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Enveloped viruses rely heavily on their ability to merge the viral membrane to the host 

cell membrane during viral entry. Therefore, improving the understanding of membrane 

components utilized in viral fusion is crucial. Additionally, the development of broad-

spectrum antivirals capable of inhibiting the entry of zoonotic viruses that cause a 

tremendous burden to human health is critically important. Nipah virus is a deadly 

enveloped virus with a high mortality rate in humans and agriculturally important 

animals. Despite the high case-fatality rates of the Nipah virus and many other 

enveloped viruses (i.e., Ebola, SARS, MERS), there is a lack of approved antiviral 

therapeutics. Various chemical agents capable of altering the viral membrane 

composition have revealed a valuable target in antiviral drug design. Therefore, 

studying the role of viral membrane components is vital in understanding fusion 

mechanics and for the development of potential antivirals.  

Herein, I present a series of experiments used to study virus-induced membrane 

fusion. First, to understand the role of membrane cholesterol in Nipah virus fusion and 

egress, I performed various biochemical assays that revealed that membrane cholesterol 

influences the levels of virus-cell and cell-cell membrane fusion. Second, I found that 

modulating the concentration of membrane cholesterol alters both the incorporation of 

Nipah virus proteins into lipid rafts and the budding efficiency of Nipah virus-like 



 

particles. Lastly, we characterized a novel class of broad-spectrum antivirals, the XM 

series, aimed at inhibiting viral membrane fusion. We found that XM-01 increases order 

in the viral membrane, which significantly reduced or completely inhibited viral entry. 

These inhibitors can cause various enveloped viruses to be fusogenically inert while 

leaving immunogenic sites intact. This effect allowed us to test the ability of these 

compounds to produce inactivated-virus vaccines, tested for the Influenza virus. 

Altogether, these findings progress the understanding of membrane components in viral 

entry and release, and the development of effective antivirals.  
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Structure of the Dissertation 

Chapter One: The first chapter introduces the Nipah virus and discusses the history, 

biology, pathology, and immune response in Nipah virus infections. Additionally, the 

paramyxoviral glycoproteins, paramyxoviral fusion cascade, other myxoviruses, small-

compound antivirals, and cholesterol are discussed in this chapter. 

Chapter Two: The second chapter is comprised of a review article discussing the roles 

of glycans on viral glycoproteins for the Mononegavirales order. This review article 

was published in the journal Glycobiology titled “Addicted to sugar: roles of glycans in 

the order Mononegavirales.” 

Chapter Three: The third chapter is the manuscript titled Role of Cholesterol in Early 

and Late Membrane Fusion Steps. This chapter elucidates the role of membrane 

cholesterol on the Nipah Virus fusion cascade. This manuscript was submitted to the 

Journal of Virology, and during the submission of this dissertation was under review.  

Chapter Four: The fourth chapter is comprised of the preliminary results in the study 

of the role of lipid raft domains in Nipah virus assembly and budding.  

Chapter Five: The fifth chapter is the manuscript titled New Type of Broad-Spectrum 

Antivirals Targets Entry of Enveloped Viruses. This work was begun, in large part, by 

Dr. Armando Pacheco while a graduate student at Washington State University. This 

work characterizes a novel class of broad-spectrum antivirals and their use as 

inactivators of enveloped viruses to produce a vaccine.  

Chapter Six: The sixth chapter discusses the future directions and questions raised from 

the works of chapters three through five.   
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CHAPTER ONE 

A. Nipah Virus 

History: The first Nipah virus (NiV) outbreak occurred in Malaysia in December of 

1998 and continued into 1999 (1). Initially, it was thought that infected individuals had 

acquired a severe infection of the Japanese Encephalitis virus (2). The 1998-1999 

outbreak started with a spillover event from bats to pigs. The NiV infection spread 

among the pig population and was eventually transmitted to pig farms who suffered 

febrile encephalitis and respiratory illness (3). Over 1.1 million pigs were culled in order 

to stop the spread of NiV within farmed pigs. Pigs do not suffer NiV infections as 

severely as humans but do manifest signs of respiratory distress, which induces a 

“barking cough” in infected pigs. After spreading from person-to-person, NiV infected 

a total of 265 individuals and claimed 105 lives (4). Since the initial outbreak, there 

have been nearly yearly outbreaks of NiV in Bangladesh (5-7). Additionally, a 2014 

outbreak of NiV in the Philippines was traced back to the slaughter and consumption of 

infected horsemeat (8). There were also outbreaks of NiV in 2001, 2007, and 2018 in 

India (9).  

