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Influenza A and Respiratory Syncytial Virus (RSV) are both enveloped, negative strand 

RNA viruses which infect the respiratory mucosa of animals and humans. Despite 

decades of research and development of antivirals and vaccines, both of these viruses 

continue to be a major health concern throughout the world. The focus of my research 

was to examine alternative ways of developing antiviral which would be both faster and 

more effective than conventional methods of screening libraries of compounds. By 

examining the nucleotide sequences of influenza A virus my colleagues and I were able 

to determine conserved regions as candidates for antisense drug targets. Lead antisense 

compounds were effective at inhibiting influenza A virus replication in a Balb/C mouse 

model. Although resistance was observed in some strains, a combination of antisense 

targeting multiple conserved regions was effective. One limitation of the antisense used 

in these experiments was their inability to inhibit virus replication when administered 



more than 2h after infection. For RSV, I examined the potential of targeting a cellular 

protein (ubiquitin) thought to interact with and be required for RSV replication. I utilized 

currently available drugs to interfere with ubiquitin recycling through the proteasome. 

Treatment with proteasome inhibitors reduced virus replication in cell culture and had an 

indirect effect on RSV virion formation. However, treatment of RSV infection with a 

proteasome inhibitor in a Balb/C mouse model resulted in an altered immune response, 

increased pathology in the lungs, and increased mortality. From these results I conclude 

that unless sufficient background information is available for the target of interest, the 

targeted development of antivirals for influenza A and RSV is no more effective than 

conventional methods. 
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Chapter 1:  

General Introduction 

Influenza A virus 

Virus life cycle. Influenza A is an enveloped, segmented, single stranded, negative sense, 

RNA virus belonging to the family Orthomyxoviridae. The eight genomic RNA strands 

of influenza A encode a total of 11 proteins and are arranged as depicted in Table 1.1. 

These 11 proteins are capable of performing most functions necessary for virus genome 

replication and nascent virion formation, as well as interfering with the natural defense 

mechanisms of its host (Strauss and Strauss, 2002).  

The influenza A virus life cycle begins when a virus enters the airways of an 

animal and binds to sialic acid residues which are present on the surface of most cells. 

The HA membrane glycoprotein is responsible for binding the cell surface receptor sialic 

acid (Bergelson et al., 1982; Nicholls et al., 2007; Shinya et al., 2006), and once HA is 

bound to the sialic acid it induces endocytosis. Next, the endocytic compartment begins 

to acidify as it progresses toward becoming a lysosome. As an ion channel, M2 protein 

allows for H+ ions to flow from the endocytic compartment into the core of the virus. 

This acidification has two effects. First, it induces a conformational change in the HA 

protein such that the HA protein inserts itself into the endosome membrane and mediates 

the fusion of the viral membrane with the endosome membrane (Takeuchi and Lamb, 

1994; Wharton et al., 1994). Secondly, the acidification results in the disassociation and 

unpackaging of nucleocapsids from the M1 matrix protein (Bukrinskaya et al., 1982). 
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Table 1.1: Genome Organization and Proteins of Influenza A. Adapted from NCBI, 
2004 and Strauss and Strauss, 2002.) 
 
Genome 
segment 

Length 
(nt) 

Protein (Abrev.) Protein 
Size (aa) 

Function 

1 2250-2350 Polymerase Basic 2 (PB2) 759 Cap snatching 
2 2250-2350 Polymerase Basic 1 (PB1) 

Frame 2 (PB1-F2)* 
757-758 
52-90 

Major polymerase 
Induces apoptosis 

3 2150-2250 Polymerase Acidic (PA) 716 Endonuclease for 
cap snatching 

4 1600-1800 Hemagglutinin (HA) 552-570 Receptor binding, 
membrane fusion 

5 1450-1600 Nucleoprotein (NP) 498 Forms helical 
structure w/ vRNA, 
genome replication 

6 1350-1500 Neuraminidase (NA) 447-473 Sialidase, nascent 
virion escape 

7 950-1050 Matrix 1 (M1) 
 
Matrix 2 (M2)* 

252 
 
96-97 

Associates w/ cell 
membrane and NP 
H+ Ion Channel, 
unpackaging, 
Polymerase activ. 

8 800-900 Non-structural (NS/NS1) 
 
 
Nuclear Export Protein 
(NEP/NS2)* 

217-230 
 
 
121 

Inh. cell mRNA 
transport, cap 
snatching, and IFN 
Nuclear export of 
nascent nucleocap. 

* indicates spliced transcript or alternative reading frame 

 
Once in the cytoplasm, the virus nucleocapsid, consisting of the virus genomic 

RNA (vRNA), the three polymerase proteins PB1, PB2, and PA, as well as the NP 

protein, is translocated to the nucleus (Bullido et al., 2000; Martin-Serrano et al., 2004). 

The first step in virus replication is mRNA production. The polymerase complex initiates 

mRNA production by snatching the first ~13nt of the 5’mG caps from cellular mRNA. 

This function is performed by the PB2 and PA proteins, with the actual nuclease activity 

residing in the PA protein (Dias et al., 2009; Guilligay et al., 2008). Once snatched, the 

cap is used to initiate transcription of the viral mRNA where the PB1 protein is the major 



 

4
replicase. PB1 also adds a poly A tail to the 3’ end of the mRNA by a stuttering process 

where it repeatedly pairs adenines with a series of uracils (Zheng et al., 1999). Virus 

mRNAs are then preferentially protected from cap snatching by the polymerase 

(Neumann et al., 2002) and exported from the nucleus to the cytoplasm by the NS protein 

(Satterly et al., 2007). After sufficient levels of viral proteins have accumulated, a switch 

in the virus polymerase occurs from mRNA synthesis and to genome replication. 

Specifically, NEP facilitates the switch and new polymerase performs the genome 

replication  (Jorba et al., 2009; Robb et al., 2009). Genome replication is a two-step 

process that involves the production of a full length positive sense antigenome (cRNA). 

The cRNA is then used as a template to produce the full length negative sense genomic 

vRNA. In this process the cRNA is only an intermediate and it is thought to be produced 

at a much lower ration to the final vRNA (i.e. 1 cRNA can be used as a template multiple 

times to produce the desired vRNA). In addition, NP is needed to bind to newly 

synthesized genomes (Portela and Digard, 2002). NP associates with the vRNA and 

cRNA (in much the same way that single stranded binding protein does during DNA 

synthesis) to form the nucleocapsid. The association of NP with nascent RNA is 

necessary for polymerase activity and also serves to create a compact helical genome 

suitable for downstream packaging into nascent virions.  

Following protein synthesis and genome replication, the virus begins to package 

itself for exit from the host cell. The first step in this process is the export from the 

nucleus of mature nucleocapsid, consisting of nucleoprotein encapsidated vRNA as well 

as the polymerase complex and the M1 protein. Nucleocapsid nuclear export is mediated 

by the virus NEP and NP in association with the M1 protein (Portela and Digard, 2002; 
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Robb et al., 2009). Once out in the cytoplasm, the main function for the matrix protein is 

to form a shell around the virus nucleocapsid and package the innards of the virus for exit 

from the cell. The M1 protein bridges the association of the nucleocapsid with the virus 

surface glycoproteins imbedded in the cell membrane. The M1 protein is thought to 

associate both with the cell membrane and directly with the HA, M2, and NA proteins 

which are localized to the apical surface of infected cells by exocytosis and preferentially 

accumulate in cholesterol rich lipid rafts. Once all these components are present at the 

cell membrane the virus buds out of the cell through a combination of viral and host 

factors (reviewed in Nayak, 2001). The NA protein performs its function at this final step 

in the virus life cycle. The NA protein is a sialidase enzyme and as the virus buds from 

the cell membrane it cleaves off any nearby sialic acid receptors thus preventing the 

nascent virus from binding to and reinfecting the cell it just left (Palese and Compans, 

1976). 

Genetic diversity and immune evasion. Influenza viruses are classified into subtypes 

based on the antigenic nature of their HA and NA surface glycoproteins. There are 16 

antigenically distinct HA and 9 antigenically distinct NA proteins for a total of 144 

possible subtypes of influenza A virus. In reality, however, not all HA and NA 

combinations are possible as the HA and NA proteins possess opposing functions. HA 

binds to sialic acid for cell entry and NA cleaves it off and prevent cell entry. Therefore, 

there are only certain combinations that allow for an appropriate combination of HA 

binding affinity and NA enzyme kinetics (Al Faress et al., 2008; Kaverin et al., 1998). 

Many combinations are possible and multiple subtypes exist which can infect humans 

from H1N1, H1N2, H2N2, H3N2, H3N8, H5N1, H7N2, H7N7, and H9N2. In addition to 
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different subtypes, there are different strains within a given subtype that may have slight 

changes in HA and NA, or other viral genes. Influenza viruses are classified as follows: 

influenza species (A,B,C)/Infected animal species (if not human)/geographical 

location/Isolate from that outbreak/year of isolate, and finally the HA and NA subtypes 

(e.g. Influenza A/Equine/Miami/1/63 H3N8: this virus is an influenza A virus from a 

horse in Miami, FL and was the first virus from a 1963 outbreak with an H3N8 subtype). 

 Antigenic variation occurs by two distinct methods in influenza A virus. The first 

is referred to as “antigenic shift”. Antigenic shift occurs when two separate influenza A 

viruses infect the same cell simultaneously (Elliott et al., 2007). When virus nucleocapsid 

packaging occurs, the eight individual genomic segments can reassort in 64 different 

ways. This reassortment results in the formation of new HA and NA combinations which 

alters the antigenicity of the virus drastically. The production of novel HA and NA 

reassortants is what gives rise to global influenza pandemics, as the population of the 

world has little to no preexisting immunity to the new virus (Guan et al., 2004; 

Taubenberger and Morens, 2006). As mentioned earlier, however, most of the reassortant 

viruses fail to spread due to incompatibility between the HA and NA, or other viral 

proteins, as it is possible for all eight vRNA segments to reassort. 

 The second means of antigenic variation is much more subtle and is referred to as 

antigenic drift (Elliott et al., 2007). Antigenic drift occurs when the virus RNA 

polymerase makes mutations during the replication process. These point mutations occur 

with a frequency in RNA viruses of about one mutation per genome. Again, the vast 

majority of these mutations are silent or deleterious. On occasion though, a mutation 

which changes the antigenicity of the virus or improves its replication efficiency occurs 
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and provides that virus with a selective advantage. Antigenic drift is generally 

responsible for seasonal changes in virus antigenicity and results in the annual influenza 

epidemic patterns which are less severe due to some amount of preexisting immunity in 

the global population. 

 The main driving force for antigenic variation is the immune response of the host 

organism. HA and NA are the major surface antigens of the virus and the predominant 

targets of the humoral (antibody) immune response (Chen and Deng, 2009). The diversity 

of size and sequence of these proteins is likely due to constant pressure from the host to 

create antigenically distinct HA and NA proteins which will evade the adaptive immune 

response (Blackburne et al., 2008). To allow for the efficient replication of influenza A 

virus, it must also overcome the innate immune response of the cell. This involves the 

production of pro-inflammatory signals from infected cells which stimulate the 

localization of immune cells to the site of infection, as well as the development of an 

antiviral state in the infected cell (e.g. shutdown of protein translation due to 

phosphorylation of eIF2α by PKR and production of interferon regulated genes). The NS 

protein directly inhibits the interferon response (Haye et al., 2009). It also prevents the 

nuclear export of cellular mRNAs and assists in 5’mG cap snatching of cellular mRNAs 

(Satterly et al., 2007). These two processes have the result of limiting production of 

cellular proteins, including those that would be chemokines, cytokines and interferon 

regulated genes (reviewed in Hale et al., 2008). 

Epidemiology. Influenza A is of importance to the human and veterinary medical 

communities. Millions of chickens, ducks and other birds have died or been euthanized 

during the H5N1 avian influenza outbreaks in Southeast Asia which has persisted for 



 

8
over a decade (1997-2009) (Park and Glass, 2007; WHO, 2009b). In addition, hundreds 

of thousands of pigs were slaughtered during the swine flu scare in the spring of 2009 

(Maamoun, 2009). There are also influenza A strains which infect equines and canines 

and produce regular outbreaks in the dog and horse racing industry which cost not only 

animal lives but millions of dollars in lost revenue (Crawford et al., 2005; Martella et al., 

2007; Tremayne, 2006). On the human aspect, there have been 429 confirmed human 

infections with H5N1 avian influenza, and the mortality rate among these patients is 50-

60% (WHO, 2009b). Finally, seasonal influenza annually results in the death of 300,000-

500,000 people worldwide (WHO, 2009a). There has also been concern that the cyclic 

pattern of influenza pandemics, due to shifts in virus antigenisity, is long overdue and 

there are fears that the recent zoonotic transmission of H5N1 avian and H1N1 swine flu 

to humans could lead to increased worldwide mortality with socioeconomic ramifications 

(reviewed in Guan et al., 2004).  

 

Respiratory Syncytial Virus 

Virus life cycle. Respiratory Syncytial Virus (RSV) is an enveloped, single stranded, 

negative sense, RNA virus in the family Paramyxoviridae, subfamily Pneumovirinae. 

The genome structure of RSV consists of a single RNA of ~15,000bp with 10 genes 

(Tolley et al., 1996)which are made by the virus polymerase through a process known as 

transcriptional reinitiation (Reviewed in Cowton et al., 2006). This means that after 

termination of transcription of the first gene, the polymerase reinitiates at the second gene 

and this pattern repeats to produce 10 mRNA. One effect of transcription reinitiation is 

transcript attenuation; each subsequent mRNA transcribed is done so in diminishing 
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quantities compared to the first. The order of genes in the RSV genome is therefore 

synonymous with the abundance of each specific viral protein in the cell and the nascent 

virions. The 10 genes of RSV encode for 11 proteins. Nine genes encode for a single 

protein each, whereas one of the genes produces two proteins by means a process known 

as coupled translation. When a ribosome finishes translating the first open reading frame 

it reinitiates translation of a downstrame ORF by means of a secondary structure similar 

to an IRES, thus producing an additional protein (Gould and Easton, 2007). A synopsis of 

the 11 proteins of RSV and their known functions is shown in Table 1.2. 

  
Table 1.2: Genome Organization and Proteins of RSV. Adapted from Tolley et al., 
1996 and Ghildyal et al., 2006 
 
Gene  Size (bp) Protein Name Size (aa, kD) Proposed Functions 

NS1 531 Nonstructural 1 124, 22 Interfere w/ innate immunity 

NS2 501 Nonstructural 2 139, 18 Interfere w/ innate immunity 

N 1204 Nucleoprotein 391, 44 Nucloecapsid formation, 
genome replication 

P 889 Phosphoprotein 241, 34 RNA Polymerase cofactor 

M 956 Matrix 256, 28 Transcription inhibition, 
virion structure 

SH 409 Small Hydrophobic 64, 7.5 Ion channel ???, unknown 

G 921 Glycoprotein 298, 90 Receptor binding, cytokine 
mimic 

F 1902 Fusion 574, 70 Membrane fusion, virus entry

M2 960 Matrix 2-1 
 
Matrix 2-2 

194, 22 
 
90, 11 

Transcription anti-terminator 
Transcript. elongation factor 
Genome replication enhancer 

L 6577 Large 2165, 200 Virus RNA polymerase 
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 The first step in the RSV life cycle is also entry into the airways of the host and 

binding to its cell surface receptor. However, unlike influenza viruses, the cell surface 

receptor(s) for RSV are not well understood, though some possibilities are that it binds to 

the glucosaminoglycan heparin (Shields et al., 2003) or annexin II (Malhotra et al., 2003). 

Binding of the cell surface receptor then triggers the F protein to undergo a 

conformational change and insert into the cell membrane (Walsh and Hruska, 1983). This 

results in fusion of the virus and cell membrane and introduces the virus core into the 

cytoplasm. 

