (75).  

Lastly, since many of these children have not yet been primed with live RSV infection, 

they are at risk for vaccine-induced enhanced disease.  The best vaccines for this group 

will be live attenuated vaccines or live vectored vaccines. 

Children who are more than six months old are less likely to have serious RSV-

associated complications than younger infants, but they should still be vaccinated with 

the purpose of preventing serious complications and reducing RSV transmission to close 

contacts.  These infants will still be immunologically immature, but maternal antibodies 

levels should wane significantly by six months of age (103).  Like younger infants, the 

best vaccination approach for this group is likely live attenuated or vectored vaccines. 

Vaccinating pregnant women or women of childbearing age is another viable 

strategy to protect infants from RSV infection.  It has been shown that newborns with 

higher maternal antibody titers are less likely to develop serious RSV disease, and 

children become more susceptible as maternal antibody levels wane (107).  Vaccinating 

mothers will boost antibody titers and increase passive protection to the fetus.  Ideally, 

these passive antibodies will protect the newborns until they are immunologically more 

mature and can mount better immune responses to vaccination.  Pregnant women and 

women of childbearing age will likely have pre-existing antibodies against RSV, so the 
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ideal vaccine candidate should safely boost these antibodies to high enough levels to 

protect the fetus.  Subunit vaccines will likely be the best vaccination strategy for this 

population. 

Elderly individuals should be vaccinated because there is significant RSV-

associated morbidity and mortality in this population.  The goal of vaccinating this group 

is to prevent serious respiratory complications and to reduce transmission.  Elderly 

individuals have pre-existing antibodies against RSV and have complicating factors 

associated with immune senescence.  Therefore, these individuals should be immunized 

with either live vectored vaccines or with adjuvanted subunit vaccines to boost 

neutralizing antibody titers. 

Vaccine Antigens 

Fusion protein 

The respiratory syncytial virus fusion protein (RSV-F) is a surface glycoprotein 

that mediates virus-cell fusion and cell-cell fusion.  It is incorporated into the viral 

particle and is expressed on the surface of infected cells upon infection.  RSV-F is a type 

I transmembrane protein that is synthesized as the inactive precursor F0.  F0 is 

glycosylated as it passes through the Golgi network and is then proteolytically cleaved by 

furin-like proteases before being presented on the cell surface as disulfide-linked F1 and 

F2 subunits.  Cleavage of F0 releases a 27-amino acid peptide called pep27 that has 

tachykinin activity and is believed to be immunomodulatory (108).   

RSV-F exists in a meta-stable, pre-fusion conformation on the virion surface and 

on the surface of infected cells.  Triggering events induce dramatic structural 

rearrangements, in which the hydrophobic fusion peptide inserts into the target 
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membrane, and the protein folds into a highly stable, post-fusion conformation.  The 

energy released during this process is believed to drive the fusion of the two opposing 

membranes (109).   

Since RSV-F exists in multiple conformations, the exposed antigenic sites differ 

depending on the protein conformation.  Studies using monoclonal antibodies against 

RSV-F have enabled researchers to identify several distinct antigenic sites.  Sites I and IV 

exist on the post-fusion conformation and are associated with neutralizing activity (110–

112).  Site II is also exposed on both the pre-fusion and post-fusion conformations, and is 

the target of the highly neutralizing antibodies, palivizumab and motavizumab (113, 114).  

Recent studies have shown that the most potent neutralizing antibodies are directed 

against antigenic site φ, which exists on the pre-fusion conformation of F (115–117).  

These discoveries have spurred interest in developing RSV structure-based vaccines and 

therapeutics. 

Attachment protein 

The major glycoprotein of RSV (RSV-G) is a heavily glycosylated surface 

glycoprotein that mediates virus attachment to the host cell.  It is a type II transmembrane 

protein that also has a secreted form that is translated from an alternative start codon in 

the N-terminus of the open reading frame (1).  RSV-G is not required for RSV 

replication, but the RSVΔG virus exhibits growth defects in HEp-2 cells and in vivo.  In 

vitro, RSV-G attaches to glycosaminoglycans (GAGs) on the cell surface, but likely uses 

other receptors in vivo (33, 118).  The protein has two mucin-like hypervariable regions 

that flank a central conserved region.  The central conserved region contains a cysteine-

rich CX3C motif that binds CX3CR1 receptors on leukocytes and mimics fractalkine 



 

24 

(33).  This chemokine mimicry reduces leukocyte trafficking in the mouse lung, leading 

to dampened innate and adaptive immune responses (119).  RSV-G also interacts with the 

C-type lectin, DC-SIGN, but DC-SIGN is not a functional receptor.  RSV-G binding to 

DC-SIGN decreases dendritic cell activation via ERK1/ERK2-mediated pathways (120).  

Antibodies against RSV-G do not efficiently neutralize virus infectivity, but can inhibit 

RSV-G-host interactions and block the immunomodulatory effects. 

Small hydrophobic protein 

The small hydrophobic protein of RSV (SH) has also been examined as a vaccine 

antigen.  RSV-SH is a weakly immunogenic viral surface antigen that has a pentameric 

structure with putative viroporin function. It is not required for RSV replication.  It is 

believed that antibodies against SH are non-neutralizing but can mediate protection 

against RSV infection through an antibody-dependent cellular cytotoxic (ADCC) or an 

antibody-dependent cellular phagocytic (ADCP) mechanism (121).     

Vaccine History 

Formalin-inactivated RSV vaccine 

In the 1960s, a formalin-inactivated, alum-precipitated RSV vaccine (FI-RSV) 

was developed and tested in children.  The vaccine regimen consisted of three 

immunizations.  During the following RSV season, the vaccine not only failed to protect 

against RSV infection, but it also enhanced disease in many of the vaccinees.  Of the 31 

infants vaccinated, 25 children required hospitalization and two died.  In contrast, only 

one child out of 40 in the control group required hospitalization (122).  Incidence of 

enhanced disease diminished as children grew older, but was observed in vaccinees up to 

37 months old at the time of vaccination (123). 
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Examination of lung tissue from the children who died showed extensive 

pulmonary inflammation.  Airways were also obstructed with epithelial cell debris and 

cellular infiltrates consisting of mononuclear cells, neutrophils, and eosinophils.  Fibrin 

deposition was also observed.  However, these signs of enhanced disease were 

complicated by the fact that these children also had bacterial co-infections (124).  There 

have been several proposed immune mechanisms explaining why enhanced disease 

occurred in the FI-RSV-vaccinated children.    

Poorly neutralizing antibodies fail to neutralize virus and facilitate the 

formation of immune complexes, potentiating disease.  One possible factor was that 

the process of formalin-inactivation altered the immunogenic epitopes of RSV F and G, 

eliciting the production of antibodies that bound viral antigen, but were non-neutralizing. 

Cotton rats immunized with FI-RSV developed enhanced disease upon RSV challenge, 

and despite developing high F and G-specific antibody titers measured by ELISA, their 

neutralizing antibody levels were 1/20th of those of cotton rats who were infected with 

RSV. It was believed that formalin was responsible for enhancing disease, as live virus or 

virus heated in the absence of formalin did not potentiate disease in cotton rats (125). 

Similarly, examination of sera from infants enrolled in the FI-RSV vaccine trial showed 

that those who received the FI-RSV developed high antibody titers when measured by 

ELISA, but these antibodies were less neutralizing than the antibodies of infants who 

were infected with RSV (126, 127). Poorly neutralizing antibodies fail to protect against 

RSV infection, and high levels of non-neutralizing antibodies have been associated with 

the deposition of immune complexes and disease potentiation (128). 
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Poor TLR stimulation leads to aberrant affinity maturation.  The antigen 

disruption mechanism does not explain how cotton rats immunized with purified protein 

have been reported to show signs of enhanced disease (129). Another potential 

mechanism for FI vaccine failure was that poor TLR stimulation led to poor B-cell 

activation, which in turn led to the production of antibodies with low avidity for RSV. 

While low avidity antibody responses may be sufficient for protection against some 

viruses, it seems as though protection against RSV requires the production of high-

avidity antibodies. RSV infection stimulates the engagement of TLRs 2, 3, 4, and 7, 

while non-replicating, UV-inactivated RSV only weakly stimulates a subset of these 

TLRs, such as TLR4. Delgado et al. found that the production of high-avidity antibodies 

against RSV requires sufficient TLR activation and B-cell activation. Exogenous TLR 

agonists boost TLR stimulation and can help non-replicating vaccines enhance the 

production of high-avidity antibodies (130). Thus, the production of poorly neutralizing 

antibodies can be attributed to poor TLR stimulation in addition to antigen disruption by 

formalin treatment. 

Aberrant CD4+, CD8+, and Treg T-cell responses lead to enhanced disease.  

T-cell responses against RSV infection are important in virus clearance.  However, 

vaccine-enhanced disease upon challenge has been attributed to aberrant T-cell 

responses, as antibodies alone are not sufficient to cause this effect (129). FI-RSV-

immunized mice show reduced pulmonary lesions when depleted of CD4+ T-cells prior to 

challenge, suggesting that CD4+ T-cell responses contribute to enhanced disease. FI-

RSV-immunized mice also have low levels of cytotoxic T-cells compared to RSV-

infected mice, demonstrating that FI-RSV vaccination also skews CD8+ T-cell responses 
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(131). This is further reinforced by studies in which priming a CD8+ T cell response in 

FI-RSV-vaccinated mice abrogates pulmonary eosinophilia after RSV challenge (132). 

Increased infiltration of CD4+ T-cells into the lung and impaired recruitment of Treg cells 

has also been attributed to enhanced disease. Compared to RSV-infected mice, FI-RSV-

vaccinated mice have a significant increase in CD4+ T-cell infiltration accompanied by 

low numbers of Treg cells upon challenge. Supplementing these mice with the 

chemokine ligands CCL17 and CCL22 recruits airway Tregs and helps reduce CD+ T-

cell recruitment, as well as weight loss associated with enhanced disease (133). 

Addition of carbonyl groups on proteins boost Th2 responses.  Enhanced 

disease induced by FI-RSV vaccination has been associated with enhanced IL-4, IL-5, 

and IL-13 production and tissue eosinophilia, all characteristics of a poorly-protective, 

Th2-biased immune response (134–136). The association between FI vaccine candidates 

and enhanced disease is not unique to RSV, as the effect has also been observed with FI 

measles virus (MeV), human parainfluenza virus 3 (HPIV3), and human 

metapneumovirus (HMPV) (137–139). Moghaddam et al. have proposed a mechanism in 

which the addition of reactive carbonyl groups to proteins through formalin treatment 

induces a Th2-biased immune response upon immunization. In their study, they re-

created the FI-RSV vaccine candidate used in the human trials and either reduced it with 

NaBH3CN or left it unreduced. Mice that received unreduced FI-RSV developed 

increased disease and weight loss upon RSV challenge, accompanied by elevated levels 

of IL-5 and IgG1 antibodies, all signatures of Th2 responses and vaccine-enhanced 

disease. Mice that received the reduced formulation did not show any of these signs 
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(140). Thus, it is possible that the carbonyl modifications on antigens are responsible for 

biasing the immune response towards a Th2 response. 

In the years since the FI-RSV vaccine trial, a number of RSV vaccine candidates 

have been developed using various approaches, as described below. 

Live attenuated vaccine candidates 

A live attenuated vaccine candidate, cpts248/404, was generated by cold 

passaging RSV in tissue culture and performing chemical mutagenesis (141).  It was 

immunogenic and well-tolerated in children six months of age and older, but under-

attenuated and poorly immunogenic in one to two-month-old infants.  These infants 

experienced upper respiratory infections and rises in serum and mucosal IgA, but no 

increase in neutralizing antibody titers (142). 

The development of a reverse genetics system for RSV allowed groups to 

engineer live attenuated candidates with defined mutations, short passage histories, and 

increased genetic stability.  The candidate rcp248/404/1030ΔSH was developed to further 

attenuate cpts248/404.  The growth of this candidate was 10 times more restricted in 

seronegative children and well-tolerated in one to two-month-old infants.  However, it 

was only moderately immunogenic.  Furthermore, recovery of rcp248/404/1030ΔSH 

isolates from vaccinees showed phenotypic instability.  Over 33% of the isolates had a 

one to two degree increase in temperature sensitivity, which was associated with the loss 

of the 248 or 1030 mutations (143). 

MEDI-559 was a stabilized version of rcp248/404/1030ΔSH that contained 

changes in the codon encoding the 248 mutation to decrease the chance of reversion to 

the wild-type sequence.  This candidate underwent phase I/II clinical trials in which it 
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was tested in five to 23-month-old infants.  MEDI-559 was highly immunogenic with a 

95% seroresponse rate, but there was an increased number of medically-attended lower 

respiratory tract infections in vaccinees (144).  Another version of MEDI-559 was 

developed in order to further improve genetic stability and delete the NS2 gene to reduce 

type I IFN antagonism.  The RSVΔNS2Δ1313I1314L candidate had similar replication 

levels in chimpanzees compared to MED-559 and is being prepared for testing in clinical 

trials (145–147). 

The most recently tested live attenuated RSV candidate is ΔM2-2, which contains 

a deletion of most of the M2-2 open reading frame.  The M2-2 protein acts as a switch 

between mRNA synthesis during early infection and genomic RNA synthesis later in the 

cycle.  This mutant exhibits decreased genomic RNA replication, but increased mRNA 

transcription and increased antigen production (24).  When tested in seronegative 

chimpanzees, ΔM2-2 was highly restricted in the upper respiratory tract and undetectable 

in the lower respiratory tract.  Serum neutralizing antibody titers were slightly lower than 

those induced by wild-type RSV infection, but the animals were still protected against 

RSV challenge (148).  The candidate has also been tested in healthy adults, seropositive 

children, and seronegative children.  Healthy adults and seropositive children did not 

shed the vaccine virus, suggesting that it is highly attenuated in these groups.  

Seronegative children shed the vaccine virus, but shedding was more restricted when 

compared to rcp248/404/1030/ΔSH.  There was a 95% seroresponse rate in seronegative 

vaccinees and no evidence of increased illness.  During the following RSV season, 30% 

of the seronegative vaccinees had increases in serum neutralizing antibody titers without 
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medically attended respiratory illness, suggesting that vaccination with ΔM2-2 induced a 

memory response upon infection with circulating RSV (149). 

Live attenuated RSV vaccine candidates have the advantage of containing all or 

most of the RSV antigens to elicit broad humoral and cell-mediated immune responses.  

A major hurdle of developing these vaccine candidates is striking a balance between 

attenuation, immunogenicity, and stability.  Furthermore, use of these candidates is 

largely limited to seronegative populations, as RSV-experienced groups have antibodies 

that neutralize the vaccine.  Similarly, maternally-derived antibodies in infants pose a 

problem because these antibodies can also neutralize live-attenuated vaccines.  Despite 

this, several candidates have been developed and tested in clinical trials with promising 

results.     

Vectored vaccine candidates 

Vectored RSV vaccines have the advantage of expressing defined RSV antigens 

in replicating systems while avoiding challenges associated with residual RSV 

pathogenicity.  Vectors are also able to induce immunity in a manner that is distinct from 

wild-type RSV infection, which only confers short-lived protection.  Ideally, vectored 

vaccines can be used in RSV seropositive as well as seronegative populations because the 

vector should be safe but still robustly express RSV antigens in the human host. 

Vesicular stomatitis virus-based candidates.  Vesicular stomatitis virus (VSV) 

has been used as a vector to express RSV-F or RSV-G because it infects a wide variety of 

cells and has shown to be a promising vector for developing vaccines against measles and 

influenza viruses (150).  However, VSV is a neurotropic virus that raises concerns about 

safety.  Candidates expressing RSV-F and RSV-G have been developed using both wild-



 

31 

type VSV and VSVΔG, the latter of which lacks the VSV attachment protein that 

mediates VSV neurotropism.  All four candidates induced the production of RSV-specific 

IgG in mice, but serum neutralizing antibody titers were low or undetectable.  The 

VSVΔG-RSV-G candidate failed to protect mice against challenge.  Mice vaccinated 

with the other three candidates had no detectable challenge virus in the lungs.  All 

animals immunized with the vaccine candidates had significant pulmonary inflammation, 

lymphocyte infiltration, and damage to the bronchial epithelium.  However, since there 

was no RSV-primed and RSV-challenged group for comparison, it is unclear whether the 

level of inflammation observed in vaccinated animals was in fact enhanced.  Further 

studies are warranted to examine the suitability of a VSV-based RSV vaccine (151). 

Vaccinia virus-based vaccine candidates.  The modified vaccinia virus Ankara 

(MVA) vector was generated by passaging a vaccinia virus Ankara strain over 570 times 

in chicken fibroblast embryo cells, resulting in a virus that replicates efficiently in avian 

cells but replicates poorly in humans and cannot produce infectious progeny (152).  This 

vector was engineered to express RSV-F, RSV-G, or both, and the candidates were 

evaluated in several animal models.  The different studies produced mixed results.  Wyatt 

et al. found that MVA-RSV-F and MVA-RSV-G protected mice against RSV challenge 

when administered intranasally or intramuscularly.  MVA-RSV-G immunization fully 

protected the lower respiratory tract and provided a 2 log10 reduction of challenge virus in 

the upper respiratory tract.  MVA-RSV-F completely protected both upper and lower 

respiratory tracts.  MVA-RSV-FG boosted IgG titers in mice previously immunized with 

cpts248/404, suggesting that it could be used to boost immunity in seropositive 

populations.  Unfortunately, serum neutralizing antibody titers and post-challenge lung 
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inflammation were not examined in this study (153).  Olzewska et al. found that mice, 

immunized with MVA-F or MVA-G intraperitoneally, cleared challenge virus more 

rapidly than control mice.  However, these mice lost weight similar to the FI-RSV 

immunized mice and had signs of enhanced disease (154). The inconsistencies between 

the two mouse studies may be explained by the use of different vaccine doses and 

different routes of administration.  When MVA-F and MVA-FG were evaluated in 

seronegative calves, the vaccine candidates protected against lower respiratory bRSV 

infection with no evidence of enhanced disease (155).  This study had the advantage of 

testing vaccine efficacy against RSV infection in a natural host.  Interestingly, when 

MVA-F and MVA-G were tested in seronegative infant rhesus macaques, they induced 

very low levels of serum neutralizing antibodies and did not protect against RSV 

challenge (156).  Given the inconsistent results of the various MVA-RSV vaccine studies, 

more studies are required to determine whether these candidates are efficacious and 

whether they cause enhanced disease. 

Newcastle disease virus-based vaccine.  A Newcastle disease virus (NDV) 

vectored RSV vaccine was developed by using the lentogenic Hitchner B1 NDV strain to 

express RSV-F.  When tested in both interferon-α receptor knockout (IFNAR-/-) and 

BALB/c mice, the vaccine candidate only decreased RSV lung titers by 1 log10 in both 

mouse models (157). 

Sendai virus-based vaccines.  Sendai virus (SeV), a murine virus closely related 

to human parainfluenza virus 1 (HPIV1), has been explored as a vector for an RSV 

vaccine.  HPIV1 is a major cause of croup in children, and a chimeric vaccine against 

both HPIV1 and RSV is of significant interest.  Intranasal infection of African green 
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monkeys with SeV fully protects against HPIV1 infection, making it an attractive 

xenogeneic vaccine candidate (158).  Cotton rats intranasally immunized with 

recombinant SeV expressing RSV-F develop both humoral and cell-mediated immune 

responses against RSV and are protected against lower respiratory tract RSV/A and 

RSV/B infection (159).  Sendai virus expressing RSV-G also protects cotton rats against 

challenge with a homologous RSV/A strain, but combining with SeV-RSV-F does not 

appear to improve efficacy of the F-expressing candidate (159, 160).  African green 

monkeys immunized with SeV-RSV-F develop partial upper respiratory tract and 

complete lower respiratory tract protection against RSV infection.  SeV-RSV-F also 

confers protection in a cotton rat maternal antibody model.  Cotton rats passively 

administered RSV-neutralizing antibodies and then vaccinated with SeV-RSV-F are 

protected against RSV challenge three months later.  These results suggest that infants 

with maternal antibodies against RSV can still be immunized with this vaccine candidate 

(161).  One drawback of using SeV as a vector, however, is that pre-existing immunity 

against HPIV1 significantly impacts vaccine efficacy.  HPIV1-seropositive adults do not 

shed SeV when experimentally infected, suggesting that the virus may be too highly 

attenuated to be used as a vaccine vector in this population (162). 

Human parainfluenza virus 3-based vaccine.  MEDI-534 is a chimeric, 

recombinant vaccine consisting of a bovine parainfluenza virus 3 (bPIV3) backbone 

engineered to express the human PIV3 (hPIV3) fusion protein, hPIV3 hemagglutinin-

neuraminidase (HN), and RSV fusion protein (F).  In a Phase 1 study conducted in 

seronegative children of ages 6 to 24 months, all subjects seroconverted in response to 

hPIV3, but only 50% seroresponded to RSV (163).  Sequence analysis of post-
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vaccination nasal wash samples showed mutations in the poly A sequence downstream of 

the bPIV3 nucleocapsid gene (N) as well as in the F open reading frame.  These variant 

subpopulations existed at low levels in the administered vaccine, and the mutations were 

implicated in the down-regulation of F expression and subsequent reduction in the 

antibody response against F (164). 

Subunit and particulate vaccine candidates   

Numerous subunit and particulate-based RSV vaccine candidates have been 

developed using a variety of approaches.  Unlike replicating vaccines, these candidates 

do not pose immediate safety concerns in children and elderly or immunocompromised 

adults.  However, non-replicating vaccines raise concerns regarding enhanced disease in 

infants upon natural exposure to RSV.  These candidates also encounter challenges with 

immunogenicity and often require co-administration with an adjuvant.   

BBG2nA. One subunit vaccine, BBG2Na, is an RSV-G-based candidate that has 

been tested extensively in animals and humans.  The vaccine consists of the central 

conserved region of RSV-G (G2Na) fused to the C-terminus of the albumin-binding 

region of streptococcal protein G (BB).  Fusion of the RSV-G subunit to the streptococcal 

protein G increases the in vivo half-life of the antigen.  When administered with alum, 

BBG2Na induced high RSV-specific IgG antibody titers but low neutralizing antibody 

titers in mice and cotton rats.  Both the upper and lower respiratory tracts of mice were 

protected from RSV challenge, but only the lower respiratory tracts of cotton rats were 

protected (165).  Intramuscular immunization of infant cynomolgus macaques induced 

the production of RSV-specific IgG, but no neutralizing antibody titers.  Two out of four 

immunized monkeys also developed IL-13-producing T-cell responses, raising concerns 
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about RSV disease potentiation.  The vaccine did not reduce RSV loads in the 

bronchoalveolar lavage (BAL) fluid when measured by qRT-PCR (166).  The lack of 

vaccine efficacy in infant macaques was attributed to immunological immaturity in these 

animals, but the results of the study still warranted concerns about vaccine safety.   

When initially evaluated in healthy adult volunteers, BBG2Na was well-tolerated 

and immunogenic.  All of the vaccinees had at least a two-fold increase in G2Na-specific 

IgG titers, and 71% had at least a two-fold increase in serum neutralizing antibody titers 

(167).  However, vaccine failed to advance when two healthy young adults in a phase II 

clinical trial developed type III sensitivity reactions (purpura) after vaccination (168).  

Therefore, while BBG2Na appeared somewhat promising in small animal models, 

concerns regarding its safety ultimately caused it to fail.     

RSV particulate vaccines. The company, Novavax, Inc., has developed an RSV-

F-based particulate vaccine.  The RSV-F protein has been engineered to contain 

mutations in furin cleavage site II and a 10 amino-acid deletion in the fusion domain.  

When expressed in Sf9 insect cells using a baculovirus vector, the purified recombinant F 

protein assembles into 40-nm particles that consist of multiple F trimers in a post-fusion 

or intermediate post-activation conformation.  Intramuscular vaccination of cotton rats 

with different doses of the F particles elicited the production of neutralizing antibody 

titers, which increased 3.5 to 18-fold with the addition of alum adjuvant.  Some of these 

antibodies were specific for RSV-F antigenic site II, as they were able to inhibit 

palivizumab binding in a competitive ELISA. The vaccine candidate completely 

protected the lungs against RSV infection with no evidence of enhanced disease (169). 
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A phase I clinical trial conducted in healthy adults demonstrated that the F 

particle vaccine is safe and immunogenic.  Seropositive 18 to 49 year-old adults were 

intramuscularly immunized two times with various doses of particles with or without 

alum.  The vaccine was well-tolerated with no evidence of adverse events.  The vaccinees 

had 7 to 19-fold increases in F-specific IgG titers but only 2 to 4-fold increases in 

neutralizing antibody titers.  The authors attributed the modest increases in neutralizing 

antibody titers to the limitations of the assay.  Spiking serum samples with clinically 

relevant amounts of palivizumab only induced modest rises in neutralizing antibody 

titers, suggesting that the antibody titers could still be protective.  Overall, the phase I 

study demonstrated that F particles are safe in healthy adults and capable of eliciting 

modest increases in neutralizing antibody titers (170).  A phase II clinical trial has 

recently been completed in women of child-bearing age to explore the possibility of 

maternal immunization.  A phase III clinical trial testing the vaccine in elderly adults is 

also underway. 

 An RSV-G polypeptide-based nanoparticle vaccine has recently been developed.  

The engineered nanoparticle is produced using layer-by-layer fabrication and is loaded 

with RSV-G polypeptides spanning the conserved CX3C chemokine motif.  

Immunization with this conserved chemokine motif can induce the production of 

antibodies that cross-neutralize both RSV A and B strains (171).  Mice subcutaneously 

immunized with the nanoparticles develop RSV-specific IgG antibody titers as well 

neutralizing antibodies.  These antibodies prevent RSV-G from binding to the CX3CR1 

receptor, which inhibits the virus’s ability to block leukocyte trafficking (172).  The 

immunized mice are completely protected against RSV challenge, have reduced RSV-
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associated lung inflammation, and do not show signs of enhanced disease (173).  These 

results suggest that the RSV-G-based nanoparticle vaccine can protect against RSV 

infection and disease by interfering with the RSV-G and CX3CR1 interaction. 

Animal Models 

No single animal model fully recapitulates RSV disease in humans.  The most 

common animal models have been rodents and nonhuman primates, but there is 

increasing interest in using cognate host-pneumovirus models.  Since different animal 

species model different aspects of RSV disease pathogenesis, it important to consider 

what characteristics of human disease will be examined and to choose the most relevant 

and practical model based on these considerations. 

Mice 

Mice are the most popular animal model for RSV infection.  They are less 

expensive than many other models, and a wide variety of reagents are available to 

facilitate research.  Furthermore, inbred strains allow for researchers to control for 

genetic background and reduce animal-to-animal variability.  Different mouse strains 

show different levels of susceptibility to RSV infection, with up to a 100-fold difference 

between the most and least permissive mouse strains.  BALB/c mice are commonly used 

for RSV research and are considered moderately permissive to infection (174). 

RSV infection in mice displays some similarities to infection in humans.  Lung 

function studies in mice have shown that RSV infection increases breathing rate and 

airway hyperresponsiveness (175, 176).  RSV infection in mice also induces the 

production of pro-inflammatory cytokines and chemokines such as TNF-α, IL-6, IFN-γ, 

RANTES/CCL5, and MIP-1α.  In histology studies, high doses of RSV induce exhibit 
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peribronchiolar and perivascular infiltration of lymphocytes and macrophages, sometimes 

accompanied by interstitial pneumonia (177, 178). 

There are also significant limitations associated with the mouse model.  Mice are 

only semi-permissive to RSV infection, and age-dependent susceptibility to RSV 

infection in mice does not match that in humans.  Older mice, specifically those more 

than 15 weeks old, are more susceptible to RSV infection than neonatal mice.  Mice also 

have differences in innate and adaptive signaling, such as differences in TLR expression 

and differences in leukocyte subsets (179).  RSV infection in humans induces pulmonary 

recruitment of mostly neutrophils, some lymphocytes, and few eosinophils, while mouse 

lung infiltrates mostly consist of lymphocytes (178, 180).  There are also key anatomical 

differences in the mouse lung, such as less airway branching and fewer bronchioles that 

can contribute to discrepancies observed between human and mouse RSV infection (181).  

Despite these drawbacks, many immunological insights have been gained from using the 

mouse model of RSV infection.  Almost all of the immunology studies done examining 

FI-RSV-mediated enhanced disease have been performed in mice, furthering our 

understanding of this aspect of disease pathogenesis.  

Cotton Rats 

Cotton rats (Sigmodon hispidus) have been a standard model for evaluating RSV 

vaccines, antivirals, and therapeutics.   Cotton rats are more than 100-fold more 

permissive to RSV infection than mice, and data obtained from this model has been used 

to advance immunoprophylactic antibodies, such as RespiGam and Synagis, to clinical 

trials (182).  This model is also able to recapitulate some of the hallmarks of RSV 

infection such as inflammation and cellular infiltration in the lungs.  Histopathologic 
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changes include mild bronchitis and epithelial cell sloughing (183).  The inflammatory 

infiltrates consist of mostly lymphocytes and neutrophils (182).  Cotton rats have also 

been able to recapitulate FI-RSV-associated enhanced disease.  Animals that have been 

primed and boosted with FI-RSV show signs of enhanced disease upon infection with 

RSV along with a Th2-type immune response, similar to what was observed in children 

who were vaccinated with the FI-RSV vaccine (125). 

The cotton rat model of RSV infection has a number of drawbacks.  Cotton rats 

do not exhibit clinical signs of RSV infection and do not accurately reflect age-dependent 

susceptibility (183).  Furthermore, the limited availability of species-specific reagents has 

made immunological studies challenging.  The pool of reagents has expanded 

considerably over the past decade, however, making cotton rats an increasingly useful 

model (182).    

Nonhuman primates 

Chimpanzees are genetically the most closely related animal models to humans.  

