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Abstract

Many enveloped RNA viruses utilize lipid rafts for the assembly of progeny virions, but the role of 

cholesterol, a major component of rafts, on paramyxovirus budding and virion formation is 

controversial. In this study, we analyzed the effects of FDA-approved cholesterol-reducing agents, 

gemfibrozil and lovastatin, on raft formation and assembly of human parainfluenza virus type 1 

(hPIV1) and Sendai virus (SeV). Treatment of the human airway epithelial A549 cells with the 

agents, especially when combined, significantly decreased production of infectious hPIV1 and 

SeV. Mechanistic analysis indicated that depletion of cellular cholesterol reduced cell surface 

accumulation of envelope glycoproteins and association of viral matrix and nucleocapsids with 

raft membrane, which resulted in impaired virus budding and release from the cells. These results 

indicate that cellular cholesterol is required for assembly and formation of type 1 parainfluenza 

viruses and suggest that cholesterol could be an attractive target for antiviral agents against hPIV1.
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1. Introduction

Acute respiratory infection (ARI) is one of the leading causes of mortality among infants 

and young children (Liu et al., 2015; Mao et al., 2012). A recent study reports that among 

6.3 million children who died before the age of five in 2013, 51.8% died of infectious 

diseases, and pneumonia was the leading cause of these deaths (Liu et al., 2015). Viruses are 

the major cause of ARI, but vaccines or effective antivirals are available only for a limited 

number of viral infections. There are no vaccines or drugs to combat infections caused by 

major respiratory viruses, such as parainfluenza viruses (PIV) and respiratory syncytial virus 

(RSV). The available therapeutics against respiratory viruses, such as influenza 

neuraminidase inhibitors are effective, but the drugs target viral proteins and quick 
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emergence of resistant viruses restrict their usage (Govorkova, 2013). Therefore, antivirals 

that target host factors that are critical for virus spread are desirable for the control of 

respiratory RNA viruses.

Human parainfluenza virus type 1 (hPIV1) is one of the major causes of croup in the 

younger population, and posses the threat of occasional outbreak in immunocompromised 

patients (Harvala et al., 2012; Sydnor et al., 2012). As a prototype virus, Sendai virus (SeV), 

a murine counterpart of hPIV1, has been studied extensively to determine the significant 

molecular and biological properties of PIVs (Henrickson, 2003). Parainfluenza viruses are 

enveloped and contain non-segmented negative sense RNAs as viral genomes, which are 

encapsidated with nucleoprotein (NP) and associated with the polymerase complex 

composed of phosphoprotein (P) and large polymerase (L) proteins to form viral 

nucleocapsid (vRNP). Viral membrane is derived from the host plasma membrane and is 

associated with two surface glycoproteins hemagglutinin-neuraminidase (HN) and fusion (F) 

proteins at the surface of the virion, and matrix (M) protein inside the membrane 

(Henrickson, 2003). Viral genome replication and transcription takes place entirely in the 

cytoplasm, and newly synthesized viral components are transported and assembled at the 

budding sites in the plasma membrane, where progeny virions are produced (Takimoto and 

Portner, 2004). Specific interactions among viral glycoproteins, M and vRNP are required 

for efficient infectious virus production (Ali and Nayak, 2000; Harrison et al., 2010). 

Particularly, the cytoplasmic tail of F protein plays a major role in virus assembly at the 

plasma membrane (El Najjar et al., 2014; Stone and Takimoto, 2013; Takimoto and Portner, 

2004).

Virus assembly is considered to take place at lipid raft microdomains on the plasma 

membrane. Lipid rafts are small microdomains ranging from 10–200 nm in size, enriched in 

sphingolipids and cholesterol (Brown and London, 2000). Lipid rafts are resistant to 

detergent solubilization at 4°C, and viral protein association with lipid rafts has been shown 

by utilizing this unique property (Brown and London, 2000). Previous studies on various 

paramyxoviruses suggested that viral proteins preferentially localize at lipid rafts, and this 

association was required for efficient infectious virus production (Brown et al., 2002a; 

Brown et al., 2004; Brown et al., 2002b; Gosselin-Grenet et al., 2006; Imhoff et al., 2007; 

Laliberte et al., 2006; Manie et al., 2000; Ravid et al., 2010; Vincent et al., 2000). It has been 

shown that many enveloped RNA viruses commonly utilize lipid rafts for virus assembly 

and budding (Chang et al., 2012; El Najjar et al., 2014; Harrison et al., 2010; Lyles, 2013). 