 The core is then unpackaged and mRNA and genome replication occurs in the 

cytoplasm instead of the nucleus by means of the RSV RNA polymerase L and its 

cofactors P and M2-1 and M2-2. Similar to influenza, the L protein first produces mRNA 

which requires the elongation factor and anti-termination functions of M2-1 

(Bermingham and Collins, 1999). The L protein does not perform cap snatching, but 

instead possesses its own capping activity. Like influenza, though, it adds a poly-A-tail 

by stuttering on 3’ uracil residues (Reviewed in Cowton et al., 2006). Once viral protein 

levels reach sufficient concentrations there is a transition from transcription to genome 

replication. This transition is mediated by the presence of cis-acting elements in the 

genome, the N protein which enhances polymerase activity by binding to genomic RNA 

(McGivern et al., 2005), and the M2-2 protein which regulates the switches to genome 

replication by an as yet undiscovered mechanism (Bermingham and Collins, 1999). 

Genome replication for RSV is also a two step process that first produces a cRNA which 

is subsequently used as a template for making more genomic vRNA.  
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 Genome replication is terminated and virus packaging initiated by localization of 

the M protein to virus replication bodies (Ghildyal et al., 2002; Shields et al., 2003). The 

M protein possesses the ability to inhibit RNA synthesis (Shields et al., 2003) and also 

facilitates the interaction of virus nucleocapsids with the cell membrane and the F and G 

proteins (Ghildyal et al., 2005). Perhaps as a means of sequestering the M protein, it is 

localized to the nucleus until late in the infection cycle, when it is exported to the 

cytoplasm in preparation for virion assembly (Reviewed in Ghildyal et al., 2006). 

 Again, similar to influenza, RSV proteins prefer to associate with cholesterol rich 

lipid rafts and virus budding initiates from these sites (Malhotra et al., 2003). The F, G 

and SH proteins (like HA, NA and M2 proteins) are made in the endoplasmic reticulum 

and transported to the apical surface of the infected epithelial cells where the virus can 

bud back into the host airways for transmission to the next host. Prior to fusion of the 

transport vesicle to the cell membrane, the F protein is cleaved by the intracellular 

protease furin (Gonzalez-Reyes et al., 2001). This cleavage is necessary for the F protein 

to undergo the conformational changes necessary for membrane fusion during the next 

round of virus infection. A similar event occurs with the HA protein of influenza virus, 

however, the cleavage of HA occurs in the extra cellular space by trypsin like proteases 

(Zhirnov et al., 1982). 

Genetic diversity and immune evasion. There are two main subtypes of RSV in 

humans, namely RSV A and RSV B. Despite the small genetic diversity of RSV, 

compared to influenza A, reinfection occurs frequently (Parveen et al., 2006); beginning 

early in life (6-24 months) and continuing throughout adulthood (Nokes et al., 2008). One 

cause for this is a lack of completely neutralizing antibodies. Though a humoral immune 
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response develops to RSV the development of antibodies which can prevent RSV from 

causing infection appears to be problematic (Kawasaki et al., 2004).  

 The NS1 and NS 2 proteins have known roles in inhibiting interferon signaling by 

inducing the polyubiquitination and proteasomal degradation of STAT-2, which is a 

transcription factor normally activated by interferon α or β signaling (Elliott et al., 2007). 

The NS proteins also interfere with IRF-3, RIG-I and IFN-γ signaling (Aoyagi et al., 

2003; Bossert et al., 2003; Kotelkin et al., 2006; Ramaswamy et al., 2004; Ramaswamy et 

al., 2006; Schlender et al., 2000; Spann et al., 2004).  The L protein inhibits apoptosis by 

activating Akt and signaling the destruction of p53 by polyubiquitination and 

proteasomal degradation (Groskreutz et al., 2007). The NS proteins also activate the NF-

κB signaling pathway, presumably for the anti-apoptotic effects (Bitko et al., 2007; 

Choudhary et al., 2005; Fink et al., 2008; Indukuri et al., 2006; Thomas et al., 2002). An 

alternative method employed by RSV is inhibition of host mRNA synthesis by the matrix 

protein when it is localized to the nucleus (Shields et al., 2003). Cleavage of the F protein 

by furin results in a small peptide virokinin which mimics tachykinin and may result in 

smooth muscle contraction of airways (Zimmer et al., 2003). Finally, the G protein is also 

produced in a secreted form which lacks its membrane spanning domain. This form of G 

protein has immunomodulatory properties and results in a shift from the normal Th1 

immune response to a viral infection, to a Th2 response (Arnold et al., 2004).  

Epidemiology. Like influenza, RSV is also an important pathogen of the medical and 

veterinary communities. Bovine, ovine, caprine, and human variants exist. Bovine and 

ovine RSV are responsible for substantial losses each year in the cattle ranching 

industries (Grubbs et al., 2001; Pastey and Samal, 1997). In the case of human RSV, the 
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vast majority of humans are infected with this virus before the age of two, and it is one of 

the leading causes of infant mortality world wide with ~160,000 deaths annually (Girard 

et al., 2005). It is also a health concern in the elderly, most especially in nursing homes 

where seasonal outbreaks can take a heavy toll. In the United States, ~12,000 geriatric 

patients die each year from human RSV (Thompson et al., 2003). 

 

Antivirals 

Current treatment and prevention options. Influenza A and RSV are both pathogens 

of the respiratory tract resulting in sometimes severe illness. Influenza A is associated 

with high fever, cough, aches and chills and often predisposes the individual to secondary 

bacterial infections (McCullers, 2006; Peltola et al., 2005). RSV infection results in a 

moderate fever, cough and rhinitis and severe infection has been linked to child wheezing  

and an increased risk for developing allergies and asthma (Sigurs et al., 2005). With both 

viruses, the disease severity is a combination of damage as a direct result of the virus as 

well as collateral damage caused from a hyper-active or inappropriate immune response. 

Severe RSV infection is linked to a shift in the immune response from the desired Th1 

response to a viral infection mediated by cytotoxic CD8+ T cells with an additional 

humoral antibody response, to a Th2 response characterized by a predominantly humoral 

response and the presence of IgE antibodies, eosinophil infiltration and mast cell 

activation (Aoyagi et al., 2003; Pinto et al., 2006), (reviewed in Becker, 2006). 

Complications during influenza infection can occur when a so called cytokine storm 

arises as a result of an overactive immune response. The classic example of this was the 

1918 influenza pandemic where young, healthy adults were at an increased risk of death 
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due to the hyper-immune response to the virus (Ge et al., 2006), (reviewed in 

Taubenberger and Morens, 2006). Death frequently resulted from virus induced collateral 

damage such as edema and hemorrhaging in the lungs from the immune response (Yueh 

et al., 2006). 

For the most part, severe cases of influenza A and RSV are in the minority. 

Influenza A and RSV infections are generally self limiting and the immune system 

resolves them with no more intervention than bed rest and over-the-counter medications. 

Treatment and prevention option are available but vary drastically for influenza A and 

RSV. There are seasonal influenza vaccines available which provide adequate protection 

in most cases. There are also four FDA approved antivirals: amantadine, rimantadine, 

oseltamivir, and zanamivir. RSV, on the other hand, has no approved vaccine and the 

only available antiviral drug is ribavirin, which has yet to demonstrate any significant 

clinical usefulness for RSV (Boeckh et al., 2007; Chen and Lamb, 2008; Kathleen and 

Adrienne, 2007). In the case of high risk patents (tissue transplant recipients, premature 

infants, and congenital heart defects, etc.), there is a prophylactic treatment consisting of 

passive immunization with anti-RSV fusion protein antibodies known as palivizumab 

(Synagis) (Cohen et al., 2008). For most, the only treatment option available in the event 

of severe RSV infection is supportive therapy consisting of administration of intravenous 

fluids and ventilation with oxygen (Cambonie et al., 2008; Martinon-Torres et al., 2008). 

Despite treatment and prevention options, it is clear (especially for RSV) that 

additional resources are needed to combat these diseases. There are currently antiviral 

drugs and vaccines in clinical trials for both RSV (Chapman et al., 2007; DeVincenzo et 

al., 2008) and influenza A (reviewed inHayden, 2009). However, it is desirable to have a 
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continuous stream of products in the development pipeline as RNA viruses are notorious 

for their ability to mutate and develop resistance to antivirals and, in the case of influenza 

A, to evade seasonal vaccination by point mutations and reasortment. Influenza A 

vaccines did not match circulating strains three times in the last decade, which resulted in 

poor protection of vaccinated individuals (CDC, 2008; Herrera et al., 2007; Yang et al., 

2001). During the last few years there has been an increase in the circulation of influenza 

A viruses which are resistant to the adamantine drugs amantadine and rimantadine, and 

these are no longer recommended for use in the United States (CDC, 2009b; Saito et al., 

2007). There was also a jump in the level of resistance of H1N1 influenza A viruses to 

the neuraminidase inhibitor oseltamivir (CDC, 2009a; Dharan et al., 2009) despite some 

research indicating the development of resistance to this drug would result in decreased 

virulence (Simmons et al., 2007). In short, there appears to be only one antiviral which 

remains effective against all currently circulating influenza viruses (zanamivir), and the 

vaccine is only effective if predictions on circulating strains prove correct. Clearly there 

is a need for new treatment and prevention options for influenza and RSV. 

Targeted development of antivirals. The development of antivirals, and drugs in 

general, is usually performed by screening hundreds of thousands of compounds from 

libraries for potential activity against the desired protein or pathogen. Lead compounds 

are then taken and modified by the addition or substitution of functional groups to the 

parent and rescreened for increased activity. From this point the most active compounds 

are tested both in cell culture and animal models for toxicity and activity. For those 

compounds with promises, three phases of clinical trials are followed to demonstrate 

safety and efficacy in humans. If all barriers can be overcome the drug is then submitted 
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for FDA approval and subsequently marketed. Less than 1% of all drug candidates ever 

make it through this process, taking 12 years on average, with 3.5-9 years invested in 

discovery and preclinical development (California Biomedical Research Association, 

2009).  

An alternative approach is the target development of drugs. Rather than screen 

thousands of compounds, targeted development uses sequences of nucleic acids and 

proteins as well as structural information on active site and binding site conformations to 

design drugs that may be effective. Oseltamivir and zanamivir were specifically designed 

to fit into the sialic acid binding site of the influenza virus neuraminidase based on 

crystallographic and sequence data (Bossart-Whitaker et al., 1993). Another area where 

targeted drug development is useful is the emerging field of siRNA based treatments. In 

the case of RSV, there is currently an siRNA based drug undergoing clinical trials which 

targets the nucleoprotein gene (DeVincenzo et al., 2008). Development of siRNA drugs 

requires only the nucleotide sequence of the corresponding protein which is to be down 

regulated. A handful of potential sequences can then be tested for potency and safety 

(Gottwein et al., 2006). Regardless of the method for drug discovery, the testing of drugs 

for efficacy and toxicity in culture and in animal models, followed by clinical trials, will 

always be required. The use of targeted development for drug discovery may, however, 

reduce the time and resources needed for the initial step of lead compound discovery.  

An additional tactic for drug development is the targeting of cellular factors 

involved in infectious disease rather than, or in addition to, standard practices of targeting 

the pathogen. The development of resistance to an antiviral that was years in the making 

is of great concern. The benefit of targeting cellular factors is the avoidance of pathogens 
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becoming resistant to a treatment. Again, oseltamivir, despite being developed through a 

targeted approach, has begun to lose its utility as a result of H1N1 influenza A viruses 

evolving resistance (CDC, 2009a; Dharan et al., 2009). It has therefore been proposed 

that drugs designed to target the interactions of a viral protein and a cellular protein 

required for its function would inhibit virus replication without the evolution of resistance 

(discussed in Müller and Kräusslich, 2009). This strategy also allows for the targeting of 

the immune response to a virus infection. As stated above, the immune response to 

influenza A and RSV are often involved in the pathology of the disease. It may therefore 

be possible to inhibit virus replication, in tandem with alteration of the immune response, 

to create a more favorable outcome to a viral infection. One such example is with 

hepatitis C virus (HCV) infection. Combination treatment with pegylated-interferon alpha 

and ribavirin is one of the most effective treatments to date (Manns et al., 2001). 

Ribavirin helps inhibit the virus replication directly by blocking genome replication as a 

nucleoside analog (Hui et al., 2006b). On the other hand, interferon alpha helps to 

stimulate the innate immune response which leads to the production of host proteins that 

inhibit virus replication or shut off host processes that are necessary for virus replication 

(Matsumoto et al., 2009). In this way, HCV is inhibited for long periods of time, or 

completely cleared from the body, with no apparent signs of resistance (Fried et al., 

2002). 

Targeted drug development and the targeting of host factors involved in virus 

replication have shown themselves to be effective ways of addressing the ever evolving 

RNA viruses. Based on the direct and logical nature for this strategy of therapeutic drug 

development, I made the following hypothesis: The targeted development of antivirals 
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against virus and host factors is the most rapid and effective means of drug development 

for influenza A and RSV.  

Antisense PPMO. Peptide conjugated Phosphordiamidate Morpholine Oligomers are 

antisense compounds with a DNA-like structure which can base pair with target mRNA 

(Figure 1.1). PPMO do not act through the miRNA pathway to cleave target RNAs but 

instead sterically block sites of virus replication, translation initiation, or RNA splicing 

sites (Abes et al., 2006; Nelson et al., 2005). PPMO are resistant to nuclease cleavage due 

to the phospho-amine bond in place of the normal 5’-3’ phosphate linkage. 

 

Figure 1.1 Structural comparisons of DNA and PPMO. 
PPMO possess several differences in structure compared to DNA which makes them 
superior for antisense therapy. They are nuclease resistant, uncharged, and yet water 
soluble. They are also autonomously cell permeable due to the arginie rich peptide at the 
5’end making transfection reagents unnecessary. 
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Furthermore, PPMO have a morpholine ring in place of the standard ribose ring of 

nucleic acids. The addition of an arginine rich peptide to the 5’ end of the antisense 

sequence mediates with the entry of the PPMO into cells. The mechanism by which the 

peptide mediates cell entry is still under debate but possibilities include endocytosis or 

direct passage through the cell membrane (Abes et al., 2008).  

To test my hypothesis that targeted development of antivirals is the most rapid 

and effective means of drug development for influenza A, I examined the ability of two 

PPMO compounds to inhibit influenza A virus replication. The PPMO utilized in my 

research were designed using a bioinformatics approach to target conserved regions of 

the translation initiation start site of influenza A  PB1 polymerase or the 3’ untranslated 

region of the NP vRNA. Initial testing of these compounds was a collaborative effort 

between Dr. Ge and Chen from MIT, AVI BioPharma, Corvallis, OR, Dr. Pastey and 

myself at OSU, Dr. Kobasa at the Public Health Agency of Canada, and Dr. Puthavathana 

at Mahidol University, Thailand. Cell culture screening revealed that a combination of 

these two antisense drugs was effective at inhibiting influenza A from various sources 

(human, equine and avian strains), at sub-toxic doses, and in a prophylactic or early 

therapeutic manner (Gottwein et al., 2006). My research continued with the in vivo 

development of these two antisense compounds in a Balb/C mouse model and tested the 

efficacy and toxicity against two equine influenza A viruses H3N8 and H7N7. 

Furthermore, I sequenced resistant strains for the presence of base misparings which 

conferred resistance to one but not both antisense compounds. My results demonstrate 

that targeted development of antisense compounds produces drugs that are capable of 

reducing influenza A virus replication in vivo at sub-toxic doses. However, treatment 
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must be initiated at an early stage during infection to observe any significant effect and 

some viruses naturally contain mutations that confer resistance to these antisense 

compounds. 

Proteasome inhibitors. The matrix protein of RSV is an internal structural protein which 

is required for virus assembly and budding from the cell surface (Henderson et al., 2002; 

Li et al., 2008; Marty et al., 2004). In addition, evidence suggests the M protein inhibits 

host cell transcription and terminates virus genome replication in preparation of assembly 

(Li et al., 2008; Rodriguez et al., 2004; Shields et al., 2003). The cellular partners 

required for these actions are not well understood and Brendan Jeffrey (Dr. Rockey’s lab, 

OSU) while rotating in Dr. Pastey’s lab performed yeast-two-hybrid screens against a 

Hela cell cDNA library with the RSV matrix protein as the bait. His results indicated, 

among others, an interaction between the RSV matrix protein and the cellular protein 

ubiquitin (Table 1.3).  