Classification: NiV is a deadly member of the Henipavirus genus within the 

Paramyxoviridae family in the Mononegavirales order (Figure 3). Within the 

Paramyxoviridae are the subfamilies Avulavirinae, Metaparamyxovirinae, 

Rubulavirinae, and Orthoparamyxovirinae of which NiV belongs to (10). NiV is an 

enveloped negative-sense single-stranded RNA virus and, along with HeV and Mojiang 

virus, is deadly to animals and humans (11, 12).  

Nipah Virus Genome: The NiV genome is 18,246 nucleotides long and comprises six 
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genes that encode nine proteins: the attachment glycoprotein (NiV-G), fusion 

glycoprotein (NiV-F), matrix protein (NiV-M), large polymerase (NiV-L), 

nucleoprotein (NiV-N), phosphoprotein (NiV-P), V, C and W proteins (13). NiV-F and 

NiV-G interact with one another and with the host cell receptor ephrinB2 to merge 

membranes in order to achieve virus-cell and cell-cell fusion (14). NiV-M facilitates the 

assembly and budding of nascent viral particles. NiV-L is used in the synthesis of NiV 

mRNA transcripts and replicating the viral genome, while NiV-N binds the NiV genome 

during transcription/replication and is a constituent of the ribonucleoprotein complex, 

along with the NiV-P. NiV-P also encodes the V, C, and W proteins, which have roles 

in immune-suppression by inhibiting type 1 IFN signaling (13, 15-17). 

Attachment Glycoprotein: NiV-G is a type II transmembrane protein found in a dimer 

of dimers configuration that binds to the host cell receptor ephrinB2 (18, 19). After 

binding of ephrinB2, NiV-G undergoes conformational changes within the stock and, 

via a bidentate interaction with NiV-F, triggers the fusion protein to harpoon into the 

target membrane (20-22). The interactions between NiV-G and NiV-F are critical for 

the fusion cascade, which is necessary for the merging of the virus-cell or cell-cell 

membranes (Figure 1 and 3) (14).  

Fusion Glycoprotein: NiV-F is 546 amino acids in length, has a molecular weight of 

60 kDa, and is a class I trimeric protein (23). In contrast to other paramyxoviruses, NiV-

F is fusogenically inactive as it is trafficked along the secretory pathway and is not 

cleaved by extracellular proteases but must be endocytosed to fusogenically activated 

(24). The fusogenically inactive form of NiV-F (F0) must be endocytosed from the 

plasma membrane and trafficked to endosomal compartments and proteolytically 
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cleaved by cathepsin L or B at R109-L110 (25, 26). NiV-F forms trimers that assemble 

into larger oligomers, ultimately forming hexamer-of-trimers, which are thought to be 

necessary for efficient fusion activity (27).  

  NiV-F is essential for virus-cell and cell-cell fusion (28, 29). The expression of 

NiV-F/G and their interaction with ephrinB2 is necessary and sufficient to initiate the 

fusion cascade. Activation of the NiV fusion machinery is temperature-dependent and 

pH-independent (20, 30). For more information on glycoproteins and their glycans of 

the Mononegavirales order see Chapter 2 of this work.  

 

Figure 1. Diagram of Nipah Virus Fusion Cascade 

After ephrinB2 or ephrinB3 interacts with NiV G (receptor binding), NiV G undergoes 

conformational changes and triggers NiV F to transition from the pre-fusion state to the 

pre-hairpin intermediate which inserts the fusion peptide (FP) into the target cell. Then 

through kinetically driven conformational changes, the fusion protein folds in on itself, 

and the HR1 and HR2 regions coalesce and form the six-helix bundle. After that, 

hemifusion occurs (outer-leaflet merging), which soon transitions to a fusion pore and, 

ultimately, entry of the viral genome.  