RSV was originally isolated from chimpanzees with coryza (2).   Animals experimentally 

infected with RSV develop of signs of upper respiratory disease, such as rhinorrhea, 

sneezing, and coughing (184).  Chimpanzees do not commonly develop lower respiratory 

tract RSV disease, but there was one documented case of fatal bronchopneumonia in a 

captive chimpanzee that was non-experimentally infected with RSV.  This animal had 

evidence of pulmonary neutrophilic inflammation and edema (185).  Despite these 

advantages, the monetary costs along with ethical and logistical complications involved 

with working with chimpanzees, make them an impractical model for RSV research. 
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The African green monkey model has been used extensively for preclinical testing 

of RSV vaccines and therapeutics.  They are more permissive to RSV infection than 

cotton rats and are able to mirror FI-RSV-associated enhanced disease.  However, they 

still do not develop clinical signs of disease despite being genetically more related to 

humans (186, 187). 

Ovine and bovine models 

The perinatal lamb model of RSV infection has been explored by a number of 

groups due to the many similarities it shares with human RSV infection.  The ovine lungs 

are more similar to those of humans in terms of branching, cellular organization, and 

alveologenesis.  Pre-term and full-term lambs are susceptible to ovine, bovine, and 

human RSV infection.  They demonstrate age-dependent susceptibility to infection, as 

younger lambs tend to exhibit more severe disease than older lambs.  Lambs also develop 

symptoms similar to humans, including fever, wheezing, and malaise.  RSV infection in 

this model induces bronchiolitis and injury to the pulmonary epithelia.  Inflammatory 

infiltrates consist mostly of neutrophils (188).  Furthermore, post-infection epithelial 

remodeling alters the pulmonary microenvironment and leads to airway hyperreactivity 

(189), all hallmarks of human RSV infection. 

The bovine RSV (bRSV) infection model in calves offers many of the same 

advantages as the ovine model.  Calves also have similar pulmonary architecture, age-

dependent susceptibility, and symptomatic upper and lower respiratory tract RSV 

infection.  BRSV infection in calves causes fever, nasal discharge, wheezing, and reduced 

activity.  Histopathological changes include bronchiolitis and interstitial pneumonia.  
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This model is advantageous because calves are a natural host for bRSV, so disease 

pathogenesis can be studied in a cognate host-pathogen model (190). 

Ovine and bovine models of RSV infection have similar drawbacks.  Like other 

non-mouse models, the limited availability of reagents translates to limitations on the 

types of immunological studies that can be performed.  The size of the animals requires a 

large amount space, and the high incidence of bacterial co-infections requires fastidious 

housing conditions (188, 190).  Despite complicating factors, the ovine and bovine RSV 

infection models are promising and warrant further study.   
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Abstract 

Human respiratory syncytial virus (RSV) is a leading cause of severe respiratory 

disease and hospitalizations in infants and young children.  It also causes significant 

morbidity and mortality in elderly and immune compromised individuals.  No licensed 

vaccine currently exists.  Parainfluenza virus 5 (PIV5) is a paramyxovirus that causes no 

known human illness and has been used as a platform for vector-based vaccine 

development.  To evaluate the efficacy of PIV5 as a RSV vaccine vector, we generated 

two recombinant PIV5 viruses - one expressing the fusion (F) protein and the other 

expressing the attachment glycoprotein (G) of RSV strain A2 (RSV A2). The vaccine 

strains were used separately for single-dose vaccinations in BALB/c mice.  The results 

showed that both vaccines induced RSV antigen-specific antibody responses, with 

IgG2a/IgG1 ratios similar to those seen in wild-type RSV A2 infection.  After 

challenging the vaccinated mice with RSV A2, histopathology of lung sections showed 

that the vaccines did not exacerbate lung lesions relative to RSV A2-immunized mice.  

Importantly, both F and G vaccines induced protective immunity.  Therefore, PIV5 

presents an attractive platform for vector-based vaccines against RSV infection. 
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Introduction 

Respiratory syncytial virus (RSV) is the most important cause of pediatric 

respiratory virus infection, and is a major cause of morbidity and mortality among 

infants, immune compromised individuals, and the elderly (1). In the early 1960s, 

vaccination of infants with a formalin-inactivated RSV vaccine not only failed to protect 

against RSV disease during the following RSV season, but some vaccinees developed 

enhanced disease upon natural infection, resulting in increased rates of severe pneumonia 

and two deaths (2).  In the intervening years, a number of different approaches have been 

evaluated, including subunit vaccines, vectored vaccines, and live attenuated vaccines. 

However, there remains no licensed RSV vaccine. Therefore, there is a pressing need for 

a safe and effective vaccine for RSV.  

Parainfluenza virus 5 (PIV5), a negative-sense, non-segmented, single-stranded 

RNA virus, is a good viral vector for vaccine development. PIV5 is safe, as it infects a 

large number of mammals without being associated with any disease except canine 

kennel cough (3-7).  Humans have been exposed to PIV5 (8-10), likely due to the wide 

use of kennel cough vaccines containing live PIV5, which dogs can shed after 

vaccination (11). Given anti-PIV5 immunity in humans, anti-vector immunity may be a 

problem.  Our recent studies indicate that pre-existing immunity to PIV5 does not 

negatively affect immunogenicity of a PIV5-based vaccine in dogs, demonstrating that 

pre-existing immunity is not a concern for using PIV5 as a vector (12).  This result is 

consistent with the report that neutralizing antibodies against PIV5 do not prevent PIV5 

infection in mice (13).  
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PIV5 has been used as a platform for developing vector-based vaccines against 

other viruses.  A single-dose immunization of PIV5 expressing the rabies virus 

glycoprotein G protects mice against lethal rabies virus challenge (14).  Additionally, a 

single-dose inoculation of PIV5 expressing hemagglutinin (HA) or the NP protein of 

influenza virus protects against lethal H5N1 challenge in mice (15, 16). Importantly, 

intranasal administration of PIV5 is effective for eliciting robust mucosal immune 

responses (17), and is therefore ideal for vaccinating against respiratory pathogens. 

Since an anti-RSV-F monoclonal antibody has been used to control RSV 

infection, it may be possible to develop an RSV vaccine by targeting RSV-F.  Although 

several studies have implicated the G protein in RSV disease pathogenesis (18-21), 

prophylactic or therapeutic treatment with a monoclonal antibody (mAb 131-2G) specific 

to RSV-G mediates virus clearance, and decreases leukocyte trafficking and IFN-γ 

production in the lungs of RSV-infected mice (22-26). In this study, we have tested the 

efficacies of recombinant PIV5 expressing RSV-F (rPIV5-RSV-F) or RSV-G (rPIV5-

RSV-G) as potential vaccines in mice. 

Materials and Methods 

Cells and viruses 

BSR-T7 cells were maintained in Dulbecco’s modified Eagle medium (DMEM) 

containing 10% fetal bovine serum (FBS), 10% tryptose phosphate broth (TPB), 100 

IU/mL penicillin, 100 μg/mL streptomycin (1% P/S; Mediatech Inc., Manassas, VA), and 

400 μg/mL G418 sulfate (Mediatech, Inc.).  MDBK, BHK21, and Vero cells were 

maintained in the same media without TPB or G418. 
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To construct the plasmids for rescuing rPIV5-RSV-F or rPIV5-RSV-G, the 

coding sequence of the green fluorescent protein (GFP) gene in the BH311 plasmid (27), 

containing GFP between HN and L of the full-length PIV5 genome, was replaced with 

the RSV-F or RSV-G gene, respectively. rPIV5-RSV-F and rPIV5-RSV-G were rescued 

as described previously (28). PIV5, rPIV5-RSV-F, and rPIV5-RSV-G were grown in in 

MDBK cells as described previously (27). RSV A2 and rA2-Luc (RSV A2 expressing 

Renilla luciferase) were grown in Vero cells as previously described (29). 

Immunoprecipitation and Western blots 

Immunoprecipitation (IP) was performed as previously described (30).  A549 

cells were infected with rPIV5-RSV-F or RSV A2 in 6-cm dishes.  After 18 to 20 hours, 

the cells were starved and metabolically labeled with 35S-Met and 35S-Cys for 3 hours. 

The cells were lysed with whole-cell extraction buffer (WCEB; 50 mM Tris-HCl [pH 8], 

280 mM NaCl, 0.5% NP-40, 0.2 mM EDTA, 2 mM EGTA, 10% glycerol) (31) and 

immunoprecipitated with anti-RSV-F antibody. The IP products were resolved on a 10% 

SDS-PAGE gel and visualized using a Typhoon 9700 Phosphorimager (GE Healthcare 

Life Sciences, Piscataway, NJ). 

To examine RSV-G protein expression, rPIV5-RSV-G-infected MDBK cells and 

RSV A2-infected A549 cells were lysed with WCEB.  The lysates were processed and 

resolved by SDS-PAGE as described before. The proteins were transferred onto a 

polyvinylidene difluoride (PVDF) membrane and detected using mouse anti-RSV-G 

antibody (1:2,000 dilution) as previously described (14). 
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Recombinant PIV5 growth curves and plaque assays 

Six-well plates of Vero cells were infected with rPIV5-RSV-F, rPIV5-RSV-G, or 

PIV5 at a MOI = 5 or 0.01. One hundred μL samples of supernatant were collected at 0, 

24, 48, 72, 96, and 120 hours post-infection. Virus was quantified by plaque assay as 

described in Chen et al. (14). 

Immunization of mice  

All animal experiments were performed according to the protocols approved by 

the Institutional Animal Care and Use Committee at the University of Georgia.  Six to 

eight week-old female BALB/c mice (Harlan Laboratories, Indianapolis, IN) were 

anesthetized by intraperitoneal injection of 200 μL of 2, 2, 2-tribromoethanol in tert-amyl 

alcohol (Avertin).  Immunization was performed by intranasal administration of 106 PFU 

of rPIV5-RSV-F, rPIV5-RSV-G, or RSV A2 in a 50 μL volume.  Negative controls were 

treated intranasally with 50 μL of PBS.   

Three weeks post-immunization, blood was collected via the tail vein for 

serological analysis.  Four weeks post-immunization, all mice were challenged 

intranasally with 106 PFU of RSV A2 in a 50 μL volume.  Four days later, lungs were 

collected from 5 mice per group to assess viral burden.  The lungs of the other 5 mice in 

each group were perfused with 10% formalin solution and submitted for histology.  To 

detect neutralizing antibody titers, mice were immunized as described above and 

terminally bled 4 weeks post-immunization. 

ELISAs measuring total RSV antigen-specific IgG, IgG1 and IgG2a 

RSV-F and RSV-G-specific serum antibody titers were measured by ELISA.  

Immulon® 2HB 96-well microtiter plates were coated with 100 μL of purified RSV-F or 
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G protein at 1 μg/ml in PBS (29) and incubated overnight at 4°C. Two-fold serial 

dilutions of serum were made in blocking buffer (5% nonfat dry milk, 0.5% BSA in wash 

buffer; KPL, Inc., Gaithersburg, MD).  One hundred μL of each dilution was transferred 

to the plates and incubated for one hour at room temperature.  After aspirating the 

samples, the plates were washed three times with wash buffer.  Secondary antibody was 

diluted 1:1,000 [alkaline phosphatase-labeled goat anti-mouse IgG (KPL, Inc.) or 

horseradish-peroxidase-labeled goat anti-IgG1 or IgG2a (SouthernBiotech, Birmingham, 

AL)] in blocking buffer.  One hundred μL of diluted secondary antibody was added to 

each well, and the plates were incubated for one hour at room temperature.  After 

aspiration, the plates were washed and developed with 100 μL of pNpp substrate or 

SureBlue Reserve TMB substrate (KPL, Inc.) at room temperature.  The OD was read at 

405 nm or 450 nm using a BioTek Epoch microplate reader.  The endpoint antibody titer 

was defined as the highest serum dilution at which the OD was greater than two standard 

deviations above the mean OD of the naïve serum. 

Neutralizing antibody assay 

Two-fold serial dilutions of serum were made starting at a 1:10 dilution with 

Opti-MEM supplemented with 1% BSA and 5% guinea pig complement (Sigma-Aldrich, 

St. Louis, MO).  The diluted serum was incubated with 100 TCID50 of RSV A2 

expressing Renilla luciferase (rA2-Rluc) for one hour at 37°C, 5% CO2 (32).  The serum 

and virus mixture was transferred to confluent monolayers of Vero cells in 96-well plates 

and incubated for 18 hours at 37°C, 5% CO2.  The cells were then lysed with 70 μL/well 

of Renilla lysis buffer for 20 minutes while shaking on an orbital shaker.  The lysates 

were transferred to V-bottom plates and clarified by centrifugation at 2000 x g for 5 
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minutes.  Forty μL of clarified lysate was transferred to Costar® white 96-well assay 

plates (Corning, Inc., Corning, NY) and read using a GloMax® 96 microplate 

luminometer (Promega). Neutralizing antibody titers were reported as the highest serum 

dilution at which the luminescence measurement was lower than that of 50 TCID50 of 

rA2-Rluc based on a standard curve.  Cells treated with 100 TCID50 of UV-inactivated 

rA2-Luc were the negative control. 

Titration of RSV from mouse lungs 

Mouse lungs were harvested aseptically into gentleMACS M tubes (Miltenyi 

Biotec Inc., Auburn, CA) containing 3 mL of Opti-MEM with 1% BSA and stored on ice.  

Lungs were homogenized at 4°C using the Protein_01 program of a gentleMACS 

Dissociator (Miltenyi Biotec Inc.) and then centrifuged at 3000 x g for 10 minutes.  RSV 

titers in the supernatants were determined using plaque assay as described in Johnson et 

al., except the media was 0.8% methylcellulose in Opti-MEM with 2% FBS, 1% P/S 

(33).  

Histology 

Four days post-challenge, the lungs from the mice were perfused with 1 mL of 

10% formalin and then immersed in 10% formalin for at least 24 hours.  The formalin-

fixed lungs were transferred to 70% ethanol, embedded in paraffin wax, sectioned, and 

stained with hematoxylin and eosin.  A pathologist scored the sections in a group-blind 

fashion for perivascular cuffing, interstitial pneumonia, bronchiolitis, alveolitis, vasculitis 

and pleuritis.  The lesions were scored on a scale of 0 to 4, with 0 indicating no lesions 

and 4 indicating severe lesions.  
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Statistical analysis 

Statistical analysis was performed using GraphPad Prism software version 5.04 

for Windows (GraphPad Software, La Jolla, CA). Analysis of variance (ANOVA) and 

Tukey multiple comparison tests were used to analyze total serum IgG, IgG1 or IgG2a 

antibody titers and lung viral loads.  Unpaired, two-tailed t-test was used to analyze 

neutralizing antibody titers.  Histology data was analyzed using the Kruskal-Wallis test. 

Results 

Construction and characterization of recombinant PIV5-based RSV vaccine viruses 

RSV-F and RSV-G genes from RSV A2 were cloned into a plasmid containing 

the PIV5 backbone.  The genes were inserted in between the HN and L genes, and the 

viruses were rescued by methods previously described (Fig. 3.1A) (28). RSV-F 

expression in rPIV5-RSV-F-infected cells was confirmed by immunoprecipitation with 

an RSV-F-specific monoclonal antibody (Fig. 3.1B).  Expression of RSV-G in rPIV5-

RSV-G-infected cells was shown by Western blot using an RSV-G-specific monoclonal 

antibody (Fig. 3.1C). RSV-G expressed in rPIV5-RSV-G-infected cells displayed both 

wild-type size and glycosylation pattern. 

Single-step and multi-step growth rates of rPIV5-RSV-F, rPIV5-RSV-G, and 

PIV5 were compared. In the single-step growth curve, both rPIV5-RSV-F and rPIV5-

RSV-G displayed slightly delayed growth kinetics at 24 hours compared to PIV5, and 

grew to similar, though slightly decreased, titers by 48 hours (Fig. 3.1D).  This growth 

delay was also evident in the multi-step growth curve at 24 hours, but both the rPIV5-

RSV-F and rPIV5-RSV-G grew to titers similar to PIV5 by 48 hours (Fig. 3.1E).  

Therefore, growth kinetics of the rPIV5-RSV-F and rPIV5-RSV-G were similar to that of 
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PIV5, although with a slight delay at early time points and a slight decrease in final viral 

titer. 

Immunization with recombinant PIV5-based RSV vaccine viruses induces RSV 

antigen-specific antibody responses 

Total serum IgG antibody titers to RSV were measured 21 days post-vaccination. 

Mice immunized with rPIV5-RSV-F developed F-specific serum IgG antibodies, 

although to a lesser degree (~ 2-fold lower) than RSV A2-immunized mice (Fig. 3.2A 

and 3.2B).  Interestingly, mice vaccinated with rPIV5-RSV-G developed G-specific 

antibody titers slightly higher (~ 2-fold) than those seen in mice immunized with RSV A2 

(Fig. 3.2C and 3.2D).  Mice treated with PBS had no detectable RSV-specific antibodies 

(Fig. 3.2A-D).   

Immunization with the recombinant vaccine viruses induced RSV antigen-specific 

IgG2a/IgG1 antibody ratios similar to those observed in RSV A2-immunized mice.  

Overall, RSV-F-specific IgG1 and IgG2a titers were lower in rPIV5-RSV-F-immunized 

mice compared to the RSV A2-immunized mice (Fig. 3.3A).  RSV-G-specific IgG1 and 

IgG2a titers in rPIV5-RSV-G and RSV A2-immunized mice were similar (Fig. 3.3B).  

Mean RSV-F-specific IgG2a/IgG1 ratios in rPIV5-RSV-F and RSV A2-vaccinated 

groups were 13 and 5, respectively, with no significant difference between the two 

groups (Fig. 3.3C).  Mean RSV-G-specific IgG2a/IgG1 ratios of groups vaccinated with 

rPIV5-RSV-G or RSV A2 were 0.49 and 0.48, respectively (Fig. 3.3D).  The IgG2a/IgG1 

ratios induced by the rPIV5 vaccine candidates did not differ significantly from those 

observed in RSV A2 infection, which is known to generate balanced IgG2a/IgG1 

responses.  
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Immunization with rPIV5-RSV-F generates RSV-neutralizing antibodies 

A complement-enhanced microneutralization assay was performed to determine if 

serum antibodies induced by immunization were able to neutralize RSV A2 expressing 

Renilla luciferase (rA2-Rluc) in vitro.  By 28 days post-immunization, mice immunized 

with rPIV5-RSV-F or RSV A2 generated neutralizing antibodies against rA2-Rluc.  The 

antibody titers of the rPIV5-RSV-F-immunized group did not differ significantly from 

the titers of the RSV A2-immunized group.  No neutralizing activity was detected in the 

sera of rPIV5-RSV-G-immunized mice (Fig. 3.4). 

Recombinant PIV5-based RSV vaccine viruses induce protective immunity in the 

mouse lung 

Four days post-challenge, RSV A2 titers were measured in the lungs to assess the 

efficacy of the recombinant vaccine viruses in reducing viral burden.  Mice vaccinated 

with either rPIV5-RSV-F or rPIV5-RSV-G had no detectable challenge virus in the 

lungs.  In the RSV A2-immunized group, one mouse had a viral titer of 90 PFU/lung, 

while all other mice in the group had no detectable virus. Mice with PBS had an average 

viral titer of 4.5x103 PFU/lung (Fig. 3.5).  Therefore, immunization with the vaccine 

candidates induced potent immunity against RSV A2 challenge. 

Mice immunized with recombinant PIV5-based RSV vaccine viruses or RSV A2 

display similar lung lesions 

Lung histology was performed to determine if immunization with the recombinant 

vaccine viruses affected RSV-induced lung pathology.  At low magnification, tissue from 

mice vaccinated with RSV A2 or the rPIV5 viruses showed similar levels of 

inflammatory infiltrates 4 days post-challenge.  Lung tissue from the mock-vaccinated 
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mice was the least inflamed (Fig. 3.6A-D), suggesting that vaccinated animals had likely 

generated immune responses to RSV challenge. 

At high magnification, the inflammation in the mice vaccinated with RSV A2 or 

the recombinant vaccine viruses was characterized most prominently by perivascular 

cuffing (Fig. .3.7A and 3.7B).  The leukocytes surrounding the pulmonary blood vessels 

consisted of mostly lymphocytes and macrophages, with few neutrophils and eosinophils.  

Mild-to-moderate interstitial pneumonia (Fig. 3.7A and 3.9C) and little-to-no 

bronchiolitis (Fig. 3.7A and 3.7D) was observed in all groups.  Tissue sections were also 

scored for alveolitis, pleuritis, and vasculitis (Fig. 3.7E-G).  There were no significant 

differences in the histopathology scores of mice vaccinated with the recombinant vaccine 

viruses relative to the RSV A2-vaccinated controls. 

Discussion 

The most advanced area of investigation for RSV vaccine candidates is live 

attenuated viruses.  These viruses have several benefits: 1) enhanced RSV disease has not 

been observed either after natural infection or vaccination with live attenuated viruses 

(34-36); 2) live attenuated RSV vaccines induce balanced immune responses that more 

closely match natural immunity compared with subunit or inactivated vaccines (37, 38); 

3) intranasal vaccination with live attenuated viruses should induce better local immunity 

compared with intramuscular injection of subunit vaccines.  Live attenuated RSV 

vaccines have been in development for several decades, using a combination of cold 

passage (cp) and chemical mutagenesis to induce temperature sensitivity (ts).  A number 

of cpts RSV vaccine candidates have been tested clinically.  The cpts 248/404 candidate 

was sufficiently attenuated in adults and sero-negative children and tested in 1 to 3-
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month-old infants.  However, cpts 248/404 caused nasal congestion in these infants, an 

unacceptable adverse effect (34).   

More recently, the advent of reverse genetics systems for RSV, whereby 

infectious virus is derived from cDNAs, has allowed the development of live attenuated 

RSV vaccine candidates encoding specific combinations of attenuating mutations and 

deletions of nonessential viral genes.  RSV lacking NS2 (rA2NS2) was tested in clinical 

trials as a vaccine for the elderly, since it was less attenuated in chimpanzees than cpts 

248/404.  It was shown to be over-attenuated in adults but under-attenuated in children, a 

contraindication for testing in infants (39).   

Subunit and other synthetic vaccines have shown only moderate immunogenicity 

in clinical trials, even with the development of newer adjuvant regimens.  Vectored 

vaccines expressing RSV F and/or G have been generated based on paramyxoviruses, 

such as Sendai virus (SeV), Newcastle disease virus (NDV), and a chimeric recombinant 

bovine parainfluenza virus 3 (PIV3) expressing human PIV3 F/HN and RSV-F (MEDI-

534).  Sendai virus expressing RSV-F or G protected the lower respiratory tract (LRT) of 

cotton rats against RSV infection.  SeV-RSV-F also conferred LRT protection in African 

green monkeys (41).  Immunization of mice with NDV expressing RSV-F was only 

modestly effective, reducing RSV burden in lungs by approximately 1 log10 (40). MEDI-

534 was attenuated and safe in clinical trials, but it was only minimally immunogenic in 

adults and children (42). Furthermore, the vaccine candidate genome was unstable, with 

mutations observed in vivo and in vitro (43, 44). Thus, while many RSV vaccine 

candidates have been researched extensively, an important public health gap remains for 

RSV disease prevention.   
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This work demonstrated that PIV5-based RSV vaccine candidates provide a 

promising alternative for RSV vaccine development.  Single-dose immunization with 

rPIV5-RSV-F or rPIV5-RSV-G induced potent immunity against RSV challenge in mice.  

Importantly, the recombinant vaccine viruses did not exacerbate lung lesions relative to 

the RSV A2-immunized controls.  Natural infection with RSV does not lead to enhanced 

disease upon reinfection, in contrast to immunization with formalin-inactivated RSV 

(45).  Inflammation in the lung tissue of mice immunized with the vaccine candidates 

was likely due to the induction of host immunity in response to RSV challenge.  

Serum neutralizing antibodies were generated in rPIV5-RSV-F-immunized mice, 

suggesting that the vaccine candidate induces a functional, systemic humoral response 

against RSV.  Immunization with rPIV5-RSV-G did not generate neutralizing antibodies, 

but reduced viral burden in the lungs.  The mechanism is unclear, but rPIV5-RSV-G 

immunization may generate protective antibodies that are non-neutralizing in vitro.  In 

the case of the RSV-G subunit vaccine candidate, BBG2Na, passively transferred serum 

from immunized mice reduced lung viral burden in recipient mice at dilutions negative 

for neutralizing activity (46).  Other groups have also shown that neutralizing activities of 

RSV-G or RSV-F-specific antibodies in vitro do not necessarily correlate with lung 

protection in vivo (47-49).  

In summary, PIV5 is safe, stable, efficacious, cost-effective to produce, and 

overcomes pre-existing anti-vector immunity. In this work, we have shown that PIV5-

based RSV vaccine candidates have the potential to be an effective RSV vaccine, 

providing an additional option for RSV vaccine development. 
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Figure 3.1. Generation of rPIV5-RSV-F and rPIV5-RSV-G.  (A) Schematic of rPIV5-

RSV-F and rPIV5-RSV-G.  NP, nucleoprotein; V, V protein; P, phosphoprotein; M, 

matrix protein; F, fusion protein; SH, small hydrophobic protein; HN, hemagglutinin-

neuraminidase protein; L, RNA-dependent RNA polymerase; RSV-F, respiratory 

syncytial virus fusion protein; RSV-G, respiratory syncytial virus G attachment 

glycoprotein.  (B) RSV-F expression in rPIV5-RSV-F-infected A549 cells was detected 

by immunoprecipitation.  rPIV5-RSV-F-infected cells were starved and labeled with 35S-

Met and 35S-Cys at 18 to 20 hours post-infection.  Proteins from cell lysate were 

immunoprecipitated with mouse anti-RSV-F antibody, and expression was visualized by 

35S incorporation.  Lysate from RSV A2-infected A549 cells was the positive control. 

Lysate from rPIV5-GFP-infected A549 cells was the negative control.  (C) Detection of 

RSV-G expression by Western blot.  MDBK cells were infected with rPIV5-RSV-G, and 

lysate was immunoblotted with mouse anti-RSV-G antibody.  Lysate from RSV A2-

infected A549 cells was the positive control.  Lysate from rPIV5-GFP-infected MDBK 

cells was the negative control.  (D) Single-cycle growth curves of rPIV5-RSV-F and 

rPIV5-RSV-G in Vero cells.  Vero cells were infected at a MOI = 5.  Aliquots of cell 

culture supernatant were collected at 24-hour intervals for 120 hours.  (E) Multi-cycle 

growth curves of rPIV5-RSV-F and rPIV5-RSV-G in Vero cells.  Vero cells were 

infected at a MOI = 0.01.  Aliquots of cell culture supernatant were collected at 24-hour 

intervals for 120 hours.  Plaque assays were performed in BHK21 cells to determine the 

virus titer at each time point.  Growth curve samples were assayed in duplicate.  Error 

bars represent the standard error of the mean.  
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Figure 3.2. Immunization with rPIV5-RSV-F and rPIV5-RSV-G induces RSV antigen-

specific IgG antibody responses in mice.  Naïve BALB/c mice were treated with PBS or 

immunized intranasally with 106 PFU of rPIV5-RSV-F, rPIV5-RSV-G, or RSV A2.  Sera 

were collected at 3 weeks post-immunization.  (A) Anti-RSV-F IgG antibody curves 

were generated by ELISA using serially-diluted sera.  (B) RSV-F-specific IgG antibody 

endpoint titers were determined based on the values in (A).  (C) Anti-RSV-G IgG 

antibody curves were generated by ELISA.  (D) RSV-G-specific IgG antibody endpoint 
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titers were determined based on the values in (C).  Serum IgG was detected in (A) and 

(C) using goat anti-mouse IgG antibody conjugated to alkaline phosphatase.  Each group 

consisted of 10 mice. Error bars in (A) and (C) represent standard error of the mean.  

Horizontal lines in (B and D) represent the mean antibody titer of each group.  Statistical 

significance was determined by ANOVA and Tukey multiple comparison tests.  *, P < 

0.05.  LOD, limit of detection.   
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Figure 3.3. Immunization with rPIV5-RSV-F and rPIV5-RSV-G induce IgG1 and IgG2a 

antibody responses similar to RSV A2 infection.  Naïve BALB/c mice were treated with 

PBS or immunized intranasally with 106 PFU of rPIV5-RSV-F, rPIV5-RSV-G, or RSV 

A2. Sera were collected 3 weeks post-immunization.  (A, B) RSV-F (A) and RSV-G-

specific (B) IgG1 and IgG2a antibody curves were generated by ELISA using isotype-

specific secondary antibodies conjugated to HRP.  (C, D) RSV-F (C) and RSV-G-specific 

(D) IgG2a/IgG1 ratios were calculated using values in (A) and (B), respectively.  IgG1 

and IgG2a antibodies in the sera were quantified using standard curves to generate 

IgG2a/IgG1 ratios.  Each group consisted of 5 mice.  Solid horizontal lines represent the 

mean of each group.  Dotted horizontal lines indicate a ratio of 1. 
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Figure 3.4. Immunization with rPIV5-RSV-F generates RSV-neutralizing antibodies.  

Naïve BALB/c mice were treated with PBS or immunized intranasally with 106 PFU of 

rPIV5-RSV-F, rPIV5-RSV-G, or RSV A2.  At 4 weeks post-immunization, sera were 

collected and tested for RSV-neutralizing activity using a microneutralization assay.  

Neutralizing antibody titers were defined as the highest dilution of sera at which the 

luminescence measurement of the sample was less than that of 50 TCID50 of rA2-Rluc 

using a standard curve.  Each group consisted of 4 to 5 mice.  All samples were assayed 

in duplicate.  Horizontal lines represent the mean antibody titer of each group.  Statistical 

significance was determined by unpaired, two-tailed t-test.  *, P < 0.05.  LOD, limit of 

detection. 
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Figure 3.5. Immunization with rPIV5-RSV-F and rPIV5-RSV-G generates protective 

immunity against RSV A2 challenge.  Naïve BALB/c mice were treated with PBS or 

immunized intranasally with 106 PFU of rPIV5-RSV-F, rPIV5-RSV-G, or RSV A2.  At 4 

weeks post-immunization, mice were challenged with 106 PFU of RSV A2.  At 4 days 

post-challenge, lungs were harvested and viral load was determined by plaque assay in 

Vero cells.  Each group consisted of 5 mice.  Solid horizontal lines represent the 

geometric mean of each group.  Statistical significance was determined by ANOVA and 

Tukey multiple comparison tests.  *, P < 0.05.  LOD, limit of detection.      
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Figure 3.6. Low-magnification images of post-challenge lung lesions in mice treated with 

PBS or immunized with RSV A2, rPIV5-RSV-F or rPIV5-RSV-G.  BALB/c mice were 

treated with PBS or immunized intranasally with 106 PFU of rPIV5-RSV-F, rPIV5-RSV-

G, or RSV A2.  Four weeks after immunization, mice were challenged with 106 PFU of 

RSV A2.  At 4 days post-challenge, lungs were harvested and fixed with 10% formalin.  