 
Table 1.3: Yeast-two-hybrid results for the RSV matrix protein. 
AH109 yeast were transformed with the RSV matrix protein in the pGBKT7 vector and 
subsequently transformed with a HeLa cDNA library in the pGADT7 vector. Yeast were 
plated on TRP dropout medium for selection of cotransformed cells with a positive 
interaction and further screened by β-Gal filter lift assay. Plasmid was isolated from 
positive colonies and sequenced to determine interacting partner. 
 
euk. translation elongation factor 1 alpha 1 (EEF1a1) 
ubiquitin-conjugating enzyme E2I (UBE2I) 
ubiquitin C (UBC) 
phosphoglucomutase 1 (PGM1) 
adaptor-related protein complex 1, µ1 subunit (AP1M1) 
adaptor-related protein complex 3, µ1 subunit (AP3M1) 
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Figure 1.2: Effects of RSV infection on mRNA expression in HEp-2 cells. 
HEp-2 cells were infected with RSV or left uninfected as a control and total RNA was 
isolated at 24h post infection and labeled with P32. A membrane based Atlas Human 
Cancer cDNA Expression Array (Clontech) was used to analyze specific signaling 
pathways such as inflammation, cell cycle, and apoptosis. Results are depicted as fold 
change in mRNA of RSV infected cells compared to uninfected control cells. 
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 Additional unpublished research by Dr. Pastey, while at the National Institute of 

Allergy and Infectious Disease, showed that specific ubiquitin mRNA levels (UbC) were 

upregulated during RSV infection in HEp-2 cells in culture (Figure 1.2) and were later 

confirmed by qRT-PCR (Figure 1.3) in our lab.  

 

 
Figure 1.3: Verification of mRNA levels during RSV infection in HEp-2 cells. 
HEp-2 cells were infected with RSV or left uninfected as a control and total RNA was 
isolated at 24h post infection. Gene specific primers were designed for analysis of mRNA 
levels using Invitrogen’s SuperScript III Platinum SYBR Green One-step qRT-PCR kit. 
Data is represented as GAPDH normalized fold change of RSV infected cells compared 
to uninfected controls (n=3 per group) 
 
 
 With this corroborating evidence, I tested my hypothesis: RSV replication can be 

targeted rapidly and effectively by inhibiting the cellular interacting partner ubiquitin. 

Inhibition of the ubiquitin/proteasome pathway in cell culture with  proteasome inhibitors 

is the most commonly utilized method for interfering with the ubiquitination of proteins 

(Ott et al., 2000; Patnaik et al., 2002; Schmitt et al., 2005); aside from site directed 

mutagenesis of lysine residues which are the site of ubiquitination (Gottwein et al., 2006; 

Jager et al., 2007; Martin-Serrano et al., 2004; Ott et al., 2000). For my in vitro 

experiments I chose the often used proteasome inhibitor MG-132, which has been used 
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extensively in testing viruses for their requirement of ubiquitin. MG-132 is a proteasome 

substrate analog which works by competitive inhibition. For my in vivo experiments, I 

chose the FDA approved small molecule boronic acid proteasome inhibitor bortezomib 

due to reports of greater target specificity and increased potency compared to MG-132 

(Neznanov et al., 2008). Its status as an FDA approved drug would greatly accelerate its 

development into a potential RSV therapy. Treatment of Vero cells in vitro with both 

drugs resulted in significant reductions in RSV replication and a potential defect in virus 

escape from infected cells. However, treatment of RSV infected Balb/C mice exacerbated 

the inflammatory response in their lungs and increased mortality rather than improving it. 

Summary of results. The results of my research described in this compilation 

demonstrate the feasibility of both targeted drug design and/or the targeting of cellular 

factors necessary for virus replication. Both antisense compounds and the inhibition of 

ubiquitin were capable of inhibiting virus replication. However, a narrow time window in 

which to initiate PPMO treatment or the exacerbation of inflammation by inhibiting the 

ubiquitin/proteasome pathway resulted in little or no clinical usefulness for these drugs. 

These results demonstrate the need to better understand the workings of viruses, cells, 

and their interplay with each other before the targeted development of drugs or targeting 

of host proteins in infection can become a viable development strategy. 

 

 

 

 

 



 

24
 

Chapter 2: 

Inhibition of Influenza A H3N8 Virus Infections in Mice by Morpholino Oligomers 

 

 

 

 

 

Christopher Lupfer, David A. Stein, Dan V. Mourich, Samuel E. Tepper, Patrick L. 

Iversen and Manoj Pastey 

 

 

 

 

 

Archives of Virology 

Springer-Verlag GmbH 

Sachsenplatz 4-6  

P.O. Box 89 

1201 Vienna, Austria 

Volume 153, Number 5 / May, 2008 

 

 



 

25
Abstract 

 New methods to combat Influenza A Virus (FLUAV) in humans and animals are 

needed. The H3N8 subtype virus was the cause of the pandemic of 1890 and has recently 

undergone cross-species transmission from horses to dogs in the USA. In 2007 H3N8 

spread to Australia, a continent previously devoid of equine influenza. Here we show that 

antisense peptide conjugated phosphorodiamidate morpholino oligomers (PPMO), 

delivered by intranasal administration, are able to inhibit the replication of FLUAV 

A/Eq/Miami/1/63 (H3N8) in mice by over 95% compared to controls. Monitoring of 

body weight and immune cell infiltrates in the lungs of noninfected mice indicated that 

PPMO treatment was not toxic at a concentration shown to be effectively antiviral in 

vivo. In addition, we detected a naturally occurring mutation within the PPMO target site 

of a viral gene that may be the cause of resistance to one of the two antisense PPMO 

sequences tested. These data indicate that PPMO targeting highly conserved regions of 

FLUAV are promising novel therapeutic candidates. 
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Introduction 

 Vaccine development has a critical role in inhibiting the spread of Influenza A 

Virus (FLUAV) between animals, humans, and from animals to humans. However, 

FLUAV vaccines are typically effective only on a seasonal basis and against anticipated 

strains (Brett and Johansson, 2005; Johansson and Brett, 2007). The circulation of 

unanticipated and highly pathogenic FLUAV strains has increased in recent years 

(Chutinimitkul et al., 2007). Furthermore, there has been a recent increase in the 

incidence of zoonotic transmission of FLUAV, notably highly pathogenic Avian 

influenza (HPAI), from birds to humans and other mammals (Adams et al., 1999; Kuiken 

et al., 2004). The discovery in 2005 of a cross-species transmission of the FLUAV H3N8 

subtype from horses to dogs in the United States (Crawford et al., 2005; Yoon et al., 

2005), in addition to the August 2007 spread of H3N8 equine influenza to the previously 

noninfected continent of Australia (Animal Health Australia, 2007), has increased 

concerns over this subtype as well.   

 FLUAV with the H3 hemagglutanin are also of significance to humans. Currently, 

the prominent subtype for seasonal influenza is H3N2. In addition, the influenza 

pandemic of 1890 is presumed to have been caused by an H3N8 subtype virus (Dowdle, 

1999). Although it is unlikely that an H3N8 influenza virus will soon be the cause of a 

human epidemic or pandemic, this HA subtype has previously and will continue to be a 

cause of seasonal morbidity and mortality and is also useful as a model in the testing of 

potential drugs against influenza infections. 

 Small molecule inhibitors of influenza have been available for several years and 

have proven effective at reducing the severity and duration of illness (Hayden and Pavia, 



 

27
2006). However, some of these drugs, notably the adamantanes, are now considered 

ineffective against many human FLUAV strains (Crawford et al., 2005). Recently, a 

small percentage of FLUAV strains have been shown to be resistant to neuraminidase 

inhibitors as well (Baz et al., 2006; Bermingham and Collins, 1999; de Jong et al., 2005b; 

Schmitt et al., 2005). The inadequacy of the current armament of FLUAV therapeutics is 

evident, and new therapeutics effective against a multiplicity of FLUAV subtypes are 

clearly desirable.  

 Phosphorodiamidate morpholino oligomers (PMO) (Summerton et al., 1997) are 

oligonucleotide analogs that can act as antisense agents by base pairing with 

complementary RNA target sequence and forming a steric block (Stein et al., 1997). 

PMO are water soluble and stable in cells (Hudziak et al., 1996; Nelson et al., 2005). 

Cellular uptake of PMO can be greatly enhanced through conjugation of a cell-

penetrating peptide (CPP) (Deas et al., 2005; Moulton et al., 2004). CPP-PMO (PPMO) 

were recently shown to successfully inhibit several subtypes of FLUAV in cell cultures 

(Gottwein et al., 2006). Here we show that intranasal delivery of PPMO, at non-toxic 

doses, was able to reduce the replication of Influenza A/Eq/Miami/1/63 (H3N8) in the 

lungs of mice by over 95% compared to controls. The effective PPMO were designed 

against sequences in the polymerase basic 1 (PB1) and nucleoprotein (NP) genes that are 

highly conserved between FLUAV subtypes. These results indicate that PPMO may have 

utility as a novel therapeutic against a multiplicity of FLUAV subtypes. 
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Materials and Methods 

Virus and cells. Influenza A/Eq/Miami/1/63 (H3N8) and A/Eq/Prague/56 (H7N7) were 

obtained from Rocky Baker (Veterinary Diagnostic Laboratory, Oregon State University) 

and grown in the allantoic cavity of ten day old embryonated chicken eggs for three days. 

Virus was harvested and stored at -80ºC for future use. Virus was titered by standard 

plaque assay on Madin Darby Canine Kidney (MDCK) cells (see below). MDCK cells 

were grown in minimum essential media (MEM) (Hyclone) supplemented with 100U/ml 

penicillin, 100µg/ml streptomycin (Gibco), and 10% fetal bovine serum (FBS) (Hyclone). 

PMO and PPMO. PMO were synthesized at AVI BioPharma, Corvallis, OR, by 

previously described methods (Stein et al., 1997). PPMO were produced with the CPP 

(RXR)4XB, as previously described (Abes et al., 2006). Two oligomer sequences specific 

to multiple strains of FLUAV RNA, along with a ’nonsense’ sequence control having no 

significant homology to FLUAV or any human mRNAs, were prepared as both PMO and 

PPMO. The first of the two antisense sequences, PB1-AUG (5’-

GACATCCATTCAAATGGTTTG-3’), is a 21mer complementary to the AUG 

translation start site region of the polymerase subunit PB1 mRNA. The second sequence, 

NP-v3’ (5’-AGCAAAAGCAGGGTAGATAATC-3’), is complementary to the 22 

terminal nucleotides at the 3’ end of the NP virion RNA (vRNA). The nonsense sequence 

utilized as a negative control for both PMO and PPMO is a 20mer of 50% G/C content, 

named DScr (5’-AGTCTCGACTTGCTACCTCA-3’). In addition, the DScr sequence 

was prepared as a PPMO with fluorescein conjugated to its 3’ end (DScr PPMO-Fl).  

Mice. All animal experiments were performed with 6-8 week old female Balb/C mice 

(Simonsen Laboratories), which were allowed food and water ad libitum throughout the 
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studies. Infections and treatments of mice were performed under anesthesia with 

67mg/Kg Ketamine and 4.5mg/Kg Xylazine and mice were euthanized by CO2 

asphyxiation for necropsy. All animal experiments were carried out under BSL-2 

conditions with protocols approved by the Institutional Animal Care and Use Committee 

of Oregon State University.  

Evaluation of intranasal administration as a method of PPMO delivery into lung 

tissue. To determine if intranasal instillation (i.n.) would effectively deliver PMO 

compounds into the lungs, 40µl of 0.9% saline or 40µl of 0.9% saline containing 

3.75mg/Kg of DScr PPMO-Fl was administered i.n. to noninfected mice. At 16 or 24 h 

post treatment, PPMO-Fl and saline-treated animals were sacrificed and the lungs 

removed for imaging. One lung was imaged immediately by fluorescent whole mount 

microscopy with a Zeiss Stereo Discovery V8 microscope. The other lung was flash 

frozen in liquid nitrogen and then sectioned into upper, middle and lower lung samples 

for examination using a Leica DMLB fluorescent microscope and SPOT CCD camera 

(Diagnostic Instruments, Inc.).  

Detection of pulmonary infiltrates. Noninfected mice were used to examine the effect 

that a prospective antiviral PPMO dosing regimen could have on inflammation of 

pulmonary tissue.  Mice were administered two i.n. doses, 24 h apart, of a 50/50 mixture 

of PB1-AUG and NP-v3’ PPMO at concentrations from 0-7.5mg/Kg. Mice were weighed 

at 24, 48 and 72 h after the initial dose, and sacrificed at 72 h for removal of the lungs 

and spleen. One lung was formalin fixed, sectioned, and hematoxylin and eosin (H&E) 

stained for histological examination. All histological examination was performed by 

pathologists at the Veterinary Diagnostic Lab, College of Veterinary Medicine, Oregon 
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State University. Leukocyte cellularity of the other lung, and of spleen tissue, was 

measured using flow cytometry with the following methodology. Fresh tissue samples 

were placed in PBS containing 1% FBS. Single cell suspensions were made by passing 

tissues through a 70 µm nylon mesh screen cell strainer (BD Falcon). The strainers were 

rinsed into 50 ml tubes and the suspension washed twice by room temperature 

centrifugation (1500 x g) and resuspension of the pellet in 10 ml of DMEM + 1% FBS. 

Red blood cells were lysed by suspending the pellet in 1 ml of cold 1 x RBC lysis buffer 

(eBioscience) followed by two washes in 10 ml DMEM + 1% FBS.  Cell viability and 

enumeration was determined by trypan blue exclusion using a Vi-cell TM XP cell 

viability analyzer (Beckman Coulter).  A final centrifugation and suspension of the cells 

(5 x 106/ml) in FACS Buffer (1X PBS+1% FBS+ 0.02 % NaN3) was performed prior to 

subjecting the cells to antibody staining.  Individual samples were stained using 

antibodies: CD4-PE (clone L3T4), CD8-PE (clone Ly-2), CD11b-PE (MAC-1), CD11c-

PE (N418) (eBioscience), CD45R-FL (B220) (BD Pharmingen), GR-1 TriColor (Caltag) 

or manufacturer’s corresponding isotype controls (Fl= fluorescein, PE= phycoerythrin).  

The stained samples were examined (minimum of 50,000 events) on a Cytomic FC 500 

(Beckman Coulter) and data analyzed using FlowJo Software (TreeStar).  

Viral inhibition experiments in mice. To compare the relative efficacy of non-

conjugated PMO to that of PPMO, mice were treated i.n. with 100ul of saline, or 100ul of 

saline containing a 50/50 mixture of PB1-AUG/ NP-v3’ PMO totaling 3.75mg/Kg or 

3.75mg/Kg of DScr PMO. Additional groups were treated with saline containing either 

3.75mg/Kg of 50/50 PB1-AUG/NP-v3’ or 3.75mg/Kg of DScr PPMO. Treatments were 

performed at 4 h before and 20 h after infection with 2.5x105 PFU of Influenza 
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A/Eq/Miami/1/63 (H3N8). After infection, the mice were weighed every 24 h, and at 72 

h euthanized and lungs harvested for determination of virus titer by plaque assay.  

 In a subsequent experiment, designed to determine which of the two antisense 

PPMO was more effective against H3N8 in vivo, mice were treated i.n. with 100µl 

saline, or 100µl saline containing 3.75mg/Kg of either PB1-AUG, NP-v3’or DScr PPMO. 

Treatment was again administered at 4 h before infection and 20 h post infection. Mice 

were weighed every 24 h, euthanized at 72 h pi, and lung tissue harvested for plaque 

assays. 

 To determine the effect of PPMO treatment timing in relation to the time of 

infection on antiviral efficacy, mice were treated with two doses of 3.75mg/Kg of NP-v3’ 

PPMO under 5 different regimens: at either 4 h pre infection and 20 h post infection, 1, 2, 

or 4 h post infection and 20 h post infection, or 20 h post infection and 36 h post 

infection. Control mice were treated with DScr PPMO or saline on similar schedules. 

Body weights were recorded as above. All animals were euthanized at 72 h pi. and lungs 

then collected for plaque assays. 