Cellular cholesterol is an essential component of lipid rafts, but the requirement of 

cholesterol for virus assembly has not been fully elucidated. For example, extraction of 

cholesterol from Newcastle Disease Virus (NDV)-infected cells by methyl-β-cyclodextrin 

(MBCD) did not inhibit the release of virus particles from cells, although progeny virions 

were abnormal in protein composition and particle density (Laliberte et al., 2006). Similarly, 

cholesterol extraction from RSV-infected cells did not inhibit assembly or release of virion 

particles, but the progeny virions with low cholesterol levels in the viral membranes were 

poorly infectious (Chang et al., 2012). These studies suggest that, in the case of NDV and 

RSV, cholesterol is not required for virus budding and release, but affected infectivity of the 

released virions.
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In this study, we have analyzed the role of cholesterol in infection, replication and assembly 

of type I parainfluenza viruses. We utilized the FDA approved cholesterol reducing agents, 

gemfibrozil (Gem) and lovastatin (Lov) for our experiments. Gem is a lipid lowering fibrate 

which causes intracellular cholesterol efflux by activating the nuclear hormone receptor 

peroxisome proliferators-activated receptor-α (PPAR-α) decreasing intracellular storage of 

cholesterol (Roy and Pahan, 2009). Lov lowers cholesterol by inhibiting the 3-hydroxy-3-

methylglutaryl-coenzyme A reductase (HMGCR) enzyme, which is essential for the 

cholesterol biosynthesis process (Maron et al., 2000). We determined the effect of the 

cholesterol reducing agents on infectious virus production from human alveolar epithelial 

(A549) cells, and analyzed the mechanism of action. Our data indicate that these drugs, 

when combined, are effective in reducing both cellular cholesterol and release of 

parainfluenza virions. Interestingly, unlike RSV or NDV, membrane cholesterol is required 

for viral budding and release from infected cells, indicating that PIV1 relies on cholesterol 

and raft membranes for virus assembly, budding and release.

2. Results

2.1. Cholesterol reducing agents inhibit infectious virus production

To determine the role of cholesterol on parainfluenza virus growth, we used FDA-approved 

cholesterol reducing agents Gem and Lov to deplete cellular cholesterol in human airway 

epithelial A549 cells. First, we evaluated the toxicity of these drugs by treating the cells with 

various doses of the drugs. The 25% lethal concentration (LC25) for Gem and Lov were 

1,392 μM and 146 μM, respectively. Treatment of cells with Gem 400 μM and Lov 40 μM, 

individually or in combination did not affect viability of the cells by more than 10% in 48 h 

as determined by trypan blue exclusion assay (Fig. 1A). We also determined the cellular 

cholesterol level after drug-treatment. Individual treatment of the cells with Gem at 400 μM 

or Lov at 40 μM did not cause significant reduction in the total cellular cholesterol level 

(Fig. 1B). However, treatment of the cells with both drugs significantly reduced cellular 

cholesterol levels by 20% and 44% at 24 and 48 h, respectively (Fig. 1B). These results 

indicate that the drugs are capable of reducing total cellular cholesterol levels in cultured 

human airway A549 cells, especially when the drugs are combined. It also suggests that 

treatment of cells with two drugs exhibiting different mechanisms of action is more effective 

for efficient reduction of total cellular cholesterol.

Next, we analyzed the production of infectious SeV and hPIV1 virus from cells treated with 

the drugs (Gem 400 μM and Lov 40 μM) that effectively reduced cellular cholesterol without 

affecting cell viability (Fig. 1). The cells were pretreated with the drugs individually or in 

combination for 24 h and infected with SeV or hPIV1. The infected cells were cultured in 

the presence of the drugs for an additional 24 h, and the released infectious virions were 

quantitated. We found that treatment of cells with both Gem and Lov significantly reduced 

infectious SeV production (97.5% reduction), while treatment with individual drugs showed 

only a subtle reduction in infectious virus production (Fig. 2). Similarly, treatment of cells 

with both drugs resulted in a 98% reduction in hPIV1 virus production. While treatment 

with Gem alone resulted in 87.5% reduction, Lov alone did not significantly reduce 

infectious virus production (Fig. 2). The inhibitory effect of the drugs on SeV and hPIV1 
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production correlated with the reduced cellular cholesterol levels (Fig. 1B). As a control, we 

tested the effect of the drugs on production of infectious intracellular or extracellular 

vaccinia virus. In contrast to the results of PIV1s, cholesterol reducing agents did not affect 

production of infectious vaccinia virus, suggesting a specific effect on the release of 

infectious PIV1s (Fig. 2). Taken together, these results strongly suggest the critical role of 

cellular cholesterol in the production of infectious SeV and hPIV1.

2.2. Reduction of cholesterol levels does not affect cellular susceptibility to PIV1 infection

Next, we systematically analyzed the role of cholesterol in the life cycle of SeV and hPIV1. 