SOURCE: Modified from Aguilar H.C. et al. (2012) Henipavirus. Current Topics in 

Microbiology and Immunology, vol 359. Springer, Berlin, Heidelberg.  

 

Matrix Protein: NiV-M is a major structural component of the NiV viral particles and 

mediates viral particle budding (Figure 4) (31, 32). NiV-M uses the YMYL and 

YPLGVG sequences for egress (33, 34). NiV-M is first trafficked to the nucleus to be 

ubiquitinated with the use of a nuclear localization signal. Then with the use of a 

bipartite nuclear export signal, NiV-M is shuttled to the plasma membrane where NiV-
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M buds in nascent viral particles (31). Early in the infection, the NiV-M mainly localizes 

to the nucleus. Inhibition of ubiquitination causes retention of the NiV-M within the 

nucleus (35). In polarized epithelial cells, NiV-M transits to the apical membrane, where 

NiV particles are mainly released (29).  

 NiV-M interacts with the viral ribonucleoprotein complex and recruits it to the 

plasma membrane, and NiV-M has a role in recruiting the attachment glycoprotein to 

sites of assembly. Additionally, the scaffolding role NiV-M negatively affects its 

budding efficiency when assisting G into newly forming viral particles (32, 35). 

Additionally, NiV-M can also block type I IFN antiviral responses by inhibiting IKKε 

activation (36). 

Nucleoprotein: The NiV-N gene is located at the 3’ promoter-proximal domain of the 

genome. Within the NiV particle, NiV-N is the most abundant viral protein (13). NiV-

N forms a herringbone-like structure when expressed alone, has a molecular weight of 

58 kDa, and is a constituent of the RNA nucleocapsid complex. NiV-N binds the RNA 

genome to facilitate transcription and replication of NiV RNA (16, 37). When NiV-N 

is not phosphorylated, levels of transcription and replication of the viral RNA genome 

diminish. However, levels of phosphorylation do not affect nucleocapsid complex 

formation or NiV-N/P/L interactions. The central domain within NiV-N is thought to 

play a role in interactions with NiV-P and NiV-L. Together with the N, P, and L 

proteins, when coupled with the RNA genome, form the ribonucleoprotein complex (16, 

38).  

Phosphoprotein: NiV-P has a predicted molecular weight of 78.3 kDa (39). The NiV-

P gene encodes the phosphoprotein and three accessory proteins: C, V, and W proteins, 
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which are capable of inhibiting the IFN- α /β activity (40-44). The P, V, and W proteins 

possess the same N-terminus region but different C-terminal domains. NiV-P is critical 

for viral replication with an essential role in transcription and translation (40). The V 

protein localizes in the cytoplasm, and W localizes to the nucleus (43). The C and V 

proteins have roles in pathogenicity (17, 45). NiV C, V, and W proteins were observed 

to inhibit minigenome transcription and replication (46). NiV-V protein suppresses 

interferon induction by complexing with STAT1 and STAT2 preventing IFN-α/β-

induced antiviral activity (41, 43). The UBX domain-containing protein 1 (UBXN1) 

interacts with NiV-V, and proteolysis of UBXN1 is suppressed, causing inhibition of 

RIG-I activation and IFN-β induction (47). When the NiV-W protein is localized in the 

nucleus where it can inhibit TLR3 signaling, TLR3 can detect double-stranded RNA, 

which is a resulting genomic product of paramyxoviral replication (41, 48). 

Furthermore, NiV-W, but not NiV-V, can block the activation of IRF3 by preventing 

IKKε gene activation (41, 49, 50). 