Plaque assays. Plaque assays were performed by grinding lungs in 1.5ml MEM 

supplemented with 100U/ml penicillin and 100µg/ml streptomycin and subjecting them 

to two freeze thaw cycles followed by centrifugation at 2300 x g for two minutes. 

Supernatant was serially diluted and standard plaque assays were performed on >90% 

confluent MDCK cells in 12-well plates. Briefly, MDCK cells in duplicate wells were 

infected with 100µl of serially diluted virus for one hour by incubation at 37ºC with 

periodic shaking. Virus-containing supernatant was removed by aspiration, and MDCK 

cell monolayer was overlaid with MEM containing 100U/ml penicillin, 100µg/ml 
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streptomycin, 3% BSA (Sigma), and 1µg/ml TPCK Trypsin (Sigma) with 1% Sea Plaque 

Agarose (Cambrex). Two days later agarose was removed and plaques were visualized by 

staining with 0.75% Crystal Violet (Alfa Aesar) diluted in 100% methanol, and 

quantified by determining the highest dilution in which duplicate wells contained at least 

10 plaques.  

Sequencing of PB1 gene. MDCK cells were infected with 0.01 MOI A/Eq/Miami/63 

(H3N8) or A/Eq/Prague/56 (H7N7), and viral RNA isolated from cell culture 

supernatants at 48 h pi by centrifugation at 2300 x g for five minutes (to remove cellular 

debris), and Ambion’s MagMAX™ -96 Viral RNA Isolation Kit, according to the 

manufacturer’s protocol. Using primers PB1-forward (5’-

GAATTCAGCTTAGCGAAAGCAG-3’), and PB1-reverse 248 (5’-

TCCATCGATTGGATTAAGTTGTG-3’), or PB1-reverse 850 (5’-

GGCAATCCTGATTGTTCAAG-3’), the gene of interest was converted to cDNA and 

amplified via one step RT-PCR (Superscript III One Step RT-PCR kit, Invitrogen). PCR 

products were then cloned into pCR8/GW/TOPO (Invitrogen) vector according to the 

manufacturer’s protocol. Plasmid from five bacterial colonies containing each PCR 

product were isolated and purified using the PureLink Quick Plasmid Miniprep Kit 

(Invitrogen). Plasmids were sequenced at Oregon State University’s Center for Genome 

Research and Biocomputing (CGRB) core facility. Sequence data is available in 

GenBank as accession numbers: EU236678 Influenza A/Eq/Miami/1/63 (H3N8) PB1 

gene and EU236679 Influenza A/Eq/Prague/56 (H7N7) PB1 gene. 

Statistics. All statistical analyses were performed using Prism 4 software (GraphPad 

Inc.) using One-Way ANOVA with Bonferroni or Dunnett’s multiple comparison test. 
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Results 

Toxicity of PPMO in mice. Our previous study showed that NP-v3’ and/ or PB1-AUG 

PPMO were effective at inhibiting the replication of several strains of FLUAV replication 

in various cell lines, in a dose-dependant and sequence-specific manner, with minimal 

attendant cytotoxicity (Gottwein et al., 2006). Encouraged by these results we sought to 

evaluate the efficacy of these PPMO against A/Eq/Miami/1/63 (H3N8) replication in a 

mouse model. We first evaluated the potential toxicity of these two PPMO in noninfected 

mice under conditions similar to those being considered for virus inhibition experiments. 

No such preliminary assessment was carried out for PMO, as it has been shown to be safe 

in vivo at high doses (Amantana et al., 2007; Deas et al., 2005). None of the dosing 

regimens employed resulted in any significant weight loss over the 72 h period of 

monitoring (Figure 2.1A). Histological examination revealed no significant differences in 

the lung tissue of PPMO-treated compared to saline-treated mice (data not shown). To 

investigate whether PPMO induce pulmonary inflammation, we used flow cytometry to 

detect leukocytic infiltrates in a lung and the cellularity of spleen tissue isolated from 

each group shown in figure 2.1A. Our results indicate that there were no significant 

changes in spleen leukocyte populations for any PPMO treatment group compared to the 

saline-treated group (Figure 2.1B). The lungs of mice that received the highest PPMO 

dose (7.5mg/Kg) showed a statistically significant increase of 2.21 fold in macrophages 

(95%CI= 2.78 to 1.64 fold) and 3.38 fold in granulocytes (95%CI= 4.98 to 1.78 fold) 

(Figure 2.1C). It is noteworthy that the pulmonary infiltrates evident by flow cytometry 

were not associated with statistically significant weight loss or observable illness in mice 

over the three day duration of this experiment. 
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(A)      (B) 

 
(C) 

 
Figure 2.1: Evaluation of PPMO toxicity in mice. Duplicate mice were treated with 
various doses of 50/50 NP-v3’/PB1-AUG PPMO or 0.9% saline (control) through 
intranasal administration. (A) Mice were weighed every 24 h following treatment, for 72 
h, to determine weight loss. At 72 h post treatment, all mice were sacrificed and spleen 
(B) and lung (C) were removed and flow cytometry was performed on single cell 
suspensions using antibodies targeting immune-cell specific markers. *P<0.5, **P<0.01 
using One-Way ANOVA with Bonferroni’s multiple comparison test.  
 

Lung distribution of PPMO when delivered intranasally. FLUAV has been reported 

to replicate in both the upper and lower respiratory tract (Nicholls et al., 2007; Shinya et 

al., 2006; van Riel et al., 2006). Because the lungs are known to be the primary site of 
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viral replication during FLUAV infection, we explored i.n. administration as a way to 

maximize PPMO delivery to the lungs. We first investigated the distribution of PPMO in 

the lungs of noninfected mice after i.n. delivery to determine the feasibility of this route 

for treatment during an infection. Mice were given either saline or 3.75mg/Kg of PPMO-

Fl, and necropsied at 16 or 24 h post administration for examination of lung tissue.  

(A) 

 
(B) 

 
 
Figure 2.2: Visualization of PPMO-Fl in lungs after intranasal administration. Three 
mice were treated with either 3.75mg/Kg 3’ fluorescein (Fl) conjugated PPMO, or 0.9% 
saline for determination of PPMO distribution in the lungs. (A) Fluorescent whole mount 
microscopy of left lung of PPMO-Fl and saline control treated mice necropsied at 16 h 
post treatment. (B) Fluorescent microscopy of cryo-sectioned right lung necropsied at 24 
h post treatment. Section of saline control mouse lung (1), or PPMO-Fl treated mouse 
upper (2), middle (3), and lower (4) lung. Arrows indicate concentrations of fluorescent 
signal. 
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A view of the whole lung shows that PPMO-Fl is distributed in a gradated fashion from 

the upper to the lower lung. Signal from the PPMO-Fl is noticeably stronger in proximity 

to the major bronchioles (Figure 2.2A). Figure 2.2B includes higher magnification views 

of control lung tissue which received no PPMO-Fl (Figure 2.2B, panel 1) and tissue from 

the upper (Figure 2.2B, panel 2), middle (panel 3) and lower (panel 4) regions of the lung 

receiving PPMO-Fl. These images confirm that distribution of PPMO after i.n. 

administration is highest in the upper lung, but that a detectable amount of PPMO-Fl is 

present in the lower lung region (Figure 2.2B, panel 4). Together these data clearly show 

that PPMO compounds delivered by the i.n. route efficiently enter the lungs. 

Determination of most active compound. Initially, we compared the efficacy of 

nonconjugated PMO to that of PPMO, to determine if conjugation to cell penetrating 

peptide had any effect on the ability of PMO to inhibit H3N8 replication in the lungs of 

mice. Mice were infected with the same strain of influenza, A/Eq/Miami/1/63 (H3N8), 

which had been used in previous cell culture experiments with PPMO (Gottwein et al., 

2006). Based on the possible mild pulmonary inflammation evident from the 7.5mg/Kg 

PPMO dose (Figure 2.1C), we employed 3.75mg/Kg of PPMO per dose in this antiviral 

trial. Mice were dosed with a 50/50 mixture of PB1-AUG and NP-v3’ in the PMO or 

PPMO form, or administered equivalent DScr or saline controls. Dosing was performed 

at 4 hours before and 20 hours after infection. There was no correlation between weight 

loss and treatment or weight loss and virus load during the 3 day duration of this 

experiment (data not shown). Plaque assays performed on lung tissue taken at 72 hours 

post infection showed a 1.5 log10 (95%CI=2.17 to 0.72) reduction in virus growth in mice 

treated with the PB1-AUG/NP-v3’ PPMO combination in comparison to the DScr PPMO 
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treated group (Figure 2.3A). The PB1-AUG/NP-v3’ PMO combination treatment 

appeared to produce a moderate decrease in titer compared to the DScr PMO treated 

group, however, the difference did not achieve statistical significance. These results 

indicate that there was a reduction in virus growth in vivo produced by the antisense 

PPMO combination treatment and that the conjugation of the (RXR)4XB peptide to PMO 

enhances the ability of PMO to inhibit H3N8 replication in vivo.  

(A)             (B) 

(C) 

Figure 2.3: Reduction of influenza A H3N8 lung titer in mice treated with PPMO. 
Lung virus titers at 72h post infection were determined by plaque assays for all 
experiments. (A) Mice were treated with two doses of PMO or PPMO at 3.75mg/Kg as 
indicated, or with same volume of 0.9% saline, 24hrs apart, starting at 4 h pre infection. 
(B) Mice were treated with 3.75mg/Kg of indicated PPMO at 4 h before and 20 h after 
infection. (C) Mice were treated with two doses of PPMO NP-v3’ 3.75mg/Kg at 
indicated start times. *P<0.5, **P<0.01 using One-Way ANOVA with Dunnett’s 
multiple comparison test, n=4-5 mice per group. 
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 Next we sought to determine which PPMO would produce the highest efficacy: 

PB1-AUG alone or NP-v3’ alone. Previous data indicated that certain FLUAV strains 

(A/PR/8/34 (H1N1), A/Thailand/1(KAN-1)/04 (H5N1), and A/WSN/33 (H1N1)) were 

inhibited similarly by either PB1-AUG or NP-v3’ PPMO, but that other strains 

(A/Eq/Miami/1/63 (H3N8), A/Eq/Prague/56 (H7N7), and A/Memphis/8/88 (H3N2)) 

were not (Gottwein et al., 2006). In addition, we sought to determine if our previous 

results with the PB1-AUG and NP-v3’ PPMO against A/Eq/Miami/1/63 (H3N8) in cell 

culture would extend to in vivo conditions. Mice were treated with PB1-AUG, or NP-v3’, 

as well as DScr or saline controls. Treatments were all performed at 4 hours before and 

20 hours after infection with A/Eq/Miami/1/63 (H3N8). There was a statistically 

significant decrease of 1.0 log10 (95%CI= 1.886 to 0.06974) in virus titer produced by 

treatment with NP-v3’ PPMO alone compared to DScr PPMO. In contrast, the PB1-AUG 

PPMO alone produced no significant reduction in virus titer compared to the DScr PPMO 

(Figure 1.3B). These data are consistent with those previously obtained with 

A/Eq/Miami/1/63 (H3N8) in cell cultures (Gottwein et al., 2006). 

PB1-AUG target site sequence. Various experiments indicate that antiviral PPMO act 

through steric blockage of particular viral RNA regions, such as the AUG start site or 

critical regulatory motifs in noncoding regions (Deas et al., 2005; Holden et al., 2006; 

Neumann et al., 2002; Vagnozzi et al., 2007; van den Born et al., 2005; Yuan et al., 

2006). Sequence analysis has indicated that FLUAV resistant to PPMO treatment can 

contain sequence mismatches between the PPMO and the RNA target. For example, the 
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NP-v3’ PPMO-targeted region of A/Memphis/8/88 (H3N2) has two known mismatches 

and was resistant to this PPMO in cell culture (Gottwein et al., 2006) (see Table 1.1).  

 As shown here in vivo, and in previous work in cell-cultures, PB1-AUG PPMO is 

not effective against the A/Eq/Miami/1/63 (H3N8) strain. In an effort to gain insight into 

a possible explanation for the inactivity of PB1-AUG PPMO against this strain, we 

 
Table 2.1: Comparison of PPMO target sequences in various strains of FLUAV. The 
nucleotide sequence of the PB1 gene of A/Eq/Miami/1/63 (H3N8) and A/Eq/Prague/56 
(H7N7) targeted by the PB1-AUG PPMO was determined. The target sequence is shown 
to have a single base mutation (highlighted in bold italicized letter), compared to many 
other FLUAV strains. The NP-v3’ PPMO target region of A/Eq/Miami/1/63 (H3N8) and 
A/Eq/Prague/56 (H7N7) viruses shows no mutations that could interfere with PPMO 
hybridization. All viruses shown have undergone cell culture testing with PPMO [17]. 
 
FLUAV strain PB1-AUG PPMO target (5’ to 3’) 
A/WSN/1933_(H1N1)  CAAACCAUUUGAAUGGAUGUC 
A/Puerto Rico/8/34_(H1N1)   CAAACCAUUUGAAUGGAUGUC 
A/Memphis/8/88_(H3N2)   CAAACCAUUUGAAUGGAUGUC 
A/Thailand/1(KAN-1)/2004_(H5N1)  CAAACCAUUUGAAUGGAUGUC 
A/Eq/Prague/56_(H7N7)  CAAACUAUUUGAAUGGAUGUC 
A/Eq/Miami/63_(H3N8)  CAAACUAUUUGAAUGGAUGUC 
 NP-v3’ PPMO target (5’ to 3’)  
A/WSN/1933_(H1N1) *NNNNNNNNNNNNNTAGATAATC 
A/Puerto Rico/8/34_(H1N1)   AGCAAAAGCAGGGTAGATAATC 
A/Memphis/8/88_(H3N2)   AGCAAAAGCAGGGTTAATAATC 
A/Thailand/1(KAN-1)/2004_(H5N1)  AGCAAAAGCAGGGTAGATAATC 
A/Eq/Prague/56_(H7N7)  AGCAAAAGCAGGGTAGATAATC 
A/Eq/Miami/63_(H3N8)  AGCAAAAGCAGGGTAGATAATC 
* N denotes nucleotide of unknown sequence 
 
 
sequenced the first 850nt of the PB1 gene, which was not previously available in the 

Influenza Sequence Database (NCBI, 2004). We compared the PB1-AUG PPMO target 

sequence of the A/Eq/Miami/1/63 (H3N8) strain used in this experiment to several other 

FLUAV strains used in previous experiments (Gottwein et al., 2006) (Table 1.1). The 6th 
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nucleotide in the PB1-AUG PPMO target region of A/Eq/Miami/1/63 (H3N8) has a C to 

U mutation compared to other strains of FLUAV. The identical mutation was also found 

to be present in A/Eq/Prague/56 (H7N7), a strain which PB1-AUG PPMO was also found 

to be ineffective against in cell culture testing (Gottwein et al., 2006). In contrast, no 

mutations in the PPMO target sequence were found in any of the viral strains for which 

PB1-AUG or NP-v3’ PPMO have previously been shown to be effective (Table 2.1). 

Time of treatment initiation on PPMO efficacy. Finally, we tested the effect of the 

timing of PPMO treatments, in relation to the time of viral infection, on antiviral efficacy 

in mice. One group of mice was treated initially at 4 h before infection, while the other 

four groups were treated initially at 1, 2, 4 or 20 h after infection, respectively, with NP-

v3’ PPMO. Infections and treatments were performed as before, with 3.75mg/Kg of 

PPMO per treatment. Figure 2.3C shows that treatment initiated at four hours pre-

infection produced a 1.5 log10 (95%CI= 1.884 to 1.050) reduction in virus growth; similar 

to that observed in previous experiments (Figures 2.3A and 2.3B). With initial PPMO 

treatment occurring at one or two hours after infection we observed a significant 

decreases of 0.83 log10 (95%CI= 1.248 to 0.4136) and 0.57 log10 (95%CI= 0.9871 to 

0.1528) respectively (Figure 2.3C), while treatment initiated at four or twenty hours post-

infection produced no significant decrease in virus growth compared to mice treated with 

the DScr control PPMO on the same schedule. These results show that PPMO treatment 

before or early after infection with a non-lethal influenza strain is capable of significantly 

reducing virus growth in the lungs of mice. 
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Discussion 

There is a pressing need for new antiviral drugs against FLUAV (McCullers, 

2006). PPMO were previously shown to be effective at inhibiting the replication of 

multiple FLUAV subtypes in cell cultures, with high specificity and low cytotoxicity 

(Gottwein et al., 2006). Here we show that the PB1-AUG and NP-v3’ PPMO in 

combination or NP-v3’ alone, but not PB1-AUG alone, effectively reduced the growth of 

the A/Eq/Miami/1/63 strain of H3N8 by as much as 1.5 log10 when delivered into lung 

tissue of mice through an intranasal route of administration (Figures 2.3A-C). 