For some enveloped viruses such as HIV, association of cellular receptors to membrane rafts 

has been shown to be required for viral entry (Chazal and Gerlier, 2003). We first 

determined if cellular cholesterol is required for the viral entry process. A549 cells were 

treated with Gem 400 μM and Lov 40 μM for 24 h and infected with the viruses at a 

multiplicity of infection (MOI) of 0.5 for 24 h. Cells were fixed and the infectivity of the 

viruses was determined by immunostaining using specific anti-NP monoclonal antibodies 

(mAb). We detected no difference in virus infectivity between cells untreated or treated with 

Gem and Lov (Fig. 3). These results indicate that the 20 % depletion of cholesterol achieved 

at 24 h post treatment (Fig. 1B) has no effect on the entry process of hPIV1 and SeV.

2.3. Effect of cholesterol reducing agents on virus protein synthesis

Since cholesterol reducing agents did not inhibit virus entry in A549 cells, we determined 

whether reduced infectious virus production was due to decreased viral protein synthesis. 

Cells treated with the drugs were infected with the viruses at a MOI of 1, and the quantities 

of viral NP, F and M in cell lysates were determined by Western blotting analysis. Treatment 

of cells with either Gem 400 μM or Lov 40 μM or in combination did not reduce NP, F and 

M synthesis during SeV infection (Fig. 4A). Similarly, reduction of cellular cholesterol did 

not affect hPIV1 NP synthesis (Fig. 4B). We were unable to analyze hPIV1 M and F due to 

the lack of antibodies suitable for Western blot analysis. These results indicate that reduction 

of infectious virus production from treated cells was not due to reduced virus entry or 

protein synthesis.

2.4. Cholesterol is required for virion production from infected cells

Next, we examined the formation and release of progeny virions from drug-treated cells. 

A549 cells treated with both Gem and Lov were infected with SeV or hPIV1, and labeled 

with 35S-Met/Cys for 16 h. Labeled virions released into culture medium were purified and 

analyzed by SDS-PAGE. The release of virions from drug-treated cells was significantly 

reduced in both SeV-and hPIV1-infected cells (Fig. 5A). The quantification of NP revealed a 

66.5% and 88.5% decrease in total SeV and hPIV1 production from the treated cells, 

respectively. To further characterize the virions released from drug-treated cells, the labeled 

culture supernatants were ultracentrifuged over a continuous 5–40% sucrose gradient, and 

viral proteins in each fraction were analyzed by SDS-PAGE. From untreated cells, SeV 

particles containing all the major structural proteins were recovered from fractions 3 and 4 

of low sucrose density (1.02 g/cm3 – 1.05 g/cm3) (Fig. 5B upper panel). However, few virus 

specific proteins were detected in the same fractions released from the cells treated with both 

drugs (Fig. 5B lower panel). These results indicate that, unlike those reported for NDV and 
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RSV, depletion of cholesterol significantly impairs assembly and release of SeV and hPIV1 

from infected cells.

2.5. Depletion of cellular cholesterol reduces cell surface accumulation of viral 
glycoproteins

Our previous studies of SeV and hPIV1 showed that viral glycoproteins play a crucial role in 

parainfluenza virus assembly (Takimoto and Portner, 2004). Notably, the cytoplasmic tail of 

the F protein plays a major role for accumulation of viral structural components at plasma 

membrane assembly sites (Stone and Takimoto, 2013). Since paramyxoviruses are 

assembled at the plasma membrane raft structures, we next analyzed the effect of cholesterol 

depletion on cell surface expression of viral HN and F proteins by immunofluorescence (IF) 

assay. First, we determined the effect of cholesterol depletion on cell surface distribution of 

Cav-1, a lipid raft marker protein. We detected punctate localization of Caveolin-1 (Cav-1) 

on the surface of untreated cells, which was less evident in cells treated with the drugs (Fig. 

6A). These results suggest that drug treatment prevents the proper localization of Cav-1 by 

disrupting the integrity of lipid rafts. Similarly, the surface expression of SeV and hPIV1 

glycoproteins was significantly decreased in the presence of cholesterol reducing agents 

(Fig. 6). Viral HN and F proteins were also quantified by ELISA. Consistent with the results 

of the IF analysis, drug treatment significantly reduced cell surface expression of SeV HN 

and F by 42% and 32%, respectively (Fig. 6B). Similarly, surface expression of hPIV1 HN 

and F was reduced by 61% and 54% in the treated cells, respectively (Fig. 6B). These results 

suggest that cholesterol is a critical component for accumulation of viral glycoproteins at the 

surface of infected cells.