Large Polymerase: The NiV-L gene is located furthest from the 3’ promoter, is the 

least transcribed NiV gene and is scarcely detected in infected cells (13). NiV-L is the 

largest protein encoded by NiV and has a molecular weight of 260 kDa and is used for 

initiation, elongation, and termination of mRNA transcripts and replication of the viral 

genome (51). Transcription of the NiV begins with the N, followed by P, M, F, G, and 

L genes. Transcription of each separate gene is controlled by initiation and termination 

sites within the genes. During this process, the polymerase can become detached from 

the template as it proceeds from the stop signal of one gene to the start signal of the 

following gene. This process of detachment and re-initiation produces a transcriptional 



 

8 

gradient wherein the genes most promoter-proximal are transcribed in greater quantities 

(51, 52). 

Viral Particle Morphology: The NiV particles are pleomorphic and are usually 40-600 

nm in size. Particle shape can range from long and filamentous to spherical. (53). 

Additionally, a herringbone-like structure within the viral particle is commonly 

observed and is comprised of assembled NiV-N (37). Recent characterization of NiV-F 

revealed that NiV-F trimers assemble into larger oligomeric configurations capable of 

forming hexamer-of-trimers on viral particles (27).  

Host Cell Receptor: NiV requires host receptor ephrinB2 to bind and enter target cells. 

However, NiV can bind to ephrinB3 as well though NiV has a strong binding affinity 

toward ephrinB2 than eprhrinB3 (Figure 1 and 4) (18). EphrinB2 is a membrane-

anchored receptor tyrosine kinase that is expressed in all mammals and is used for cell-

cell signaling. The B class of ephrins is critical for various forms of development, such 

as cardiac, neural, and vasculogenesis, and in the regulation of axonal guidance and cell 

migration. EphrinB2 is expressed on endothelial, mesenchymal, and vascular smooth 

muscle cells (54, 55). 

 Additionally, heparan sulfate assists NiV entry into target cells. Cells lacking 

heparan sulfate were not as permissive to virus entry or cell-cell fusion. Significantly 

more heparan sulfate binding occurs with NiV-G than NiV-F (56). 

Host Reservoir: NiV as well as the close related HeV are carried by the same major 

host reservoir, the Pteropus genus of large fruit bats “flying foxes.” However, bats 

carrying NiV are asymptomatic of any pathology typically recognized in infected 

mammals (57, 58). Tetherin is thought to inhibit NiV infection in bat cells in a type I 
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IFN-dependent manner and was able to inhibit particle release of NiVLPs (59).  

 Pteropus bats have a broad geographic distribution ranging from Australia to 

Southern Asia and Eastern Africa. Additionally, NiV is carried by a species of bat, 

Eidolon helvum, found in Africa. Recently, there have been reports of bats being 

seropositive for a henipa-like virus in Brazil (60, 61).  

Nipah Virus Transmission: NiV transmission from Pteropus bats, during spillover 

events, usually begins in pigs before entering the human population (62, 63). Though, 

in early NiV outbreaks, spillover events were sourced back to individuals that had 

consumed raw date palm sap from containers left in trees overnight. Bats would feed on 

the pooled sap and leave NiV contaminated saliva, and urine within the containers. (64-

66). Additionally, it was reported that NiV could spread from infected AGM through 

aerosolized droplets (67).  

During the 2001-2014 outbreaks in Bangladesh, NiV human cases had a median 

time between the initial onset of symptoms to the death of 6 days. The median time that 

patients succumbed to the NiV infection was two days after hospitalization. About 33 

% of individuals that contracted NiV had person-to-person contact with an infected 

patient, with the median time between the initial symptoms in the infector to the 

presentation of symptoms in secondary case-patients being about 13 days (6). 

Nipah virus assembly and budding: When NiV-F, G, and M proteins were expressed 

in receptor-negative PK13 cells F, G, and M randomly co-localized on the plasma 

membrane and incorporation of NiV proteins onto VLPs appeared to be stochastic (68). 

NiV-F, G, and M can bud autonomously from transfected cells (32, 69). NiV-F and M 

can increase the budding efficiency of NiV-G. Both NiV-F and M can bud efficiently, 
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however, NiV-G buds significantly less efficiently (Figure 4). Interestingly, when G 

was expressed in the presence of F or M, G’s budding efficiency increased significantly. 