 The results show that the PPMO in this study were effective if administered 

before or shortly after viral infection, producing reductions in viral titer similar to those 

reported for other antisense- (Abe et al., 2001) or siRNA-based experiments (Ge et al., 

2004; Tompkins et al., 2004). However, if treatment was delayed until 4 hours after viral 

infection, a statistically significant reduction in viral titer was not achieved (Figure 2.3C). 

It is possible that the PPMO is only effective if administered early during the course of an 

infection, before virus replication is fulminant in the lungs. However, we note that other 

antiviral studies with T-705 (Sidwell et al., 2007), RWJ-270201 (Sidwell et al., 2001), 

and Oseltamivir (Sidwell et al., 2007; Sidwell et al., 2001), have shown that although 

drug treatment did not reduce virus growth significantly early in infection, viral titers 

were indeed reduced later in infection, compared to controls, and protection from lethal 

infection was observed. In addition, the efficacy of anti-FLUAV drugs appears to be 

variable depending on the viral strain challenged (Govorkova et al., 2001; Rameix-Welti 

et al., 2006).  
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The A/Eq/Miami/1/63 (H3N8) strain used in these experiments does not produce 

a lethal infection in mice, and propagates only to ~105 PFU/g of lung tissue, as compared 

to a lethal infection with A/PR/8/34 (H1N1), from which we have observed a titer of ~107 

PFU/g of lung (data not shown). Furthermore, mice infected with A/Eq/Miami/1/63 begin 

to recover by day 5 post infection without any treatment (data not shown). This study 

therefore reflects the conditions of, and treatment for, a seasonal influenza infection. 

Further testing in a mouse model using a lethal influenza infection is necessary to 

determine if treatment in a therapeutic manner is capable of increasing survivorship, and 

reducing virus load over a period longer than three days.  

PPMO produced antiviral effects at concentrations that did not cause weight loss 

or induce a host immune response detectable in the lungs or spleen (Figures 2.1A-C). 

However, some abnormal infiltration of the lungs by immune-system cells was produced 

by a dose of PPMO higher than those employed in the anti-viral experiments. This 

potential toxicity was presumably due to the CPP, as previous studies have shown no 

toxicity for nonconjugated PMO (Amantana et al., 2007; Deas et al., 2007). It has been 

shown that administration of high dose poly-arginine via intratracheal injection results in 

a marked increase in eosinophil and neutrophil infiltration into the lungs of guinea pigs 

(Arseneault et al., 1999).  Mechanistically this has been attributed to the ability of poly-l-

arginine to mimic the effect of constituents stored in the secretory granules of 

eosinophils, especially major basic protein (MBP) (Arseneault et al., 1999).   MBP is a 

177 amino acid residue polypeptide rich in arginine. When MBP is released from 

granules, it mediates migration of inflammatory cells via the induction of ion flux and 

prostaglandin synthesis in airway epithelium as well as histamine release and airway 
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smooth muscle contraction in the bronchoalveolar compartment (Arseneault et al., 1999).  

It is possible that at high doses the arginine rich CPP mimics MBP and has an effect on 

lung epithelium similar to that observed with high doses of poly-l-arginine. 

 Sequencing of the A/Eq/Miami/63 strain of H3N8 used here showed that it has a 

single base mismatch with PB1-AUG PPMO at the target site. The PB1-AUG PPMO has 

effectively inhibited other FLUAV strains lacking the mismatch (Gottwein et al., 2006) 

(see Table 2.1). The NP-v3’ PPMO sequence has perfect complementarity in 

A/Eq/Miami/63 (H3N8) (Table 2.1), and was highly effective. Taken together, these 

observations indicate that the C to U variation causing the mismatch may be the cause for 

failure of the PB1-AUG PPMO to inhibit A/Eq/Miami/63 (H3N8). However, that 

conjecture is not consistent with previously reported results of cell-free translation 

experiments utilizing in vitro transcribed RNAs to investigate the activity of a PPMO 

against RNAs with which it had a various number of mismatches (Gottwein et al., 2006; 

Zhang et al., 2006). In those experiments, one mismatch between a PPMO and RNA 

sequence had little impact on PPMO-mediated inhibition of translation. The discrepancy 

between the results of those in vitro translations compared to our cell culture or in vivo 

results with PB1-AUG PPMO and FLUAV suggest that PPMO and RNA can interact 

quite differently in a cell-free assay compared to intact biological systems. It seems 

unlikely, however, that the C to U mutation would be the sole reason why the PB1-AUG 

PPMO alone was ineffective, as the resulting U in the viral mRNA would still have two 

hydrogen bonds with the corresponding G in the PPMO, and therefore represents a minor 

penalty to hybridization potential.  
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The evolution of drug resistant strains of FLUAV has resulted in the number of 

anti-FLUAV drugs recommended for use in humans being cut in half (Saito et al., 2007). 

The use of antivirals administered in combination as a strategy to inhibit the development 

of drug resistance has been suggested previously (Ge et al., 2004; Gottwein et al., 2006; 

Ilyushina et al., 2006). As shown here, although resistant to the PB1-AUG PPMO alone, 

A/Eq/Miami/1/63 (H3N8) was susceptible to NP-v3’ PPMO or a combination of NP-v3’ 

and PB1-AUG PPMO (Figure 2.3). These results suggest that a combination of PPMO 

may provide superior protection against naturally occurring mutants, as well as reduce 

the likelihood of the development of viral escape-mutants. The choice of the NP and PB1 

genes as targets for PPMO is supported by other reports showing that these same genes 

provided highly productive targets for antisense- and siRNA-based efforts at inhibiting 

FLUAV replication (Abe et al., 2001; Ge et al., 2004; Tompkins et al., 2004). PPMO 

targeting other RNA viruses have been shown to be effective when delivered 

intraperitoneally (Burrer et al., 2007; Deas et al., 2007), or intravenously (Yuan et al., 

2006) as well, and it may become important to determine if routes of PPMO 

administration other than intranasal delivery are effective, as some FLUAV strains have 

been shown to produce systemic infection in humans (Belser et al., 2007; de Jong et al., 

2005a).  

The testing of NP-v3’ and PB1-AUG PPMO here is intended to further their 

development as possible anti-FLUAV drugs. The H3N8 virus utilized in this study is of 

significance to the human and veterinary community. As mentioned previously, the 

H3N8 subtype was responsible for the influenza pandemic of 1890 (Dowdle, 1999). 

Despite vaccination, there are frequent outbreaks of H3N8 virus each year in horses 
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(Martella et al., 2007), costing the horse racing industry hundreds of millions of dollars 

(Animal Health Australia, 2007).  In August 2007, an outbreak of H3N8 occurred in 

horses in Australia; a continent previously unaffected by Equine Influenza.  The recent 

transmission of H3N8 from horses to domestic dogs (Crawford et al., 2005; Yoon et al., 

2005) is of notable concern as well, as both species are in frequent and close contact with 

humans. In light of the inexorable evolution of FLUAV, efficacy of a potential anti-

FLUAV drug against a range of FLUAV subtypes is clearly desirable. This study 

suggests that further testing of PPMO against a variety of strains in vivo is warranted. 
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Abstract 

 Many enveloped viruses have a requirement for the host protein ubiquitin for 

efficient budding from the cell membrane including members of the paramyxoviridae 

family of viruses (PIV5, SeV). Until recently, little has been known about the budding 

requirements of the subfamily pneumovirinae. We report here that treatment of Vero cells 

with the proteasome inhibitor MG-132 results in the reduction of Human Respiratory 

Syncytial virus (HRSV) titers by as much as 2.2Log10. These treatment effects were time 

dependant, with greatest inhibitory effects observed early in infection (4-14 hours post 

infection). Although western blots indicated a possible decrease of 52% in virus budding, 

we show by transmission electron microscopy, fluorescence microscopy, and treatment 

with cyclohexamide that any apparent inhibition in HRSV budding is the result of 

decreased viral protein levels and not an inhibition of late budding.  Further, we 

demonstrate that inhibition of HRSV in Vero cells by MG-132 is due to eIF2α 

phosphorylation. However, phosphorylation of eIF2α by MG-132 treatment only 

occurred in HRSV infected cells, and not in GFP transfected controls. A combination of 

HRSV infection and MG-132 treatment therefore provides sufficient cellular stress to 

induce inhibition of protein synthesis.  

 

 

 

 

 

 



 

48
Introduction 

Human Respiratory Syncytial Virus (HRSV) is a member of the family 

Paramyxoviridae subfamily Pneumovirinae. In recent years, ongoing studies of the 

genetics and molecular mechanisms of the pathogenesis of RSV have opened the doors to 

new approaches for treatment and vaccine development. To date, however, there are no 

approved drugs for therapeutic treatment, and vaccine trials continue to struggle with the 

inability to elicit a protective immune response (reviewed in Girard et al., 2005) or the 

generation of a hyper-immune response to the natural infection following vaccination 

(Boelen et al., 2000; Castilow et al., 2008; Waris et al., 1996). These results indicate the 

necessity for increasing our understanding of HRSV and the host factors involved in 

infection to facilitate the development of effective treatments and vaccines. 

Numerous papers have been published on the requirement paramyxoviruses have 

for the host protein ubiquitin. Ubiquitin has been implicated in processes such as 

degradation of specific host proteins that pose a threat to virus replication (reviewed in 

Gotoh et al., 2001; reviewed in Gotoh et al., 2002). The NS proteins of HRSV were 

found to down regulating type I interferon signaling. Notably, NS1 was shown to interact 

with Elongin/Cullin E3 ubiquitin ligase and direct the polyubiquitination of STAT-2, thus 

leading to its proteasomal degradation (Elliott et al., 2007; Lo et al., 2005; Spann et al., 

2004). This action impedes the host innate immune response by blocking signaling from 

interferon alpha and beta. Similar functions have also been ascribed to the V protein of 

other paramyxoviruses (Andrejeva et al., 2002; Didcock et al., 1999; Precious et al., 

2005a; Precious et al., 2005b; Ulane and Horvath, 2002). Further evidence for the 

importance of ubiquitin in paramyxoviruses has been shown by the ability of the 
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proteasome inhibitor MG-132, which depletes free ubiquitin in the cell by blocking the 

26S proteasomal degradation of polyubiquitinated proteins, to inhibit the ability of human 

parainfluenza 5 (hPIV5) to bud from the plasma membrane (Schmitt et al., 2005). These 

results indicate that ubiquitin is important in the paramyxovirus life cycle. 

A recent report by Utley et al. (2008) showed that HRSV utilizes alternative 

cellular machinery consisting of Rab11-Fip2 for budding from the cell membrane (Brock 

et al., 2003; Utley et al., 2008), which is independent from the ESCRT and VPS4 proteins 

required by many other viruses (Chen et al., 2007; Stuchell et al., 2004) and may not 

require ubiquitin. We show here that treatment of HRSV-infected Vero cells with MG-

132 reduces virus titers by as much as 2.2 log10 when treatment was initiated at 4 hours 

post infection. In a similar fashion to the recent report on vesicular stomatitis virus (VSV) 

(Neznanov et al., 2008), we show that treatment with MG-132 reduces HRSV replication 

by interfering with viral protein synthesis. These data indicate that perturbation of the 

ubiquitin proteasome pathway is affects HRSV but does not induce any late budding 

defects.  

 

Materials and Methods 

Viruses and Cells. Vero cells were cultured in growth medium consisting of DMEM 

supplemented with 10% fetal bovine serum (Hyclone, Logan, UT), 100U/mL penicillin, 

100µg/mL streptomycin, and 500ng/mL amphotericin B (Invitrogen, Carlsbad, 

California). Cells were grown at 37ºC and 5% CO2.  

The laboratory strain VR-1540™ HRSV A2 (ATCC, Manassas, VA) or HRSV 

A16 2000 clinical isolate (Barney Graham, NIAID) were grown in HEp-2 cells by 
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infecting with  a multiplicity of infection (MOI) of 0.1-0.01. At day 4 or 5 after infection 

cells were scraped and cells and medium vortexed for 1 minute. Cells were pelleted at 

3000 x g for 10 minutes and clarified medium was overlaid on a 20% sucrose cushion in 

1M MgSO4, 50mM HEPES, and 150mM NaCl buffer (MHN buffer) and virus pelleted at 

18,000rpm for 30 minutes in a SW28 rotor. Virus pellet was then resuspended in 20% 

sucrose MHN buffer and 100µL aliquots were snap frozen in a dry ice ethanol bath. 

Samples were stored at -80ºC until used. Stock virus titers were determined by plaque 

assay (see plaque assay below). 

Effects of MG-132 on virus replication. MG-132 (Calbiochem, EMD biosciences, San 

Diego, CA) was resuspended in DMSO and stored at -20ºC. Vero cells were grown in 24-

well plates until >90% confluent and then infected with RSV A16 2000 at 0.25 MOI for 1 

hour at 37ºC and 5%CO2 with periodic shaking. Following adsorption, infection medium 

was removed and 1mL of growth medium was added per well and plates were returned to 

the incubator. For dose response experiments, growth medium was removed at 4 hours 

post infection and 1mL fresh growth medium containing 1.0µM or 5.0µM MG-132 or 

0.5% DMSO as control were added. Alternatively, growth medium was removed at 4, 14, 

or 24 hours post infection for time of addition experiments and 1mL fresh growth 

medium containing 5.0µM MG-132 or 0.5% DMSO as control were added. Cells were 

then incubated until 40 hours post infection when medium was analyzed immediately for 

virus titer by plaque assay (see below). For multiple time point growth curves, Vero cells 

were infected with RSV A2 at the indicated MOI and treated at 14 hours post infection 

with 5.0µM MG-132 or 0.5%DMSO as control. Virus titer was determined by sampling 
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medium every 12 hours as indicated and immediately performing plaque assays (see 

below). 

For comparison of MG-132 effects on HRSV and influenza virus, Vero cells were 

seeded into 24-well plates and grown until confluent. Cells were infected with 0.25 MOI 

of RSV A16 2000 or influenza A/PR/8/34 H1N1 for 1h at 37ºC and 5% CO2 with 

periodic shaking. Infection medium was then removed and 1mL of MEM supplemented 

with 100U/mL penicillin, 100µg/mL streptomycin, and 1.0µg/mL TPCK treated trypsin 

(USB, Cleveland, Ohio) was added to influenza infected wells and growth medium was 

added to RSV infected wells. Cells were treated with 5µM MG-132, or DMSO control, at 

4h post infection. Medium was measured for virus titer at 40 hours post infection by 

plaque assay.  

Plaque assays. HRSV plaque assays were performed in Vero cells seeded into 24-well 

plates and grown until confluent. Serial ten-fold dilutions of each sample from treated or 

control treated wells were made in growth medium. 50µl was plated in duplicate wells for 

each dilution and adsorbed for 1h at 37ºC and 5% CO2 with periodic shaking. Wells were 

then overlaid with 0.5mL DMEM supplemented with 100U/mL penicillin, 100µg/mL 

streptomycin, and 0.75% methylcellulose. On day 3-4 post infection, cells were fixed 

with 0.5mL of 4% paraformaldehyde in PBS for 24 hours. Wells were then stained with 

hematoxylin and eosin and plaques counted. Plaque titer was determined by the highest 

dilution in which duplicate wells had at least 5 plaques. 