2.6. Depletion of cellular cholesterol reduces viral M proteins and nucleocapsid 
association with the lipid rafts

Next, we determined the effect of cholesterol drugs on lipid raft association of vRNPs by 

raft flotation assay. Lipid rafts were isolated based on their unique property of resistance to 

detergent solubilization at 4°C and buoyancy at low-sucrose densities (Chazal and Gerlier, 

2003; Manie et al., 2000). In untreated cells, 30% of Cav-1 was associated with lipid rafts. 

Drug treatment decreased raft associated Cav-1 to 18% (Fig. 7), indicating that depletion of 

cholesterol by drug treatment resulted in disruption of lipid raft integrity. In untreated cells, 

51% of SeV NP was detected in raft-associated fractions (Fig 7). In contrast, only 18% of 

NP was associated with lipid raft fractions in drug treated cells, showing reduced association 

of vRNP with raft membranes. Similarly, drug treatment reduced raft association of hPIV1 

NP from 20% to 7% (Fig. 7).

Previous studies have suggested that M plays a major role in the assembly of 

paramyxoviruses (El Najjar et al., 2014). M interacts with glycoproteins and is required for 

concentration of NP in the plasma membrane at specific assembly sites. To analyze whether 

cholesterol depletion affects M mediated virus assembly process, we next determined M 

distribution in infected cells by IF assay. The diffused M distribution detected in untreated 

cells was also observed in drug-treated cells (Fig. 8A). However, similar to NP, M 

association with the raft membrane was decreased from 35% to 19% in cholesterol-depleted 

cells (Fig. 8B). These results indicate that cholesterol is required for the formation of virus 
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assembly site to accumulate structural components for ordered assembly and production of 

type I parainfluenza viruses.

2.7. Reduced cellular cholesterol does not affect vRNP interaction with Rab11

Our lab has previously shown that Rab11-mediated recycling endosomes play a critical role 

in trafficking and transport of SeV and hPIV1 vRNPs to the plasma membrane assembly 

sites (Chambers and Takimoto, 2010; Stone et al., 2016). Reduced accumulation of vRNP at 

the plasma membrane could be explained by impaired interaction with Rab11, since 

depletion of cholesterol has been reported to result in redistribution of Rab11 (Holtta-Vuori 

et al., 2002; Takahashi et al., 2007). Therefore, we next determined whether cholesterol 

depletion affects vRNP association with Rab11 by IF assay (Fig. 9). Punctate staining of 

SeV vRNP and Rab11 were detected throughout the cytoplasm of infected cells, with a 

strong perinuclear staining pattern in both untreated and drug treated cells (Fig. 9). 

Consistent with our previous published data, vRNP and Rab11 co-localized in the untreated 

cells. Similarly, co-localization of Rab11 and P was detected in drug-treated cells. These 

results suggest that depletion in cellular cholesterol did not have a strong effect on vRNP 

association with Rab11 and their distribution in infected cells. The overall data described 

above suggests that lipid raft integrity at the plasma membrane is required for accumulation 

and interaction between viral glycoproteins, M and vRNPs, and is essential for efficient 

assembly and release of progeny PIV1 virions.

3. Discussion

In this study, we evaluated the role of cholesterol in infection, replication and assembly of 

type I parainfluenza viruses using FDA-approved cholesterol reducing agents. Cholesterol is 

a major component of lipid raft structures, which are known to be involved in various stages 

of enveloped viral infections, including entry, replication, assembly and budding (Chazal and 

Gerlier, 2003; Takahashi and Suzuki, 2011). Our data indicate that cholesterol depletion 

significantly inhibits the release of infectious SeV and hPIV1 from infected A549 cells. 

Further mechanistic analysis revealed that these drugs did not affect viral entry (Fig. 3) or 

viral protein synthesis (Fig. 4), but prevented virion formation and release from infected 

cells (Fig. 5). Because depletion of cholesterol disrupts the integrity of lipid rafts, which are 

the assembly sites of paramyxovirus and other enveloped RNA viruses (Ono and Freed, 

2005), it is likely that accumulation of viral structural components at raft structures is 

essential for budding and formation of progeny PIV1 virions. Previous studies with 

paramyxoviruses, including NDV, RSV, MeV, and SeV showed that major viral structural 

proteins associate with lipid rafts in infected cells (Ali and Nayak, 2000; Brown et al., 2004; 

Chang et al., 2012; Gosselin-Grenet et al., 2006; Laliberte et al., 2006; Manie et al., 2000; 

Pohl et al., 2007; Sanderson et al., 1995; Vincent et al., 2000). Interestingly, unlike SeV or 

hPIV1, budding and release of NDV and RSV from cholesterol-depleted cells were not 

inhibited, although they had irregular protein composition, abnormal particle density, and 

reduced infectivity (Chang et al., 2012; Laliberte et al., 2006). These results reflect the 

differences in raft dependency for virus budding/release between parainfluenza viruses and 

RSV or NDV. It is likely that SeV and hPIV1 strictly depend on lipid raft integrity for viral 
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protein interactions to bud and form progeny virions, which may not be the case for NDV or 

RSV.