However, an increase to G’s budding efficiency caused a decrease in the budding 

efficiency of F and M. Though F and M increase the budding efficiency of G it remains 

to be determined how levels/ ratios of NiV protein affect particle infectivity (32).  

Nipah virus pathology: A hallmark of paramyxovirus infection is the formation of 

giant multinucleated cells termed syncytia. Syncytium formation can occur when NiV-

F and NiV-G are expressed on the surface of infected or transfected cells (70, 71). After 

NiV-G binds with ephrinB2 and activates NiV-F, the fusion cascade ultimately fuses 

the infected cell and naïve cell membranes. NiV infected tissues can show necrosis and 

vasculitis. NiV infections can spread to the brain, causing encephalitis, which can lead 

to seizures. Furthermore, infection within the epithelium in the lungs can cause 

pulmonary hemorrhage and edema (72, 73).  

 The blood of Syrian hamsters infected with NiV had decreased levels of 

albumin, lactate, and alanine aminotransferase and an increase in magnesium and 

sodium compared to mock-infected hamsters. Surviving hamsters displayed lower 

levels of blood glucose than mock-infected hamsters. (74). Additionally, Syrian 

hamsters infected with the Bangladesh strain of NiV had, in general, disease progression 

that was two days slower than hamsters infected with the Malaysian NiV strain. At 1 

dpi, the Malaysian strain induced a more potent expression of IL-4, IL-6, TNF, and IFNγ 

than the Bangladesh strain. However, from the third dpi and onward IL-4, IL-6, and 

TNF were upregulated in both NiV strains in the lungs. NiV viral titers were detected 

in the brain and spleen but were highest in the lungs. Both NiV strains induced 
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pneumonia with inflammation in the bronchioles. Lesions and hemorrhaging were 

detected in the lungs late in the infection. Syncytia formation was also detected in 

endothelial cells (75). In contrast to the hamsters, AGM infected with the Bangladeshi 

strain of NiV succumbed to the infection sooner and with a higher mortality rate than 

with the Malaysian strain (76). 

Nipah Virus Immunology: The NiV-P, V, and W proteins can hinder IFN-α/β 

production (43, 77). Paramyxoviruses such as the Rubulaviruses and Avulaviruses can 

block the induction of an antiviral state by targeting STAT1 or STAT2 for degradation 

in proteasomes resulting in the repression of type I and II IFN responses (78-81). 

However, the Morbillivirus and Henipavirus V proteins block IFN-α/β signaling 

transduction by blocking STAT1 and STAT2 from localizing to the nucleus by forming 

complexes with STAT1 and STAT2, which ultimately inhibits STAT-mediated 

transcription (82-86). Additionally, NiV-V was shown to inhibit both IFN-γ responses 

(42). NiV-V interacts with UBXN1 to repress proteolysis of UBXN1. UBXN1 activity 

blocks Rig-I-like receptors and mitochondria-associated adaptor molecule-induced 

innate immune responses. By increasing UBXN1 stability, NiV-V can downregulate 

RIG-I activation, thereby inhibiting the induction of IFN-β (47, 87).  

 NiV-C appears to regulate early proinflammatory responses. Hamsters infected 

with NiV lacking the nonstructural C protein (NiV∆C) had increased levels of pro-

inflammatory cytokines compared to hamsters infected WT NiV. Additionally, 

hamsters infected with NiV∆C had more inflammation, and less NiV-N detected in the 

brain, lungs, kidney, spleen, and bladder compared to the WT NiV (44). NiV infection 

in differentiated bronchial epithelial cells upregulated the expression of IFN-λ and 



 

12 

interferon-stimulated genes, which inhibited viral replication; conversely, IFN-β 

signaling was not activated (88). However, primary endothelial cells infected with NiV 

generated a potent IFN-β response, however, despite the antiviral response, NiV virus 

titers increased (89) 

 AGM infected with the Malaysian strain of NiV with 7 µm aerosolized particles 

demonstrated an antibody response at 10 dpi. The infection caused a reduction in lung 

volume for some of the infected AGM at 8 dpi. The surviving AGM produced both IgM 

and IgG neutralizing antibodies titers that continued to increase until 23 dpi against NiV. 