 Influenza plaque assays were performed in MDCK cells grown until confluent in 

24-well plates. Serial ten-fold dilutions of each sample from treated or control treated 

wells were made in MEM containing 100U/mL penicillin and 100µg/mL streptomycin. 
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Duplicate wells were infected with 50µL of each dilution and virus adsorbed for 1h at 

37ºC and 5% CO2 with periodic shaking. Infection medium was removed and cells were 

overlaid with MEM containing 100U/ml penicillin, 100µg/ml streptomycin, 3% bovine 

serum albumin (BSA) (Sigma-Aldrich, St. Louis, MO), and 1µg/ml TPCK trypsin with 

1% SeaPlaque® agarose (Cambrex Bioscience Rockland, Inc., Rockland, ME). After 2 

days, overlay was removed and cells were fixed and stained by adding 0.75% crystal 

violet (Alfa Aesar, Ward Hill, MA) diluted in 100% methanol. Virus titer was determined 

by the highest dilution in witch duplicate wells contained at least 5 plaques. 

Virus maturation experiments. Vero cells in 6-well plates were infected with 2.5 MOI 

RSV A2 as previously indicated and incubated for 14 hours at 37ºC and 5% CO2. 

Medium was then removed and 1.5mL fresh growth medium with 2.5 or 5.0µM MG-132, 

1.0 or 0.5µg/mL cyclohexamide, or 0.5%DMSO as control were added. Cells were 

incubated until 40 hours post infection when cells and supernatant were collected by 

scraping cells from the plate and pipetting up and down several times. Cells and 

supernatant were transferred to 1.5mL microcentrifuge tubes, vortexed for 30 seconds, 

and cells were pelleted at 2500g for 5 minutes. Supernatant was then removed and virions 

partially purified by ultracentrifugation through a 30% sucrose cushion in 150mM NaCl, 

50mM Tris-HCl, and 1mM EDTA (NTE buffer) for 30 minutes at 39,000rpm 

(~185,000g) in an SW50.1 rotor. After centrifugation, sucrose and medium were 

decanted. Virus pellets and corresponding cell pellets were lysed in 40µL Bugbuster 

(Novagen, EMD biosciences, San Diego, CA) with FOCUS protease arrest (G 

Biosciences, Maryland Heights, MO). Samples were frozen for future use at -80ºC.  
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Cell and virion lysates were thawed and centrifuged at 12,000g for 5 min to 

remove debris. 15µL of cell and virion lysate with the addition of 5X SDS loading dye 

were run on 4-12% Bis-Tris NuPAGE gels (Invitrogen) and transferred to nitrocellulose 

membranes (PALL corporation, East Hills, NY). Blots were blocked in 30mL near IR 

blocking buffer (IRBB)(Rockland, Gilbertsville, PA) overnight at 4ºC and then stained 

with polyclonal goat anti-RSV (Cambrex, East Rutherford, NJ) and rabbit anti-GAPDH 

(Rockland) antibodies diluted 1:1000 each in 50/50 IRBB/ tris-buffered saline with 

0.05% tween 20 (TBST) for 2 hours at room temperature. Blots were washed 3X with 

TBST and then stained with AlexaFluor 680 donkey anti-goat (Invirtogen) and IRdye 800 

donkey anti-rabbit (Rockland) antibodies for 2 hours at room temperature. Blots were 

washed 3X in TBST and imaged using a Li-Cor near IR imager and densitometry was 

performed using Odyssey 2.0 software (Li-Cor, Lincoln, Nebraska). Maturation 

efficiency was determined by comparing the amount of the HRSV matrix protein 

contained in virions to the total amount contained in both the virions and cell pellet 

(Schmitt et al., 2005). 

Transmission Electron Microscopy. Vero cells were grown until >90% confluent in a 

12-well plate. Cells were infected with 2.5 MOI of RSV A16 2000 for 2 hours at 37ºC 

and 5% CO2 with periodic shaking. At 4 hours post infection, growth medium was 

removed and 1mL fresh growth medium containing 10µM MG-132 or 0.5% DMSO as 

control were added. Cells were then incubated until 40 hours post infection. Cells were 

collected by scraping from the plate and pipetting up and down several times. Cells and 

supernatant were then transferred to a 1.5mL microcentrifuge tube and cells were pelleted 

at 2000g for 5 minutes. Supernatant was then removed and cells were fixed in 1% EM 
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grade gluteraldehyde (Electron Microscopy Sciences, Hatfield, PA) in PBS followed by 

1% osmium tetraoxide (Electron Microscopy Sciences). Cells were washed 3 times in 

PBS and then dehydrated by incubation in washes of increasing acetone concentration 

from 30-100%. Incubation in 70% acetone was accompanied with uranyl acetate staining. 

Following acetone dehydration, samples were embedded in 500uL Spurr's resin (Electron 

Microscopy Sciences). ~80nm cross sections were prepared on an ultramicrotome and 

placed on 200-count copper grids (Electron Microscopy Sciences). Samples were then 

post stained with urinal acetate and lead citrate and examined on a Philips CM-12 

scanning transmission electron microscope (STEM). 

Immunofluorescence. Vero cells were seeded onto glass cover slips in 6-well plates and 

grown until ~60% confluent. Cells were infected with 2.5 MOI RSV A16 2000 for 1 hour 

at 37ºC and 5% CO2 with periodic shaking. Infection medium was removed and 2mL 

growth medium was added. Plates were incubated for four hours followed by removal of 

medium and addition of 2mL growth medium with 5µM MG-132 or 0.5% DMSO as 

control. Cells were incubated until 24 hours post infection and fixed with 4% 

formaldehyde in PBS for 15 min, washed 3X in PBS, and fixed in ice cold methanol for 

10 min at -20ºC. Cells were blocked and permeablized in 30% fish blocking buffer 

(BioFX, SurModics In Vitro Diagnostic Products, Eden Prairie, MN ) with 1% BSA in 

TBS with 0.3% Triton X-100 for one hour at room temperature. Cells were then stained 

for 2 hours with a 1:500 dilution in TBS with 0.3% Triton X-100 of Cy3 conjugated anti-

RSV Fusion glycoprotein antibody (derived from Palivizumab/Synagis; MedImmune, 

Gaithersburg, MD). After an additional 3 washes, cover slips were mounted on slides 

using Vectashield with DAPI (Vector Laboratories Inc., Burlingame, CA) and examined 
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with a Leica DMLB fluorescent microscope and SPOT CCD camera and 

software(Diagnostic Instruments, Inc., Sterling Heights, MI).  Images were analyzed in 

Adobe Photoshop CS (Adobe, San Jose, CA). 

GFP production efficiency. Vero cells were grown in 24-well plates until ~80% 

confluent and transfected with 0.8µg pEGFP-N1 (Clonetech, Mountain View, CA) using 

Lipofectamine 2000 (Invitrogen) according to manufactures recommendations. Vero cells 

were treated with 2.5 or 5µM MG-132, 1.0 or 0.1µg/ml cyclohexamide, or 0.5% DMSO 

respectively, at 14h post transfection. At 30h post transfection cells were lysed with M-

PER (Thermo Scientific, Rockford, IL) and 25µg total protein was run on NuPAGE 4-

12% Bis-Tris gels. GFP expression was determined by western blot using rabbit anti-

GAPDH (Rockland) and Living Colors anti-GFP primary antibodies (Clontech) and 

IRdye 700 donkey anti-mouse IgG and IRdye 800 donkey anti-rabbit secondary 

antibodies (Rockland), following the procedure outlined above for determining budding 

efficiency. 

eIF2α Phosphorylation state. Cell lysate collected for virus maturation efficiency and 

GFP production efficiency experiments were subsequently analyzed by western blot 

using the primary antibodies mouse anti-eIF2α and rabbit anti-phopspo Ser-51 eIF2α 

(Cell Signaling Technologies) and IRdye 700 donkey anti-mouse IgG and IRdye 800 

donkey anti-rabbit secondary antibodies (Rockland) and data analyzed as described 

above. 

Statistics. All statistics were performed using GraphPad Prism version 4.00 for Windows 

(GraphPad Software, San Diego, CA) by One-Way ANOVA and either Bonferroni or 

Dunnett post tests, or Two-Way ANOVA with Bonferroni post test. 
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Results 

Proteasome inhibitor MG-132 inhibits HRSV replication in cell culture. To 

determine if ubiquitin is necessary for RSV replication, we infected Vero cells with RSV 

A16 2000 clinical isolate at a MOI of 0.25 and then treated cells with various 

concentrations or at various time points post infection with the proteasome inhibitor MG-

132. Figure 3.1A and 3.1B show that there was a dose and time dependant decrease 

 
(A)      (B) 

(C)               (D) 

Figure 3.1: Reduction of RSV titer by MG-132. Vero cells were infected with RSV 
A16 2000 and treated with (A) various concentrations (B) or at different times after 
infection with MG-132. Controls were treated with 0.5% DMSO. Virus titer was 
determined at 40 hours post infection by plaque assay. (C-D) Vero Cells were infected at 
the indicated MOI with RSV-A2 and treated with 5µM MG-132 at 14 hours post 
infection. Virus titer was determined by plaque assay at 12 hour intervals. (n=3, ** 
P<0.01 based on One-way ANOVA with Dunnett's Multiple Comparison Test. All time 
points in C-D were significant by Two-way ANOVA with Bonferroni post test.) 
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observed in virus titer at 40 hours post infection of up to 2.2 log10 (95% Confidence 

Interval (CI)= 0.76 to 3.6). 

 Multiple time point growth curves were also generated by infecting Vero cells 

with 0.1 or 2.5 MOI of RSV A2 laboratory strain and examining virus titer at 12 hour 

intervals (Figures 3.1C and 3.1D respectively). These results show that by 24 hours post 

infection in the 0.1 MOI infection there was a significant reduction in virus titer of 1.73 

log10 (95%CI= 0.7203 to 2.748). In the 2.5 MOI infection, virus titer was significantly 

reduced at 36 hours post infection by 1.10 log10 (95%CI= 0.1597 to 2.038). In both 

experiments, MG-132 treated groups reached maximal titers and then declined rapidly, 

whereas DMSO treated controls reached maximal titers and then plateaued. These data 

indicate that RSV is sensitive to proteasome inhibitor treatments in vitro.  

MG-132 reduces virion maturation as a result of decreased protein synthesis. We 

determined if there was any effect of MG-132 on virion maturation by western blot. 

Mature virions were partially purified by ultracentrifugation through a 30% sucrose 

cushion. Virion pellets and cell pellets from MG-132 treated or control treated wells were 

lysed and examined by western blot to determine viral protein concentrations. The 

efficiency of virion maturation was then determined by the ratio of viral protein in the 

virions to the total amount of viral protein 
CellLysatetevirionLysa

teVirionLysa
+

 (Schmitt et al., 

2005). Figures 3.2A and 3.2B show a time dependant inhibition of virion maturation, as 

treatment initiated at 14 hours after infection had a significant effect on virion maturation 

(2.5µM -48%, 95%CI=-74% to -23% and 5.0µM -52%, 95%CI=-77% to -26%), but 

when treatment was delayed until 24 hours after infection there was no significant effect. 
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(A) 

 
(B) 

Figure 3.2: Inhibition of virion maturation and protein synthesis in Vero cells by  
MG-132. (A) Western blot of HRSV matrix protein from cell lysate and virion lysate 
fractions from Vero cells infected with 2.5 MOI RSV A2 and treated with the indicated 
concentrations of either MG-132, cyclohexamide, or DMSO control from 14-40 hours or 
24-40 hours post infection. (B) The effect of time of addition of inhibitors on virion 
maturation was determined by comparing the amount of HRSV matrix protein in the 
virion lysate to the total amount of matrix protein present in the cell and virion lysate 
fractions. All samples were collected at 40 hours post infection. Data represents 
densitometry from triplicate samples. (** P<0.001 based on Two-way ANOVA with 
Bonferroni post test) 
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nearly identical to those obtained with MG-132 and indicate that the reduced efficiency 

of virion maturation seen here is due to an inhibition in viral protein synthesis. Treatment 

with either 1.0 or 0.5µg/mL cyclohexamide resulted in a 69% decrease in virion 

maturation (95%CIs=-95% to -44% and -94% to -43% respectively). These results are in 

contrast to reports on other paramyxoviruses (Schmitt et al., 2005; Taylor et al., 2007) 

which have shown a decrease in virus budding, but not a decrease in viral protein 

synthesis.  

(A)      (B) 

 
Figure 3.3: Electron and fluorescent microscopic examination of virion maturation 
in Vero cells treated with MG-132. (A) Electron micrographs (13k X) of Vero cells 
infected with 2.5 MOI RSV A16 2000 and treated with DMSO control or 10µM MG-132 
from 4-40 hours post infection. (B) Fluorescence microscopy images of 2.5 MOI RSV 
A16 2000 infected Vero cells treated with 5.0µM MG-132 from 4-24 hours post infection 
and stained with Cy3 anti-RSV Fusion protein antibody. Arrows indicate virions. 
 

MG-132 does not induce a late budding phenotype in HRSV. We examined the effects 

of MG-132 on HRSV maturation by transmission electron microscopy (TEM). Vero cells 

were infected with 0.25 MOI of HRSV A16 2000 and were then treated with 10µM MG-

132 at 4 hours post infection to maximize any inhibition of virus budding. Multiple 

images were obtained from cells fixed at 40 hours post infection for each sample. As 
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shown in figure 3.3A, cells treated with MG-132 had a marked decrease in virus 

production compared to DMSO treated controls. In no case did we observe cells which 

demonstrated a late budding phenotype of viruses tethered to the plasma membrane. 

These results were also confirmed by immunofluorescence of HRSV A16 2000 infected 

Vero cells treated with 5µM MG-132 at 4 hours post infection. In this instance, cells were 

fixed and stained at 24 hours post infection with a Cy3 conjugated anti-HRSV Fusion 

protein antibody (Figure 3.3B). These results confirm that MG-132 treatment reduces the 

number of mature virions seen but does not induce a late budding phenotype. 

Determination of nonspecific effect of MG-132 in Vero cells. Due to the long duration 

of treatments, we tested the toxicity of MG-132 on Vero cells for the maximum time 

period (36h) used in our experiments and found that there was no substantial toxicity at 

the concentrations employed in our experiments (Figure 3.4A). To further confirm that 

the reduction in viral replication seen in our work is specific to HRSV, we tested the 

effects of long term exposure of cells to MG-132 on another virus. Vero cells were 

infected with either RSV A16 2000 or influenza A/PR/8/34 H1N1 at 0.25 MOI and 

treated with 5.0µM MG-132 or 0.5% DMSO as a control. Examination of virus titers 

showed a decrease of 1.999 log10 (95%CI 1.797 to 2.200) in for HRSV (Figure 3.4B). 

Though there was a significant decrease in influenza titer of 0.39 log10 (95%CI= 0.21 to 

0.57) it did not account for the large decrease seen in HRSV (Figure 3.4B). These data 

indicate that Vero cells treated for extended durations with MG-132 are capable of 

supporting replication of some viruses and that the inhibitory effect of MG-132 on HRSV 

is at least partially specific in Vero cells.  
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(A)        (B) 

(C)     (D) 

  
 
Figure 3.4: Specificity of MG-132. (A) Cell viability of Vero cells following 36 hour 
treatment with MG-132 as measured by CellTiter Blue (Promega). (B) RSV A16 2000 
and Influenza A/PR/8/34 H1N1 virus titers at 40 hours post infection following treatment 
of Vero cells with DSMO control or 5µM MG-132 at 4 hours post infection. (C) Vero 
cells transfected with pEGFP N-1 and treated as indicated with Cyclohexamide (Cyc), 
MG-132 (MG) or DMSO control starting at 14 hours post transfection were examined for 
expression levels by western blot at 40 hours post transfection. (D) RSV A2 infected or 
GFP transfected Vero cells treated at 14h post infection with MG-132 were examined at 
40h post infection for eIF2α phosphorylation. All data represent triplicate samples. (** 
P<0.01 based on One-way ANOVA with Bonferroni or Dunnett post tests) 
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cyclohexamide did result in a 72% or 56% decrease in GFP expression respectively 

(95%CI= 25-119% decrease or 8.7-103% decrease).  