It is unclear what triggers paramyxovirus budding and formation of progeny virions. Using 

expressed proteins, we previously showed that SeV M and F, but not HN are capable of 

producing virus-like particles when expressed alone (Takimoto et al., 2001). SeV HN and F 

can be detected in detergent resistant membrane (DRM) fractions of flotation gradients even 

when expressed alone (Sanderson et al., 1995). However, SeV M protein, which is the major 

driving force for virus budding is associated with DRM only when it was co-expressed with 

either HN or F (Ali and Nayak, 2000). It was also shown that specific interaction with F is 

required for recruitment of M to DRM (Ali and Nayak, 2000). Consistent with these 

findings, our lab has shown that the cytoplasmic tail sequence of F protein is critical for 

accumulation of HN and F at the plasma membrane, and in turn essential for M and NP 

interaction at the plasma membrane (Stone and Takimoto, 2013). Our results indicate that 

depletion of cholesterol significantly reduces surface expression of HN and F proteins (Fig. 

6) and association of vRNP and M with raft membrane (Figs. 7 and 8). These data stress the 

role of cholesterol and raft integrity for accumulation of structural components to a confined 

area of the plasma membrane to form progeny virions. In the case of SeV and hPIV1, these 

interactions between structural components likely trigger the final steps in virus assembly 

and release, including budding and scission of virus particles.

Along with previous reports, this study highlights the importance of lipid rafts and the major 

raft component, cholesterol, on paramyxovirus infection and spread. Interestingly, some 

reports suggest that viruses modulate the biosynthesis of cholesterol during infection. A 

global transcriptional analysis of measles virus infected cells showed that most genes 

associated with the cholesterol biosynthesis pathway along with lipid rafts in the plasma 

membrane were down-regulated in persistently infected cells as compared to acutely 

infected cells (Robinzon et al., 2009). Similarly, it was reported that HMGCR and the low-

density lipoprotein receptor that is involved in cholesterol homeostasis, are up-regulated 

during RSV infection, suggesting RSV infection may modulate cholesterol levels during 

virus infection for optimal growth (Yeo et al., 2009). In addition, up-regulation of the genes 

encoding enzymes in the cholesterol biosynthesis pathway was reported in cells infected 

with HIV and influenza viruses (van’t Wout et al., 2003), suggesting a possibility that viral 

regulation of sterol biosynthesis may affect the life cycle of many viruses.

In addition to its role in the cellular membrane, cholesterol is also known to be a major 

component of viral membranes. Quantitative analysis of the lipidomes of influenza virus 

envelope indicate that over 50% of influenza viral membrane lipids are cholesterol (Gerl et 

al., 2012). Cholesterol depletion from influenza viral membranes markedly reduces virus 

fusion activity and infection, showing that cholesterol in the viral membrane is crucial for 

virus stability and infectivity (Sun and Whittaker, 2003). Similarly, NDV or RSV released 

from cells depleted with cholesterol were reported to be unstable and irregular in structural 

components (Chang et al., 2012; Laliberte et al., 2006), stressing the essential role of 

cholesterol in virus assembly and stability.
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Accumulating evidence supports the efficacy of statins and fibrates against different 

enveloped viral infections, such as hepatitis C virus (Ikeda et al., 2006), Andes virus 

(Petersen et al., 2014), RSV (Gower and Graham, 2001), influenza virus (Budd et al., 2007), 

and HIV (del Real et al., 2004), thereby exhibiting potential as broadly-reactive antivirals. 

Correspondingly, our PIV1 data support the idea that FDA-approved cholesterol reducing 

agents could be re-evaluated for drug repurposing as broadly-reactive antivirals. Our 

functional analysis described here unveiled the mechanism of how cholesterol drugs inhibit 

PIV1 growth. We showed that cholesterol reducing agents, gemfibrozil and lovastatin, 

disrupt lipid raft integrity and prevent specific viral protein interactions required for efficient 

virus assembly. Together with previous findings of other enveloped viruses, our data strongly 

suggest that cholesterol could be an attractive target for antiviral therapeutics against various 

clinically important respiratory RNA viruses.