Additionally, AGM infected with a higher dose of NiV produced higher levels of IFN-

γ, compared to the low dose, and IL-1RA, IL-1β, IL-2, and MIP-1β along with many 

other cytokines necessary for an inflammatory response, B, T, and NK cell proliferation 

and activation, and chemotaxis. Furthermore, the increase in GM-CSF, IL-2, IL-4, IL-

5, and MIP-1β was thought to be correlated to an adaptive immune response. Within the 

first 12 days of the infection, there was a substantial decrease in the population of B 

cells in all the AGM. Most AGM displayed an increase in CD4+ T cells. However, in 

the surviving AGM, the population of CD4+ T cells decreased during the infection. 

Furthermore, the survivor had an increase in the CD8dim T cell population as well as 

CD8bright effector T cells. are generated when CD4 is downregulated in CD4+ T cells 

but still possess some CD4 helper capabilities (90). Furthermore, in the acute phase of 

the infection and during convalescence, there was an increase in Ki67+ CD8+ T cells. 

An increase in the expression of Ki67 signals cell proliferating (91). The surviving 

AGM also had an increase in Ki-67+NK cells at 12 dpi that quickly decreased two days 

later, but the total population of NK cells remained elevated until the termination of the 
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study (67, 92). 

 Landrace pigs infected orally with NiV produced neutralizing antibodies at 14 

dpi. The pigs were then challenged 28 days after the initial infection and were 

completely protected from lethal challenge. Before challenge IFN-γ and IL-10 were 

upregulated and only slightly elevated a week after challenge. The PBMCs from the 

infected pigs had upregulated expression of the activation marker CD25 on CD4+CD8+ 

T helper memory cells and CD4-CD8+ cytotoxic T cells (93). Ferrets intranasally 

infected with the Bangladesh strain of NiV had upregulation of macrophage markers at 

5 dpi. Additionally, viral spread continued despite the expression of antiviral genes 

(ISG15, MX1, OAS1, and RSAD2) in the lungs (94). 

In May of 2018, an outbreak of NiV in Kerala India claimed 21 of the 23 infected 

individuals. The immune responses of two human survivors were analyzed. The patients 

had been given ribavirin orally and neither presented encephalitis but only mild 

respiratory illness. The total population of T cells for both patients was within normal 

levels compared to healthy individuals. However, both survivors had an increase in 

activated CD8 T (HLA-DR+/CD38+) cells, of which 30 % expressed the proliferation 

marker, Ki67. Expression of HLA-DR signals T cell activation and CD38+ cells have 

been suggested to signal active viral infections. The population of proliferating CD8 T 

cells also displayed granzyme B and PD-1 markers of acute effector cells and are also 

capable of producing IFN-γ (95, 96). Additionally, antibody-secreting cells had higher 

counts of B cells, and plasmablasts detected in the survivors. Similar to the AGM 

mentioned above, the human survivors displayed anti-NiV IgG and IgM one week after 

the inception of the infection (97). 
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B. Paramyxoviral Fusion Cascade  

Paramyxoviruses require specific receptors on target cells for viral binding and 

entry. Morbilliviruses such as MeV, CDV, and peste des petits ruminants virus (PPRV) 

commonly use SLAM and nectin-4 receptors for entry into epithelial tissue (98-100). 

The Henipaviruses such as Ghana (GhV), NiV, HeV, and Cedar virus (CeV) can all 

utilize ephrinB2 and ephrinB3 as entry receptors. However, CeV can also use A-class 

ephrins for entry (18, 20, 101-107). Heparan sulfate also functions as an attachment 

receptor that aids in the initial interactions of henipavirus glycoproteins to the target 

cell. Cells without heparan sulfate had reduced levels of virus entry or cell-cell fusion. 

NiV-G binds significantly more to heparan sulfate than NiV-F (56). In the genera, 

Avulavirus, Respirovirus, and Rubulavirus, the HN glycoproteins require sialic acid-

containing receptors for binding and entry (108-113).  