Lung sections were stained with hematoxylin and eosin.  Images were taken at 4x 

magnification.  (A) Lung section from a mouse treated with PBS.  (B) Lung section from 

a RSV A2-immunized mouse.  (C) Lung section from a rPIV5-RSV-F-immunized 

mouse.  (D) Lung section from a rPIV5-RSV-G-immunized mouse. 
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Figure 3.7. High-magnification images of post-challenge lung lesions in mice treated 

with PBS or immunized RSV A2, rPIV5-RSV-F or rPIV5-RSV-G.  BALB/c mice were 

treated with PBS or immunized intranasally with 106 PFU of rPIV5-RSV-F, rPIV5-RSV-

G, or RSV A2.  Four weeks after immunization, mice were challenged with 106 PFU of 

RSV A2.  Four days after challenge, lungs were harvested and fixed with 10% formalin.  

Lung sections were stained with hematoxylin and eosin.  (A) Images in the far-left 

column show perivascular cuffing.  Images in the middle column show interstitial 

pneumonia.  Images in the far-right column show bronchiolitis.  Each image is from a 

representative mouse in each group.  Images of lung lesions were taken at 40x 

magnification.  (B-G) Lung sections were scored in a group-blind fashion on a scale of 0 

to 4 for perivascular cuffing (B), interstitial pneumonia (C), bronchiolitis (D), alveolitis 

(E), vasculitis (F), and pleuritis (G).  Each group consisted of 5 mice.  Horizontal lines 

represent the mean of each group.  Statistical significance was determined using the 

Kruskal-Wallis test.  *, P < 0.05.   
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CHAPTER 4 

PIV5-BASED RSV VACCINES PROTECT COTTON RATS AND AFRICAN GREEN 

MONKEYS AGAINST RSV CHALLENGE2 
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Abstract 

Human respiratory syncytial virus (RSV) is a ubiquitous pathogen of the 

Paramyxoviridae family that commonly infects infants, the elderly, and the 

immunocompromised.  No licensed vaccine exists.  In this work, we evaluate two PIV5-

based vaccine candidates expressing RSV-F (rPIV5-RSV-F) or RSV-G (rPIV5-RSV-G) 

for replication, immunogenicity, and protective efficacy in cotton rats and African green 

monkeys.  The vaccine candidates replicated in the upper and lower respiratory tracts of 

both species without apparent symptoms.  The vaccines were immunogenic and 

protective in cotton rats, conferring complete lower respiratory tract infection after one 

intranasal vaccine dose.  In seronegative African green monkeys, the vaccines elicited 

high RSV-specific mucosal IgA titers and reduced RSV loads in the upper and lower 

respiratory tracts.  The vaccines also boosted neutralizing antibody titers in seropositive 

African green monkeys.  Overall, our data suggests that PIV5-based RSV vaccine 

candidates are immunogenic and efficacious, and may be suitable for immunizing RSV 

seronegative and seropositive populations. 
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Introduction 

Human respiratory syncytial virus (RSV) is a common pathogen of the 

Paramyxoviridae family that routinely infects infants, elderly, and immunocompromised 

individuals.  It is the leading cause of bronchiolitis and pneumonia in children under one 

year of age, and almost all children will be infected by two years of age.  Re-infection 

throughout life is common (1, 2).  There is no licensed vaccine or effective therapeutic, 

and supportive care is the only treatment.  Administration of highly neutralizing 

immunoglobulin is used in a clinical setting to prevent infection in high-risk infants (3). 

Vaccination is the best strategy to control infection, but RSV vaccine 

development has been fraught with challenges.  A formalin-inactivated vaccine 

developed during the 1960s and tested in children caused enhanced disease in the 

vaccinees upon natural exposure to RSV (4–7).  A number of vaccine candidates have 

been developed over the last fifty years including live attenuated vaccines, vectored 

vaccines, subunit vaccines, and virus-like particles (8–11).  Each type of vaccine has 

advantages and drawbacks, and different strategies will need to be used to vaccinate 

different susceptible populations.      

Infants comprise the most susceptible population.  The goal of immunizing this 

group is to prevent severe respiratory complications caused by RSV infection.  However, 

the presence of maternal antibodies and immunological immaturity can dampen the 

immune response to vaccination (12).  Live vaccines are the most attractive approach in 

infants because they strongly induce innate and adaptive immunity.  Furthermore, 

priming with a replicating vaccine is not associated with vaccine-induced enhanced 

disease (13, 14). 
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Elderly adults are also at risk for developing severe RSV disease (2).  Vaccination 

of this group should prevent serious respiratory complications and reduce RSV 

transmission.  Since pre-existing immunity to RSV precludes the use of a live attenuated 

vaccine, the most effective vaccines for elderly adults are likely subunit or live vectored 

vaccines.  Immune senescence can lead to a sub-optimal vaccine response, so the ideal 

vaccine candidate should be able to stimulate robust immunity and boost pre-existing 

antibody levels (15, 16). 

Parainfluenza virus 5 (PIV5) has been used as a vector for vaccines against 

influenza, rabies virus, RSV, and mycobacterium tuberculosis (17–25).  PIV5 is a 

paramyxovirus that has been isolated from a number of animal species but causes no 

known disease (26–30).  It has been associated kennel cough in dogs, but does not cause 

kennel cough (31–33).  However this association led to its inclusion in the kennel cough 

vaccine for over 40 years without safety concerns for animals or humans.  The natural 

host of PIV5 is unclear, but a study performed by Chen et al. detected PIV5 neutralizing 

antibodies in 30% of human serum samples.  Host pre-existing antibodies against a 

vaccine vector can be problematic.  However, it has been shown that dogs with pre-

existing immunity to PIV5 can still mount robust humoral responses to a PIV5-based 

influenza vaccine (34). 

Previous work has shown that two PIV5-based RSV vaccine candidates were 

immunogenic in BALB/c mice and conferred potent lower respiratory tract protection 

against RSV challenge.  The vaccines consisted of inserting genes encoding the RSV 

fusion protein (F) or the attachment protein (G) in between the HN and L genes of PIV5 

(24).  In this study, we evaluated these vaccines in cotton rats and African green monkeys 
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for replication, immunogenicity, and protective efficacy against RSV infection.  A single 

intranasal dose of either candidate was immunogenic and protective in both models, but 

the rPIV5-RSV-F candidate was more efficacious, warranting further investigation as an 

RSV vaccine. 

Materials and Methods 

Cells and viruses  

The recombinant PIV5 vector expressing RSV F or G were constructed as 

previously described (25).  The vaccine viruses were propagated in MDBK cells with 

Dulbecco’s modified Eagle medium (DMEM) containing 2% fetal bovine serum (FBS), 

100 IU/mL penicillin, and 100 μg/mL streptomycin (1% P/S). Cell free virus was 

harvested at 5 to 7 days post infection, flash frozen on liquid nitrogen and stored at -80 

°C.  RSV strain A2 (ATCC VR-1540) and Long (ATCC VR-26) stocks were grown in 

Hep2 cells.  MDBK cells were maintained in DMEM supplemented with 5% FBS and 

1% P/S.  The Hep2 cells were cultured in Eagle minimum essential medium (EMEM) 

containing 10% FBS, 2 mM L-glutamine, 50 μg/ml Gentamicin, 25 μg/ml Amphotericin 

B, 100 IU/mL penicillin, and 100 μg/mL streptomycin (1% P/S).   

Immunization and RSV challenge in cotton rats 

Female cotton rats (Sigmodon hispidus) of 4 to8 weeks old were purchased from 

SAGE (Boyertown, PA) and maintained at a Merck animal facility in West Point, PA.  

The animal studies were approved by the Merck Institutional Animal Care and Use 

Committee and conducted in accordance with animal care guidelines.  To determine the 

replication of PIV5 in cotton rats, animals were inoculated intranasally with 105 PFU of 

PIV5 in 10 μl or 100 μl volumes, equally divided between two nostrils. At day 4 or day 6, 
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animals were sacrificed by CO2 inhalation. The lung (left lobes) and nasal turbinates were 

removed and homogenized in Hanks Balanced Salt Solution (Lonza) containing SPG 

buffer (0.2 M sucrose, 3.8 mM KH2PO4, 7.2 mM K2HPO4, and 5.4 mM monosodium 

glutamate) on wet ice. Samples were clarified by centrifugation at 2,000 rpm for 10 

minutes, aliquoted, flash frozen on liquid nitrogen, and immediately stored frozen at -

70oC. The PIV5 vectored vaccine titers were determined by plaque assay in BHK cells.  

To determine the immunogenicity of PIV5-RSV-F or PIV5-RSV-G, cotton rats received 

one dose of 103, 104, 105, or 106 PFU of vaccine in a 10 μl volume by intranasal 

administration, equally divided between two nostrils. Serum samples at days 28 were 

collected for determining the neutralization titers. On day 28, all cotton rats were 

inoculated intranasally, under isoflurane anesthesia (1-4%), with 100 μl of 105.5 PFU of 

RSV/A/A2.  Four days post challenge, animals were sacrificed by CO2 inhalation and 

lung (left lobes) and nasal turbinates were removed and homogenized in Hanks Balanced 

Salt Solution (Lonza) containing SPG buffer on wet ice.  Samples were clarified by 

centrifugation at 2,000 rpm for 10 minutes, aliquoted, flash frozen, and immediately 

stored frozen at -70°C. The RSV titers were determined by plaque assay in Hep2 cells.   

Immunization and RSV challenge in African green monkeys 

African green monkeys (Chlorocebus sabaeus) were domestically bred, raised, 

and maintained at New Iberia Research Center (NIRC, New Iberia, LA). The animals 

were prescreened for RSV- and PIV5-specific antibodies, as well as neutralizing antibody 

titers. The animal studies were approved by the Merck Institutional Animal Care and Use 

Committee (IACUC) and conducted in accordance with animal care guidelines. To 

determine the replication of PIV5 in African green monkeys, PIV-5 seronegative animals 
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(n=3) were anesthetized with Ketamine (10 mg/kg), and inoculated intranasally with 102, 

104, 106, or 108 PFU of PIV5 in 0.25 ml split evenly between two nostrils. 

Nasopharyngeal swabs and bronchoalveolar lavage (BAL) were collected at days 3, 5, 7, 

10, 14, and 21. The nasopharyngeal samples were collected by gently rubbing two areas 

of the oropharynx region using a Darcon swab and placing the tips in a solution 

containing Hanks balanced salt solution (HBSS) with SPG buffer and 0.1% gelatin. For 

BAL, approximately 5 ml HBSS was infused directly into the lung and aspirated via a 

sterile French catheter and syringe. Recovered samples were supplemented with a 0.1 

volume of 10x SPG and 0.1 volume of 1% gelatin, aliquoted, flash frozen, and stored at -

70oC.  To determine the immunogenicity of PIV5 vectored vaccines, PIV5 and RSV 

seronegative African green monkeys, identified by RSV F-specific IgG ELISA and serum 

neutralization titer, were immunized intranasally with 104 or 106 PFU of vaccines at day 

0 in 0.25 ml evenly divided between two nostrils.  The BAL and nasopharyngeal swabs 

were collected at days 3, 5, 7 and 14 post vaccination as described above, to monitor 

vaccine virus replication. At day 21, sera and PBMCs were also collected. At day28 post 

immunization, all monkeys were anesthetized and challenged with 2 x 105.5 PFU of RSV 

A2 strain. The challenge virus was administered by intranasal and intratracheal 

inoculation, 1 ml at each route. Following challenge, nasopharyngeal swabs and BAL 

samples were collected at days 3, 5, 7, 10 and 14 post-challenge. Recovered samples 

were supplemented with 0.1 volume of 10x SPG and 0.1 volume of 1% gelatin, aliquoted, 

flash frozen and stored at -70oC. 
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IgG ELISA assay  

Immulon® 2HB microtiter plates (NUNC) were coated with 2 μg/ml recombinant 

RSV F protein and incubated at 4°C overnight. The plates were then washed and blocked 

for 1 h with phosphate-buffered saline containing 0.05% Tween-20® (PBST) and 3% 

milk at room temperature. Test samples were serially diluted 4-fold in blocking buffer 

starting at 1:100 dilution, transferred to the F coated plates, and incubated for 2 h at room 

temperature. Following three washes with PBST, goat anti-human IgG-HRP diluted to 

1:2000 in blocking buffer was added to the plates, and incubated for an additional 1 h at 

room temperature. Plates were washed again and developed with SuperBlu Turbo TMB 

(Virolabs) in the dark. The reaction was stopped after 5 minutes and absorbance was read 

at 450 nm on a VersaMax ELISA microplate reader (Molecular Devices). Titers are 

reported as the reciprocal of the last dilution that is 2 fold greater than the background.  

IgA assay 

The IgA titers were quantified by direct binding ELISA on the Meso Scale 

169 platform (Meso Scale Discovery, MSD). Briefly, the 96-well standard Meso Scale 

plates were coated with 0.2 μg/ml recombinant RSV F or ovalbumin proteins at 4°C 

overnight. The plates were then washed and blocked for 1h with PBST containing 3% 

milk at room temperature. Nasal samples were serially-diluted 2-fold in HISPEC buffer 

(Bio-Rad) starting at 1:4 dilution, transferred to the F coated plates, and incubated for 1 h 

at room temperature. After wash, SULFO-TAG (MSD) conjugated goat anti-human IgA 

diluted to 1:1000 in HISPEC buffer was added to the plates and incubated for 1 h at room 

temperature. Plates were washed again, and 1X Read Buffer T (MSD) was added to the 

plates and immediately read on a Sector S 600 plate reader (MSD). RSV-F-specific ECL 
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values were background adjusted by subtracting ovalbumin values. Titers are expressed 

as the reciprocal of the last dilution that was greater than 3-fold of the background.   

Neutralization assays 

Two-fold serial dilutions of the serum samples were prepared in EMEM 

containing 2% FBS starting at a 1:4 dilution. Diluted serum was added in duplicate to 96-

well plates and mixed with RSV Long strain in a 100-μl total volume. The virus/antibody 

mixture was incubated for 1 h at 37oC. Following incubation, Hep-2 cells at a 

concentration of 1.5x104 cells per well were added. The plates were incubated for 3 days 

at 37oC. The cells were then washed and fixed with 80% acetone for 15 min. RSV-

infected cells were then immunostained.  Briefly, RSV-F and N-specific monoclonal 

antibodies were added to the test plates with fixed cells and incubated for 1 h at room 

temperature. After washing, biotinylated goat anti-mouse IgG was added and incubated 

for 1 h. The plates were washed again and developed by a dual channel near infrared 

detection (NID) system. Infrared dye-Streptavidin to detect RSV specific signal and two 

cell stains for assay normalization were added to the 96-well plates and incubated for 1 

hour in the dark. Plates were washed and dried in the dark for 20 minutes, and read on the 

Licor Aerius® Automated Imaging System utilizing a 700 channel laser for cell 

normalization and an 800 channel laser for detection of RSV specific signal. The 800/700 

ratios were calculated and serum neutralizing titers were determined by four parameter 

curve fit in GraphPad. 

IFN-γ ELISPOT assay 

Peripheral blood mononuclear cells (PBMC) were isolated from whole blood by 

Ficoll gradient centrifugation and tested for IFN-γ ELISPOT responses to pools of 
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synthetic peptides representing RSV proteins F, G, and N (15mers overlapping by 11 

amino acids). The F peptides were divided into two pools, F1 (aa1- aa295) and F2 (aa285 

to aa574). Ninety-six well plates with PVDF membranes (Millipore) were coated 

overnight at 4oC with anti-IFN-γ monoclonal antibody (U-Cytech). PBMC were added to 

the blocked plates at 4x105/well. Peptide pools were added to the cells at approximately 2 

μg/ml final concentration per peptide. After overnight incubation in a 37oC CO2 

incubator, bound IFN-γ was detected with biotinylated anti-IFN-γ antibody (U-Cytech), 

followed by alkaline phosphatase-conjugated streptavidin (BD PharMingen) and 

NBT/BCIP Substrate (Pierce). Spots were enumerated using a digital imager and 

automated counting system (AID-AutoImmun Diagnostika), and responses normalized to 

spot-forming cells (SFC) per 1x106 PBMC. A positive response is defined as an antigen-

specific response that is at least 55 spot-forming cells per 1x106 PBMC and at least 3-fold 

over the corresponding unstimulated (mock) control.  

Titration of PIV5 and RSV 

Ten-fold serial dilutions of PIV5 in DMEM with 1% BSA were incubated with 

BHK-21 cells for 1 h at 37 °C, 5% CO2. The inocula were removed, and cells were 

overlaid with DMEM containing 2% FBS, 1% P/S, and 1% low-melting point agarose.  

After incubation for 5-7 days at 37°C, 5% CO2, cells were fixed with 2% formaldehyde 

and stained with crystal violet to visualize plaques.  To titrate RSV, Hep2 cells were 

incubated with serial dilutions of RSV prepared in Williams Medium E with 2 mM L-

glutamine and 50 μg/ml Neomycin. After adsorption for 1 h at 37°C, 5%CO2, cells were 

overlaid with Williams Medium E containing 1.6% FBS, 2 mM L-glutamine, 50 μg/ml 
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Neomycin, and 0.8% methylcellulose. Five days later, cells were fixed with glutaric 

dialdehyde and stained with crystal violet to visualize plaques. 

Statistical analysis 

  Statistical analysis was performed using GraphPad Prism software version 6 for 

Macintosh (GraphPad Software, La Jolla, CA).  Two-way analysis of variance (ANOVA) 

followed by Sidak’s multiple comparison tests were used to analyze antibody titers and 

virus loads. 

Results 

PIV5 replication in cotton rats 

While PIV5 has been shown to infect a wide variety of animals, it has not yet 

been shown to infect cotton rats (32, 35).  To determine whether cotton rats were 

permissive to PIV5 infection, the animals were intranasally inoculated with 105 PFU of 

PIV5 in 10 μl or 100 μl volumes.  Different volumes were used to determine whether the 

inoculation volume impacted viral load in the upper and lower respiratory tracts.  Four 

days post-infection (dpi), 3 to 4 log10 PFU/g of virus was detected in the nasal tissue of 

both the 10-μl and 100-μl groups.  The titers decreased by approximately 1 log10 by six 

dpi.  Virus replication in the lower respiratory tract depended on the inoculation volume.  

Four days after infection, virus was only detected in the lungs of animals inoculated with 

the 100-μl volume, with titers reaching 4.5 log10 PFU/g.  Six days post-infection, only 

one animal in the 10-μl group had detectable virus in the lungs, while three out of four 

animals in the 100-μl group had detectable viral loads.  Titers reached 2 log10 PFU/g in 

animals that had detectable virus in the lungs 6 dpi (Fig. 4.1).  Thus, for future studies, 
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animals were inoculated with 10 μl volumes to mimic intranasal immunization in 

humans.      

Immunogenicity of rPIV5-RSV-F and rPIV5-RSV-G in cotton rats 

Immunization with rPIV5-RSV-F or rPIV5-RSV-G elicited the production of 

RSV antigen-specific antibodies in cotton rats.  All vaccine doses (103, 104, 105, and 106 

PFU) induced antigen-specific antibody responses, but not necessarily in a dose-specific 

manner.  All doses of rPIV5-RSV-F generated consistently high F-specific titers (Fig. 

4.2A).  However, increasing doses of rPIV5-RSV-G showed a trend toward decreasing 

G-specific titers, suggesting that the maximum dose may not be the optimal dose (Fig.  

4.2B).  Only rPIV5-RSV-F was able to generate in vitro neutralizing antibodies (Fig. 

4.2C). 

Protection against RSV challenge in cotton rats 

To determine whether the vaccine candidates were able to protect cotton rats 

against upper and lower respiratory tract RSV infection, cotton rats were challenged with 

105.5 PFU of RSV/A/A2 21 days post-immunization.  Four days after challenge, nasal 

turbinate and lung samples were harvested to assess RSV titers by plaque assay.   

Immunizing cotton rats with the vaccine candidates conferred significant 

protection against RSV challenge.  Naïve cotton rats had RSV titers of 2.2x105 PFU/g in 

the nose and 2.7x105 PFU/g in the lungs (Fig.4.3).  Cotton rats immunized with rPIV5-

RSV-F or rPIV5-RSV-G had 2 to 3 log10 reductions in RSV titers in the upper respiratory 

tract for all vaccine doses, relative to the PBS group (Fig.4.3A).  Animals vaccinated with 

104 or 105 PFU of rPIV5-RSV-F had complete protection against lower respiratory RSV 

infection (Fig.4.3B).  The rPIV5-RSV-G was not as protective as the F candidate, but 
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animals vaccinated with rPIV5-RSV-G still had 2 to 3 log10 reductions of RSV in the 

lower respiratory tract (Fig. 4.3). 

While increasing doses of rPIV5-RSV-F from 103 to 105 PFU appeared to protect 

against RSV challenge in a dose-dependent manner, the 106 PFU dose only reduced RSV 

titers by 1.5 log10 PFU.  These results again suggest that increasing the vaccination dose 

may not always confer better protection against infection.  Furthermore, while the rPIV5-

RSV-G-vaccinated cotton rats did not have detectable serum neutralizing antibodies, they 

were still somewhat protected against RSV challenge.  These results are consistent with a 

previously published report in which rPIV5-RSV-G vaccination in mice did not generate 

in vitro neutralizing antibodies, but still reduced RSV titers in the lungs (24). 

PIV5 replication in RSV-naive African green monkeys 

African green monkeys are known to be permissive to infection with 

paramyxoviruses such as RSV, human metapneumovirus, Sendai virus, and PIV3 (36–

39).  To determine whether African green monkeys are permissive to PIV5 infection, 

groups of three to four PIV5-seronegative, RSV-naïve monkeys were immunized with 

104 or 106 PFU of PIV5, rPIV5-RSV-F, or rPIV5-RSV-G.  One group of RSV-

experienced monkeys was immunized with 106 PFU of rPIV5-RSV-F to serve as a 

control to compare with another study in RSV-experienced monkeys.  Groups were 

immunized with 104 PFU of the vaccine candidates to determine what level of 

immunogenicity and efficacy could be achieved with a lower dose.  In light of the cotton 

rat studies, it was possible that a lower dose could be more efficacious.  BAL and 

nasopharyngeal swab samples were collected 3, 5, 7, 10, 14, and 21 dpi, and serum was 

collected 3 days before immunization and 21 days after immunization.  The animals were 
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then challenged with 105.5 PFU of RSV A2 28 days after immunization.  BAL and 

nasopharyngeal swab samples were collected at several time points after challenge to 

determine RSV titers (Fig. 4.4A). 

Both vaccine candidates replicated to high titers in both the upper and lower 

respiratory tracts of the monkeys.  Unexpectedly, high levels of virus were also recovered 

from the PBS controls (Fig. 4.4B and 4.4C).  It was later determined that animals from 

different groups had been co-housed, resulting in the vaccinated animals shedding virus 

to the mock-vaccinated animals.  We therefore used the PIV5-immunized group as the 

control for further comparisons.  Nevertheless, the results were interesting because they 

showed that there was bona fide PIV5 replication in the contact animals, and PIV5 could 

replicate to equally high titers in animals that were infected via shedding. 

Immunogenicity of rPIV5-RSV-F and rPIV5-RSV-G in RSV-naïve African green 

monkeys 

To examine the humoral immune response to rPIV5-RSV-F and rPIV5-RSV-G, 

RSV-F and G-specific serum IgG levels were measured by ELISA.  Immunization of 

RSV-naïve African green monkeys with rPIV5-RSV-F or rPIV5-RSV-G elicited the 

production of high RSV antigen-specific antibody titers by 21 days after immunization.  

Animals vaccinated with rPIV5-RSV-F had mean IgG titers of 5 log10, and the animals 

that received the rPIV5-RSV-G candidate had mean IgG titers of 4 log10 (Fig. 4.5A and 

4.5B).  The vaccine dose did not have a significant impact on IgG titers. 

Naïve groups immunized with 104 and 106 PFU of rPIV5-RSV-F had geometric 

mean neutralization titers (GMT) of 16 and 8, respectively.  Groups that received 106 

PFU of PIV5, or 104 and 106 PFU of rPIV5-RSV-G, had no detectable neutralization 
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titers as expected (Fig. 4.5C).  Despite the low levels of serum neutralizing antibodies, 

significant levels of RSV-antigen-specific IgA were detected in the mucosal secretions of 

animals that were immunized the rPIV5-RSV-F or G candidates (Fig. 4.6A and 4.6B). 

Cell-mediated immune responses were measured 21 days post-vaccination by 

IFN-γ ELISpot using PBMCs.  Low levels of F-specific cell mediated responses were 

detected in animals that were immunized with 106 PFU of rPIV5-RSV-F.  No G-specific 

cell mediated responses were detected in animals that were immunized with rPVI5-RSV-

G.  However, it should be noted that the assay background for the G-specific responses 

was high relative to the F-specific responses (Fig. 4.7)    

Protection against RSV challenge in African green monkeys 

The animals were challenged with 105.5 PFU of RSV/A/A2 28 days after 

immunization.  Bronchoalveolar lavage and nasopharyngeal swabs were collected 3, 5, 7, 

10, and 14 days post-challenge and viral loads were determined by plaque assay.  

Animals vaccinated with PIV5 had peak RSV titers of 4 log10 PFU in the nasopharynx 

and 5.8 log10 PFU in the BAL.  The animals cleared virus from the upper respiratory and 

lower respiratory tracts by 10 and 15 days post-challenge, respectively.  Immunization 

with 106 PFU of rPIV5-RSV-F reduced nasopharyngeal titers by as much as 2 log10.  

BAL viral titers were reduced by approximately 5 log10, and the animals completely 

cleared the virus from the lower respiratory tract by 7 days post-challenge.  Immunization 

with rPIV5-RSV-G also conferred significant protection against RSV challenge, albeit 

not as robust as the F candidate.  Animals immunized with 106 rPIV5-RSV-G had 1 log10 

and 3 log10 reductions in RSV titers in the upper and lower respiratory tracts, 

respectively.  These animals cleared virus by 10 days post-challenge (Fig. 4.8).  
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PIV5 replication in RSV-experienced African green monkeys 

To examine whether the vaccine candidates could replicate in an RSV-

experienced population, the candidates were tested in RSV-seropositive African green 

monkeys.  RSV-seropositive monkeys were immunized intranasally with 102 to 106 PFU 

of PIV5, or 106 PFU of rPIV5-RSV-F or rPIV5-RSV-G.  BAL and nasopharyngeal swab 

samples were collected 3, 5, 7, 10, 14, and 21 dpi to determine vaccine virus replication.  

Serum was collected 28 days post-immunization for analysis of antibody titers (Fig. 9A). 

PIV5 and PIV5-RSV vaccine candidate replication kinetics in RSV-experienced 

monkeys were similar to those observed in RSV-naïve monkeys (Fig. 4.9B-4.9E).  In 

both the BAL and nasopharyngeal swab, the highest viral titers of rPIV5-RSV-F and 

rPIV5-RSV-G were observed on day 3 post-immunization and decreased over time.  

There was no detectable virus by 14 days after immunization.  Interestingly, rPIV5-RSV-

F seemed to be cleared at a faster rate than rPIV5-RSV-G (Fig. 4.9D and 4.9E).  The 

reason is unclear, but we speculate this could be due to pre-existing F-specific 

neutralizing antibodies clearing the virus.   

Immunogenicity of rPIV5-RSV-F and rPIV5-RSV-G in RSV-experienced African 

green monkeys 

To determine whether immunization with the vaccine candidates boosted pre-

existing RSV antibody titers, we measured IgG levels by ELISA and performed in vitro 

plaque-reduction assays using pre-and post-immunization serum.  PIV5-RSV-F and 

PIV5-RSV-G boosted pre-existing serum IgG levels against their respective antigens by 

approximately 40-fold and 25-fold, respectively (Fig.4.10A and 4.10B).  PIV5-RSV-F 

and PIV5-RSV-G increased neutralizing antibody titers against RSV A2 by 50-fold and 
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12-fold, respectively.  Only rPIV5-RSV-F boosted neutralizing antibody titers against 

RSV B1, a virus from a different subgroup (29-fold increase) (Fig. 4.10C and 4.10D) 

Discussion 

In this work, we evaluated two PIV5-based vaccines in cotton rat and African 

green monkey models of RSV infection.  The candidates replicated in the upper and 

lower respiratory tracts of both species, making them useful animal models for evaluating 

the vaccine candidates.  None of the animals immunized with the PIV5-based vaccines 

exhibited symptoms after vaccination, suggesting that these vaccines were safe.   

In cotton rats, a single intranasal dose of either vaccine induced systemic immune 

responses and reduced RSV loads in the upper and lower respiratory tracts.  Both 

candidates elicited the production RSV-antigen-specific IgG, but only vaccination with 

the F candidate induced neutralizing antibodies.  These results are consistent with the 

previous mouse study (24).  It has been previously shown that G-specific antibodies may 

not efficiently neutralize virus in vitro but still protect animals against RSV infection (10, 

40).  This is likely a result of differences in receptors used for attachment in vitro and in 

vivo (41).  Nevertheless, PIV5-RSV-F was slightly more immunogenic and protective 

against RSV challenge in cotton rats.       