4. Materials and Methods

4.1. Cells, viruses, and reagents

LLC-MK2 (ATCC, CCL-7) and A549 cells were maintained in Dulbecco’s modified Eagle’s 

medium (DMEM; Corning) supplemented with 8% fetal calf serum (FCS; Life 

Technologies), 1% GlutaMAX (Life Technologies) and 0.1% Gentamicin (Life 

Technologies). SeV (strain Enders) and hPIV1 (strain C-35) were grown in LLC-MK2 cells 

in DMEM supplemented with 0.15% bovine serum albumin and acetylated trypsin at 2 

μg/ml for SeV or 1.5 μg/ml for hPIV1. Vaccinia virus (vA4-YFP) was grown in BSC-40 

cells in DMEM containing 2.5% FCS. Gemfibrozil (Sigma) and lovastatin (Sigma) were 

dissolved in dimethyl sulfoxide (DMSO, Sigma) to make 200 mM and 20 mM stock 

solutions.

4.2. Assays to measure cytotoxicity, cholesterol level and protein concentrations

Cytotoxicity of cholesterol reducing agents was measured by trypan blue exclusion assay 

(Strober, 2001). Total cellular cholesterol and protein were measured by Amplex Red 

Cholesterol assay (Molecular Probes) and bicinchoninic acid (BCA) protein assay 

(PIERCE), respectively, according to the manufactures’ protocols.

4.3. Titration of released viruses

A549 cells were untreated or pretreated with Gem at 400 μM and/or Lov at 40 μM for 24 h, 

and infected with SeV and hPIV1 at a MOI of 3 or vaccinia virus at a MOI of 5. Cells were 

then cultured for 24 h in the presence of drugs at the same concentration. Supernatant 

containing released SeV and hPIV1 virions were treated with TPCK-treated trypsin and 

titrated by measuring TCID50 in MK2 cells. Titer of vaccinia virus was measured after 

lysing cells by freezing and thawing. Virus titer was measured by plaque assay using 

BSC-40 cells (Ausubel, 1995).

4.4. Immunofluorescence (IF) assay

A549 cells were untreated or pretreated with the drugs for 24 h and infected with SeV or 

hPIV1 at a MOI of 0.5 for the analysis of virus infectivity, and at a MOI of 3 for the analysis 

of surface expression of glycoproteins. Similarly, cells were infected with SeV at a MOI of 3 
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to determine the intracellular distribution of M and co-localization between Rab11 and P. 

After 24 h infection, cells were fixed with 4% paraformaldehyde (PFA) for 15 min. For the 

analysis of cell surface expression of viral glycoproteins and caveolin-1, fixed cells were 

incubated with anti-SeV HN (a cocktail of S16, M27 and M41), anti-SeV F (M49 and M38), 

anti-hPIV1 HN (P18, P24 and P37), anti-hPIV1 F (P12 and P38) mAbs, or anti-caveolin-1 

rabbit antibody (abcam), followed by anti-mouse or anti-rabbit IgG conjugated with Texas 

Red (Life Technologies). For the analysis of virus infectivity and M distribution, fixed cells 

were first permeabilized with 0.2% Triton X-100 in PBS for 10 min at room temperature 

(RT), and then reacted with anti-SeV NP (M52, WS16) or anti-hPIV1 NP (P19, P27, P35) 

mAbs, or anti-SeV M (M1) mAb, followed by anti-mouse IgG conjugated with Texas Red. 

To detect Rab11 and vRNP in infected cells, permeabilized cells were reacted with anti-

Rab11 rabbit antibody (Cell Signaling) and anti-SeV P (M56) mAb, followed by anti-rabbit 

IgG conjugated with Texas Red and anti-mouse IgG-FITC. Fluorescent images were taken 

using an Olympus FV1000 confocal microscope or Olympus IX50 inverted fluorescence 

microscope.

4.5. Western blot analysis

To determine the effect of the drugs on viral protein synthesis, A549 cells were untreated or 

pretreated with Gem 400 μM and/or Lov 40 μM for 24 h, and infected with SeV and hPIV1 

at a MOI of 1 for 24 h. Cells were lysed with Triton-X lysis buffer (20 mM HEPES [pH7.5], 

1.5 mM MgCl2, 500 mM NaCl, 0.2 mM EDTA, 1% Triton-X 100 and 20% glycerol), and 

viral and cellular proteins were analyzed by Western blot analysis using PVDF membranes. 

Anti-SeV NP (M52, WS16), anti-SeV M (M1), anti-F (M16), anti-hPIV1 NP (P19, P27, 

P35) mAbs or anti-β-actin mAb (Cell Signaling) were used to detect the proteins (Chambers 

and Takimoto, 2010; Stone and Takimoto, 2013). Band intensities were quantitated using 

BioRad Quantity One software.