It was reported that treatment with MG-132 leads to a global inhibition of 

translation due to phosphorylation of eIF2α by Heme-regulated Inhibitor (Yerlikaya et 

al., 2008). We examined GFP transfected or RSV A2 infected Vero cells for the level of 

eIF2α phosphorylation and found that there was a 69-104% increase in serine 51 

phosphorylation only in RSV infected cell, whereas GFP transfected cells showed no 

increase (Figure 3.4D).These data indicate that the mode of action of MG-132 inhibition 

of HRSV protein synthesis is different from cyclohexamide. MG-132 inhibits translation 

specifically in HRSV infected cells by triggering the phosphorylation of eIF2α.  

 

Discussion 

The term budding is somewhat inappropriate in the context of our results, as we 

did not observe an increase in virions “tethered” to the plasma membrane by TEM or 

immunofluorescence (Figure 3.2A-B); as has been observed with retroviruses (Patnaik et 

al., 2000). We have therefore referred to any potential effects on HRSV by MG-132 as 

inhibitions of virus maturation, replication, or protein synthesis.  

Recent studies into HRSV intracellular trafficking and virion budding show that 

this virus utilizes alternative cellular machinery consisting of Rab11-Fip2 and Myosin Vb 

for budding from the apical membrane in polarized lung epithelial cells (Brock et al., 

2003; Utley et al., 2008). The report by Utley et al. also showed that there was no 

requirement in HRSV budding for known cellular factors; like the VPS4 proteins 

required by many other viruses. In addition they did not observe any effect on HRSV 
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maturation or replication in HEp-2 cells when treated with 1.0µM MG-132 starting at 24 

hours post infection. We also observed that treatment at 24 hours after infection did not 

affect HRSV maturation (Figure 3.2B), and that maturation was only inhibited by 

treatment earlier during infection (14 hours post infection). In addition to our experiments 

being performed in a separate cell line, another reason for the difference in our reports is 

the concentration of MG-132 utilized. Figure 3.1A shows that 1.0µM MG-132 did not 

significantly reduce virus replication in Vero cells even when added at 4 hours post 

infection, whereas treatment with 2.5µM or higher had a significant effect (Figure 3.2B). 

It is possible that the reductions in HRSV replication seen here are a result of this 

virus’ utilization of the ubiquitin proteasome pathway to inhibit the innate immune 

response. As stated in the introduction, HRSV NS1 is known to mediate the proteasomal 

degradation of STAT-2 (Elliott et al., 2007). However, in relation to our results it is not 

evident how this would have an effect on virus replication as Vero cells are deficient in 

type-one interferon signaling. However, we tested the effect of shRNA against STAT-2 

to inhibit HRSV replication in Vero cells and observed no effect (data not shown). In 

addition, HRSV inhibits premature apoptosis in infected cells by activating the 

Akt/MDM2 pathway leading to proteasomal degradation of p53. Enigmatically, though, 

inhibition of p53 degradation resulting in activation of apoptosis resulted in an increase in 

HRSV replication (Groskreutz et al., 2007).  

 Yerlikaya et al. (2008) showed that MG-132 treatment can result in general 

inhibition of protein synthesis by way of eIF2α phosphorylation by increased oxidative 

stress which signaled through Heme-regulated Inhibitor. This effect appears to be cell 

line specific, as treatment of MDCK cells for 18 hour did not reduce protein production 
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(Bush et al., 1997). A recent study on vesicular stomatitis virus (VSV) showed that 

treatment with MG-132 reduced virus protein synthesis as a result of phosphorylation of 

eIF2α by GCN2 (Neznanov et al., 2008). Alternatively, additional reports (Harty et al., 

2001; Taylor et al., 2007) have shown that MG-132 inhibits VSV budding without a large 

decrease in viral protein levels.  

It is evident that the ability to inhibit protein synthesis and virus replication with 

MG-132 is both virus specific and cell line specific. The ability of MG-132 to alter 

cellular function was somewhat specific to HRSV, as it had little to no effect on 

uninfected cells transfected with GFP or on the replication of influenza A virus; which 

has shown partial resistance to proteasome inhibitor treatment previously (Watanabe et 

al., 2005). We show here that treatment of HRSV infected Vero cells with MG-132 did 

result in increased eIF2α phosphorylation (Figure 3.4D) and we propose this as the 

mechanism for decreased HRSV protein levels and concurrent virus maturation. We 

hypothesize that the decreased efficiency with which mature HRSV virions were 

produced and escaped the cell (Figure 3.2 and 3.2) may indicate a minimum threshold 

level of viral proteins required for efficient trafficking or virion formation. Overall, our 

results demonstrate that any decrease in HRSV virion maturation is a byproduct of 

decreased viral protein levels and not due to a direct lack of ubiquitin or inhibition of late 

budding. 
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Abstract 

 Human Respiratory Syncytial Virus is an important pathogen and is associated 

with mortality in the young, old, and immuno-compromised patients. Due to the lack of 

effective therapeutic antivirals or a vaccine, there is a need for continued research in this 

field. Our previous work has shown that HRSV replication is sensitive to treatment with 

the proteasome inhibitor MG-132. Here we tested the ability of the FDA approved 

proteasome inhibitor bortezomib to inhibit HRSV in vitro and in vivo. We observed a 

significant inhibition of HRSV replication in Vero cells at concentrations from 20-

40ng/mL. Bortezomib was well tolerated in mice when administered intranasally at 

concentrations of 0.3mg/kg or intraperitoneally at 1.0mg/kg. However, treatment of 

HRSV infected mice with doses as low as 0.01mg/kg resulted in increased mortality 

compared to mock treated infected control animals and an increase in lung pathology. 

Examination of cytokine expression levels from lung biopsies of HRSV infected mice 

revealed an increase in GCSF, MCP-1, and IL-6 levels and a decrease in IL-12 and TNF-

α in bortezomib treated animals compared to mock treated infected controls, indicating an 

altered immune response in mice treated with bortezomib during HRSV infection. 
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Introduction 

 Human Respiratory Syncytial Virus (HRSV) is a member of the family 

Paramyxoviridae subfamily Pneumovirinae. HRSV is a major cause of infantile 

pneumonia and severe infection has been linked to childhood wheezing disease and 

asthma. Some 95,000 children are hospitalized and ~300 die each year in the United 

States (Thompson et al., 2003). With a world wide death rate of 160,000 deaths per year, 

HRSV is one of the leading causes of infant mortality (Girard et al., 2005). Reinfection in 

adulthood is common, as only partial immunity is established following initial infection, 

and the majority or the ~12,000 HRSV associated deaths in the United States are among 

the elderly (Thompson et al., 2003). 

Current medical treatment focuses on the symptoms of severe HRSV 

bronchiolitis, including airway constriction and decreased blood oxygen levels, by 

standard ventilation or nasal continuous positive airway pressure (Cambonie et al., 2008; 

Martinon-Torres et al., 2008). There are currently HRSV vaccines in clinical trials 

(Falsey et al., 2008; Hui et al., 2006a). For decades, however, vaccine trials have 

struggled with the inability to elicit a protective immune response (reviwed in Girard et 

al., 2005) or the generation of a hyper-immune response to the natural infection following 

vaccination (Boelen et al., 2000; Castilow et al., 2008; Waris et al., 1996). Palivizumab 

(Synagis) is a monoclonal humanized antibody based therapy used for the prophylactic 

treatment of patients at high risk for complications from HRSV infection (Cohen et al., 

2008). For the therapeutic treatment of HRSV, Ribovirin is the only approved drug 

available. However, multiple clinical trials have had mixed results and fail to 

conclusively demonstrate efficacy (Boeckh et al., 2007; Chen et al., 2008; Kathleen and 
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Adrienne, 2007). There are also several promising antivirals that are currently undergoing 

clinical trials including ALN-RSV01 and RSV604; both of which target the viral 

nucleocapsid protein (Chapman et al., 2007; DeVincenzo et al., 2008). 

An ongoing problem with current antiviral therapies is the development of 

resistant strains. For instance, resistant strains of influenza have arisen against three of 

the four commonly used antivirals namely amantadine, rimantadine, and oseltamivir 

(Dharan et al., 2009; Saito et al., 2007). It has therefore been proposed that targeting host 

factors involved in virus infection may provide efficient inhibition without the 

appearance of resistance (discussed in Müller and Kräusslich, 2009). One cellular 

pathway which has been implicated in the life cycle of multiple viruses is the ubiquitin 

proteasome pathway (Harty et al., 2001; Martin-Serrano et al., 2004; Schmitt et al., 

2005), (reviewed in Martin-Serrano et al., 2004). We have previously shown that 

treatment of HRSV infected Vero cells with the proteasome inhibitor MG-132 results in 

decreased replication efficiency and consequently a decrease in virus maturation (Lupfer 

and Pastey, 2009).  

There is currently an FDA approved proteasome inhibitor, bortezomib (Velcade®, 

PS-341), which has been developed as a chemotherapeutic agent for relapsed or 

refractory multiple myeloma (Hideshima et al., 2001). In this report we evaluate the 

ability of bortezomib to inhibit the replication of HRSV in cell culture and Balb/C mice. 

We found that bortezomib is able to inhibit HRSV replication in Vero cell culture in a 

dose dependant manner. However, in vivo experiments showed that treatment of infected 

mice with bortezomib, which was not toxic in uninfected animals, resulted in an increase 

in inflammation and mortality with no discernable effect on virus replication. These 
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results indicate that bortezomib may elicit a hyper-immune response during infection 

with HRSV. To our knowledge this is the first paper to test the ability of a proteasome 

inhibitor to inhibit virus replication in vivo. 

 

Materials and Methods 

Virus and cells. HRSV A16 2000 clinical isolate (Barney Graham, NIAID) was grown 

in HEp-2 cells by infecting with a multiplicity of infection (MOI) of 0.1. On day 4 after 

infection, cells were scraped and cells and medium were vortexed for 1 minute. Cells 

were pelleted at 3000 x g for 10 minutes and clarified medium was overlaid on a 20% 

sucrose cushion in 1M MgSO4, 50mM HEPES, and 150mM NaCl buffer (MHN buffer). 

Virus was pelleted at 18,000rpm for 30 minutes in an SW28 rotor. Each virus pellet was 

resuspended in 1.0mL of 20% sucrose in MHN buffer and 100µL aliquots were snap 

frozen in a dry ice ethanol bath. Samples were stored at -80ºC until used. Stock virus 

titers were determined by plaque assay (see plaque assay below). 

 Vero cells were grown in growth medium consisting of DMEM supplemented 

with 100U/mL penicillin, 100µg/mL streptomycin (Invitrogen, Carlsbad, California), and 

10% fetal bovine serum (Hyclone, Logan, UT). Cells were grown at 37ºC with 5% CO2. 

In vitro effects of bortezomib. Bortezomib (Velcade®; Millennium Pharmaceuticals, 

Cambridge, MA) was resuspended to 5.0mg/mL in DMSO and used immediately. Vero 

cells were seeded into 24-well plates and grown until confluent. Cells were infected with 

2.5 MOI RSV A16 2000 and triplicate wells treated with 10, 20, 30, or 40ng/mL 

bortezomib or 0.02% DMSO control at 4 hours post infection. Medium was collected at 

40 hours post infection and analyzed by plaque assay (see plaque assay below). 
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Treatment of RSV infected mice with bortezomib. Mouse experiments were conducted 

using eight week old Balb/C mice from Simonsen Laboratories (Gilroy, California) and 

were approved by Oregon State University’s institutional animal care and use committee. 

Group of 3-4 mice were anesthetized intraperitoneally with 67mg/kg Ketamine and 

4.5mg/kg Xylazine. To determine toxicity of bortezomib, mice were treated with two 

intranasal (IN) doses 1.0, 0.5 or 0.1mg/kg of bortezomib diluted in 100µL PBS and 

administered 24 hours apart. An additional group was treated with one IN dose of 

0.3mg/kg of bortezomib. Control groups were treated with PBS containing 3.2% DMSO. 

Mice were monitored daily for signs of illness including weight loss, malaise, and poor 

grooming. 

 The efficacy of bortezomib for in vivo inhibition of HRSV was performed by 

anesthetizing groups of seven mice each with 67mg/kg Ketamine and 4.5mg/kg Xylazine 

and infecting IN with 108 plaque forming units (PFU) of RSV A16 2000 in a 100µL 

volume. Four groups received 100µL administered IN of either 0.1, 0.03, or 0.01mg/kg of 

bortezomib respectively or PBS containing 3.2% DMSO as control at 4 hours before 

infection and again at 20 hours after infection. Three additional groups were treated IN 

with a single dose of 0.3mg/kg bortezomib in 100µL PBS at either 4, 24 or 48 hours after 

infection. Mice were weighed daily, and three mice from each group were euthanized and 

lung tissue removed on day 4 post infection for determination of virus titer by plaque 

assay, histopathological examination, and cytokine expression. The remaining four mice 

in each group were weighed and examined daily for 10 days for illness and mortality. 

 To test an alternative route of bortezomib administration and HRSV infectious 

dose, we tested the toxicity of 2 doses of 1.0mg/kg bortezomib or PBS containing 3.2% 
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DMSO as control by administering intraperitoneal (IP) injections, 24 hours apart with 2 

mice per group and observed mice for 5 days for signs of illness including weight loss, 

malaise, and poor grooming. Five mice per group were then infected IN with 107 PFU of 

RSV A16 2000 in a 100µL volume. Each group was administered 2 doses at 4 hour 

before and 20 hours after infection by IP injection of either 1.0mg/kg bortezomib or PBS 

containing 3.2% DMSO as control and observed for 7 days for signs of illness including 

weight loss, malaise, and poor grooming. 

Plaque assays. Vero cells were seeded into 24-well plates and grown until confluent. 

Lung biopsies were prepared by weighing lung tissue from each animal and then 

homogenizing lungs in 1.0ml DMEM supplemented with 100U/ml penicillin and 

100µg/ml streptomycin. Lung homogenates were clarified by centrifugation at 2500 x g 

for 2 minutes.  Serial ten-fold dilutions of cell culture medium, from in vitro experiments, 

or lung homogenates, from in vivo experiments, were made in growth medium. 50µl of 

each dilution was plated in duplicate wells of 24-well plates and adsorbed for 1 hour at 

37ºC and 5% CO2 with periodic shaking. Wells were then overlaid with 0.5mL DMEM 

supplemented with 100U/mL penicillin, 100µg/mL streptomycin, and 0.75% 

methylcellulose. On day 3-4 post infection, cells were fixed with 0.5mL of 4% 

paraformaldehyde in PBS for 24 hours. Wells were then stained with hematoxylin and 

eosin and plaques counted. Plaque titer was determined by the lowest dilution in which 

duplicate wells had at least 5 plaques. 

Histopathology. Sections of lung tissue were fixed in 4% paraformaldehyde in PBS, 

embedded in paraffin and sectioned at 5 micron thickness via routine processing. 

Sections were stained with hemotoxylin and eosin. All sections were evaluated by a 
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veterinary pathologist (KMP). Tissue changes were subjectively ranked according to 

degree of inflammation, extent of inflammation, and degree of necrosis as 0= no 

inflammation, 1 = mild inflammation, 2= moderate inflammation and 3 =severe 

inflammation. 

Cytokine antibody array. Cytokine levels in mouse lungs were determined using 

RayBio Mouse Cytokine Antibody Array I (RayBiotech, Norcross, GA). Membrane 

arrays were blocked for 30 minutes, then 400µL mouse lung homogenate (see plaque 

assays) diluted 1:2 in blocking buffer was added to each membrane for two hours at room 

temperature. Membranes were washed and 1mL biotin-conjugated anti-cytokine antibody 

cocktail was added and incubated at room temperature for two hours. Membranes were 

washed again and incubated at 4ºC overnight in HRP-conjugated streptavidin 1:1000 in 

blocking buffer. Membranes were washed a final time and chemiluminescent substrate 

added. Arrays were imaged and analyzed on a BioRad ChemiDoc XLS using Quantity 

One software (BioRad, Hercules, CA). 

Statistics. All statistics were performed using Prism 4.0 (GraphPad Software, San Diego 

California) by One-Way ANOVA and Dunnett post tests for virus replication 

experiments, and student’s T-test for cytokine expression. 