In RSV-naïve African green monkeys, a single intranasal immunization with 

PIV5-RSV-F or PIV5-RSV-G induced high RSV-antigen-specific IgG titers but modest 

or no neutralizing antibody titers.  Interestingly, both candidates still protected against 

RSV challenge, reducing viral loads and hastening viral clearance in the upper and lower 

respiratory tracts.  The protection may be attributed to the high IgA titers detected in the 

mucosal secretions of the animals.  Low levels of RSV-specific IgA have been identified 
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as a risk factor for RSV infection in adults over 65 years old (42).  Similarly, in an 

experimental RSV infection of adult volunteers, high levels of mucosal RSV-specific IgA 

correlated with protection against RSV infection (43).  Therefore, although the vaccine 

candidates did not induce high levels of serum neutralizing antibodies, the local mucosal 

antibody response can still be protective against RSV infection in an RSV-naïve 

population. 

In RSV-experienced monkeys, intranasal vaccination with the vaccine candidates 

boosted RSV-antigen-specific antibody titers.  Both candidates significantly increased 

baseline IgG and neutralizing antibody titers, suggesting that these vaccines were 

immunogenic and can be used to boost antibody responses in RSV-seropositive 

populations. 

In this work, we demonstrate that these PIV5-based RSV vaccine candidates are 

immunogenic and efficacious in cotton rat and African green monkey models of RSV 

infection.  The results suggest that the candidates may be promising vaccines in both 

RSV-seropositive and seronegative populations.  
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Figure 4.1. PIV5 replication in cotton rats.  Cotton rats were infected intranasally with 

105 PFU of PIV5 in 10 μl or 100 μl volumes.  At 4 and 6 days post-challenge, (A) noses 

and (B) lungs were harvested and viral loads were determined by plaque assay.  Each 

group consisted of 4 cotton rats.  Bars represent the geometric mean titer (GMT) of each 

group.  Statistical significance was determined by 2-way ANOVA with Sidak’s 

correction for multiple comparison tests. *P<0.05, ****P <0.0001. 

 

Figure 4.2. Serum antibody titers of cotton rats vaccinated with PIV5-RSV-F or PIV5-

RSV-G.  Cotton rats were immunized intranasally with 103, 104, 105, or 106 PFU of PIV5-

RSV-F, PIV5-RSV-G, or PBS.  Sera were collected 21 days post-immunization and IgG 

endpoint titers were determined by ELISA.  RSV neutralizing activity was measured by 
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50% plaque-reduction assay.  (A) RSV F-specific IgG titers.  (B) RSV-G-specific IgG 

titers.  (C) Serum neutralizing antibody titers. Each group consisted of 4 cotton rats.  

Graphs represent the GMT of each group.  Error bars represent the 95% CI.   

 

Figure 4.3. Immunization with PIV5-RSV-F or PIV5-RSV-G protected cotton rats against 

RSV challenge.  Cotton rats were immunized intranasally with 103, 104, 105, or 106 PFU 

of PIV5-RSV-F or PIV5-RSV-G, 106 PFU of PIV5, or PBS.  At 21 days post-

immunization, the animals were challenged with 105.5 PFU of RSV A2.  Four days post-

challenge, (A) noses and (B) lungs were harvested and viral loads were determined by 

plaque assay.  Each group consisted of 4 cotton rats.  Graphs represent the GMT of each 

group.  Error bars represent the 95% CI.  
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Figure 4.4. PIV5 replication in RSV-naïve African green monkeys.  (A) Study design.  

African green monkeys were immunized intranasally with 104 or 106 PFU of PIV5-RSV-

F or PIV5-RSV-G, or 106 PFU of PIV5.  Negative control groups received PBS.  BAL 

and nasopharyngeal swab samples were collected on days 3, 5, 7, 10, 14, and 21 days 

post-immunization.  Viral loads from each animal at each time point were determined by 

plaque assay. (B) PIV5 titers in bronchoalveolar lavage (BAL) samples.  (C) PIV5 titers 

in nasopharyngeal swab samples.  Each group consisted of 3 to 4 monkeys.  All monkeys 

were PIV5-seronegative and RSV-seronegative except where indicated.  Each bar 

represents the mean of each group.  The error bars represent the standard error of the 

mean.  
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Figure 4.5. Serum antibody responses in RSV-naïve African green monkeys immunized 

with PIV5-RSV-F or PIV5-RSV-G.  African green monkeys were immunized intranasally 

with 104 or 106 PFU of PIV5-RSV-F or PIV5-RSV-G, or 106 PFU of PIV5.  Sera were 

collected 3 days prior to immunization and 21 days post-immunization. (A) Anti-RSV-F 

and (B) anti-RSV-G IgG titers were measured by ELISA.  (C) Serum neutralization titers 

were determined by 50% plaque-reduction assay.  Each group consisted of 4 PIV5 and 

RSV-seronegative and monkeys. 

 

Figure 4.6. Mucosal IgA responses in naïve African green monkeys immunized with 

PIV5-RSV-F or PIV5-RSV-G.   African green monkeys were immunized intranasally with 

104 or 106 PFU of PIV5-RSV-F or PIV5-RSV-G, or 106 PFU of PIV5.  Mucosal 

secretions were collected 3 days prior to immunization and 21 days post-immunization. 

(A) Anti-RSV-F and (B) anti-RSV-G-specific IgA titers were measured by ELISA.  Each 

group consisted of 4 PIV5 and RSV-seronegative monkeys. 
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Figure 4.7. Cell-mediated immune responses in PIV5-RSV-F or PIV5-RSV-G-vaccinated 

African green monkeys.  IFN-γ ELISPOT assay.  PBMCs were collected from African 

green monkeys 21 days after intranasal immunization with 106 PFU of PIV5-RSV-F, 

PIV5-RSV-G, or PIV5.  Cells were mock-stimulated or stimulated with RSV F, G, N, or 

concanavalin A (conA) and the number of IFN-γ secreting cells were measured per 106 

PBMCs.  Each group consisted of 4 PIV5 and RSV-seronegative monkeys. 
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Figure 4.8. Protection against RSV challenge by PIV5-RSV-F or PIV5-RSV-G in 

vaccinated African green monkeys.  African green monkeys were immunized intranasally 

with 104 or 106 PFU of PIV5-RSV-F, PIV5-RSV-G, or 106 PFU of PIV5.  At 28 days 

post-immunization, animals were challenged with 105.5 PFU of RSV A2 intranasally.  

Nasopharyngeal swabs and BAL samples were collected 3, 5, 7, 10, and 14 days post-

challenge and viral loads were determined by plaque assay.  Each group consisted of 4 

PIV5 and RSV-seronegative monkeys.   
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Figure 4.9. PIV5 replication in RSV-experienced African green monkeys.  (A) Study 

design.  African green monkeys were immunized intranasally with 102, 104, 106, or 108 

PFU of PIV5, or 106 PFU of PIV5-RSV-F or PIV5-RSV-G.  BAL and nasopharyngeal 

swab samples were collected on days 3, 5, 7, 10, 14, and 21 days post-immunization.  

Viral loads from each animal at each time point were determined by plaque assay. (B) 

PIV5 titers in bronchoalveolar lavage (BAL) samples.  (C) PIV5 titers in nasopharyngeal 

swab (NP).  (D) PIV5-RSV-F and PIV5-RSV-G titers in BAL samples.  (E) PIV5-RSV-F 

and PIV5-RSV-G titers in NP samples.  (F) P values for comparing PIV5-RSV-F and 

PIV5-RSV-G titers at different time points. Values of P<0.05 are in bold.  Each group 

consisted of 3 monkeys.  All monkeys were PIV5-seronegative and RSV-seropositive.  

Each bar represents the mean of each group.  The error bars represent the standard error 

of the mean. 
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Figure 4.10. Serum neutralizing antibody responses in RSV-experienced African green 

monkeys immunized with PIV5-RSV-F or PIV5-RSV-G.  African green monkeys were 

immunized intranasally with 106 PFU of PIV5-RSV-F, PIV5-RSV-G, or PIV5.  Sera 

were collected 28 days post-immunization.  (A) Anti-RSV-F and (B) anti-RSV-G-

specific IgG titers were measured by ELISA.  (C and D) Neutralizing antibody titers were 

measured by 50% plaque reduction assay against (C) RSV/A/A2 and (D) RSV/B/B1.  

Each group consisted of 3 PIV5 seronegative, RSV-seropositive monkeys.  Statistical 

significance was determined by 2-way ANOVA with Sidak’s multiple comparison test. 
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Abstract 

Human respiratory syncytial virus (RSV) is the leading etiologic agent of lower 

respiratory tract infections in children, but no licensed vaccine exists.  Previously, our 

laboratory developed two parainfluenza virus 5 (PIV5)-based RSV vaccine candidates 

that protect mice against RSV challenge.  PIV5 was engineered to express either the RSV 

fusion protein (F) or the RSV major attachment glycoprotein (G) between the HN and L 

genes of the PIV5 genome (rPIV5-RSV-F or rPIV5-RSV-G).  To investigate the stability 

of the vaccine candidates in vitro, they were passaged in Vero cells for eleven 

generations, and the genome sequences of the resulting viruses were compared with those 

of the parent viruses.  While mutations were observed within clonal populations of the 

candidates and in the PIV5 backbone of rPIV5-RSV-G, the consensus sequences of the 

gene insertions had no mutations after in vitro passage.  We also examined the in vivo 

stability of the vaccine candidates after a single passage in African green monkeys.  No 

mutations were detected in the consensus sequences of viruses collected from the BAL 

fluid of the animals. Mutations in individual isolates of rPIV5-RSV-G were found in 

RSV-G and PIV5-L, but plaque isolates of rPIV5-RSV-F had no mutations. The results 

suggest that foreign gene insertions are stable in PIV5 genome.  However, the function of 

the foreign gene insertion may need to be considered when designing PIV5-based 

vaccines.  
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Introduction 

 

Human respiratory syncytial virus (RSV) is a leading cause of viral bronchiolitis 

and hospitalizations in infants and young children.  Globally, an estimated 33.8 million 

cases of RSV-associated acute lower-respiratory infection occur annually in children 

under the age of five, resulting in approximately 3 million hospitalizations (1).  In the 

United States, greater than 60% of children are infected with RSV by the age of one, and 

nearly all children are infected by two years old (2).  Furthermore, severe infection during 

infancy has been implicated in the development of childhood asthma and wheezing (3, 4).  

Since natural RSV infection does not confer long-lasting immunity, reinfection, although 

usually mild in healthy individuals, can occur throughout life.  Therefore, RSV infection 

can still cause serious complications in immunocompromised individuals and the elderly 

(5).  For these reasons, vaccines are needed for both young and aged populations.  

While many attempts have been made at developing an RSV vaccine for over 

forty years, no licensed vaccine currently exists (6).  The most advanced RSV vaccine 

candidates to date have been live attenuated or vectored vaccines.  One live attenuated 

candidate, rA2 cp248/404/1030ΔSH, was immunogenic and well-tolerated in RSV-naïve, 

1 to 2-month-old infants.  However, 34% of the virus isolates recovered from post-

vaccination nasal washes demonstrated partial loss of the temperature-sensitive (ts) 

phenotype.  Specifically, loss of 248ts or 1030ts mutations was observed, with 83% of 

reversions occurring at 1030ts (7).  Further examination in in vitro studies showed that 

the two mutations occurred as a result of selective pressure at 35°C, similar to the 

maximum temperature of the respiratory tract.  MEDI-534, a live vectored RSV vaccine 

candidate, also encountered obstacles related to genome stability.  MEDI-534 is a 
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chimeric, recombinant vaccine consisting of a bovine parainfluenza virus 3 (bPIV3) 

backbone engineered to express the human PIV3 (hPIV3) fusion protein, hPIV3 

hemagglutinin-neuraminidase (HN), and RSV fusion protein (F).  In a Phase 1 study 

conducted in seronegative children, ages 6 to 24 months, all subjects seroconverted in 

response to hPIV3, but only 50% seroresponded to RSV (8).  Sequence analysis of post-

vaccination nasal wash samples showed mutations in the poly A sequence downstream of 

the bPIV3 nucleocapsid gene (N) as well as in the F open reading frame.  These variant 

subpopulations existed at low levels in the administered vaccine, and the mutations were 

implicated in the down-regulation of F expression and subsequent reduction in the 

antibody response against F (9).  Therefore, genome stability is important for live 

attenuated and live viral vector-based vaccine candidates. 

PIV5 is a non-segmented, negative-sense, RNA virus of the genus Rubulavirus in 

the Paramyxoviridae family (10).  Previous work from our lab has shown that PIV5, as a 

vaccine vector, is safe, efficacious, and able to overcome host pre-existing immunity 

(11).  PIV5-based vaccine candidates against influenza and rabies have conferred 

protection against infection in various animal models (12–18).  Furthermore, in the 

canine model of H3N2 influenza infection, PIV5 expressing H3 was able to generate 

protective hemagglutination-inhibition (HAI) titers in PIV5-immunized animals (11).  

Recently, our laboratory developed PIV5-based RSV vaccine candidates expressing 

either RSV F or the major attachment glycoprotein (G) between the HN and L genes of 

PIV5.  We showed that the vaccine candidates conferred potent immunity against RSV 

challenge in mice.  Both candidates induced RSV antigen-specific antibodies and reduced 

RSV lung titers with no evidence of enhanced disease (19).   
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The genome structure of PIV5 is stable, unlike the genomes of positive-strand 

RNA viruses (20).  Recombinant PIV5 expressing GFP maintained GFP gene expression 

for more than 10 generations (the duration of the experiment) (21).  Sequence variation is 

also low among PIV5 isolates, and the PIV5 genome remains stable through high 

multiplicity of infection (MOI) passages in tissue culture cells (22). In this work, we 

determined the stability of our vaccine candidates after multiple passages in cell culture 

and a single passage in African green monkeys.   

Materials and Methods 

Cells and viruses 

Vero and BHK21 cells were maintained in Dulbecco’s modified Eagle Medium 

(DMEM) supplemented with 10% fetal bovine serum (FBS), 100 IU/mL penicillin, and 

100 μg/mL streptomycin (1% P/S; Mediatech Inc., Manassas, VA, USA).  Cells were 

passed one day prior to infection, achieving approximately 90% confluence by the 

following day.  The rPIV5-RSV-F and rPIV5-RSV-G viruses were generated (19) and 

grown in MDBK cells as previously described (21). 

Serial passages of rPIV5-RSV-F and rPIV5-RSV-G 

Vero cells in 6-cm dishes were infected with rPIV5-RSV-F or rPIV5-RSV-G at a 

MOI = 1.  After 5 days, 500 μL of cell supernatant was used to inoculate fresh 6-cm 

dishes of Vero cells.  The remaining cell supernatant was supplemented with 1% BSA 

and stored at -80°C.  Eleven passages were performed. 

rPIV5-RSV-G growth curves 

Vero cells in 6-well plates were infected with rPIV5-RSV-G P0 or P12 at a 

MOI=5 or 0.01 and incubated for two hours at 37°C, 5% CO2.  The inocula were 
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aspirated and replaced with 2 mL of DMEM containing 2% FBS and 1% P/S.  One 

hundred μL samples of supernatant were collected at 0, 12, 24, 36, 48, and 72 hours post-

infection for high MOI infection and 0, 24, 48, 72, 96, and 120 hours post-infection for 

low MOI infection.  Each sample was supplemented with 1% BSA and stored at -80°C 

immediately after collection.  Virus titers were determined by plaque assay as described 

in Chen et al (16) 

Nonhuman primate infection and BAL collection 

Animal experiments were performed according to protocols approved by the 

Merck Institutional Animal Care and Use Committee.  African green monkeys, 

seronegative for PIV5 and seropositive for RSV, were anesthetized with Telazol (4-6 

mg/kg), supplemented with Ketamine (5 mg/kg) if needed.  106 PFU of either rPIV5-

RSV-F or rPIV5-RSV-G were administered intranasally in a 1 mL volume, distributed 

equally between both nares. 

Bronchoalveolar lavage (BAL) samples were collected 3, 5, 7, 10, and 14 days 

post-infection.  Briefly, 5 mL of HBSS was delivered into the lung and then aspirated 

using a tracheal tube and syringe.  BAL samples were mixed with 10% SPG and 1% 

gelatin, flash-frozen in a dry-ice ethanol bath, and stored at -80°C. 

rPIV5 RSV-F and rPIV5-RSV-G plaque purification 

Passages 0 and 11 of rPIV5-RSV-F and rPIV5-RSV-G were diluted by a factor of 

104 to 106 in DMEM containing 1% BSA.  Fifty μL of each dilution were used to infect 

6-well plates of BHK21 cells as described above.  After 5 days, plaques were selected 

and cultured in Vero cells with DMEM containing 2% FBS and 1% P/S.  After 4 to 5 

days, cell supernatants were harvested, supplemented with 1% BSA, and stored at -80°C. 
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For plaque purification of rPIV5-RSV-F and rPIV5-RSV-G from NHP samples, BAL 

wash samples from 5 days post-immunization (dpi) were diluted by a factor of 2 to 2 x 

105 in DMEM containing 1% BSA.  Four hundred μL of each dilution was used to infect 

BHK21 cells, and plaques were cultured as stated above.  

RT-PCR and sequencing 

Viral RNA was extracted from cell culture supernatant using a QIAamp viral 

RNA mini kit (Qiagen Inc., Valencia, CA).  Reverse transcription (RT) was performed 

with Superscript III reverse transcriptase (Life Technologies) and random hexamers 

(Promega, Madison, WI).  The cDNA templates and nineteen genome-specific primer 

pairs were used to amplify overlapping fragments of the viral genome by PCR.  These 

primers were also used to sequence the PCR products.  For NHP plaque isolates, viral 

RNA was extracted as stated above.  Genome specific primers and 5 μL of RNA were 

used for one-step RT-PCR (Life Technologies).  Sequence analysis was performed using 

Sequencher version 5.1 sequence analysis software (Gene Codes Corporation, Ann 

Arbor, MI).  Primer sequences are available upon request. 

Statistical analysis 

Graphpad Prism software version 5.04 for Windows was used for statistical 

analysis (Graphpad Software, La Jolla, CA).  Unpaired, two-tailed t-test was used to 

compare virus titers at different time points in rPIV5-RSV-G P0 and P12 growth curves. 
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Results 

Recombinant PIV5-based RSV vaccine viruses retained inserted genes through 

multiple passages in vitro 

To determine the stability of the recombinant viruses through serial passages in 

cell culture, the vaccine viruses were passaged every 5 days in Vero cells, a cell line that 

has been approved for vaccine production by the WHO and FDA, for a total of 11 

passages.  Both recombinant viruses retained the RSV gene insertion through serial 

passages (Fig. 5.1A and 5.1B).   

Full-genome sequencing of rPIV5-RSV-F passages 0 (P0) and 11 (P11) showed 

no differences between the consensus sequence of the initial stock virus and the virus 

from P11 (Table 5.1).  To assess differences within the P0 and P11 virus populations, 

over 20 plaques at P0 and P11 were isolated and cultured.  The gene insertion, including 

the upstream and downstream intergenic regions, was sequenced.  Interestingly, 13% (3 

out of 23) of the rPIV5-RSV-F P0 isolates differed from the parent sequence, even 

though P0 was grown from a single isolate.  The mutations were nucleotide substitutions 

within the RSV-F gene, all of which resulted in amino acid mutations.  By P11, 26% (6 

out of 23) of the rPIV5-RSV-F isolates differed from the parent sequence.  However, all 

of these mutations were mixed bases within the RSV-F gene.  Of the six mutated isolates, 

only three isolates (13%) actually sustained amino acid mutations. Of note, none of the 

mixed bases in P11 matched the mutations in the P0 (Table 5.2). 

Full-genome sequencing of rPIV5-RSV-G showed that P11 had two mutations, 

one mutation in the V/P gene, and the other in the 3’ untranslated region (UTR) of M.  

The mutation in the V/P gene caused an amino acid change from lysine to glutamate at 
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amino acid residue 78 in the conserved N-terminus.  The 3’ UTR of M had a cytosine (C) 

to adenine (A) mutation at nucleotide position 4,292 (Table 5.3). 

Since two mutations were detected in the PIV5 backbone of rPIV5-RSV-G P11, 

the regions of interest in all passages were sequenced to determine when the mutations 

occurred.  For the K78E mutation, a minor guanine (G) peak was detected at passage 3, 

and full conversion from A to G occurred by passage 7 (Fig. 5.2A).  In the case of the C-

to-A mutation at nucleotide position 4,292, a minor C peak was detected in passage 1.  

Full conversion from C to A occurred by passage 7 (Fig. 5.2B).  To determine whether 

there were differences in growth between early and late-passage viruses, growth curves 

were performed using P0 and P12 viruses (P11 was expanded to generate P12).  Growth 

of P0 and P12 were similar at high MOI infection, but P12 grew slightly faster by 24 hpi 

and to a higher final titer by 72 hpi (~0.5 log10) at low MOI infection (Fig. 5.3).  

At the plaque isolate level in rPIV5-RSV-G P0, 4% (1 out of 23) of the isolates 

were different, with the mutation being a mixed base within the RSV-G gene. This 

mutation was silent. None of the rPIV5-RSV-G P11 isolates differed from the parent 

sequence (Table 5.4).  Thus, the RSV-G gene and the flanking intergenic regions 

appeared stable through multiple in vitro passages even though the genome sustained 

mutations elsewhere. 

The genome of rPIV5-RSV-F, but not rPIV5-RSV-G, remained stable through in 

vivo passaging 

Since in vitro passage of the viruses may not accurately reflect stability in vivo, 

we sought to sequence virus isolates that were recovered from an in vivo infection.  

African green monkeys were inoculated with either rPIV5-RSV-F or rPIV5-RSV-G, and 
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BAL washes were collected 5 days post-infection.  Serial dilutions of the BAL wash 

samples were used for plaque assay in BHK cells.  After 5 days, plaques were picked, 

cultured in Vero cells for 5 days, and tissue culture supernatant was used for subsequent 

RNA isolation, RT-PCR, and sequencing (Fig. 5.4). 

No mutations were found in the consensus sequences of rPIV5-RSV-F recovered 

from the BAL washes of three different animals (Table 5.5).  None of the six rPIV5-

RSV-F plaque isolates selected for full genome sequencing acquired amino acid residue 

mutations.  Isolate 3 from animal 3 had a silent mutation in PIV5-F (Table 5.6).  No 

mutations were observed upon sequencing the RSV-F gene insertion region of six 

additional isolates, although isolate 3 from animal 6 did have a silent mutation in RSV-F 

(Table 5.7).  Thus the genome rPIV5-RSV-F appeared stable after in vivo passage in a 

non-human primate model. 

The consensus sequences of rPIV5-RSV-G recovered from the BAL of three 

different animals had no mutations (Table 5.8).  Interestingly, out of 6 fully-sequenced 

rPIV5-RSV-G plaque isolates, one isolate had a A753S mutation in PIV5-L (Table 5.9).  

After sequencing 11 additional isolates over the RSV-G insertion, 2 isolates were found 

to have mutations in RSV-G (Table 5.10).   

Discussion 

The encapsidation of the PIV5 RNA genome by NP results in a stable viral 

genome that retains foreign gene insertions.  In this work, we have examined the stability 

of inserts within the PIV5 genome over 11 passages in vitro and a single passage in vivo.  

At different passages, we determined full-genome consensus sequences as well as 

sequences of the foreign gene insertion in individual virus clones.  The foreign gene 
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insertions were stable; there was no loss of the insertions after passages in vitro or in 

vivo.  No mutation that could affect the expression of the inserted genes was observed. 

The results demonstrate that insertion of a foreign gene into the PIV5 genome is stable. 

This is different from a bovine PIV3-based RSV vaccine, in which mutations affecting 

the expression of inserted RSV F were observed in isolates after a single passage in 

clinical trial subjects (9).  

Over 11 in vitro passages, the inserts within rPIV5-RSV-F and rPIV5-RSV-G had 

no mutations in the consensus sequences, demonstrating that PIV5-based vectors are 

stable. However, examination of the rPIV5 vaccine viruses showed that mutations within 

clonal populations of each virus exist.  For rPIV5-RSV-F, 3 out of 23 clones contained 

mutations within the RSV F gene at P0.  By P11, 6 out of 23 clones contained mutations 

as a mixture at a given site. These mutations were different from those found in P0, 

indicating that these initial mutations did not provide a replicative advantage or undergo 

selection in subsequent passage. Thus, rPIV5-RSV-F is very stable, with no mutations 

emerging in the consensus sequence of the genome after 11 passages.  Interestingly, 

while no mutations were detected within the RSV-G gene of rPIV5-RSV-G, mutations 

emerged within the PIV5 backbone.  The K78E mutation is within a previously reported 

RNA binding region of the V/P gene (23). The mutation in the 3’ UTR of the M gene 

may affect the expression of M as well as F, the downstream gene. The RSV-G gene 

within the PIV5 genome is approximately 900 nucleotides long, about half the length of 

RSV-F.  The absence of mutations within RSV-G after in vitro passage is consistent with 

its smaller size and with RNA viruses being a quasispecies.  However, the insertion of G, 

despite its smaller size, resulted in mutations within the PIV5 backbone.  We speculate 
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that the emergence of mutations within the rPIV5-RSV-G genome may indicate that the 

RSV-G gene impacted PIV5 genome stability. The RSV-G protein binds to cell surface 

heparan sulfate and serves as an attachment protein for RSV (24). It is possible that 

functionality of RSV-G affects the replication of rPIV5-RSV-G in cultured cells.   

We also investigated the stability of the vaccine candidates after a single in vivo 

passage in African green monkeys.  No mutations were found in the consensus sequence 

of rPIV5-RSV-F recovered from BAL fluid 5 days after infection.  Further examination 

of individual plaque isolates also revealed no mutations.  The rPIV5-RSV-G consensus 

sequence appeared stable after passage, but 3 out of 17 isolates had mutations in various 

parts of the genome.  One isolate sustained an A753S mutation in L, while 2 isolates had 

mutations in RSV-G.  The A753S mutation was located in the polymerase domain of L, 

but the 753 residue is not known to be associated with catalytic activity (25).  Both 

mutations in G were found in a hypervariable mucin-like region, with the T125A 

mutation being a potential O-linked glycosylation site (26, 27).  Thus, while rPIV5-RSV-

F remained stable through in vivo passage, rPIV5-RSV-G acquired mutations in both the 

PIV5 backbone and the RSV-G insertion.  Together, with the in vitro data, these results 

suggest that the RSV-G gene may affect the stability of the rPIV5-RSV-G candidate. 

When considering further vaccine design using PIV5 as a vector, it is important to 

consider the functions of inserted antigens and the potential impact on viral genome 

stability.  Previously, we generated a PIV5-based H5N1 vaccine using the HA of an 

H5N1 influenza virus that lacks the cleavage site, rendering the HA molecule inactive but 

maintaining the immunogenicity of the protein (13, 17).  A similar approach may be 

considered for improving the stability of PIV5-based RSV-G vaccine viruses.   
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Figure 5.1. Stability of rPIV5-RSV-F and rPIV5-RSV-G through multiple passages in cell 

culture.  (A, B) Vero cells were infected with rPIV5-RSV-F or rPIV5-RSV-G at a MOI 

of 1.  Five hundred μL of infected cell culture supernatant was used to infect fresh Vero 

cells every 5 days, for a total of 11 passages.  Retention of the RSV-F or RSV-G gene 

was confirmed by performing RT-PCR on cell culture supernatants with primers flanking 

the 5’ and 3’ intergenic regions of the gene insertion. 
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Figure 5.2. Tracking mutations detected in the rPIV5-RSV-G P11 genome.  RT-PCR was 

performed using viral RNA isolated from rPIV5-RSV-G P0 through P11.  RT-PCR 

products were sequenced to determine when the K78E mutation (A) and C-to-A mutation 

at nucleotide position 4,292 (B) occurred.  Chromatogram images were generated using 

Sequencher v.5.1.   
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Figure 5.3. Growth Kinetics of rPIV5-RSV-G P1 versus P12. (A) Single-cycle growth 

curves of rPIV5-RSV-G P0 and P12 in Vero cells.  Vero cells were infected with rPIV5-

RSV-G P0 or P12 at a MOI = 1.  Samples of tissue culture supernatant were collected at 

12-hour intervals for 72 hours.  (B) Multi-cycle growth curves of rPIV5-RSV-G P0 and 

P12 in Vero cells.  Vero cells were infected with rPIV5-RSV-G P1 or P12 at a MOI = 

0.01.  Samples of tissue culture supernatant were collected at 24-hour intervals for 120 

hours.  Samples of three biological replicates were collected at each time point, and 

plaque assays were performed in BHK21 cells to determine virus titers.  Error bars 

represent the standard error of the mean. 
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Figure 5.4. Isolation of rPIV5-RSV-F and rPIV5-RSV-G after in vivo passage in African 

green monkeys. African green monkeys were immunized with 1x106 PFU of rPIV5-RSV-

F or rPIV5-RSV-G.  BAL washes were collected 5 dpi, and plaque assays were 

performed in BHK21 cells.  5 days later, plaque isolates were selected and cultured in 

Vero for 5 days, followed by RNA isolation, RT-PCR, and sequencing of the RT-PCR 

products. 