4.6. Virion production from cells

A549 cells were untreated or pretreated with the drugs for 12 h, and infected with SeV and 

hPIV1 at a MOI 3 for 1 h. At 12 h post infection, cells were cultured in labeling medium 

containing 50 μCi of 35S-Met/Cys (PerkinElmer) and the drugs at the same concentrations as 

previously used for an additional 16 h. Labeled progeny virions were purified by 

ultracentrifuge over 20% sucrose for SeV and 30% glycerol in PBS for hPIV1 and analyzed 

by SDS-PAGE. Fixed and dried gels were exposed onto a phosphor screen and visualized 

using Personal Molecular Image (Bio-Rad).

4.7. Sucrose gradient analysis of released virions

One ml of radiolabeled virions was applied over 10 ml of 5 to 40% sucrose gradient in PBS 

and ultracentrifuged at 27,600 rpm for 18 h at 4°C in a SW44Ti rotor (Beckman). Nine equal 

fractions were collected from the top and an aliquot of each fraction was removed for 

density measurement by hand held refractometer (R-5000, Atago, U.S.A). The remainder of 

each fraction was diluted with 3 volumes of PBS and centrifuged at 39,500 rpm for 16 h at 

4°C in a SW55 rotor. The pellet was resuspended in NuPAGE sample buffer and analyzed by 

SDS-PAGE.
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4.8. Cell surface expression of viral glycoproteins

Mock or drug-treated A549 cells in 24-well plates were infected with SeV or hPIV1 at a 

MOI of 3 for 24 h. Cells were fixed with 4% PFA in PBS for 10 min at RT, and blocked with 

PBS containing 0.1% BSA for 30 min. Cells were incubated with anti-SeV or hPIV1 mAbs 

against HN and F for 1 h at RT. Plates were washed and incubated with goat anti-mouse 

antibody conjugated with horseradish peroxidase (1:1000, Abcam) for 1 h at RT. After 

washing, cells were incubated with 250 μl of ABTS (2,2′-Azinobis [3-

ethylbenzothiazoline-6-sulfonic acid]-diammonium salt) (ThermoFisher) substrate for 10 

min followed by 250 μl of 1% SDS solution in water to terminate the reaction. The 

absorbance of the solution at 405 nm was measured using a microplate spectrophotometer 

(Molecular Devices).

4.9. Raft flotation assay

Raft flotation assay was performed as previously described (Bialas et al., 2012) with several 

modifications. Briefly, cells pretreated with the drugs for 12 h were infected with SeV or 

mock for 1 h and cultured for an additional 28 h in the presence of drugs. Cells were 

harvested by scraping and pelleted by low speed centrifugation in an Eppendorf minispin 

centrifuge (3,000 rpm for 3 min). Following re-suspension in 400 μl of cold hypotonic TE 

buffer (10 mM Tris HCl [pH 7.5], 4 mM EDTA), cells were passaged 30 times through a 27 

½ gauge hypodermic needle and centrifuged at 2,000 rpm for 3 min. Then, 100 μl of cold 

TNE buffer (25 mM Tris-HCl [pH 7.5], 150 mM NaCl, 4 mM EDTA) containing 1% Triton-

X 100 was added to 300 μl of lysate and incubated on ice for 40 min. Each lysate (300 μl) 

was mixed with 700 μl of 70% sucrose in TNE with 1% Triton-X 100 and overlaid with 2 ml 

30% sucrose and 1 ml 2.5% sucrose in TNE containing 1% Triton-X 100. After 

centrifugation at 28,000 rpm for 18 h at 4°C in an SW55 rotor, 400 μl fractions were 

collected from the top. Proteins in the samples were precipitated with Trichloroacetic acid 

(TCA), re-suspended with NuPAGE sample buffer (life technologies) and resolved by SDS-

PAGE, followed by immunoblot analysis using anti-SeV NP (M52, WS16) or anti-caveolin 1 

mAbs. To detect raft association of hPIV1 NP and SeV M, cells pretreated with the drugs for 

12 h were infected with hPIV1 or SeV at a MOI of 3 for 12 h, and then labeled with 35S-

Met/Cys for 16 h in the presence of drugs as previously described. Cell lysates were 

subjected to membrane floatation assay, and NP or M in each fraction was 

immunoprecipitated by anti hPIV1-NP (P19, P27, P35) or anti-SeV M (M1) mAbs and 

resolved by SDS-PAGE. The fixed and dried gels were exposed on a phosphor screen and 

visualized using Personal Molecular Image (Bio-Rad). Band intensities were quantitated 

using BioRad Quantity One software.

4.10. Statistical analysis

All statistical analysis were performed using a two-tailed t-test assuming equal variance. All 

quantitative data is represented as the mean±standard deviation (SD) of the indicated 

number of experiments. Significant differences between groups of data are represented as 

*(P<0.05) or **(P<0.01).
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Highlights

• Cholesterol-reducing agents inhibit production of infectious hPIV1 and 

SeV.