 

Results 

Bortezomib inhibits HRSV replication in Vero cells. Based on the inhibitory effects of 

MG-132 seen in our previous report (Lupfer and Pastey, 2009), we tested the ability of 

the FDA approved proteasome inhibitor bortezomib (Velcade®, PS-341) to inhibit 

HRSV replication in vivo. We chose bortezomib because it is a FDA approved drug and 
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data is available for toxicity and efficacy in mice (Adams et al., 1999; Mortenson et al., 

2004). In addition, it is a far more specific and potent inhibitor of the proteasome than 

MG-132 (Neznanov et al., 2008). As a preliminary test, we infected Vero cells with 1.0 

MOI HRSV A16 2000 clinical isolate and treated cells at 4 hours post infection with 

various concentrations of bortezomib or 0.02% DMSO as a control. Our data show that 

treatment of Vero cells with as little as 20ng/mL had a significant inhibitory effect on 

HRSV (Figure 4.1A). Treatment with 40ng/mL bortezomib resulted in a 2.8 log10 (95% 

Confidence Interval (CI) from 1.7 to 3.9 log10) decrease in virus titer measured at 40 

hours post infection. 

 

(A)      (B) 

 
Figure 4.1: Efficacy of bortezomib in culture and preliminary in vivo toxicity. 
(A) Vero cells were infected with RSV A16 2000 and treated at 4 hours post infection 
with various concentrations of bortezomib. Samples were collected at 40 hours post 
infection for titration of virus by plaque assay. (B) Weight loss as a measure of toxicity 
from bortezomib administered IN to female Balb/C mice. PBS with 3.2% DMSO control, 
1.0, 0.5 and 0.1mg/kg doses were administered twice, 24 hours apart. 0.3mg/kg dose was 
administered once at 0 hour. (*P<0.05, **P<0.01 by One-way ANOVA with Dunette 
post test) 
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weight loss (Figure 3.1B) and malaise with ruffled fur (data not shown), we determined 

there is some toxicity associated with a two dose regimen, 24 hours apart, using 1.0mg/kg 

or .5mg/kg. However, treatment with a single dose of 0.3mg/kg or a double dose of 

0.1mg/kg , 24 hours apart, showed no significant weight loss or signs of illness (Figure 

4.1B), nor was there any sign of inflammation when lungs were examined 

histopathologically (Figure 4.3A and 4.3B panels 1-3).  

 
(A)      (B) 

(C) 

 
Figure 4.2: In-vivo effects of Bortezomib on RSV infection. Seven mice per group 
were infected with 108 PFU of RSV A16 2000 and treated with bortezomib or PBS with 
3.2% DMSO control both 4 hours pre infection and 20 hours post infection (PBS, 0.1, 
0.03 or 0.01mg/kg), or at a single time point post infection 4, 24 or 48 hours (0.3mg/kg). 
Mice were weighed daily and three mice were sacrificed on day four for lung virus 
titration by plaque assay. (A) Mouse weight loss (B) and virus titer show no improvement 
of treated animals over controls. (C) Survivorship shows that bortezomib treated infected 
mice had increased mortality compared with controls. (* all animals in these groups died 
before the end of the study) 
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For efficacy of bortezomib, 7 groups of 7 mice each were infected with 108 PFU 

RSV A16 2000 and treated with bortezomib. Four of the groups were treated 4 hours 

before infection and 20 hours post infection with 0.01, 0.03, or 0.1mg/kg of bortezomib 

or a PBS control containing 3.2% DMSO. The remaining 3 groups were treated with a 

single dose of 0.3mg/kg bortezomib at 4, 24, or 48 hours post infection, respectively.  

Three mice from each group were sacrificed on day 4 post infection for determination of 

lung virus titer and histopathological examination. We observed no significant changes in 

weight loss (Figure 4.2A) or virus titer (Figure 4.2B) in any of the bortezomib treated 

groups compared to the PBS control. In fact, we observed a significant increase in 

mortality associated with bortezomib treatment (Figure 4.2C). Based on histopathological 

examination, bortezomib treated mice had an increase in neutrophil and macrophage 

infiltration, as well as a general increase in inflammation (Figure 4.3A and 4.3B panels 4-

6). HRSV infected PBS control treated mice were scored as having minimal, multifocal, 

suppurative, bronchopneumonia with intra-alveolar neutrophils present. Whereas 

bortezomib treated groups were almost exclusively scored as having moderate, diffuse, 

fibrinosuppurative, bronchopneumonia with intra-alveolar and interstitial neutrophils and 

macrophages. 

We repeated our experiment using a lower infectious dose of 107 PFU RSV A16 

2000 and delivering 1.0mg/kg bortezomib by intraperitoneal injection (a dose and 

delivery route used during development of bortezomib to inhibit tumor growth in mice 

(Teicher et al., 1999)). Though this dose and administration route had no negative effect 



 

77
in uninfected control mice, it produced similar results to the intranasal treatment route 

and resulted in 100% mortality by day four post infection (data not shown).  

(A) 

(B) 

 
 
Figure 4.3: Histopahtological examination of lungs from mice. Lungs biopsies from 
bortezomib treated or PBS with 3.2% DMSO control treated mice were taken on day 4 
post infection or post treatment initiation. (A)Average histopathological score shows that 
bortezomib treated mice had increased inflammation compared to controls only in HRSV 
infected animals but not in uninfected animals. (B) Photomicrographs of lungs from 
uninfected (panels 1-3) and infected (panels 4-6) animals treated with bortezomib or PBS 
with 3.2% DMSO control. n=2mice per group. 
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cytokines in lung homogenates from infected and control or bortezomib treated mice by 

membrane based antibody array. There was a significant decrease in total IL-12 (1.8-2.3 

fold reduction), SCF (1.1-3.6 fold reduction) and TNF-α (2.4-30.8 fold reduction) for at 

least two of the three treatment groups analyzed (Figure 4.4). We observed a significant 

increase in the level of several factors involved in granulocyte and macrophage 

proliferation and chemotaxis including GCSF (7.4-11.8 fold increase) in all bortezomib 

treatment groups and MCP-1 (1.4-2.3 fold increase) in both groups receiving 0.3mg/kg 

bortezomib. In addition, we also observed a significant increase in IL-6 (2.5-9.3 fold 

increase) in two of the three treatment groups (Figure 4.4). These results indicate that 

bortezomib may alter the inflammatory response during HRSV infection. 

 
Figure 4.4: Lung cytokine levels 
Mouse lung homogenates obtained from biopsies on day 4 post infection were used to 
determine the level of 22 cytokines simultaneously by a membrane based antibody array 
for groups infected with HRSV and treated with bortezomib or PBS with 3.2% DMSO 
control. Data is displayed as background subtracted densitometry (mean ±s.d.) (*P<0.05 
for two of three treatment groups, **P<0.05 for all three treatment groups by students T-
test; n=3 for all groups except 48h n=2) 
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Discussion 

Based on our results obtained previously with MG-132 (Lupfer and Pastey, 2009), 

we examined the ability of bortezomib to inhibit HRSV replication in culture and in an 

animal model. An antiviral targeting a cellular protein required for virus replication is 

desirable as targeting host factors involved in virus infection may provide efficient 

inhibition without the appearance of resistance (Müller and Kräusslich, 2009). This 

method appears logical, as the host is not under selective pressure to mutate from the 

antiviral therapy, or mutates far more slowly, and resistance in the virus could therefore 

only develop by utilization of an alternative host factor. As intuitive as this approach may 

seem, it has been fraught with difficulties and setbacks. Recently for influenza, it was 

shown that treatment with alpha interferon afforded protection against a seasonal human 

H1N1 strain but was ineffective against a highly pathogenic H5N1 strain (Kugel et al., 

2009). In HRSV, therapies have been tested using bronchodilators or anti-inflammatories 

to alleviate airway constriction and wheezing with little to no clinical benefit 

demonstrated (Almanzar et al., 2007; Ermers et al., 2009).  

We observed here that treatment of uninfected mice with bortezomib at doses 

from 0.01-0.3mg/kg was not toxic (Figure 4.1B). However, treatment of HRSV infected 

mice, even at 0.01mg/kg, resulted in increased mortality and had no effect on virus 

growth (Figure 4.2B-C). In addition, treatment with bortezomib exacerbated the 

inflammation seen in infected mice (Figure 4.3A-B and 4.4).  

Proteasome inhibitors have known immunomodulatory properties. MG-132 was 

shown to increase COX2 expression in an NF-кB independent NF-IL6 and CRE 

dependant fashion (Chen et al., 2005). Bortezomib is known to increase sensitivity to 
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apoptosis by TNF stimulation and the unfolded protein response pathway (Nowis et al., 

2007). However, most of the known effects of bortezomib appear to be anti-

inflammatory, such as decreased NF-кB activation (Kalogeris et al., 1999). Bortezomib 

was shown to modulate the immune response by altering the activity of CD4+ T cells and 

decreasing expression of TNF-α, IFN-γ, IL-4, and IL-5 (Berges et al., 2008). Although 

we observed a decrease in TNF-α, as well as total IL-12 and SCF in most treatment 

groups, we did not observe a decrease in IFN-γ, IL-4, or IL-5. In addition, the results of 

(Nencioni et al., 2006) showed that bortezomib treatment of dendritic cells reduced 

expression of MCP-1, whereas we observed a significant increase in the level of this 

chemokine in both groups receiving 0.3mg/kg bortezomib. Finally, all bortezomib treated 

mice had significant increases in GCSF.  

Further research is needed to understand how bortezomib modulated the immune 

response and lung pathology during HRSV infection. A possible explanation may lie in 

how HRSV activates inflammation. It has been shown that treatment of HRSV infected 

cells with MG-132 had very little effect on NF-кB signaling due to the ability of HRSV 

to induce NF-кB signaling independent from the amount of IкBα present (Bitko et al., 

2007; Fiedler and Wernke-Dollries, 1999). We propose that the increase in MCP-1 and 

GCSF resulted in increased macrophage and neutrophil infiltration into the lungs and 

resulted in airway constriction and respiratory failure. Increased levels of IL-6, which is 

involved in thermo regulation of the host, the acute phase protein response, and B cell 

maturation, may also have played a role in the disease severity. These results indicate the 

need for continued research and reporting for bortezomib, and caution during its 

administration if recipients show signs of a respiratory tract infection. 
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We demonstrated here that the ubiquitin-proteasome pathway is necessary for 

efficient replication of HRSV in Vero cell culture. However, inhibition of HRSV 

infection in vivo is not possible with currently available proteasome inhibitors due to 

toxic side effects. It is possible that a more targeted approach to inhibiting this pathway 

would prove beneficial. Discovery of other ubiquitin-proteasome pathway proteins such 

as E3 ubiquitin ligases or E2 ubiquitin conjugating enzymes involved in HRSV 

replication may provide more specific targets for drug development that would have 

fewer side effects. 
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Chapter 5:  

General Conclusion 

 The hypothesis for my dissertation research is that targeted development of drugs 

against influenza A virus and RSV, or their cellular interacting partners, would be more 

rapid and effective than conventional drug discovery methods of screening thousands of 

compounds. I hypothesized that the time to discovery of lead compounds would be 

reduced in the case of targeted drug development and that the viruses would be less likely 

to develop resistance when targeting cellular factor in place of viral.  

Although we were able to rapidly design and test the PPMO anitsense 

compounds, there was limited clinical usefulness for these drugs as they had to be 

administered by 2 hours post infection to observe an effect on virus replication. The 

average person does not show signs of illness until ~48 hours after infection; PPMO 

could therefore only be used in a prophylactic manner. The existence of virus strains 

which were naturally resistant to the PPMO also calls into question their utility. 

However, no reports currently exist where a virus has shown resistance to both PB1-AUG 

and NP-v3’ PPMO, and the treatment of patients with PPMO targeting multiple sites 

simultaneously could avoid the development of resistance or the inability to treat a 

naturally occurring variant. Clearly there is additional research which needs to be 

performed on influenza A to understand why subsequent rounds of replication are not 

inhibited by the PPMO and why treatment later in infection is not effective. One 

possibility is that influenza infection alters the uptake of the PPMO. It has been proposed 

that the arginine rich peptide which mediated cellular entry may do so by receptor 

mediated endocytosis (Abes et al., 2006). It is conceivable that the receptor or the 
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endocytic pathway is somehow perturbed during influenza infection and therefore limits 

drug availability once infection has occurred. However, there is also recent evidence 

indicating that the PPMO may enter cells by passing through the cell membrane (Fretz et 

al., 2007) in which case cell entry would not likely be the cause of diminished efficacy 

during post infection treatment regimes. 

Targeting RSV replication by inhibiting the ubiquitin/proteasome pathway was 

rapid in development only due to the preexistence of the inhibitors; however, preexisting 

inhibitors to many cellular pathways are available and the key is knowing which pathway 

to target. Treatment in cell culture effectively inhibited virus replication and virion 

maturation when administered by 14 hours post infection. However, our lack of 

understanding of the complexities of the ubiquitin/proteasome pathway and its role in 

RSV infection lead to disastrous results in vivo. Despite a lack of toxicity on its own, 

bortezomib treatment during infection with RSV resulted in near 100% mortality in all 

treatment groups. As discussed in chapter 3, it appears that bortezomib altered the 

immune response to infection which resulted in increased lung damage and death. This 

result was surprising, as most data indicates that bortezomib is anti-inflammatory (Berges 

et al., 2008; Nencioni et al., 2006; Nowis et al., 2007). Due too the negative results 

obtained in vivo, we never tested the ability of  RSV to develop resistance to this 

treatment, but continue to hypothesize that resistance would be unlikely as it would 

require evolution of an alternative interaction with cellular proteins performing a similar 

function as ubiquitin. This would not involve one or two point mutations; rather, it would 

likely require the acquisition of a new domain for the matrix protein.  
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My results also indicate that it is possible to observe what appears to be a 

decrease in budding efficiency based on western blot protein levels; however, the true 

culprit is not a decrease in budding but a decrease in virus and/or cellular protein levels 

which reduces mature virion formation. There are many points in virus egress which, 

when inhibited, would yield similar results by western blot examination of cell and virion 

associated virus protein levels. For example, inhibition of trafficking to the cell 

membrane of viral proteins or nucleocapsid packaging would also reduce the apparent 

budding efficiency if only examined by western blot. The best test of a proteasome 

inhibitor, or any other perturbation of the cell, on a virus’ ability to bud is to examine 

cells and viruses by electron or fluorescence microscopy for the presence of increased 

numbers of virions tethered to the cell membrane (Gottwein et al., 2006; Martin-Serrano 

et al., 2004; Taylor et al., 2007; Zhadina et al., 2007). It is therefore possible that 

ubiquitin and the proteasome pathway do not affect the ability of some viruses to bud, but 

alternatively affect protein synthesis (Neznanov et al., 2008) or other earlier processes 

involved in virus egress like trafficking and packaging. 

The results of my research indicate that using targeted drug development can be 

rapid (18-24 months from design to the completion of lead compound development in an 

animal model, compared to ~3.5 years for standard development). However, the results 

do not support my hypothesis that they will be more effective. I must therefore reject this 

hypothesis with one caveat. The amount of information available when performing 

targeted drug development is the key to utilizing this route to drug design. In the case of 

oseltamivir, highly specific structural information of the active site in complex with an 

antagonist provided sufficient information for rational design of this drug (Bossart-
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Whitaker et al., 1993). In the case of the ubiquitin/proteasome pathway, it functions in 

cell signaling, protein turnover, cell cycle progression, apoptosis, the immune response, 

and potentially many others. Understanding all possible effects of inhibiting this pathway 

is therefore unlikely. As state previously, it may be possible, with further research, to 

discover the E2 ubiquitin conjugating enzyme(s) or E3 ubiquitin ligase(s) involved in the 

RSV lifecycle, and target these interactions with greater specificity and fewer unexpected 

and undesirable side effects. Based on my results I hypothesize that targeted drug 

discovery or targeting cellular factors can be effective when sufficient information is 

available to understand the pathways involved and accurately and selectively inhibit 

them. 
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