  



 

138 

Table 5.1. Comparison of genomes of rPIV5-RSV-F P0 and P11 

P0 P11 Location 

None None None    

 

 

Table 5.2. Comparison of insertion sequences of rPIV5-RSV-F P0 and P11 plaque 

isolates 

Mutations Location 

Passage 0 (3/23 isolates) 

 V56M RSV-F 

 T174A RSV-F 

 F114S/Y117H RSV-F 

 

Passage 11 (6/23 isolates) 

 Mixed N569L RSV-F 

 Mixed L95L (silent) RSV-F 

 Mixed I76N RSV-F 

 Mixed F572F (silent) RSV-F 

 Mixed F572F (silent) RSV-F 

 Mixed K461STOP/MixedF572F (silent) RSV-F 

 

 

Table 5.3. Comparison of genomes of rPIV5-RSV-G P0 and P11 

P0 P11 Location 

K78 E78 V/P 

C4292 A4292 3’ UTR of M 

 

 

Table 5.4. Comparison of insertion sequences of rPIV5-RSV-G P0 and P11 plaque 

isolates 

Mutations Location 

Passage 0 (1/23 isolates) 

 I243I (silent) RSV-G 

 

Passage 11 (0/24 isolates) 

 None  
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Table 5.5. Comparison of genomes of rPIV5-RSV-F P0 and rPIV5-RSV-F BAL  

(5 dpi) 

P0 BAL Day 5 Location 

None None (A12M001) None 

 None (A12M003) None 

 None (A12M032) None 

 

 

Table 5.6. Results of full genome sequencing of rPIV5-RSV-F isolates from BAL 

(5 dpi) 

AGM ID # Isolate # Mutation Location 

A12M001 1 None 

A12M001 2 None 

A12M001 3 None  

A12M003 1 None 

A12M032 1 None 

A12M032 3 V128V PIV5-F  

 

 

Table 5.7. Results of sequencing insertion region of rPIV5-RSV-F isolates from BAL 

(5 dpi) 

AGM ID # Isolate # Mutation Location 

A12M001 4 None 

A12M001 5 None 

A12M001 6 None 

A12M032 4 None 

A12M032 5 None 

A12M032 6 V56V RSV-F 

 

 

Table 5.8. Comparison of genomes of rPIV5-RSV-G P0 and rPIV5-RSV-G BAL  

(5 dpi) 

P0 BAL Day 5 Location 

None None (A12M004) None 

 None (A12M015) None 

 None (A12M008) None 
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Table 5.9. Results of full genome sequencing of rPIV5-RSV-G isolates from BAL  

(5 dpi) 

AGM ID # Isolate # Mutation Location 

A12M004 1 T119T RSV-G 

A12M004 2 None 

A12M015 1 None 

A12M015 2 None 

A12M008 1 A753S PIV5-L 

A12M008 2 None 

 

 

Table 5.10. Results of sequencing insertion region of rPIV5-RSV-G isolates from 

BAL (5 dpi) 

AGM ID # Isolate # Mutation Location 

A12M004 3 Q77H RSV-G 

A12M004 4 None 

A12M004 5 None 

A12M004 6 None 

A12M015 3 None 

A12M015 4 None 

A12M015 5 None 

A12M015 6 None 

A12M008 3 T125A RSV-G 

A12M008 4 None 

A12M008 5 None 
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CHAPTER 6 

PIV5 VECTORS EXPRESSING WILD-TYPE OR PRE-FUSION RESPIRATORY 

SYNCYTIAL VIRUS FUSION PROTEIN PROTECT MICE AND COTTON RATS 

FROM RSV CHALLENGE4 
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Abstract 

Human respiratory syncytial virus (RSV) is the leading cause of pediatric 

bronchiolitis and hospitalizations.  RSV can also cause severe complications in elderly 

and immunocompromised individuals.  There is no licensed vaccine.  We previously 

generated a PIV5-vectored vaccine candidate expressing RSV-F that was immunogenic 

and protective in mice.  Groups have recently demonstrated that antibodies against the 

pre-fusion conformation of the RSV fusion protein (F) have more potent neutralizing 

activity than antibodies against the post-fusion conformation.  Therefore, to improve on 

our previously developed PIV5-based RSV vaccine candidate, we engineered PIV5 to 

express a pre-fusion stabilized F mutant.  We also deleted the SH gene from the PIV5 

backbone, which has been shown in the past to improve vaccine efficacy.  The candidates 

were tested in BALB/c mice via the intranasal route and induced both humoral and cell-

mediated immunity.  They also protected against RSV infection in the mouse lung.  

When administered intranasally or subcutaneously in cotton rats, the candidates were 

highly immunogenic and reduced RSV loads in both the upper and lower respiratory 

tracts.  PIV5-RSV-F was equally protective when administered intranasally or 

subcutaneously.  In all cases, the pre-fusion F mutant did not induce higher neutralizing 

antibody titers than wild-type F.  These results show that antibodies against both pre- and 

post-fusion F are important for neutralizing RSV, and should be considered when 

designing a vectored RSV vaccine.  The findings also indicate that PIV5-RSV-F may be 

administered subcutaneously, which is the preferred route for vaccinating infants who 

may develop nasal congestion as a result of intranasal vaccination. 
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Introduction 

Human respiratory syncytial virus (RSV) is a leading cause of pediatric 

bronchiolitis and pneumonia, resulting in over 3 million hospitalizations and 200,000 

deaths globally each year in children under 5 years old (1).  Disease burden is also 

significant among elderly and immunocompromised populations.  An estimated 3 to 7% 

of healthy adults over 65 years old and 4 to 10% of high-risk adults develop RSV 

infections annually, with mortality reaching 8% among hospitalized individuals (2). 

RSV vaccine development has been ongoing since the 1960s, when the virus was 

first discovered.  Numerous candidates have been developed and tested, but a vaccine has 

yet to be licensed.  A formalin-inactivated RSV vaccine (FI-RSV) tested during the 1960s 

failed to protect against infection.  Furthermore, it caused enhanced disease in vaccinees 

upon natural exposure during the following RSV season.  The concern of enhanced 

disease has been a major hurdle for vaccine development (3–6).  Many approaches have 

been used, including live attenuated vaccines, vectored vaccines, subunit vaccines, and 

virus-like particles (7–10) .  Promising live attenuated and vectored vaccine candidates 

have been developed, which are not known to potentiate disease upon natural RSV 

infection (11). 

A PIV5-vectored RSV vaccine has been recently developed in which the coding 

sequence of the RSV fusion protein (RSV-F) is inserted between the HN and L genes of 

PIV5 [PIV5-RSV-F (HN-L)].  The vaccine candidate was immunogenic and highly 

efficacious at protecting mice against RSV lower respiratory tract infection (12).  It has 

been hypothesized that the vaccine candidate can be improved by modifying the vector or 

by increasing the antigen expression level.  The small hydrophobic (SH) protein of PIV5 
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plays an important role in blocking TNF-α-mediated apoptosis.  Deletion of this gene 

from PIV5 induces apoptosis in infected cells through an intrinsic pathway, possibly 

making it a better vector for presenting foreign antigens (13).  Previous work has shown 

that deleting the SH gene from PIV5 improves the efficacy of a PIV5-based vaccine 

expressing H5 of the H5N1 influenza strain.  When tested in mice, the PIV5ΔSH-H5 

vaccine increased antibody and cell-mediated immune responses to influenza, and 

provided better protection against H5N1 infection compared to its SH-containing 

counterpart (14). 

The PIV5-RSV-F vaccine candidate can also be improved by modifying the RSV-

F antigen.  Recent work has suggested that RSV-F in its pre-fusion conformation induces 

the production of antibodies with more potent in vitro neutralizing activity (15).  A 

stabilized pre-fusion RSV-F mutant called DS-Cav1 was recently crystallized and has 

been shown to induce higher neutralizing antibody titers than the post-fusion 

conformation of F (16, 17).  Introduction of the DS-Cav1 construct into a chimeric 

bovine/human PIV3 vector generated a vaccine candidate that was more immunogenic 

and protective than the same vector expressing post-fusion RSV-F (18).  

In this work, we sought to improve on the previous PIV5-RSV-F (HN-L) 

candidate by deleting the SH gene of PIV5 or by replacing wild-type RSV-F with the DS-

Cav1 pre-fusion mutant.  We hypothesized that combining both modifications into a 

vaccine would generate a candidate that is more immunogenic and protective against 

RSV infection.  
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Materials and Methods 

Cells 

Vero and Hep-2 cells were maintained in Dulbecco’s Modified Eagle Medium 

(DMEM) supplemented with 10% fetal bovine serum (FBS), 100 IU/mL penicillin, and 

100 μg/mL streptomycin (1% P/S; Mediatech Inc., Manassas, VA, USA).  MDBK cells 

were grown in DMEM containing 5% FBS and 1% P/S.  Cells were prepared one day 

prior to infection, achieving approximately 90% confluence by the following day. 

Plasmids and virus rescue 

To obtain the DS-Cav1 coding sequence, the mutations described in McClellan et 

al. were introduced into the wild-type F sequence from RSV/A/A2 by splicing by overlap 

extension (16).  The cDNA clones of PIV5 expressing RSV-F or the DS-Cav1 mutant 

were constructed using previously described methods (12, 14, 19).  Primer sequences are 

available upon request.  Infectious viruses were rescued in BHK cells as previously 

described (12). 

Viruses 

Recombinant PIV5 or PIV5ΔSH viruses expressing RSV-F or DS-Cav1 were 

propagated in MDBK cells as previously described (12, 19).  Briefly, MDBK cells were 

infected at a multiplicity of infection (MOI) of 0.01 in DMEM and 1% BSA.  After 

allowing the inoculum to adsorb for 1-2 h, the inoculum was removed and replaced with 

DMEM containing 2% FBS and 1% P/S.  After 4-5 days of incubation at 37°C, 5% CO2, 

the cell medium was collected and centrifuged to remove debris.  The supernatant was 

mixed with a 0.1 volume of 10X SPG buffer, flash-frozen in liquid nitrogen, and stored at 

-80°C. 



 

149 

RSV/A/A2 used in mouse studies was grown in Vero cells as previously 

described (12, 20).  RSV/A/Tracy and RSV/A/A2 used in cotton rat studies were 

propagated in HEp-2 cells.  FI-RSV Lot#100 was produced in the mid-1960s by Pfizer 

Inc., and was stored and used on-site at Sigmovir, Inc. 

Immunofluorescence assay (IFA) 

Direct and indirect immunofluorescence assays were performed to detect total 

RSV-F, pre-fusion RSV-F, and post-fusion RSV-F in cells infected with PIV5-RSV-F 

(HN-L), PIV5-RSV-F (SH-HN), PIV5-RSV-pF (SH-HN), PIV5ΔSH-RSV-F, and 

PIV5ΔSH-RSV-pF.  A549 cells seeded onto coverslips were infected with the vaccine 

candidates.  Two days after infection, cells were fixed with 2% formaldehyde in 

phosphate-buffered saline (PBS) and immunostained with antibodies that bound total 

RSV-F (palivizumab, site II-specific), post-fusion F (4D7, site I-specific), and pre-fusion 

F (D25, site φ-specific).  Palivizumab and D25 were directly labeled with Zenon® Alexa 

Fluor 488® and Zenon® allophycocyanin (APC) complexes, respectively, according to 

the manufacturer’s instructions (Thermo Fisher Scientific, Waltham, MA). The 4D7 

antibody was indirectly labeled with goat anti-mouse IgG conjugated to Cy3.  For 

permeabilized samples, 0.1% saponin was included in the immunostaining buffers.  

Following staining, the coverslips were mounted with ProLong Gold antifade reagent and 

imaged using a NikonA1R confocal microscope (Nikon Instruments Inc., Melville, NY).    

Flow cytometry 

A549 cells were infected with PIV5-RSV-F (HN-L), PIV5-RSV-F (SH-HN), 

PIV5-RSV-pF (SH-HN), PIV5ΔSH-RSV-F, and PIV5ΔSH-RSV-pF.  Forty-eight hours 

after infection, the cells were harvested with 10 mM EDTA and immunostained with 
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palivizumab, D25, and 4D7 antibodies conjugated to Zenon® Alexa Fluor 488® , 

Zenon® phycoerythrin (PE), or ® Zenon® allophycocyanin (APC).  For surface staining, 

the cells were immunostained with the antibodies and then fixed with 1% formaldehyde.  

For total staining, the cells were first fixed and permeabilized with BD Cytofix/Cytoperm 

buffer followed by immunostaining.  Since a single cell can present both pre-and post-

fusion F, we determined the levels of protein expression based on the percent of RSV-F 

positive cells that stained positive for pre-fusion RSV-F, post-fusion RSV-F, or both.  

Flow cytometry was performed using a BD LDR II flow cytometer (Franklin Lakes, NJ). 

Plaque assays 

PIV5 plaque assays were performed as previously described (21).  Briefly, 10-

fold serial dilutions were prepared in DMEM with 1% BSA.  One hundred μL of each 

dilution was transferred to 6-well plates of BHK21 cells, in a total infection volume of 1 

ml.  After adsorption for 1 to 2 h at 37°C, 5% CO2, the inocula were aspirated, and cell 

monolayers were overlaid with DMEM containing 10% tryptose phosphate broth (TPB), 

2% FBS, 1% P/S, and 1% low melting point agarose.  After 5 days, the cells were fixed 

with 2% formaldehyde, overlays were removed, and the cells were stained with crystal 

violet to visualize the plaques. 

For mouse studies, RSV plaque assays were performed in Vero cells and 

visualized by immunostaining with RSV-F-specific antibody as previously described (12, 

22).  For cotton rat studies, plaque assays were performed in HEp-2 cells and visualized 

by staining with crystal violet. 
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Mouse studies 

All mouse studies were performed according to the protocols approved by the 

Institutional Animal Care and Use Committee at the University of Georgia.  Six to eight- 

week-old, female, BALB/c mice were anesthetized by intraperitoneal injection of 200 μL 

of 2, 2, 2-tribromoethanol in tert-amyl alcohol (Avertin).  The mice were intranasally 

immunized with 106 PFU of the PIV5-based vaccine candidates or RSV/A/A2 in 100 μl 

volumes.  Mice treated intranasally with 100 μl of PBS served as negative controls.  

Twenty-one days post-immunization, sera were collected via cheek bleed.  Twenty-eight 

days post-immunization, mice were challenged with 106 PFU of RSV/A/A2 in a 100 μl.  

Four and six days after challenge, mice were humanely sacrificed, and lungs were 

collected to determine viral burden as previously described (12, 22). 

For the cohort used for ELISpot experiments, mice were immunized as described 

above.  Twenty-eight days post-immunization, mice were sacrificed, and spleens were 

harvested for subsequent splenocyte isolation.   

Cotton rat study 1: comparing PIV5-RSV-pF/F (SH-HN) and PIV5ΔSH-RSV-pF/F 

All experiments were performed in accordance with guidelines set forth by the 

National Institutes of Health and the United States Department of Agriculture, using 

protocols approved by the Baylor College of Medicine Investigational Animal Care and 

Use Committee.  Thirty cotton rats (Sigmodon Hispidus) were divided into six groups 

consisting of 5 animals each.  Animals were lightly anesthetized with isoflurane and 

intranasally immunized with 103 PFU of PIV5-RSV-F, PIV5-RSV-pF, PIV5ΔSH-RSV-F, 

or PIV5ΔSH-RSV-pF in 100 μl. An additional group was intranasally immunized with 

102 PFU of PIV5ΔSH-RSV-pF.  Cotton rats treated with 100 μl of PBS served as the 
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negative controls (Table 6.1).  Sera were collected 21 and 28 days after immunization and 

four days after challenge for serological studies.  Animals were challenged on day 28 

with 1.21x105 PFU of RSV/A/Tracy in 100 μl.  Four days later, the animals were 

euthanized by CO2 asphyxiation, and lungs and noses were lavaged to determine viral 

burden.   

Cotton rat study 2: comparing PIV5-RSV-F (SH-HN) and PIV5ΔSH-RSV-F safety 

and efficacy using different routes of administration 

Cotton rats were maintained and handled according to the National Institutes of 

Health guidelines and protocols approved by the Sigmovir Institutional Animal Care and 

Use Committee. 

Fifty 6 to 8 week-old inbred female cotton rats were divided into ten groups 

containing 5 animals each.  Animals were anesthetized and immunized according to 

Table 6.2.  Sham-vaccinated groups and the FI-RSV-vaccinated group were boosted 28 

days post-primary immunization.  All other groups only received a single dose on day 0.  

Sera were collected 28 and 49 days after primary immunization.  Animals were also 

challenged on day 49.  Five days after challenge, the cotton rats were euthanized by CO2-

asphyxiation.  Nasal tissue and the left lung section were harvested, homogenized in 

HBSS and 10% SPG, and used for virus titration.  The right lung section was inflated 

with 10% formalin for histopathology.  The lingular lung segments were flash frozen for 

RNA isolation and qPCR.  

Anti-pre-fusion and post-fusion F IgG ELISA 

Antibodies against pre-fusion and post-fusion conformations of RSV-F were 

measured by indirect ELISA.  Immulon® 2HB 96-well microtiter plates were coated with 
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50 μl of purified pre-fusion or post-fusion RSV-F at 2 μg/ml in PBS and incubated 

overnight at 4°C.  Two-fold serial dilutions of serum were made in blocking buffer [3% 

nonfat dry milk dissolved in PBS containing 0.05% Tween-20® (PBST)].  One hundred 

microliters of each dilution were transferred to the plates and incubated for two hours at 

room temperature.  The plates were washed with PBST, and secondary antibody was 

diluted 1:2500 [horseradish-peroxidase (HRP)-conjugated goat anti-mouse IgG or HRP-

conjugated chicken anti-cotton rat IgG] in blocking buffer.  Fifty microliters of diluted 

secondary antibody were added to each well, and the plates were incubated for one hour 

at room temperature.  The plates were washed and developed with 100 μl/well of 

SureBlue Reserve TMB substrate at room temperature. The reaction was stopped with 

100 μl/well of 1N HCl after 5 to 7 minutes.  The optical density was read at 450 nm using 

a BioTek Epoch microplate reader.  The endpoint antibody titer was defined as the 

highest serum dilution at which the OD was greater than two standard deviations above 

the mean OD of the naïve serum. 

Cotton rat study 2, anti-RSV-F IgG ELISA: comparing PIV5-RSV-F (SH-HN) and 

PIV5ΔSH-RSV-F safety and efficacy using different routes of administration  

Ninety-six-well ELISA plates were coated with purified RSV F protein extracted 

from RSV/A/A2-infected HEp-2 cells.  Plates were blocked for 1 h, washed, and 

incubated with four-fold serial dilutions of serum for 1 h at room temperature.  After 

washing, the plates were incubated with rabbit anti-cotton rat IgG (1:4000) for 1 h at 

room temperature.  Following additional washes, the plates were incubated with HRP-

conjugated goat anti-rabbit IgG (1:4000) for 1 h at room temperature.  The plates were 
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washed, developed with TMB substrate for 15 minutes, and the reaction was stopped 

with TMB-Stop solution.  The optical density was read at 450 nm.   

Mouse study neutralization assays 

Serum samples were heat-inactivated at 56°C for 30 minutes.  Two-fold serial 

dilutions of samples were prepared in Opti-MEM I supplemented with 2% FBS, 1% P/S, 

and 5% guinea pig complement (GPC).  The diluted samples were mixed 150 PFU/25 μl 

of RSV/A/A2 and incubated for 1 h at 37°C, 5% CO2.  The serum-virus mixtures were 

then transferred to confluent monolayers of Vero cells and allowed to adsorb for 1 h at 

37°C, 5% CO2.  The cells were then overlaid with 0.8% methylcellulose dissolved in 

Opti-MEM I supplemented with 2% FBS, 1% P/S.  After incubation for 7 days at 37°C, 

5% CO2, the cells were fixed in 60% acetone/40% methanol and immunostained to 

visualize plaques.  The neutralizing antibody titers were determined based on the highest 

serum dilution at which 50% neutralization of the input virus control was achieved.  

Cotton rat study 1, microneutralization assay: comparing PIV5-RSV-pF/F (SH-HN) 

and PIV5ΔSH-RSV-pF/F 

Two-fold serial dilutions of heat-inactivated serum were prepared and incubated 

with RSV/A/Tracy or RSV/B/18537 to determine the neutralizing antibody titer.  Serum-

virus mixtures were transferred to confluent monolayers of HEp-2 cells and incubated at 

37°C, 5% CO2.  The cells were then fixed with 10% neutral-buffered formalin and 

stained with crystal violet.  The neutralizing antibody titer was defined as the highest 

serum dilution at which a 50% reduction in viral cytopathic effect (CPE) was observed. 
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Cotton rat study 2, neutralization assay: comparing PIV5-RSV-F (SH-HN) and 

PIV5ΔSH-RSV-F safety and efficacy using different routes of administration 

Four-fold dilutions of heat-inactivated serum were prepared in Eagle’s Minimum 

Essential Medium and incubated with 25-50 PFU of RSV/A/A2 for 1 h at room 

temperature.  Serum-virus mixtures were transferred to confluent HEp-2 cell monolayers, 

allowed to adsorb for 1 h at 37°C 5% CO2, and overlaid with 0.75% methylcellulose 

medium.  After incubating for 4 days at 37°C, 5% CO2, cells were fixed and stained with 

crystal violet to visualize plaques.  Neutralizing antibody titer was determined at the 60% 

reduction endpoint of the virus control using the statistical program 

“plqard.manual.entry.” 

ELISpot 

Twenty-eight days post-immunization, spleens were harvested from the mice and 

pressed through 70 μm strainers to isolate splenocytes.  After rinsing the strainers with 

HBSS, the splenocytes were collected by centrifugation and treated with red blood cell 

lysis buffer (0.15M NH4Cl, 1M KHCO3, 0.1mM Na2EDTA; ACK buffer).  The cells 

were then washed with HBSS, resuspended in complete tumor medium (CTM), and 

diluted to a concentration of 5x106 cells/ml. 

The BD Mouse IFN-γ ELISpot Set was used to measure IFN-γ-secreting 

splenocytes from vaccinated mice.  One day prior to performing the assay, ELISpot 

plates were activated with 70% ethanol, washed with water, and coated with capture 

antibody overnight at 4°C.  The next day, plates were washed and blocked with CTM for 

at least 2 h at room temperature. The blocking solution was discarded, and peptides were 

added to the wells (200 ng of peptide/50 μl of CTM/well).  The peptides used were RSV-
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F (85-93) and GFP (200-208).  PMA/ionomycin was used to non-specifically stimulate 

the cells.  Fifty microliters of cells were added to each well, and the plates were incubated 

for 48 h at 37°C, 5% CO2.  Following incubation, the plates were immunostained 

according to the manufacturer’s instructions and spots were enumerated using an 

ImmunoSpot® Analyzer. 

Quantitative real-time PCR (qPCR) 

Total RNA was extracted from lung tissue using the RNeasy kit (Qiagen).  To 

prepare cDNA, 1 μg of total RNA was combined with Superscript II RT (Invitrogen) and 

oligo dT primer.  Real-time PCR reactions were prepared using Bio-Rad iQ™ SYBR 

Green Supermix and 0.5 μM of primer.  The reactions were run on a Bio-Rad iCycler.  

Baseline cycles and cycle threshold (Ct) were calculated using the PCR Base Line 

Subtracted Curve Fit mode of the iQ5 software.  Relative quantitation of DNA was 

applied to all samples.  Standard curves were generated using serially-diluted cDNA that 

had the highest levels of the transcript of interest.  Ct values were plotted against log10 

cDNA dilution factor.  The standard curves were used to convert Ct values from 

experimental samples to relative expression units.  The relative expression units were 

then normalized to level of β-actin mRNA in the corresponding sample.    

Histology 

Lungs were dissected, inflated with 10% neutral-buffered formalin, and then 

immersed in the same fixative.  The lungs were then embedded in paraffin, sectioned, and 

stained with hematoxylin and eosin (H&E).  Peribronchiolitis, perivasculitis, interstitial 

pneumonia, and alveolitis were scored in a bind fashion on a severity scale of 0-4.  The 

scores were then converted to a 0-100% histopathology scale. 
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Statistical analysis 

Statistical analysis was performed using Graphpad Prism software version 6 for 

Macintosh (Graphpad Software, La Jolla, CA).  Analysis of variance (ANOVA) followed 

by Tukey multiple comparison tests were used to analyze antibody titers and challenge 

virus loads. 

Results 

Examination of pre-fusion and post-fusion RSV F expression 

McLellan et al. recently obtained the crystal structure of pre-fusion stabilized 

RSV-F mutant called DS-Cav1.  This mutant contains substitutions that introduce 

cysteine modifications and fill cavities in the “head” of the pre-fusion structure (17) (Fig. 

6.1A).  Four new vaccine candidates were generated by inserting the coding sequence of 

either wild-type RSV-F or the DS-Cav1 mutant (pF), using previously described methods 

(Fig. 6.1B) (12, 19).  Expression of pre- and post-fusion RSV-F by the vaccine candidates 

was examined by fluorescence microscopy and flow cytometry.  A549 cells were infected 

with the different candidates and stained 48 h later using antibodies specific to pre-fusion 

F (D25), post-fusion F (4D7), and total F (palivizumab).  Cells infected with candidates 

encoding wild-type F expressed mixtures of both pre-fusion and post-fusion F (Fig. 6.2C-

6.2F, 6.2I and 6.2J, 6.2M and 6.2N).  Candidates encoding the DS-Cav1 construct 

expressed mostly pre-fusion F as expected, but DS-Cav1 expression was lower than wild-

type F expression.  There appeared to be little-to-no post-fusion F expression when 

examined by microscopy or flow cytometry (Fig. 6.2G and 6.2H, 6.2K-6.2N).  F 

expression was similar in the wild-type PIV5 backbone and the ΔSH backbone (Fig. 

6.2C-6.2F, 6.2I and 6.2J,6.2M and 6.2N).  Furthermore, the F constructs localized both 
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inside the cell and on the cell surface (Fig. 6.2A-6.2N).  Thus, wild-type F expressed 

from PIV5-based vectors consisted of a mixture or pre- and post-fusion conformations, 

while the majority of DS-Cav1 was expressed in the pre-fusion conformation. 

Immunogenicity and protective efficacy of vaccine candidates in mice 

To examine the immunogenicity of the vaccine candidates, 6 to 8-week-old 

BALB/c mice were immunized once with 106 PFU of the different candidates, and serum 

was collected 21 days post-vaccination.  Antibodies against pre-fusion and post-fusion F 

were measured by ELISA.  Serum neutralizing antibodies were measured by 50% plaque 

reduction assay.   

All of the vaccine candidates induced similar levels of antibodies that bound to 

pre-fusion F (Fig. 6.3A).  The wild-type constructs induced approximately 32-fold higher 

levels of post-fusion F-specific antibodies compared the DS-Cav1 counterparts (Fig. 

6.3B).  All of the candidates induced serum neutralizing antibody titers, but candidates 

expressing wild-type F induced titers approximately 8 to 32-fold higher than those 

induced by the DS-Cav1-expressing candidates (Fig. 6.3C).  The PIV5ΔSH backbone did 

not increase the immunogenicity of any of the constructs (Fig 6.3A and 6.3B).  Therefore, 

despite expressing mostly pre-fusion F, candidates encoding the DS-Cav1 construct did 

not increase levels of pre-fusion F antibodies or neutralizing antibodies in mice. 

To examine cell-mediated immune responses induced by the vaccine candidates, 

ELISpot was performed on splenocytes harvested from a separate cohort of 6 to 8 week-

old mice.  All of the immunization groups had similar numbers of IFN-γ-secreting cells 

in response to RSV-F peptide stimulation (Fig. 6.3D-6.3F).  Thus, all of the vaccine 

candidates elicited significant cell-mediated immune responses, regardless of pre-fusion 
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and post-fusion F expression and regardless of the presence of SH in the vector 

backbone. 

The mice were challenged 28 days post-immunization with RSV/A/A2 to determine the 

protective efficacies of the different vaccine candidates.  None of the mice had detectable 

challenge virus in the lungs four and six days post-challenge, showing that all of the 

candidates induced potent lower respiratory tract protection against RSV infection (Fig. 

6.4A and 6.4B). 

Immunogenicity and protective efficacies of vaccine candidates in cotton rats 

The vaccine candidates were further evaluated in cotton rats, a more permissive 

model for RSV infection (23).  Previous findings indicated that PIV5-RSV-F (HN-L) 

induced potent protection against RSV infection in cotton rats.  Therefore, for this study, 

we intranasally immunized cotton rats with low doses (103 PFU) of PIV5-RSV-F (SH-

HN), PIV5-RSV-pF (SH-HN), or the ΔSH counterparts to determine if differences in 

vaccine could be observed at low doses.  An additional group was immunized with 102 

PFU of PIV5ΔSH-pF to determine whether the candidate was efficacious at an even 

lower dose.  Similar to the findings in mice, all candidates elicited similar levels of anti-

pre-fusion F IgG (Fig. 6.5A), while the DS-Cav1-expressing candidates induced 8-fold 

lower anti-post-fusion F IgG titers (Fig. 6.5B).  The candidates also induced similar 

serum neutralizing antibody titers against RSV/A (Fig. 6.5C).  The neutralizing antibody 

titers against RSV/B were significantly lower than the titers against RSV/A (Fig. 6.5D).  

Only the animals immunized with PIV5-RSV-F (SH-HN) or PIV5ΔSH had significant 

levels of neutralizing antibodies against RSV/B (Fig. 6.5D).  
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Cotton rats were challenged 28 days post-immunization with 1.21x105 PFU of 

RSV/A/Tracy, which is 97% identical to RSV/A/A2.  Immunization with the candidates 

reduced viral loads in the nasal wash fluid by 1.40 to 1.66 log10 PFU (Fig. 6.6A).  In the 

lung lavage fluid, viral loads were reduced by 2 to 3 log10 (Fig. 6.6B).  There were no 

statistical differences in post-challenge viral loads between groups.  Thus, all of the 

candidates were highly effective at inducing humoral immune responses and protecting 

against RSV challenge.  Furthermore, immunization with 102 PFU of PIV5ΔSH-pF was 

as effective as immunizing with 103 PFU. 

Evaluating efficacies of wild-type F expressing candidates using different routes of 

administration    

Since the DS-Cav1 expressing candidates were no more effective than the wild-

type F-expressing candidates at inducing RSV-specific immunity and protection, we 

sought to evaluate the efficacies of PIV5-RSV-F (SH-HN) and PIV5ΔSH-RSV-F in 

cotton rats using alternate routes of administration.  Cotton rats were intranasally or 

subcutaneously immunized with 105 PFU of the vaccine candidates.  The candidates were 

also administered subcutaneously at 106 PFU.  A group intranasally immunized with 105 

PFU RSV/A/A2 was used as a positive control for protection and safety.  Mice sham-

vaccinated with PBS intranasally or intramuscularly were used as negative controls for 

protection.  An additional FI-RSV-group was included for comparison in safety studies.  

This group was intramuscularly vaccinated two times, with 28 days between prime and 

boost vaccinations (Table 2). 