• The drugs block virus assembly and release from infected cells.

• Cholesterol is required for assembly and formation of parainfluenza 

viruses.
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Figure 1. 
Effect of cholesterol reducing agents on cell viability and cholesterol level. A549 cells were 

treated with Gem 400 μM and/or Lov 40 μM for 24 or 48 h. (A) Cell viability was compared 

to untreated cells as measured by trypan blue cell viability assay (n=3). (B) Cellular 

cholesterol levels were determined by Amplex Red Cholesterol assay. Data were normalized 

to protein levels as determined by bicinchoninic acid assay (n=3). Gem: gemfibrozil, Lov: 

lovastatin. *; P<0.05, **; P<0.01 (Student t-test).
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Figure 2. 
Cholesterol is required for infectious virus production of SeV and hPIV1. Cells untreated or 

treated with the drugs for 24 h were infected with either SeV, hPIV1 or vaccinia virus and 

cultured in the presence of drugs for an additional 24 h. Titers of released viruses are shown 

(n=3). *; P<0.05 (Student t-test).

Bajimaya et al. Page 16

Virology. Author manuscript; available in PMC 2018 January 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Cholesterol depletion does not prevent SeV or hPIV1 entry. A549 Cells untreated or treated 

with the drugs were infected with the viruses at a MOI of 0.5 and cultured for 24 h in 

medium without trypsin. Cells were fixed and viral NP was detected by IF assay using 

specific antibodies. The infected NP positive cells were counted and presented as bar graphs 

at the bottom (n=3).
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Figure 4. 
Cholesterol reducing agents do not affect protein synthesis of SeV or hPIV1. A549 cells 

untreated or treated with the drugs were infected with SeV (A) or hPIV1 (B) at a MOI of 3, 

and cultured in the presence of drugs for 24 h. SeV NP, F and M and hPIV1 NP in the cell 

lysates were detected by Western blot analysis using specific antibodies. Relative expression 

levels of the proteins are presented in bar graphs (n=3).
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Figure 5. 
Cholesterol is required for assembly and release of progeny virions. (A) Cells either 

untreated or treated with the drugs were infected with SeV or hPIV1 and labeled with 35S-

Met/Cys for 16 h. Released SeV and hPIV1 virions were purified and analyzed by SDS-

PAGE. (B) Labeled virions were ultracentrifuged through a continuous (5–50%) sucrose 

gradient. Viral proteins in each fraction were analyzed by SDS-PAGE and autoradiography. 

Fractions 2–4 include progeny virions.
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Figure 6. 
Reduced expression of viral glycoproteins at the surface of drug-treated cells. (A) Cells 

untreated or treated with drugs were infected or mock infected (for the detection of cav-1), 

and analyzed for surface distribution of cav-1 and viral HN and F expression. Fixed and 

unpermeabilized cells were utilized for IF analysis to detect indicated proteins. (B) The 

amounts of viral glycoproteins at the surface of infected cells were quantitated by ELISA. 

(n=3). **; P<0.01 (student t test).
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Figure 7. 
Reduced viral nucleocapsid association with lipid rafts after cholesterol depletion. Cells 

untreated or treated with drugs were infected with mock, SeV or hPIV1. Membrane 

floatation assay was performed to quantitate the raft-associated NP in each fraction. 

Caveolin-1 and SeV NP were detected by immunoblotting. Cells infected with hPIV1 were 

radiolabeled with 35S-Met/Cys and labeled NPs in each fraction were immunoprecipitated 

and resolved by SDS-PAGE. The numbers show percentage of the proteins recovered from 

raft (1–4) and non-raft (7–9) fractions.
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Figure 8. 
Reduced M association with lipid rafts in cholesterol depleted cells. (A) Cells untreated or 

treated with drugs were infected with SeV and intracellular M distribution (red) was 

determined by IF. Cells were counterstained with DAPI. (B) Cells untreated or treated with 

the drugs were infected with SeV and radiolabeled with 35S-Met/Cys. Membrane floatation 

assay was performed and M in each fraction was immunoprecipitated using specific mAb. 

The numbers show percentage of the proteins recovered from raft (1–4) and non-raft (7–9) 

fractions.
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Figure 9. 
Depletion of cholesterol does not affect vRNP interaction with Rab11. (A) Cells untreated or 

treated with the drugs were infected with SeV. Viral P proteins and cellular Rab11 were 

detected by IF assay using specific antibodies. Histograms indicate the fluorescence 

intensities of Rab11 and P in the area represented by the yellow arrow in the images.
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