Serum samples were collected 28 and 49 days post-immunization for serology 

studies.  High levels of RSV-specific IgG antibodies were detected in all groups 
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immunized with the vaccine candidates, with titers comparable to the RSV/A/A2-

immunized group.  The FI-RSV-immunized group had lower F-specific IgG titers 

overall, with antibody levels increasing between 28 and 49 days post-immunization due 

to boosting.  The antibody titers of the groups immunized with the vaccine candidates 

were slightly higher 28 days-post immunization than 49 days post-immunization (Fig. 

6.7A).  The highest average neutralizing antibody titers were observed in the group 

immunized with RSV/A/A2.  Both PIV5-RSV-F (SH-HN) and PIV5ΔSH-RSV-F elicited 

significant neutralizing antibodies by both intranasal and subcutaneous routes.  PIV5-

RSV-F (SH-HN) administered intranasally or subcutaneously at 105 PFU induced similar 

levels of neutralizing antibodies. The subcutaneous 106 PFU dose of PIV5-RSV-F (SH-

HN) did not improve the neutralizing antibody response.  For the PIV5ΔSH-RSV-F 

candidate, 105 PFU administered intranasally induced slightly higher neutralizing 

antibodies than when given via the subcutaneous route.  Increasing the subcutaneous dose 

of PIV5ΔSH-RSV-F to 106 PFU induced slightly higher neutralizing antibody titers.  

Similar to the serum IgG titers, the neutralizing antibody titers were higher at 28 days 

post-immunization compared to 49 days post-immunization (Fig. 6.7B).  Overall, 105 or 

106 PFU of PIV5-RSV-F (SH-HN) given subcutaneously induced similar antibody titers 

as 105 PFU administered intranasally.  Deleting SH from the PIV5 backbone did not 

improve the humoral response to RSV.  

The cotton rats were intranasally challenged 49 days post-immunization with 105 

PFU of RSV/A/A2.  Nasal and lung tissue were collected five days post-challenge to 

determine viral loads.  No challenge virus was detected in the nasal tissues of animals 

vaccinated with RSV/A/A2.  Immunization with 105 PIV5-RSV-F (SH-HN) intranasally 
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or subcutaneously reduced nasal viral loads by 3.5 log10.  Increasing the subcutaneous 

dose to 106 PFU did not improve protection.  Immunization with PIV5ΔSH-RSV-F 

intranasally also reduced nasal viral loads by 3.5 log10.  Subcutaneous administration of 

the vaccine candidate was less efficacious, reducing nasal viral loads by 2 log10 at the 105 

PFU dose and 3 log10 at the 106 PFU dose.  As expected, sham-vaccinated animals or FI-

RSV-vaccinated animals had high viral loads in the nose (Fig. 6.8A).  In the lung, 

animals immunized with PIV5-RSV-F (SH-HN) by either route had no detectable virus, 

comparable to the animals immunized with RSV/A/A2.  Animals immunized 

subcutaneously with PIV5ΔSH-RSV-F also had no detectable virus in the lung.  Only one 

out of five animals immunized intranasally with PIV5ΔSH-RSV-F had any virus detected 

in the lung (2.5 log10 PFU/g).  FI-RSV vaccination conferred modest protection against 

lower respiratory tract infection (Fig. 6.8B).  All of the PIV5-based vaccine candidates 

provided robust upper and lower respiratory tract protection by both the intranasal and 

subcutaneous routes.  The PIV5-RSV-F (SH-HN) candidate appeared to be slightly more 

efficacious than the rPIV5ΔSH-RSV-F candidate via the subcutaneous route.   

Evaluating the safety of wild-type F expressing candidates using different routes of 

administration   

In addition to testing the efficacies of the vaccine candidates, we examined their 

safety.  Since the FI-RSV vaccine causes post-challenge enhanced disease that can be 

recapitulated in cotton rats, we sought to determine whether there was any evidence of 

enhanced disease caused by our vaccine candidates (23).  Since enhanced disease is 

associated with a Th2-biased immune response, cytokine levels were measured in lung 

tissues five days post-challenge by qPCR (24).  Specifically, mRNA levels of IFN-γ, IL-2 
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and IL-4 were measured.  IFN-γ mRNA levels were highest in sham-immunized and FI-

RSV-immunized groups.  IFN-γ mRNA levels were similarly low between groups 

immunized with the PIV5-based candidates and the RSV-immunized group (Fig. 6.9A).  

IL-2 mRNA levels were similar among all groups, but the average IL-2 level from the FI-

RSV group was significantly higher (Fig. 6.9B).  IL-4 was only significantly elevated in 

the FI-RSV-vaccinated group, consistent with the histopathology results and the 

enhanced disease phenotype (Fig. 6.9C and 6.9D).  

Hematoxylin and eosin-stained lung sections from the different groups were 

examined for four hallmarks of pulmonary inflammation: peribronchiolitis, perivasculitis, 

interstitial pneumonia, and alveolitis.  Histopathology was scored on a 0-4 severity scale 

and converted to a 0-100% scale.  The greatest lesions were observed in the FI-RSV-

immunized, RSV-challenged group.  Pulmonary changes were moderate in groups 

immunized with PIV5-RSV-F (SH-HN) or PIV5ΔSH-RSV-F (IN or SC), with levels that 

did not exceed those observed in the RSV-immunized, RSV-challenged group or the 

sham-immunized, RSV-challenged group (Fig. 6.9D).  Based on cytokine profile and the 

histopathology results, the PIV5-based vaccine candidates did not appear to cause 

enhanced disease upon challenge with RSV. 

Discussion 

In this study, we characterized and evaluated recombinant PIV5-based RSV 

vaccine candidates expressing wild-type or pre-fusion-stabilized RSV-F in a PIV5 or 

PIV5ΔSH backbone.  The candidates were evaluated in mice and cotton rats for 

immunogenicity, protection against RSV infection, and safety. 
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RSV-F expression in cells infected with the vaccine candidates demonstrated 

similar levels of wild-type RSV-F expression and DS-Cav1 expression by both PIV5 and 

PIV5ΔSH vectors.  Wild-type F was expressed as a mixture of pre-fusion and post-fusion 

conformations, with a bias towards the post-fusion conformation.  DS-Cav1 expressed 

mostly pre-fusion RSV-F.  The deletion of SH did not appear to impact viral protein 

expression. 

Recent studies have shown that antibodies against the pre-fusion conformation of 

RSV-F are responsible for the majority of the neutralizing activity (15).  Therefore, we 

initially hypothesized that candidates expressing the pre-fusion stabilized F construct, 

DS-Cav1, would induce the best neutralizing antibody response.  However, PIV5-RSV-F 

(SH-HN), which expressed wild-type F, elicited the highest neutralizing antibody titers in 

the mouse model.  This virus induced similar levels of anti-pre-fusion F IgG, but higher 

amounts of anti-post-fusion F IgG compared to the DS-Cav1-expressing counterpart.  

While antibodies against pre-fusion F account for the majority of neutralizing activity, 

antibodies against post-fusion F are also important.  Palvizumab and motavizumab, two 

highly neutralizing antibodies against RSV-F, recognize epitopes that are exposed in both 

the pre-fusion and post-fusion conformations (25, 26).  Therefore, the higher neutralizing 

antibody titers in PIV5-RSV-F (SH-HN)-vaccinated mice may be due to the increased 

levels of anti-post-fusion F antibodies.  Regardless of in vitro neutralizing antibody titers, 

all of the PIV5-vectored vaccine candidates induced potent lower respiratory tract 

protection against RSV challenge in mice.    

The vaccine candidates were also evaluated in cotton rats, which are more 

permissive to RSV infection and allowed for examination of upper and lower respiratory 
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tract protection against challenge.  All PIV5 or PIV5ΔSH candidates expressing pre-

fusion or post-fusion RSV-F were highly immunogenic and protective when administered 

via the intranasal route.  The greatest reductions in viral load were observed in the lower 

respiratory tract, but the candidates also reduced upper respiratory virus load by 

approximately 1.5 log10.  Similar to the results of the mouse study, the pre-fusion F-

expressing candidates induced lower IgG titers against post-fusion F (18).  Overall, there 

was no evidence of pre-fusion RSV-F being more immunogenic or protective than wild-

type RSV-F in the mouse or cotton rat studies.   

Liang et al. recently published studies examining immunogenicity and efficacy of 

live-attenuated chimeric bovine/human PIV3-vectored vaccines expressing wild-type, 

pre-fusion, or post-fusion RSV-F.  When evaluated in the hamster model, vaccine 

candidates expressing pre-fusion F were no more immunogenic or efficacious than 

candidates expressing wild-type F.  The pre-fusion-F candidates only induced higher in 

vitro neutralizing antibody titers in the absence of guinea pig complement, leading the 

authors to conclude that these antibodies were more potent (18).  In our studies, 

antibodies from mice immunized with pre-fusion F candidates were only modestly 

neutralizing in the absence of guinea pig complement, with an average neutralizing titer 

of 1:4 (data not shown).  While these titers were higher than those induced by wild-type 

F-expressing candidates under these conditions, the biological relevance of these results 

is unclear since complement-mediated host defense is active in the pulmonary 

environment.  It is unlikely that vaccine-induced antibodies will function in a 

complement-free system (27).  In the Liang et al. study, the pre-fusion F-expressing 

candidates only outperformed candidates expressing post-fusion F.  For subunit vaccines 
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that generally express only post-fusion F, there is a rationale to develop a pre-fusion 

stabilized mutant.  However, for vectored vaccines that express wild-type F in both the 

pre-fusion and post-fusion conformations, there is little evidence that stabilized pre-

fusion F is a better antigen. 

We also examined whether the PIV5ΔSH would induce better immunity over 

wild-type PIV5 when used as a vaccine vector.  Previous research has shown that 

deleting SH from PIV5 improves the immunogenicity and efficacy of an intranasal PIV5-

based H5N1 influenza vaccine (14).  In the current RSV studies, the two vectors 

performed similarly when administered via the intranasal route.  When administered via 

the subcutaneous route, the wild-type PIV5 vector appeared to confer better protection 

against RSV challenge.  These results contrast with other studies performed in our 

laboratory in which PIV5ΔSH was a better vector for a rabies vaccine in dogs 

(unpublished data).  The discrepancies observed between PIV5 and PIV5ΔSH-vectored 

RSV, influenza, and rabies vaccines may be due to both the route of administration and 

the antigen that is being expressed.  In the case of the RSV, PIV5 expressing wild-type 

RSV-F appears to be the best candidate for administration via the subcutaneous route.  

Subcutaneous immunization with PIV5-RSV-F (SH-HN) was just as effective as 

intranasal immunization.  This route is particularly advantageous for immunizing 

newborns because problems associated with intranasal vaccination and nasal congestion 

can be avoided.  There is no evidence of post-challenge enhanced disease in any of the 

cotton rats that received PIV5 or PIV5ΔSH-vectored vaccines.  

All of the PIV5-based RSV vaccine candidates evaluated in this study were highly 

immunogenic, protective, and safe against RSV challenge.  Expression of a pre-fusion 
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stabilized RSV-F antigen did not improve vaccine-induced immune responses or 

protection, suggesting that expressing wild-type F in live viral vectors may be the best 

approach.  Furthermore, the nature of the antigen and the route of administration should 

be considered when making modifications to the PIV5 vector.  The findings from this 

study suggest that PIV5-RSV-F (SH-HN) is a promising vaccine candidate that can be 

administered intranasally or subcutaneously.  
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Figure 6.1. Schematics of PIV5-based vaccine candidates.  (A) Schematic of 

substitutions in pre-fusion-stabilized RSV-F (DS-Cav1).  (B) Schematic of PIV5-RSV-F 

(SH-HN), PIV5ΔSH-RSV-F, PIV5-RSV-pF, PIV5ΔSH-RSV-pF.  NP, nucleoprotein; V, 

V protein; P, phosphoprotein; M, matrix protein; F, fusion protein; SH, small 

hydrophobic protein; HN, hemagglutinin-neuraminidase protein; L, RNA-dependent 

RNA polymerase; RSV-F, respiratory syncytial virus fusion protein; DS-Cav1, stabilized 

pre-fusion RSV-F.
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Figure 6.2. Generation and characterization of recombinant PIV5-based vaccine 

candidates.  (A-L) Detection of total RSV-F, post-fusion RSV-F, and pre-fusion RSV-F 

in infected A549 cells by immunofluorescence assay.  Total RSV-F was detected using 

palivizumab labeled with Alexa Fluor 488 (green).  Post-fusion RSV-F was detected with 

4D7 antibody labeled with Cy3 (red).  Pre-fusion RSV-F was detected using D25 

antibody labeled with APC (purple).  DAPI (blue) was used as a nuclear stain. Images are 

representative of three independent experiments.  (M, N) Flow cytometry was used to 

examine (M) surface and (N) total RSV-F, post-fusion RSV-F, and pre-fusion RSV-F 

expression in A549 cells infected with the vaccine candidates.  Antibodies were labeled 

as in (A-L), except 4D7 was labeled with PE.  Graph represents the mean fluorescence 

intensity (MFI) of cells expressing post-fusion or pre-fusion F. Error bars represent the 

standard error of the mean. (#) indicates too few positive cells to analyze the MFI. 
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Figure 6.3. Humoral and cell-mediated immune responses in mice immunized with PIV5 

or PIV5ΔSH expressing wild-type or pre-fusion RSV-F.  Six-to-eight week old BALB/c 

mice were immunized intranasally with 106 PFU of PIV5-RSV-F (HN-L), PIV5-RSV-F 

(SH-HN), PIV5-RSV-pF (DS-Cav1), PIV5ΔSH-RSV-F, or PIV5ΔSH-RSV-pF (DS-

Cav1).  Sera were collected 21 days post-immunization. (A and B) Serum IgG antibodies 

that bound pre-fusion or post-fusion RSV-F were measured by indirect ELISA.  (A) 

Purified pre-fusion-stabilized or (B) post-fusion RSV-F were used as the coating 

antigens.  Two-fold serial dilutions of immune sera were incubated with the immobilized 

antigens, followed by incubation with HRP-conjugated goat anti-mouse IgG.  Plates were 

developed and optical density was measured at 450 nm.  Titers were defined as the 

reciprocal of the highest dilution at which the absorbance was two standard deviations 
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above the average absorbance of the PBS sera.  (C) Serum neutralizing antibody titers 

were measured by plaque reduction assay.  Two-fold serial dilutions of heat-inactivated 

immune sera were incubated with 100-150 PFU of RSV/A/A2.  Plaques were enumerated 

7 days later, and the neutralizing antibody was defined as the reciprocal of the highest 

dilution at which there was a 50% reduction in input virus.  Graphs represent the 

geometric mean antibody titer of four to five mice per group, and error bars represent the 

95% confidence interval (CI). (D) Six to eight-week-old BALB/c mice from a separate 

cohort were immunized as in (A-C).  Splenocytes were collected 27 days post-

immunization and cell-mediated immune responses were measured by ELISpot.  Cells 

were stimulated with 200 ng/well of (D) RSV-F peptide, (E) PMA/Ionomycin, or (F) 

GFP peptide for 48 hours.  The number of IFN-γ-secreting cells per 2x105 cells were 

enumerated.  Graphs represent the average number of spots per 106 cells in each group of 

six mice.   Statistical significance was determined using one-way ANOVA and Tukey’s 

test for multiple comparisons.  ****, P < 0.0001.  
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Figure 6.4. Protection in mice immunized with PIV5 or PIV5ΔSH expressing wild-type or 

pre-fusion RSV-F.  Six to eight-week-old BALB/c mice were immunized intranasally 

with 106 PFU of PIV5-RSV-F (HN-L), PIV5-RSV-F (SH-HN), PIV5-RSV-pF (DS-

Cav1), PIV5ΔSH-RSV-F, or PIV5ΔSH-RSV-pF (DS-Cav1).  The mice were challenged 

28 days post-immunization with 106 PFU of RSV/A/A2.  (A) Four and (B) six days later, 

lungs were harvested to assess viral load by plaque assay in Vero cells.  Graphs represent 

the average lung titer from four to five mice per group.  Error bars represent the standard 

error of the mean.    
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Figure 6.5. Humoral responses in cotton rats immunized with PIV5 or PIV5ΔSH 

expressing wild-type or pre-fusion RSV-F.  Cotton rats were intranasally immunized with 

PIV5-RSV-F (SH-HN), PIV5-RSV-pF (DS-Cav1), PIV5ΔSH-RSV-F, or PIV5ΔSH-

RSV-pF (DS-Cav1).  Groups received 102 or 103 PFU of vaccine virus as indicated.  

Using serum collected 28 dpi, IgG antibodies against (A) pre-fusion or (B) post-fusion 

RSV-F were measured by ELISA using chicken anti-cotton rat IgG conjugated to HRP.  

Serum neutralizing antibody titers against RSV/A/Tracy and were measured in sera 

collected 28 dpi.  The neutralizing activity of the sera were measured against (C) 

RSV/A/Tracy and (D) RSV/B/18537.  The neutralizing antibody was defined as the 

reciprocal of the serum dilution at which there was a 50% reduction in viral CPE.  Graphs 

represent the geometric mean antibody titer from five cotton rats per group.  Error bars 

represent the 95% CI.  Statistical significance was determined using one-way ANOVA 

and Tukey’s test for multiple comparisons.  *, P < 0.05; ***, P < 0.001.   
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Figure 6.6. Protection in cotton rats immunized with PIV5 or PIV5ΔSH expressing wild-

type or pre-fusion RSV-F.  Cotton rats were intranasally immunized with PIV5-RSV-F 

(SH-HN), PIV5-RSV-pF (DS-Cav1), PIV5ΔSH-RSV-F, or PIV5ΔSH-RSV-pF (DS-

Cav1).  Groups received 102 or 103 PFU of vaccine virus as indicated.  Animals were 

challenged with 1.21x105 PFU of RSV/A/Tracy 28 days post-immunization.  Four days 

later, (A) nose and (B) lungs were lavaged to determine virus titer by plaque assay in 

HEp-2 cells.  Graphs represent the average lung titer from five rats per group.  Error bars 

represent the standard error of the mean.  
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Figure 6.7. Humoral responses in cotton rats immunized with PIV5 or PIV5ΔSH 

expressing wild-type RSV-F using different routes of administration.  Cotton rats were 

immunized with RSV/A/A2, PIV5-RSV-F (SH-HN), or PIV5ΔSH-RSV-F.  Animals 

received 105 PFU intranasally or 105 to 106 PFU subcutaneously as indicated.  Animals 

vaccinated with FI-RSV were immunized intramuscularly.  (A) Serum samples from day 

28 post-immunization were diluted 1:500 and anti-post-fusion RSV-F IgG was measured 

by ELISA.  IgG levels are shown as the absorbance at 450 nm.  Graphs represent the 

average IgG measurement from five animals per group.  Error bars represent the standard 
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error of the mean.  (B) Serum neutralizing antibody titers were measured against 

RSV/A/A2.  The neutralizing antibody was defined as the reciprocal of the highest 

dilution at which there was a 60% reduction in viral CPE.  Graphs represent the 

geometric mean neutralizing antibody titer from five cotton rats per group.  Error bars 

represent the 95% CI.   

 

 

Figure 6.8. Protection in cotton rats immunized with PIV5 or PIV5ΔSH expressing wild-

type RSV-F using different routes of administration.  Cotton rats were immunized with 

RSV/A/A2, PIV5-RSV-F (SH-HN), or PIV5ΔSH-RSV-F.  Animals received 105 PFU 

intranasally or 105 to 106 PFU subcutaneously as indicated.  Animals vaccinated with FI-

RSV were immunized intramuscularly.  Animals were challenged with 105 PFU of 

RSV/A/A2 49 days post-immunization.  Five days later, (A) nose and (B) lung tissues 

were harvested to determine viral loads by plaque assay in HEp-2 cells.  Graphs represent 

the average nose and lung titers from five rats per group.  Error bars represent the 

standard error of the mean.   
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Figure 6.9. Post-challenge pulmonary cytokine levels and lung histology of cotton rats 

immunized with PIV5 or PIV5ΔSH expressing wild-type RSV-F.  Cotton rats were 

immunized with RSV/A/A2, PIV5-RSV-F (SH-HN), or PIV5ΔSH-RSV-F.  Animals 

received 105 PFU intranasally or 105 to 106 PFU subcutaneously as indicated.  Animals 

vaccinated with FI-RSV were immunized intramuscularly.  Animals were challenged 

with 105 PFU of RSV/A/A2 49 days post-immunization. (A-C) Five days post-challenge, 

lung tissue was collected for RNA isolation and qPCR.  Levels of (A) IFN-γ, (B) IL-2, 

and (C) IL-4 mRNA were normalized to β-actin mRNA levels in each sample.  Graphs 

represent the average relative mRNA levels from five rats per group.  (D) Five days post-

challenge, lungs were harvested and fixed in 10% neutral-buffered formalin.  Lung 

sections were stained with hematoxylin and eosin.  The sections were scored on a scale of 

0 to 4 for peribronchiolitis, perivasculitis, interstitial pneumonia, and alveolitis.  The 

scores were then converted to a 0 to 100% histopathology scale.  Graphs represent the 

average score from five rats per group.  Error bars represent the standard error of the 

mean.    
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Table 6.1. Study design for cotton rat study 1: comparing PIV5-RSV-pF/F (SH-HN) 

and PIV5ΔSH-RSV-pF/F 

 

Treatment Treatment 

Dose  

(in 100 µl) 

Immunization 

Day 

Route RSV 

Challenge (in 

100 μl) 

PBS (mock) n/a 0 IN PBS 

sPIV5-RSV-F (SH-HN) 103 PFU 0 IN 1.21x105 PFU 

PIV5ΔSH-RSV-F 103 PFU 0 IN 1.21x105 PFU 

PIV5-RSV-pF (SH-HN) 103 PFU 0 IN 1.21x105 PFU 

PIV5ΔSH-RSV-pF 103 PFU 0 IN 1.21x105 PFU 

PIV5ΔSH-RSV-pF 102 PFU 0 IN 1.21x105 PFU 

 

 

Table 6.2. Study design for cotton rat study 2: comparing PIV5-RSV-F (SH-HN) 

and PIV5ΔSH-RSV-F safety and efficacy using different routes of administration 

 

Treatment Treatment 

Dose  

(in 100 µl) 

Immunization 

Days 

Route RSV 

Challenge (in 

100 μl) 

PBS (mock) n/a 0, 28 IM PBS 

PBS (mock) n/a 0, 28 IM 105 PFU 

FI-RSV Lot#100 1:100 in PBS 0, 28 IM 105 PFU 

RSV/A/A2 105 PFU 0 IN 105 PFU 

PIV5-RSV-F (SH-HN) 105 PFU 0 IN 105 PFU 

PIV5-RSV-F (SH-HN) 106 PFU 0 SC 105 PFU 

PIV5-RSV-F (SH-HN) 105 PFU 0 SC 105 PFU 

PIV5ΔSH-RSV-F  105 PFU 0 IN 105 PFU 

PIV5ΔSH-RSV-F 106 PFU 0 SC 105 PFU 

PIV5ΔSH-RSV-F 105 PFU 0 SC 105 PFU 
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CHAPTER 7 

CONCLUSIONS 

RSV is an important viral pathogen that causes serious lower respiratory tract 

infections in infants, the elderly, and immunocompromised individuals.  No licensed 

vaccine exists, and treatments are limited.  In this work, we describe the development and 

evaluation of PIV5-vectored RSV vaccines.  PIV5 has been used as viral vector to 

develop vaccine candidates against a number of different pathogens.  Therefore, we 

hypothesized that PIV5 would be a safe and efficacious viral vector for developing RSV 

vaccines.  To address this hypothesis, we examined the following specific aims:       

Specific aim 1: To develop vaccine candidates against RSV using PIV5 as a 

vector to express RSV surface glycoproteins.  The working hypothesis is that PIV5-

expressing RSV-F or RSV-G will be able to elicit RSV antigen-specific humoral 

responses and provide protection against RSV infection in various animal models. 

Specific aim 1a: To evaluate the efficacies of PIV5 expressing RSV-F or RSV-G 

as vaccines to prevent RSV infection in mice.  The data in chapter 3 shows that PIV5 was 

able to express RSV-F and RSV-G, and that intranasal immunization of mice with these 

PIV5-vectored vaccines induced the production of RSV antigen-specific antibodies.  The 

PIV5-RSV-F candidate also elicited the production of neutralizing antibodies.  

Examination of IgG subtypes and lung sections suggested that the vaccines did not cause 

enhanced disease relative to RSV-immunized mice.  Importantly, the vaccines induced 

potent protective immunity against lower respiratory tract RSV infection.  
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Specific aim 1b: To evaluate the efficacies of the above vaccines in cotton rats, a 

more relevant model for RSV vaccine evaluation.  Since the PIV5-RSV-F and PIV5-

RSV-G were efficacious vaccines in mice, we hypothesized that they would also safely 

confer protection against RSV infection in cotton rats.  The data in chapter 4 indicates 

that the vaccines replicated in the upper and lower respiratory tracts of cotton rats without 

apparent signs of disease.  Both candidates were immunogenic and conferred complete 

lower respiratory tract protection against RSV infection after a single intranasal dose.     

Specific aim 1c: To examine the replication and evaluate the efficacies of the 

above vaccines in RSV-experienced and RSV-naïve non-human primates.  Since the 

PIV5-vectored vaccines delivered promising results in rodent models of RSV infection, 

we hypothesized that they would also be efficacious in nonhuman primate models that 

mirror different target populations for RSV vaccines.  The data in chapter 4 demonstrates 

that the vaccines replicate well in RSV seropositive and seronegative African green 

monkeys without causing any obvious signs of disease.  Seronegative monkeys 

developed modest neutralizing antibody titers, but robust mucosal IgA titers.  The 

immunity generated in seronegative monkeys was sufficient to reduce RSV replication in 

the upper and lower respiratory tracts.  The vaccines were also able to boost baseline 

antibody titers in seropositive monkeys.  These results suggest that the PIV5-vectored 

RSV vaccines may be used in both seronegative and seropositive target populations. 

 Specific aim 1d: To determine the sequence stability of the vaccine candidates in 

vitro and in vivo.  In light of earlier studies involving the serial passage of PIV5 

expressing EGFP, the working hypothesis is that the PIV5 expressing RSV-F or RSV-G 

will remain stable through in vitro and in vivo passage.  In chapter 5, we examined the in 
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vitro stability of the candidates by passing them in Vero cells for eleven generations and 

compared the genome sequences of the resulting viruses with those of the parental 

viruses.  Mutations were observed in clonal populations of the vaccine candidates and in 

the PIV5 backbone of PIV5-RSV-G.  There were no mutations in the consensus 

sequences of the inserted genes for both candidates. The in vivo stability of the candidates 

was examined after a single passage in African green monkeys.  No mutations were 

observed in the consensus sequences of the viruses recovered from the BAL fluid.  These 

results indicate that RSV gene insertions were stable in the PIV5 genome.  

 Specific aim 2: To improve the PIV5-RSV-F vaccine candidate by engineering 

RSV-F to be more immunogenic and/or by modifying the PIV5 vector to enhance RSV-F 

presentation.  The working hypothesis is that expressing pre-fusion mutants of RSV-F 

and/or deleting the SH gene from the PIV5 backbone will improve the current vaccine 

candidate by eliciting highly neutralizing antibodies and by enhancing apoptosis, 

respectively.  In chapter 5, we engineered and inserted a pre-fusion-stabilized RSV-F 

mutant between the PIV5 SH and HN genes and examined whether it increased the 

immunogenicity and efficacy of the wild-type F-expressing counterpart.  We also deleted 

the SH gene from PIV5 to examine whether the modification improved vaccine efficacy.  

All of the candidates were immunogenic and protective in mice, but the pre-fusion F 

candidates elicited lower neutralizing antibody titers than the wild-type F candidates.  

When the vaccines were evaluated in cotton rats, they were similarly immunogenic and 

protective when administered intranasally.  Subcutaneous administration of the PIV5-

RSV-F (SH-HN) candidate conferred better protection than the ΔSH counterpart.  These 

results suggest that expressing pre-fusion F and/or deleting SH did not improve vaccine 
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efficacy.  The findings of the subcutaneous vaccination study also indicate that PIV5 

expressing RSV-F is safe and highly efficacious when administered by this route.  This 

has exciting implications for vaccinating young infants, as it provides a method to 

circumvent potential problems associated with intranasal vaccine-induced nasal 

congestion. 

 Taken together, the results of these vaccine studies suggest that PIV5 is a 

promising vector for RSV vaccines.  The PIV5-RSV vaccines were safe, immunogenic, 

and protective in all of the pre-clinical animal models that were tested.This work also 

furthers our understanding of PIV5 stability and the role of SH in determining vaccine 

efficacy.   

 Future studies will be needed to examine the durability of the immune responses 

generated by the PIV5-RSV vaccines.  Previous work with a PIV5-vectored rabies 

vaccine in dogs has shown protective antibody levels up to one year after immunization.  

Our studies showed that cotton rats had significant RSV-specific antibodies 49 days after 

immunization, but it is important to determine how long the PIV5-RSV vaccines confer 

protection against RSV infection.  The durability of the immune responses may also 

differ depending on the route of vaccine administration.  A prime-boost vaccine regimen 

may need to be implemented to prolong the protective immune response. 

   PIV5-RSV vaccine tropism and persistence should also be studied.  The vaccines 

have been shown to infect the respiratory tract, but the specific tissue cell types or 

immune cell types that are infected have not been examined.  Additional studies are also 

needed to study the tropism of the vaccines when they are administered subcutaneously.  

It will be important to determine how long the vaccines persist and where they persist 
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after immunization.  The host immune response controls and clears the vaccine viruses, 

as live virus is undetectable in the BAL washes of nonhuman primates two weeks post-

immunization.  However, the mechanism of this process has not yet been studied in 

detail, and other potential vaccine virus reservoirs should be examined.  These studies 

will improve our understanding of the immunobiology of PIV5-based vaccines and may 

help determine if the vector requires additional modification.  This work provides a 

rationale to pursue the use of a PIV5-vectored RSV vaccine in a clinical setting.  The 

PIV5-RSV vaccines were safe, immunogenic, and did not potentiate enhanced disease in 

animal models.  Moving forward, important considerations must be made regarding 

target vaccination groups and relevant endpoints to be measured. Our goal is to protect 

infants and the elderly against medically-attended RSV infection, and our studies suggest 

that a PIV5-vectored RSV vaccine may be a viable solution. 
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APPENDIX A 

THE ROLE OF AKT IN RSV PHOSPHOPROTEIN FUNCTION 
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Abstract 

The respiratory syncytial virus (RSV) phosphoprotein (P) is a heavily 

phosphorylated component of the viral RNA-dependent RNA polymerase (RdRp).  

Phosphorylation of P is thought to be important in regulating viral RNA synthesis, but the 

precise role is unclear.  Since the RSV genome does not encode a kinase, host kinases are 

required for phosphorylation of viral proteins.  It has previously been shown that the host 

kinase, Akt1, plays an important role in the replication of negative-sense RNA viruses.  

In this work, we show that Akt is important in RSV growth.  Akt phosphorylates RSV-P 

in vitro, and the inhibition of Akt activity results in decreased viral replication.  We 

identified several sites in P that were phosphorylated by Akt and examined their 

functional roles in a minigenome system.  Recombinant viruses with mutations at these 

sites were also rescued to examine the effects of these mutations on virus growth.  

Threonine at position 210 was found to be critical to RSV replication and survival.   
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Introduction 

Respiratory syncytial virus (RSV) is a prototypical Pneumovirus of the 

Paramyxoviridae family. Its RNA-dependent RNA polymerase (RdRp) consists of the 

nucleocapsid (N), phosphoprotein (P), large polymerase (L), and M2-1 proteins. The N 

protein encapsidates the viral RNA (vRNA), protecting it from degradation by cellular 

nucleases (1, 2). The P protein interacts with N, L, and M2-1, stabilizing the RdRp 

complex and facilitating docking of the complex on the encapsidated vRNA (3–6). It also 

serves as a chaperone for soluble N, sequestering it in preparation for encapsidating the 

vRNA (2). L is the catalytic polymerase (7). M2-1 is an anti-termination factor that is 

important for processivity during transcription of long mRNAs (8). The RSV P protein is 

critical for vRNA synthesis. It is the most heavily phosphorylated RSV protein, but the 

role of P phosphorylation in RSV transcription and replication is not completely 

understood (9, 10). 

Since bacterially-purified, unphosphorylated P is inactive in transcription, it 

suggests that phosphorylation is required for the function of P (11). Lu et al. previously 

identified phosphorylation sites in two clusters: one cluster consisting of S116, S117, and 

S119 in the oligomerization domain, and the other cluster consisting of S232 and S237 in 

the C-terminal domain of the protein. Phosphorylation of these sites was not required for 

virus replication in vitro, but played a role in efficient virus growth both in vitro and in 

vivo (10). Phosphorylation of S116, S117, and S119 was also required for M2-2 to 

mediate inhibition of RSV genome transcription (12). Asenjo et al. identified 

phosphorylation sites at S54 and S108, both of which are important for P function. 
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Phosphorylation of S54 may play a role in viral uncoating, whereas phosphorylation of 

S108 may be important for the interaction between P and M2-1 (13, 14).   

Since P does not have intrinsic catalytic activity, and no RSV proteins are known 

to phosphorylate P, it is believed that host kinases are responsible for phosphorylating P. 

Specifically, it has been shown that casein kinase II (CKII) can phosphorylate P at S232 

and S237 (15, 16). However, the number of host kinases that phosphorylate P in vivo is 

unknown.   

In this study, we have found that Akt phosphorylates P through the use of an in 

vitro kinase assay. Akt is a serine/threonine-specific kinase that is a member of the AGC 

subfamily and plays important roles in cell cycle progression, cell survival, proliferation, 

metabolism, and migration (17, 18). Due to its diverse roles in many cellular processes, it 

has been the focus of anti-cancer drug development. As a result, there are many 

commercially available Akt inhibitors, some of which have undergone clinical trials (19). 

In this work, we discuss a role for Akt in RSV growth and propose a new role for re-

purposing Akt inhibitors to control RSV infection.  These results show that Akt activity is 

important for RSV growth. 

Materials and Methods 

Cells 

A549 cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM) 

supplemented with 10% fetal bovine serum (FBS),100 IU/ml penicillin, and 100 μg/ml 

streptomycin (1% P/S, Mediatech, Inc., Manassas, VA). BSR-T7 cells were maintained 

in DMEM with 10% FBS, 10% tryptose phosphate broth (TPB), 1% P/S and 400 μg/ml 

G418 sulfate antibiotic (Mediatech, Inc.). Cell lines were grown at 37°C, 5% CO2 and 
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passaged 1 day prior to transfection or infection to achieve 80-90% confluence by the 

following day. 

Viruses 

Recombinant RSV subgroup A2 (rA2), RSV expressing Renilla luciferase (rA2-

Rluc), and rA2 P mutants were propagated and titered in Vero cells. Vero cells were 

infected with virus in Opti-MEM I reduced serum medium (Opti-MEM) supplemented 

with 2% FBS and 1% P/S at a multiplicity of infection (MOI) of 0.1. Cells were 

monitored for syncytia formation, and virus was collected 3 to 4 days post-infection as 

described previously (20, 21). 

All other RSV infections were performed as indicated in the figure legends. 

Briefly, virus was diluted in Opti-MEM containing 2% FBS and 1% P/S to infect cells at 

the indicated MOI. After adsorbing for 1-2 h, the inoculum was removed and replaced 

with fresh Opti-MEM supplemented 2% FBS and 1% P/S. 

Plasmids 

Plasmids used to rescue rA2 viruses have been described previously (21).  The 

plasmids for the RSV minigenome system were a gift from Dr. Martin Moore. Codon-

optimized genes encoding the minigenome reporter, N, M2-1, and L were cloned in 

pcDNA3.1. The gene encoding P was cloned in pCaggs. 

The Akt1 dominant-negative (DN) mutant construct, pMT2-AH-AKT1 (PH-

AKT) contained the PH domain of Akt (amino acids 1-147) and a Myc tag as described 

in Khwaja, et al (22). The kinase-dead Akt1 DN mutant (AAA-Akt1) described 

previously by Srinivas, et al. contained three alanine mutations and an HA tag. The 
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K179A mutation was located in the ATP binding site of Akt. Mutations T308A and 

S473A were located in the Akt activation sites (23). 

Bacterial protein expression plasmids were generated by cloning the P gene from 

rA2 into the pET15b vector (Novagen, Madison, WI) downstream of the T7 promoter 

and histidine tag. P mutants were made by PCR mutagenesis using pET15b-RSV P as a 

template. For protein expression in mammalian cell lines, expression plasmids were made 

by cloning the P gene into pCaggs (pCaggs-P). FLAG-tagged Akt1 was cloned into 

pCaggs as well. 

Akt inhibitors, siRNA, and dominant-negative mutants 

Akt inhibitor IV, Akt 1/2 isotype-selective inhibitor, and casein kinase II inhibitor 

(EMD Millipore, Billerica, MA) were dissolved in DMSO and used at the concentrations 

indicated in the figure legends. DMSO was used as a negative control for all experiments 

involving inhibitors.  

Small interfering RNA (siRNA) targeted against Akt1, Akt2, and Akt3 isoforms 

and a non-target control were purchased from Dharmacon (Lafayette, CO). A549 cells in 

24-well plates were transfected with 100 nM of the various siRNAs using Oligofectamine 

reagent (ThermoFisher) according to the manufacturer’s protocol. After incubating the 

transfected cells overnight at 37°C, 5% CO2, the culture medium was changed to Opti-

MEM with 2% FBS and 1% P/S. Two days after transfection, the cells were infected with 

rA2-Rluc at an MOI of 1. For immunoprecipitation experiments, A549 cells in 6-cm 

dishes were transfected with 1 μM of siRNA as described above and infected with rA2 at 

an MOI of 1. 
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Akt1 dominant-negative mutants AAA-Akt1 and PH-Akt were transfected into 

A549 cells with Lipofectamine and Plus reagent (ThermoFisher) according to 

manufacturer’s instructions. Six μg of DNA per 6-cm dish were used for 

immunoprecipitation experiments. Four hundred ng of DNA were transfected per well of 

a 24-well plate for luciferase assays. 

Luciferase assays 

A549 cells in 24-well plates were transfected with Akt-specific siRNA or Akt1 

dominant-negative mutant and then infected with rA2-RLuc as described above. One day 

post-infection, cells were lysed and luciferase activity was measured using the Renilla 

luciferase assay system from Promega (Madison, WI). Luminescence was measured 

using a Glomax 96 Microplate Luminometer (Promega, Madison, WI). The remaining 

cell lysates were diluted 1:1 in protein loading buffer [2% sodium dodecyl sulfate (SDS), 

62.5 mM Tris-HCl (pH 6.8), 2% dithiothreitol (DTT)], heated, and resolved on an SDS-

PAGE gel. (Should this be in another section?) Akt isoforms were detected by 

immunoblotting with mouse monoclonal anti-Akt1 (2H10), rabbit anti-Akt2, or rabbit 

anti-Akt3 antibodies (Cell Signaling Technology, Danvers, MA). Expression of the Akt 

DN mutants was detected by immunoblotting with anti-Myc (PH-AKT) or anti-HA 

antibodies (AAA-Akt1). 

RSV minigenome system and dual-luciferase assay 

The RSV minigenome assay was performed as previously described with 

modifications (24).  Briefly, BSR-T7 cells in 24-well plates were transfected with 

plasmids encoding the RSV minigenome reporter (200 ng), N (100 ng), P/P mutant (5-80 

ng), M2-1 (100 ng), L (50 ng), and Renilla luciferase (1 ng) using JetPRIME reagent 
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(Polyplus, Illkirch, France) according to manufacturer’s guidelines. Plasmid amounts 

were normalized between wells using empty vector. Forty-eight hours post-transfection, 

cells were lysed in 100 μl of Passive Lysis Buffer (Promega, Madison, WI) on an orbital 

shaker for 15-20 minutes. Clarified lysates (40 μl) were transferred to a white 96-well 

plate, and the dual-luciferase assay was performed according to manufacturer’s 

instructions. Luminescence was measured using a Glomax 96 Microplate Luminometer 

(Promega, Madison, WI). Relative luciferase activity was calculated as the ratio of firefly 

luciferase activity to Renilla luciferase activity. Each condition was assayed in 

quadruplicate, and leftover lysates were used to examine P expression by Western blot. 

Immunoprecipitation and co-immunoprecipitation 

To determine whether Akt and P interacted, BSR-T7 cells in 10-cm dishes were 

transfected with pCaggs-Akt1-FLAG (2 μg), pCaggs-P (7 μg), or both using 

Lipofectamine and Plus reagent. One day post-transfection, cells were starved for 30 

minutes in either cysteine and methionine-deficient DMEM or phosphate-deficient 

DMEM. Cells were metabolically labeled with DMEM containing 35S-Met and 35S-Cys 

for 4 h at 37°C, 5% CO2. Cells were lysed with whole cell extract buffer (WCEB; 50 mM 

Tris-HCl [pH 8], 280 mM NaCl, 0.5% NP-40, 0.2 mM EDTA, 2 mM EGTA, 10% 

glycerol, 1X protease inhibitor cocktail, 0.1 mM phenylmethylsufonyl fluoride) and 

lysates were cleared by centrifugation. Proteins were co-immunoprecipitated using mouse 

anti-Akt1 antibody (clone 2H10) or rabbit anti-P serum (raised against N-terminal 

sequence IKGKFTSPKDPKKKC) and Sepharose G beads at 4°C. After washing with 

WCEB, the proteins were resolved on a 15% SDS-PAGE gel and visualized with a Storm 

860 Molecular Imager (GE Healthcare Life Sciences, Piscataway, NJ). 
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To identify phosphorylation sites in P during RSV infection, A549 cells were 

infected with rA2 at an MOI of 1. The next day, cells were lysed with WCEB, and 

clarified lysates were immunoprecipitated with monoclonal anti-P antibody (clone D6). 

Proteins were resolved on a 15% SDS-PAGE gel and visualized with Coomassie Blue 

stain. The P band was excised and prepared for mass spectrometry as described in the 

mass spectrometry methods. 

To examine the effect of Akt inhibition on P phosphorylation, A549 cells were 

infected with rA2 or rA2 mutants at an MOI of 1. One day post-infection, cells were 

starved for 30 minutes in either cysteine and methionine-deficient DMEM or phosphate-

deficient DMEM. Cells were metabolically labeled with DMEM containing 35S-Met and 

35S-Cys or 33[P] orthophosphate with or without Akt inhibitor for 4-6 h at 37°C, 5% CO2. 

Cells were lysed with whole cell extract buffer (WCEB; 50 mM Tris-HCl [pH 8], 280 

mM NaCl, 0.5% NP-40, 0.2 mM EDTA, 2 mM EGTA, 10% glycerol) and lysates were 

cleared by centrifugation. Proteins were immunoprecipitated with rabbit anti-RSV P 

serum (raised against N-terminal sequence IKGKFTSPKDPKKKC) and Sepharose G 

beads overnight at 4°C. After washing with WCEB, the proteins were resolved on a 15% 

SDS-PAGE gel and visualized with a Typhoon 9700 Phosphorimager (GE Healthcare 

Life Sciences, Piscataway, NJ). 

Protein purification 

The pET15b-P/P mutant plasmids were transformed in BL21(DE3)/pLysS 

competent cells. The bacteria were grown overnight on Luria Bertani (LB) agar plates 

with ampicillin (AMP; 100 μg/mL) and chloramphenicol (CAM; 34 μg/mL) selection. A 

single colony was selected for each construct and cultured in 3 mL of LB overnight at 
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37°C with AMP and CAM. The following morning, the culture was used to inoculate a 

250 mL flask of LB containing AMP and CAM. The culture was grown at 37°C until it 

reached an OD600 of 0.5-0.6 and then induced with 1mM isopropyl β-D-1 

thiogalactopyranoside (IPTG) for 4 hours. The bacteria were pelleted by centrifugation, 

resuspended in binding buffer (50 mM Tris-HCl [pH 8], 0.05% Tween-20, 200 mM 

NaCl, 5 mM imidazole) and sonicated on ice. The lysate was clarified by centrifugation 

at 20,000 x g for 45 minutes at 4°C. The clarified lysate was loaded onto a Polyprep 

chromatography column (BioRad, Hercules, CA) containing 1 mL of Ni-NTA His-Bind® 

resin (EMD Millipore). After washing with wash buffers containing increasing 

concentrations of imidazole, the protein was eluted with elution buffer (50 mM Tris-HCl 

[pH 8], 0.05 Tween-20, 200 mM NaCl, 400 mM imidazole) followed by concentration 

and buffer exchange with 50 mM Tris-HCl [pH 8], 150mM NaCl. The protein fractions 

were analyzed by SDS-PAGE followed by Coomassie Blue staining. 

In vitro kinase assay 

For Figure 3C, increasing concentrations of purified P or P S86A (1.65 μg, 3.3 μg, 

and 4.95 μg) were mixed with active Akt1 (400 ng, Upstate Biotechnology), 10 μCi of [γ-

32P]-ATP, and 1X kinase buffer (Cell Signaling Technologies). The reactions were 

incubated for 2 h at 30°C and terminated by the addition of protein loading buffer. The 

samples were resolved on a 10% SDS-PAGE gel and visualized using a Storm 860 

Molecular Imager. 

For Figure 7C, the in vitro kinase assay was carried out in the same manner, 

except with 3 μg of purified P or P mutant and 250 ng of active Akt1 (EMD Millipore). 

The gel was visualized using a Typhoon 9700 Phosphorimager. 
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Mass spectrometry 

To identify Akt phosphorylation sites in P, a cold in vitro kinase assay was 

performed with active Akt1 (4 μg), P (16 μg), ATP (200 mM), and 1X kinase buffer. The 

proteins were separated on a 10% SDS-PAGE gel and stained with Coomassie Blue. The 

P band was excised into 1 mm2 cubes, destained, and dehydrated using 100 mM 

NH4HCO3 in 50% acetonitrile. Disulfide bonds were reduced with 100 mM DTT in 25 

mM NH4HCO3 and alkylated with 55 mM iodoacetamide in 25 mM NH4HCO3. The 

protein was subjected to in-gel tryptic digestion (12.5 ng/mL trypsin in NH4HCO3), and 

the peptides were extracted with 5% formic acid in 50% acetonitrile. Samples were sent 

to the Yale Cancer Center Mass Spectrometry Resource and W.M. Keck Foundation 

Biotechnology Resource Laboratory for TiO2 enrichment and liquid chromatography-

tandem mass spectrometry (LC-MS/MS). The Mascot database was used to identify the 

peptides (25). 

Statistical analysis 

Statistical analysis was performed using GraphPad Prism software version 6 for 

Macintosh (GraphPad Software, La Jolla, CA).  Analysis of variance (ANOVA) followed 

by Dunnett’s correction for multiple comparisons or Student’s t-test was used where 

indicated.   

Results 

Akt is involved in RSV protein expression 

Previous studies by Sun et al. have shown that Akt plays a role in RNA synthesis 

of non-segmented, negative-sense RNA viruses (26).  To determine whether Akt is 

important for RSV protein expression, A549 cells were transfected with siRNA against 
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various Akt isoforms and then infected with rA2-Rluc.  Western blotting of cell lysates 

was performed to confirm Akt knockdown.  Luciferase activity was significantly reduced 

in cells transfected with Akt-specific siRNA, with the greatest reduction observed in cells 

treated with siRNA against Akt1 (Fig. A.1A).  These results show that Akt is important 

for RSV protein synthesis. 

Akt contains two domains: a pleckstrin homology (PH) domain and a kinase 

domain (17, 18).  To examine which domain is important for RSV protein synthesis, 

A549 cells were transfected with plasmids encoding dominant-negative Akt mutants and 

then infected with rA2-Rluc.  The PH domain mutant contains only the PH domain of 

Akt.  The kinase domain mutant contains amino acid substitutions in the ATP binding 

pocket (K179A) and the activation site (T308A and S473A).  While expression of the PH 

domain mutant reduced luciferase activity by 10%, the kinase domain mutant had greater 

than a 40% reduction in luciferase activity, suggesting that the kinase domain plays a 

more prominent role in RSV protein expression (Figure A.1B). 

RSV P is a target of Akt 

Since Akt was found to be important for RSV protein expression, the target of 

Akt during viral RNA synthesis was examined.  RSV nucleoprotein (N), phosphoprotein 

(P), large protein (L), and M2-1 are proteins known to be involved in RNA synthesis.  

The heavily phosphorylated P protein is thought to regulate viral RNA transcription and 

replication (10), but the precise role of its phosphorylation is unknown.  

It has been previously shown that P phosphorylation is reduced in infected cells in 

the presence of Akt IV inhibitor, suggesting that P is a target of Akt (26). To examine 

whether Akt interacts with P, BSR-T7 cells were transfected with plasmids encoding Akt, 
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P, or empty vector. Co-immunoprecipitation experiments were performed using 

radiolabeled cell lysates, and Akt and P were found to interact when pulled down with 

either an anti-FLAG antibody (Akt) or an anti-P antibody (Fig. A.2). 

Serine 86 is not important for RSV growth 

To determine whether Akt phosphorylated P, a radioactive in vitro kinase assay 

was performed using purified Akt and P protein. After resolving the samples by SDS-

PAGE, Akt was found to directly phosphorylate P (Fig. A.3A and A.3B). Mass 

spectrometry analysis of the phosphorylated P protein band showed that serine at position 

86 (S86) was found to be a major phosphorylation site (Fig.A.3C). An in vitro kinase 

assay with Akt demonstrated that the S86A mutant had reduced phosphorylation 

compared to wild-type P (Fig. A.3D). S86 was also found to be phosphorylated in A549 

cells infected with rA2, showing that phosphorylation at this site also occurred outside 

the in vitro kinase assay system (Fig. A.3E). However, when a growth curve was 

performed with a recombinant rA2 mutant encoding the S86A mutation, the S86A virus 

grew similarly to rA2 (Fig. A.4). These results suggest that phosphorylation at the S86 

site is not important for RSV growth. 

Examination of additional phosphorylation sites in RSV P 

Since mutating S86 had no effect on virus growth, we sought to examine other 

phosphorylated sites in RSV P. The in vitro kinase assay and mass spectrometry were 

repeated using Akt and purified RSV P encoding the S86A mutation (Fig. A.5). Serine at 

position 30 was phosphorylated, but a recombinant virus encoding S30A also grew 

similarly to wild-type rA2 (Fig. A.6). Thus, the process was repeated again, but this time 

with an RSV P encoding T29A, S30A, and S86A mutations (Fig. A.7A and A.7B). 
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Threonine at position 29 was also mutated because it formed a TS*P motif with S30.  Akt 

phosphorylates R-X-X-S/T motifs, but substrates have been found that do not contain this 

motif  (17, 18).  The mass spectrometry results yielded phosphorylation at sites S94, S99, 

T183, T210, S211, S215, T219, and S220 (Fig. A.7C, Table A1).  

Examination of the purified RSV P T210A mutant in an in vitro kinase assay 

showed no significant reduction in phosphorylation, suggesting that T210 was not the 

major phosphorylation site of RSV P. A significant reduction in phosphorylation was 

only observed when T29A, S30A, S86A, and T210A mutations were combined (Fig. 

A.7D and A.7E). When mutant viruses encoding S30A, S86A, S211A, or S220A 

mutations were used to infect A549 cells, the S86A, S211A, and S220A mutants had 

reduced P phosphorylation relative to wild-type RSV. However, all mutants showed 

similar reductions in P phosphorylation in the presence of Akt IV inhibitor, showing that 

none of these sites of RSV P were major phosphorylation targets of Akt (Fig. A.8A and 

A.8B). 

We also examined the effects of mutating these phosphorylation sites to alanine 

on RSV transcription and replication using a minigenome system. We found that the 

T210A mutant had a dramatic reduction in minigenome activity, while S211A and 

S220A had moderately reduced and increased activity, respectively (Table A1, Fig. 

A.8C). These mutants had equivalent expression levels compared to wild-type P (Fig. 

A.8D). Mutant viruses encoding the S211A and S220A mutations grew similarly to wild-

type RSV. Consistent with the minigenome data, a T210A mutant virus could not be 

rescued, showing that this site was critical for RSV transcription and/or replication (Table 

A1).    
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Discussion 

In a previous publication, we demonstrated that Akt played an important role in 

the life cycles of non-segmented, negative-sense RNA viruses (26). In this work, we 

report that Akt is important for RSV RNA synthesis, but the mechanism of action may 

not be the direct phosphorylation of P by Akt. Inhibition of Akt by siRNA, small 

molecule inhibitor, or DN mutant reduced RSV protein expression. In vitro studies 

showed that RSV P was a phosphorylation target of Akt. Multiple rounds of in vitro 

kinase assays using purified Akt, wild-type RSV P, and RSV P mutants followed by LC-

MS/MS identified several phosphorylation sites in P. The effects of mutating these sites 

to alanine on RSV transcription and replication were assessed using a minigenome 

system. When possible, the mutations were also incorporated into rA2 to examine the 

effects on virus growth.  

Residue S86 of P was phosphorylated in both in vitro kinase assay and in infected 

cells. Furthermore, it was found to be conserved in the phosphoproteins of other 

pneumoviruses. However, upon incorporating the S86A mutation into a recombinant 

virus, there was no difference in growth when compared to wild-type rA2. Furthermore, 

the S86A mutant virus had reduced P phosphorylation in the presence of Akt IV 

inhibitor, suggesting that it was not the major target of Akt phosphorylation in vitro.  This 

is not the first instance in which a phosphorylated site in P was found to be dispensable 

for growth in vitro. Lu et al. found that the casein-kinase II-mediated phosphorylation 

sites of P were not required for virus replication in vitro, but were important for virus 

budding in vitro and growth in vivo (10). Thus, although S86 was phosphorylated, it is 

unlikely to be important for RSV transcription and replication. 
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Of the sites examined, mutating T210 to alanine dramatically reduced 

minigenome activity, and a virus encoding the T210A mutation could not be rescued. 

Mutating T210 to glutamic acid or serine also greatly reduced minigenome activity, 

suggesting that T210 is crucial for RSV P function. However, the precise role that T210 

plays in virus transcription and replication is unclear. One possibility is that T210 is 

important for the structure or organization of RSV P. However, since T210 is located in a 

disordered region of RSV P outside the oligomerization domain, it is not likely to play a 

role in P’s ability to form a tetramer (27). Alternatively, T210 may play a role in P’s 

ability to interact with other viral proteins.  Asenjo et al. reported that a P T210A mutant 

was defective in a minigenome system and demonstrated reduced binding to NP. 

Interestingly, the P T210D mutant was also defective in the minigenome system but 

bound to N similarly to wild-type RSV P (28). Thus, the observed reduction in 

minigenome activity may be independent of P-N binding.  

In this study, we found that Akt played an important role in RSV growth. Akt 

directly phosphorylated P, but it is unclear whether this interaction was the mechanism by 

which Akt mediated its effect. Residue P T210 was phosphorylated by Akt and found to 

be critical for RSV transcription and replication. However, analysis of various T210 

mutants could not definitively show that the addition of a phosphate at T210 was the 

determining factor in P function. Further investigation is required to elucidate the role of 

T210 in P function. 
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Figure A1. Inhibition of Akt by siRNA or dominant-negative mutant.  (A) A549 cells were 

transfected with non-target, Akt1, Akt2, or Akt3-specific siRNA. Two days post-

transfection, cells were infected with rA2-RLuc at an MOI of 1. One day post-infection, 

cells were lysed, and Renilla activity was measured by luciferase assay. Luciferase 

activity is expressed as a percentage of the activity of the non-target siRNA-treated 

sample. Graph is an average of three independent experiments. (B) Western blot of cell 

lysates was used to confirm Akt knockdown. (C) A549 cells were transfected with Akt 

dominant-negative mutants, followed by infection with rA2-RLuc one day later. Renilla 

activity was measured by luciferase assay 1 day post-infection. Graph is an average of 

four independent experiments. Luciferase activity is expressed as a percentage of 

luciferase activity in pCaggs-transfected sample. (D) Expression of Akt dominant-
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negative mutants was confirmed by Western blot. Error bars represent the standard error 

of the mean (SEM). Statistics were performed using one-way ANOVA with Dunnett’s 

correction for multiple c***, P < 0.001; ****, P < 0.0001.omparisons.   

 

 

 

Figure A2. Akt and P interaction.  BSR-T7 cells were transfected with pCaggs-Akt1-

FLAG, pCaggs-P, or pCaggs, One day post-transfection, cells were labeled with 35S, and 

proteins were immunoprecipitated from cell lysate using anti-FLAG or anti-P antibodies. 

Immunoprecipitation products were resolved on a 15% SDS-PAGE gel and visualized by 

phosphorimaging. 
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Figure A3. Identification of phosphorylation sites in P.  (A) Purification of bacterially 

expressed P. The P gene of rA2 was cloned into pET15b vector and expressed in E. coli. 

His-tagged P was purified from bacterial lysate using Ni2+ affinity chromatography as 

described in Materials and Methods. Protein fractions were analyzed by SDS-PAGE 

followed by Coomassie Blue staining.  M, marker; U, uninduced bacterial lysate; F, 
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column flow-through; E, elution. In vitro kinase assay. (B) Purified P was incubated with 

active Akt1 in the presence of [γ-32P] ATP for 2 hours at 30°C. Proteins were resolved by 

on a 10% SDS-PAGE gel and visualized by phosphorimaging. (C) Mass spectrometry 

analysis of Akt-phosphorylated P. A cold in vitro kinase assay was performed with 

bacterially purified P incubated with or without active Akt1 in the presence of 5’-ATP for 

2 hours at 30°C. Proteins were separated by SDS-PAGE and stained with Coomassie 

Blue. The P bands were excised and prepared for LC-MS/MS as described in Materials 

and Methods. MS/MS spectra from the generated peptides were analyzed, and 

phosphopeptides were identified using the Mascot database. MS/MS spectrum shown is 

for the only phosphopeptide found. Based on intact mass (+80 amu), the peptide contains 

a phosphorylation site. Y-ions and b-ions, some with neutral loss of -98 (H3PO4) covering 

all phosphorylation sites, verify S86 as a phosphorylation site. (D) Serine at position 86 

was mutated to alanine (S86A) and purified from E. coli as described in (A). A 

radioactive in vitro kinase assay was performed as described in (B) with active Akt1 and 

increasing amounts of wild-type P or S86A mutant (1.65 μg, 3.3 μg, or 4.95 μg). (E) 

Identification of phosphorylated sites in P purified from infected cells. A549 cells were 

infected with rA2 at an MOI of 1. One day post-infection, cells were lysed and proteins 

were immunoprecipitated with monoclonal anti-P antibody. Immunoprecipitated proteins 

were resolved on a 15% SDS-PAGE gel and stained with Coomassie blue. The P band 

was excised and processed for LC-MS/MS. (E) Schematic showing phosphorylated 

peptides and amino acids covered by LC-MS/MS analysis. The phosphorylated serine 

residues are highlighted in red. Residues in blue were not covered.  
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Figure A4. Growth kinetics of rA2 P S86A mutant.  (A) A549 or (B) Vero cells were 

infected with either rA2 or rA2 P S86A at an MOI of 0.01. Samples of supernatant were 

collected every 24 h for 5 days and quantified by plaque assay in Vero cells.  Growth 

curves were performed in triplicate. Error bars represent SEM. 

 

Figure A5. Identification of phosphorylation sites in P S86A.  A cold in vitro kinase assay 

was performed with bacterially-purified P S86A with or without active Akt1 in the 
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presence of 5’-ATP for 2 hours at 30°C. Proteins were separated by SDS-PAGE and 

stained with Coomassie Blue. The P bands were excised and prepared for LC-MS/MS as 

described in Materials and Methods. 

 

 

Figure A6. Growth kinetics of rA2 P S30A mutant.  (A) A549 or (B) Vero cells were 

infected with either rA2 or rA2 P S30A at an MOI of 0.01. Samples of supernatant were 

collected every 24 h for 5 days and quantified by plaque assay in Vero cells.  Growth 

curves were performed in triplicate. Error bars represent SEM. 
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Figure A7. Identification of phosphorylation sites in P T29A/S30A/S86A.  (A) A 

radioactive in vitro kinase assay was performed as described in Materials and Methods 

with active Akt1, wild-type P, P S86A, or P T29A/S30A/S86A mutants. (B) A cold in 

vitro kinase assay was performed as described in Materials and Methods with active 

Akt1, wild-type P, P S86A, or P T29A/S30A/S86A mutants. (C) The P band was excised 

and processed for LC-MS/MS as described in Materials and Methods.  Red residues 

represent T29A, S30A, and S86A mutations in the triple mutant.  Blue residues represent 

phosphorylation sites identified by mass spectrometry.  Purple residues represent 

additional phosphorylation sites from a custom database based on the triple mutant 

sequence.  Green sites represent the sites previously identified as dispensable by Jin et al. 

(D) A radioactive in vitro kinase assay was performed as described in Materials and 

Methods with active Akt1, wild-type P, P S86A, P T29A/S30A/S86A, T210A, or P 

T29A/S30A/S86A/T210A mutants. (E) Relative phosphorylation of P and P mutants in 

(D). Graph represents three independent experiments. Error bars represent the SEM. 

Statistical analysis was performed using one-way ANOVA with Dunnett’s correction for 

multiple comparisons.  **, P < 0.01. 
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Figure A8. Minigenome activity of P mutants.  (A) A549 cells were infected with rA2 or 

rA2 P mutant viruses at an MOI of 1 in the presence or absence of Akt IV inhibitor (4 

μM). One day post-infection, cells were metabolically labeled with 35S or 33P for 4-6 h. 

Cells were lysed and co-immunoprecipitation was performed using anti-P rabbit sera. (B) 

Relative phosphorylation of P was measured as a ratio of 33P/35S band intensity, with the 

phosphorylation of wild-type P set to 1. Graph represents 3 independent experiments. 

Error bars represent the SEM. Statistical analysis was performed using two-tailed 

Student’s t-test without correction for multiple comparisons. (C) Minigenome activity of 

P, P T210A, and P S211A. BSR-T7 cells were transfected with increasing amounts of 

plasmids encoding P, P T210A, or P S211A along with other plasmids of the minigenome 

system as described in the Materials and Methods. Firefly luciferase was the minigenome 
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reporter and Renilla luciferase served as the transfection control. Relative luciferase 

activity was reported as the ratio of firefly to Renilla activity.  Error bars represent the 

SEM of four replicates. (D) Expression of P, P T210A, P S211A, and α-tubulin were 

detected by Western blot.  *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. 

 

Table A1. Minigenome activity of P mutants and growth of rA2-P mutant viruses 
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Abstract 

Human respiratory syncytial virus (RSV) is the leading cause of pediatric 

respiratory disease and hospitalizations. It also causes severe illness in elderly and 

immunocompromised populations. No licensed vaccine or effective therapeutic currently 

exists. RSV encodes viral proteins that are phosphorylated by host kinases. Previously, 

we reported that host kinases play critical roles in the RSV life cycle and can be targeted 

for anti-RSV drug development. In this work, we identified ataxia telangiectasia mutated 

(ATM), a host kinase, that played a critical role in the RSV life cycle.  The role of ATM 

in the virus cycle was highly dependent on the in vitro system used to examine ATM-

RSV interactions.  Treatment of cells with an ATM inhibitor and siRNA targeting ATM 

reduced RSV growth in cell culture. Pre-treatment of cells with an ATM inhibitor had no 

effect on virus growth or viral gene expression, which indicated that ATM plays a role in 

virus assembly or egress.  Understanding the interactions between RSV proteins and host 

kinases may lead to development of novel antiviral strategies. 
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Introduction 

Respiratory syncytial virus is the most important etiologic agent of pediatric viral 

respiratory infection and remains a major cause of morbidity and mortality among 

infants, immunocompromised subjects, and the elderly (1). In addition, RSV infection 

has been associated with wheezing and asthma later in life.  Unlike infection by other 

respiratory viruses, RSV does not induce long-lasting protective immunity against 

subsequent infection.  Thus, individuals can be infected multiple times throughout life. 

Currently, there is no vaccine for RSV, nor are there effective curative treatments for 

severe RSV disease, although aerosolized ribavirin and prophylactic immunoglobulin 

therapy are used in the clinical setting.  However, the high cost of palivizumab 

prophylaxis compounded with the need for monthly injections during RSV season raises 

the question of cost-effectiveness relative to the health benefits.  Therefore, there is a 

pressing need for safe and effective therapeutic interventions for RSV.   

RSV is classified in the family Paramyxoviridae in the order Mononegavirales, 

and is the prototypical member of the Pneumovirus genus (1).  The non-segmented, 

negative-sense (NNS) RNA genome of RSV is 15,222 nucleotides long and contains a 

linear array of 10 transcription units from which 11 proteins are translated. RSV enters 

cells by direct fusion of its envelope with the plasma membrane.  Transcription of the 

genome by the viral RNA-dependent RNA polymerase (RdRP) occurs solely in the 

cytoplasm. As the infection progresses, the viral RdRP replicates the viral genome, that is 

bound by N protein and assembled into encapsidated ribonucleoprotein (RNP) 

complexes. Accumulation of viral proteins and encapsidated viral genomes initiates the 

assembly and budding of infectious RSV.  It is thought that the viral RNP first associates 



 

225 

 

with the M protein, which traffics the complex to cytoplasmic tails of the viral 

glycoproteins, which are localized to lipid raft domains in the plasma membrane (2–4).  

The budding process requires the N, P, M, and F proteins (4, 5).  Unlike other 

paramyxoviruses, RSV does not require its attachment protein to complete this process. 

RSV lacking G, either by specific mutation or spontaneous deletion, can replicate in cell 

culture (6–8).  

RSV M2-1, M, and P are phosphorylated (9).  The M2-1 protein is an anti-

termination factor, and its phosphorylation is essential for its function (9–11). The roles 

of phosphorylation of M and P are less certain, although recent evidence indicates that M 

phosphorylation regulates virion assembly (12). Since RSV does not encode a viral 

kinase, host kinases are responsible for phosphorylation of viral proteins. Previously, we 

have reported that inhibiting host kinase Akt1 blocks RSV replication, likely through a P-

mediated mechanism (13). In this work, we identified ATM as a host kinase that plays a 

role in life cycle of RSV.  

Materials and Methods 

Cells, viruses and plasmids   

A549, Hep-2, 293T, and Vero cells were grown in Dulbecco’s Modified Eagle 

Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 IU Penicillin 

and 100 μg/mL of Streptomycin (1% P/S) and maintained at 37C and 5% CO2. 

GM16666 and GM16667 cell lines were maintained in DMEM supplemented with 15% 

FBS and 100 µg/mL of hygromycin B at 37°C and 10% CO2.  RSVeGFP and rA2-Rluc 

were made by cloning the eGFP or Renilla luciferase genes between the leader sequence 

and NS1 gene of recombinant RSV A2 strain.  The viruses were grown in Vero cells.  All 
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infections were done in Opti-MEM medium supplemented with 2% FBS and 1% P/S.  

Virus titers were determined in Vero cells by plaque assay as described previously.   

Briefly, Vero cells in 24-well plates were infected with serial dilutions of the virus.  One 

hour post-infection, a 0.8% methylcellulose/2% FBS/1% P/S/Opti-MEM overlay was 

added to the plates.  Plates were incubated at 37C and 5% CO2 for 5-7 days until plaques 

were visible. Plaques were immuno-stained using mouse anti-RSV G antibody and goat 

anti-mouse IgG conjugated to alkaline phosphatase secondary antibody.  Plaques were 

visualized by the addition of Vector Black solution (Vector Laboratories).  The pCaggs-

ATM plasmid was generated by cloning the full-length coding sequence of ATM into the 

pCaggs vector.  The pCaggs vector has been described previously (14).  Codon optimized 

pCDNA3.1- M, G, and F were a gift from Dr. Martin Moore (Emory University). 

Reagents 

Goat anti-RSV was obtained from Maine Biotechnology (cat no. PAB7133P) and 

used at 1:1000 for Western Blot (WB) or at 1:50 for immunoprecipitation (IP).  Rabbit 

anti-ATM (Ab3) was obtained from Calbiochem (EMD Millipore, cat no. PC116) and 

used at 1:1000 for WB or 1:50 for IP.  

ATM inhibitor (KU-55933) was obtained from Calbiochem (EMD4Biosciences, 

USA) and dissolved in DMSO.  Unless otherwise specified, the inhibitor was added to 

cells in Opti-MEM supplemented with 2% FBS and 1% P/S after the infection media was 

removed.  Different concentrations were used for the experiments as described in figures.  

Transfections and luciferase assay 

On-TARGETplus SMART pool ATM siRNA and ATM and On-TARGETplus 

Non-targeting pool siRNA were obtained from Dharmacon (ThermoScientific, USA). 
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A549 cells in 96-well plates were transfected in 100 l of Opti-MEM with 200 nM ATM 

siRNA and 0.8 l Oligofectamine (Life Technologies) per well.  One day post-

transfection, 50 l of Opti-MEM/30% FBS were added to the cells. Two days post-

transfection, cells were infected with rA2-Rluc at an MOI of 0.1, 1, or 3 in Opti-

MEM/2% FBS/1% P/S.  Cells were lysed in Renilla lysis buffer 1-2 days post-infection 

(dpi).   A Renilla luciferase assay (Promega, Madison, WI, cat no. E2820) was performed 

according to the manufacturer’s instructions. 

For experiments measuring RSV growth in ATM-deficient (GM16666) and 

ATM-corrected (GM16667) cell lines, cells were infected with rA2-Rluc at an MOI of 1 

or 0.1.  Cells were lysed 1-2 dpi and assayed for luciferase activity as described above.  

There were five replicates per condition. 

For experiments examining the effect of ATM over-expression on RSV growth, 

293T cells in 96-well plates were transfected according to manufacturer’s instructions 

with 100 ng/well of pCaggs-ATM or empty vector using JetPRIME reagent.  One day 

later, cells were infected in quadruplicate with rA2-Rluc at an MOI of 1.  Cells were 

lysed 1, 2, and 3 dpi and assayed for luciferase activity as described above. 

Digital microscopy of live cells 

A549 cells were infected with RSVeGFP virus at an MOI of 0.1 or 1 in Opti-

MEM/ 2% FBS/ 1% P/S.  After one hour of adsorption, the infection media was removed 

and replaced with media containing inhibitor.  Pictures were taken at different time points 

post-infection as indicated using an EVOS fluorescent microscope (Advanced 

Microscopy Group, Bothell, WA). 
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Cell viability assay 

A549 cells in opaque wall, 96-well plates were treated with DMSO or increasing 

concentrations of ATM inhibitor diluted in 100 l of Opti-MEM/ 2% FBS/1% P/S.  One-

day post treatment, media was removed and a CellTiter-Glo Luminescent viability assay 

(Promega, cat no. G7571) was performed on the cells.  This assay measures ATP levels 

as an indication of metabolically-active cells.  Briefly, 100 l of CellTiter-Glo reagent 

were added to the cells, mixed in an orbital shaker for 2 minutes, and incubated at room 

temperature for 10 min before reading luminescence using a GloMax-96 luminometer 

(Promega). 

Virus growth 

To look at virus growth kinetics after inhibitor treatment, A549 or Hep-2 cells in 

6-well plates were infected in triplicate with rA2 or RSV∆G at an MOI of 0.1 or 1 in 

Opti-MEM/2% FBS/1% P/S.  After one-hour adsorption, infection media was removed 

and replaced with media containing DMSO or the inhibitors at the concentration 

indicated.  Media was collected at different time points post-infection and titers 

determined by plaque assay.   

To look at the effect of pretreatment of cells with ATM inhibitor on virus growth, 

A549 cells in 6-well plates were treated in triplicate with DMSO or ATM inhibitor in 

Opti-MEM/2% FBS/1% P/S for 1 hour at 37C and 5% CO2.  Cells were washed 3 times 

with phosphate-buffered saline (PBS) before infecting at an MOI of 1.  One day post-

infection, media was collected and used for a plaque assay. 

To look at cell-associated viral titers, cells were infected and media collected as 

described above.  Cells were washed with PBS and scraped into Opti-MEM 



 

229 

 

supplemented with 2% FBS, 1% P/S, 100 mM HEPES, and 50 mM MgSO4. Cells were 

frozen 3 times by incubating in dry-ice followed by thawing at 37C.  Cell debris was 

pelleted by centrifugation and supernatant was used for plaque assay. 

Radio-immunoprecipitation 

A549 cells in 6-cm plates were infected with rA2 at an MOI of 1 in Opti-

MEM/2% FBS/1% P/S for 1 hour at 37C and 5% CO2.  Infection media was removed 

and replaced with Opti-MEM/2% FBS/1% P/S.  Thirty-six hours post-infection, the cells 

were starved for 30 min in methionine and cysteine-deficient DMEM or phosphate-

deficient DMEM.  Cells were labeled for 6-8 hours with 35S-Met and 35S-Cys in 

starvation media.  Cells were lysed with 0.75 M NaCl RIPA buffer (20 mM Tris-HCl pH 

7.4, 150 mM NaCl, 0.2% Triton-X100, 0.1% SDS, 5 mM iodoacetamide) containing a 

protease inhibitor cocktail.  Lysate was passed through a QIAshredder column (QIAgen) 

and debris precipitated at 14,000 rpm for 30 min at 4C. Proteins in the supernatant were 

immunoprecipitated with 10 l of goat anti-RSV antibody (Maine Biotechnology) and 

Sepharose G beads for 3 hours at 4C.  Bead-bound proteins were washed three times 

with RIPA buffer containing 0.75 M NaCl, 0.3 M NaCl, or 0.15 M NaCl, respectively, 

and denatured with SDS protein loading buffer (2% SDS, 62.5 mM Tris-Cl pH 6.8, 2% 

DTT).  Proteins were separated in 15% SDS-PAGE and visualized using a Typhoon 9700 

Phosphorimager (GE Healthcare Life Sciences, Piscataway, NJ). 

Virus release assay 

A549 cells in 6-well plates were infected with rA2 at an MOI of 1 in triplicate.  

One-day post-infection, 500 l of media was collected for a plaque assay.  The rest of the 

media from each sample triplicate was combined, and cell debris pelleted by 
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centrifugation at 3,000 rpm for 5 min.  Supernatants were incubated with 10% 

Polyethylene glycol-8000 for 90 min at 4C with gentle rotation.  The virus was then 

precipitated at 3,250 x g for 20 min. The resulting pellet and the cells in the plate were 

lysed in 500 l of 2X SDS protein loading buffer.  Proteins were separated in a 10% 

SDS-PAGE (Bio-Rad), transferred to a PVDF membrane, and immunoblotted with goat 

anti-RSV or mouse anti-P (D6 clone) and rabbit anti-actin.  Proteins were visualized 

using an ECL Advance Western Blotting detection kit (GE Healthcare) and a Kodak 

Image Station 440 system. 

Statistical analysis 

Statistical analysis was performed using GraphPad Prism software version 5.04 

for Windows (GraphPad Software, La Jolla, CA).  An nnpaired, two-tailed t-test was 

used to compare Renilla luciferase activities in siRNA-treated cells infected with rA2-

Rluc (Figure 1A).  Multiple two-tailed t-tests followed by Holm-Sidak multiple 

comparison tests were used to compare growth curve data (Figures 2 and 7). Ordinary 

one-way ANOVA followed by Dunnett’s multiple comparison test was used to analyze 

cell viability in Figure 1D and virus titers in Figure 4A.  Ordinary one-way ANOVA and 

Sidak’s multiple comparison tests were used to compare virus titers in Figure 5. 

Results 

Inhibition of ATM reduces RSV protein expression and titers 

An siRNA screening of host kinases that were important for RSV replication led 

to identification of ATM as a potential inhibitory kinase for RSV replication (data not 

shown).  To confirm these results, A549 cells were transfected with ATM siRNA and 

infected with rA2 48 hours later, when the siRNA’s impact was its peak.  There was no 
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difference in the viral protein expression one day post-infection.  However, two days 

post-infection, the RSV protein expression was reduced to 70%, 72%, and 84% in the 

cells infected at an MOI of 0.1, 1, and 3, respectively (Fig. B.1A).  We further confirmed 

these results with a commonly used ATM inhibitor, KU-55933, and RSV expressing 

GFP.  A549 cells infected at an MOI of 1 were treated with ATM inhibitor after infection 

media was removed.  Cells treated with ATM inhibitor at a 2.5 M concentration showed 

no visible reduction of number of cells expressing GFP 1 day post-infection (dpi) and 

only minimal reduction 2 dpi. Cells treated with 7.5 M of ATM inhibitor had a notable 

reduction of number of cells expressing GFP at 2 dpi (Fig. B.1B).  When the cells were 

infected at an MOI of 0.1, both concentrations of the inhibitor showed a significant 

reduction in the number of cells expressing GFP by 3 dpi (Fig B.1C).  The effect of the 

ATM inhibitor on cell viability was tested, and the maximum concentration used in this 

experiment (7.5 M) had a 12% reduction in viable cells in the sample compared to the 

DMSO control (Fig. B.1D).  

The effect of the ATM inhibitor on RSV titers was analyzed in Figure B2.  In 

A549 cells infected at high MOI, the ATM inhibitor reduced RSV titers relative to 

DMSO by 1 dpi with a maximum 15-fold reduction at 2 dpi (Fig. B.2A). Similar results 

were seen in Hep-2 cells with a maximum 10-fold reduction seen at 3 dpi (Fig. B.2B).  

The ATM inhibitor also reduced viral titers in A549 and Hep-2 cells after low MOI 

infections (Fig. B.2C and B.2D).  From these results, we concluded that inhibition of 

ATM by siRNA or small molecule inhibitor reduced RSV growth. Intriguingly, the 

impact of ATM inhibitor and siRNA was more pronounced in low MOI infection and at 

later time points after infection.  
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ATM is involved in a late step in RSV cycle 

To investigate in which step of RSV life cycle ATM plays a role, the effects of 

ATM inhibitor on viral entry, viral protein synthesis, and virus release were examined.  

A549 cells were treated with ATM inhibitor for 1 hour prior to infection.  The inhibitor 

was removed, and the cells were then infected at an MOI of 1.  One-day post-infection 

media was collected to determine viral titers.  Pretreatment of A549 cells with the ATM 

inhibitor did not reduce viral titers (Fig. B.3A), suggesting that ATM did not play a role 

in viral entry.  To measure viral protein synthesis, A549 cells were infected at an MOI of 

1.  Eighteen hours post-infection, the cells were labeled with 35S-Cys and 35S-Met 

followed by immunoprecipitation with anti-RSV antibody.  Treatment with the ATM 

inhibitor did not reduce protein synthesis (Fig. B.3B).  These results suggest that the 

ATM inhibitor affects a step after viral entry and early protein expression. 

To determine the role of ATM in virus release, A549 cells were infected with rA2 

at an MOI of 1.  One day later, media and cells were collected separately to measure 

virus titers and viral proteins.  Viral titers in the media were reduced after ATM inhibitor 

treatment (Fig. B.4A).  G protein in the media was also reduced after ATM inhibitor 

treatment (Fig. B.4C).  In contrast, there was no reduction in the levels of viral proteins in 

the cell at this time point (Fig. B.4B).  These results confirm that ATM plays a role in 

virus release. This result is consistent with the observation that there was no reduction of 

GFP-positive cells initially when cells were infected with low MOI of RSV-GFP (Fig. 

B.1B-B.1D). 
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ATM affects a step in virus egress 

RSV can remain cell-associated after budding.  To determine whether ATM 

reduces viral titers by increasing the amount of cell-associated virus, A549 and Hep-2 

cells were infected at an MOI of 0.1 and media and cell-associated virus were collected at 

3 dpi as described in the Materials and Methods. In A549 cells, there was a 6-fold 

reduction in virus in the media after ATM treatment, while there was a 10-fold reduction 

in cell-associated virus (Fig. B.5A).  In Hep-2 cells, there was a 6-fold reduction in virus 

in the media and a 4-fold reduction in cell-associated virus after ATM inhibitor treatment 

(Fig. B.5B).  These results suggest that the reduction in titers after ATM inhibitor 

treatment is not due to an increase in cell-associated virus. 

Absence of ATM increased RSV protein expression  

A study published by Fang et al. demonstrated that silencing ATM in A549 cells 

using shRNA increased RSV replication (15).  Since these results contradicted the 

findings of our siRNA and ATM inhibitor studies, we examined RSV growth in ATM-

deficient and ATM-corrected cell lines.  The immortalized cell lines were derived from 

skin fibroblasts of a patient with ataxia telangiectasia.  The ATM-corrected cell line 

expressed ATM from an episomal plasmid, while the ATM-deficient cell line carried an 

empty vector (16).  The cells were infected with rA2-Rluc at an MOI of 1 or 0.1, and 

luciferase activity was measured in the cell supernatant and the cell lysate 1-2 days later.  

Luciferase activity was significantly higher in the cell lysates of ATM-deficient cells 1 

and 2 dpi (Fig. B.6).  These results showed that RSV protein expression increased in the 

absence of ATM. 
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Overexpression of ATM increased RSV protein expression 

In light of the conflicting results in the different in vitro systems, we sought to 

examine the role of ATM overexpression in the RSV life cycle.  293T cells were 

transfected with pCaggs-ATM and then infected with rA2-Rluc one day later.  Luciferase 

activity was measured in the cell lysates 1-3 dpi and normalized to cell viability 

measurements.  ATM overexpression resulted in increased rA2-Rluc activity 2 and 3 dpi 

(Fig. B.7).  These results indicated that increasing ATM expression increased RSV 

protein expression at later time points.   

Discussion 

ATM is a serine/threonine kinase that plays important roles in many cellular 

processes such DNA repair and cell cycle regulation. It plays a critical role in the DNA 

repair pathway by sensing DNA damage. Previously, it has been shown that ATM is 

important for replication of many DNA viruses such as HPV (17, 18). ATM primarily 

localizes in the nucleus, but some ATM localizes in the cytoplasm to serve as a key 

regulator of cellular responses to stress such as chemical agents (19, 20). ATM can 

regulate activities of mTOR and PI3K-AKT pathways (21, 22).  

It has been previously reported that ATM negatively regulates RSV growth in 

vitro.  Fang et al. proposed a model in which RSV-induced oxidative stress triggers the 

DNA-damage response through ATM, resulting in the production of type I and type III 

IFNs and suppression of viral replication (15).  Our results suggest that the role of ATM 

in the RSV life cycle may be more complex and highly system-dependent.  

Inhibition of ATM via siRNA knockdown or with a small molecule inhibitor 

decreased RSV growth, suggesting that ATM plays a positive role in RSV replication 
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(Figure 1 and 2).  ATM inhibitor did not affect the entry of RSV (Figure 3A) and did not 

affect viral gene expression (Figure 3B and Figure 4). It also did not reduce the number 

of RSV- infected cells at an early time point (Figure 1). At late time points of low MOI 

infection, when secondary infection occurred, ATM inhibitor did have an effect on viral 

gene expression (Figure 1) with a reduced amount of RSV released in the presence of 

ATM inhibitor.  Overexpression of ATM in 293T cells increased RSV protein expression 

at late time points (Figure 7).  This suggests that ATM plays a positive role in late-stage 

RSV growth, contrary to a previously published report. 

In ATM-deficient cell lines, RSV protein expression was significantly increased 1 

and 2 dpi (Figure 6).  These results were consistent with the findings of Fang et al. in 

ATM-silenced cells and suggest that ATM is plays a negative role in RSV growth.  

Taken together, these findings suggest that the role of ATM in the RSV life cycle is 

unclear and dependent on the system used to examine the ATM-RSV interaction.   

The discrepancies in the findings may be due to the inherent differences between 

the two systems.  The ATM-silenced cells have undergone multiple rounds of selection 

and have little-to-no ATM expression.  These cells likely adapted to having no ATM and 

may have developed compensatory mutations.  Studies using siRNA, small-molecule 

inhibitors, or transient overexpression reflect the impact of acute ATM perturbation on 

RSV growth.  Further investigation is required to clarify the role of ATM in the RSV life 

cycle. 
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Figure B1. ATM plays a role in the RSV life cycle.  (A) A549 cells in 96 well plates were 

transfected with 200 nM Non-target or ATM siRNA per well as described in Materials 

and Methods.  Two days post-transfection, the cells were infected with rA2-Rluc at an 

MOI of 0.1, 1, or 3.  One or two days post-infection, the cells were lysed with Renilla 

lysis buffer, and a luciferase assay was performed.  (B-C) A549 cells were infected with 

RSVeGFP at an MOI of 1 (B) or 0.1 (C) and treated with DMSO or ATM inhibitor (2.5 

µM or 7.5 M) after infection as described in Materials and Methods.  Pictures were 

taken at 1 and 2 dpi using an EVOS fluorescent microscope. (D) A549 cells in 96-well 

plates were treated with DMSO or increasing concentrations of the ATM inhibitor.  

Toxicity was measured 24 hours later using the CellTiter-Glo system from Promega. 

Results are presented as the average of three independent experiments.  Error bars 
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represent the SEM.  (A) Statistical significance was determined using unpaired, two-

tailed t-test.  (D) Statistical significance was determined by one-way ANOVA followed 

by Dunnett’s multiple comparison test.  *, P< 0.05 

 

Figure B2. ATM inhibitor reduces RSV titers.  A549 (A, C) or Hep-2 cells (B, D) were 

infected at an MOI of 1 (A, B) or 0.1 (C, D).  Infection media was removed after 1 hour 

and replaced with media containing DMSO or ATM inhibitor (7.5 M).  Media samples 

were collected at the time-points indicated and titers determined with a plaque assay.  

Error bars represent the SEM.  Statistical significance was determined using multiple t-

tests followed by Holm-Sidak multiple comparison tests.  *, P< 0.05 
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Figure B3. ATM does not inhibit RSV entry or protein expression.  (A) A549 cells in 6-

well plates were pretreated with media containing ATM inhibitor (7.5 µM) for 1 hour at 

37C, 5% CO2.  Media containing inhibitor was removed, and cells were washed 3 times 

with PBS before replacing with 2% FBS/P/S/ Opti-MEM.  One-day post-infection, media 

was collected and titers determined with a plaque assay.  (B) A549 cells in 6-cm plates 

were infected with rA2 at an MOI of 1.  One-day post-infection, the cells were starved for 

30 min in media deficient in Met and Cys and labeled for 6 hours with S35-labeled Met 

and Cys.  Cells were lysed with RIPA buffer and proteins immunoprecipitated with goat-

anti-RSV antibody.  Proteins were separated in 15% SDS-PAGE.  Proteins were 

visualized using a Typhoon Scanner. 
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Figure B4. ATM inhibitor reduces RSV particles in media.  A549 cells in 6-well plates 

were infected with RSV at an MOI of 1 in 2% FBS/P/S/Opti-MEM.  Infection media was 

removed, cells were washed with PBS and then replaced with media containing DMSO 

or ATM inhibitor (7.5 M).  (A) One-day post-infection, 500 l of the media was 

collected for plaque assay. Error bars represent the SEM. (B) The rest of the media were 

combined and cell debris removed by centrifugation at 3,000 rpm for 5 min.  

Supernatants were incubated with 10% PEG-8000 for 90 min at 4C with gentle rotation.  

The virus was then precipitated with at 3250 X g for 20 min.  Pellet was lysed with 500 

l of SDS protein loading buffer containing DTT and boiled for 5 min at 95C.  Proteins 

were separated in a 10% SDS-PAGE, transferred to a PVDF membrane, and visualized 

by immunoblotting with goat anti-RSV antibody.  (C) Cells in the plate were lysed with 

500 l of SDS protein loading buffer containing DTT and boiled for 5 min at 95C.  
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Proteins were separated in a 10% SDS-PAGE, transferred to a PVDF membrane, and 

visualized by immunoblotting with goat anti-RSV, mouse anti-P (D6) or rabbit anti-actin 

antibodies.  Statistical significance was determined by one-way ANOVA followed by 

Dunnett’s multiple comparison test.  *, P< 0.05 

 

 

Figure B5. ATM inhibitor affects virus assembly and release.  (A) A549 or (B) Hep-2 

cells in 6 well plates were infected with rA2 at an MOI of 0.1.  Media was collected at 3 

dpi and used for plaque assay.  Cells were washed with PBS and scraped off the plate into 

Opti-MEM containing 2% FBS, 1% P/S, 100 mM HEPES, 50 mM MgSO4.  Cells were 

frozen/thawed 3 times, cell debris was pelleted, and supernatant used for plaque assay.  

Statistical significance was determined by one-way ANOVA followed by Sidak’s 

multiple comparison test.  *, P< 0.05   



 

242 

 

 

Figure B6. Absence of ATM increased RSV protein expression.  ATM-deficient 

(GM16666) and ATM-corrected (GM16667) skin fibroblast cells in 96-well plates were 

infected with RA2-Rluc at an MOI of 1 or 0.1.  Cells were lysed 1 and 2 dpi, and 

luciferase activity was measured in both the (A, B) cell supernatant or the cell lysate (C, 

D).  Five replicates were assayed for each condition.  Graphs represent the mean Renilla 

luciferase activity.  Error bars represent the SEM.  Statistical significance was determined 

by unpaired, 2-tailed t-test, *P < 0.05.      
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Figure B7. Overexpression of ATM increased RSV protein expression.  293T cells in 96-

well plates were transfected with pCaggs or pCaggs-ATM.  One day later, the cells were 

infected with RA2-Rluc at an MOI of 1.  Cells were lysed and luciferase activity was 

measured 1, 2, and 3 dpi.  Samples were assayed in quadruplicate. Graphs represent the 

mean Renilla luciferase activity normalized to cell viability.  Error bars represent the 

SEM.  Statistical significance was determined by unpaired, 2-tailed t-test, *P < 0.05. 
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