The action of two membrane glycoproteins coordinates paramyxovirus fusion. 

The attachment glycoproteins (G, H, HN) are type II transmembrane proteins that form 

tetramers from dimers of dimers (114, 115). Monomers of the attachment glycoprotein 

bind to the host receptor and activate the fusion protein (F) to merge the virus and cell 

membrane. (116-120). 

The paramyxovirus fusion glycoprotein is a tetrameric class I transmembrane 

protein. The core of the fusion protein is composed of heptad repeat regions (HR) HR1 

and HR2 (121-123). The precursor F0 protein must be proteolytically cleaved for F to 

be fusogenically active. Henipavirus fusion proteins are not proteolytically cleaved as 

they are trafficked through the secretory pathway, after synthesis, and must be 

endocytosed to become fusogenically active. Cleavage of the fusion protein positions 
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the fusion peptide at the N-terminal region of the F1 subunit, which permits the fusion 

peptide to harpoon itself into the target membrane after the fusion protein is activated 

(124, 125). Rab5-positive early endosomes traffic NiV-F0 to endosomal compartments 

were F0 is cleaved by cathepsin B/L proteases and is then transported to the cell surface 

in Rab4-positive endosomes (26, 125-129). Fusogenically active F is composed of F1 

and F2 subunits linked by a disulfide bond (130). The fusion proteins of HMPV and 

Sendai virus (SV) are matured into their fusogenically active form by extracellular 

proteases such as trypsin to partake in virus-cell or cell-cell fusion. (131, 132).  

After the attachment glycoprotein binds to its host receptor, it undergoes 

conformational changes that activate F transition from the pre-fusion state to the pre-

hairpin intermediate (PHI) (133, 134). NiV G interacts with NiV F by both the stalk and 

globular head in a bidentate interaction (21). Then F, with the assistance of G, transitions 

from the PHI to the 6-helix bundle; this transition merges the cell and virus membranes 

(135). The formation of the thermodynamically stable post-fusion state of NiV-F is 

essential in order to merge the outer-leaflets of the virus and cell for hemifusion. 

Subsequently, fusion pore formation occurs after the inner-leaflets merge and a pore 

forms and expands, thereby allowing the NiV genome to enter the target cell, beginning 

the infection. For the fusion cascade to proceed to completion, the fusion and attachment 

proteins must dissociate (Figure 2 and 4) (14). Additionally, HeV F requires dissociation 

of the transmembrane domain to allow for fusion to proceed (136). Paramyxovirus 

fusion occurs at the plasma membrane and is a pH-independent process requiring only 

the presence of F and G to initiate fusion. Cell-cell fusion (syncytium formation) occurs 

when F and G are expressed on the surface of infected cells and interact with the host 
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receptor on an adjacent cell. The formation of giant multi-nucleated cells is a hallmark 

of paramyxoviral fusion. This form of transmission spreads the infection with the use 

of cell-free viral particles to adjacent naïve cells (70, 102, 137, 138). Furthermore, the 

minimal and maximal ratios of F to G necessary to execute membrane fusion are 

unknown though a recent study by Birgit et al. suggests that a higher proportion of NiV 

F hexamers may be optimal for NiV fusion (27).  
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C. Other Myxoviruses  

Myxoviruses are comprised of the RNA viruses from both orthomyxoviruses and 

paramyxoviruses families  

A wide variety of symptoms can identify myxovirus infections. Newcastle disease 

virus (NDV), also known as avian paramyxovirus 1, in the genus Avulavirus, presents 

clinical signs in birds including diarrhea, lesions in the brain, kidney and pancreas,  head 

tremors and ataxia (139). NDV has been responsible for significant economic loss in 

the poultry industry (140).  

HPIV 1-3, from the Rubulavirus family, are of significant concern to human health. 

HPIV infections are usually self-limited and cause bronchiolitis, croup, and pneumonia 

in children. HPIV 1-3 are responsible for a high mortality rate in immunocompromised 

adults and young children (141-143). In the U.S., HPIV related pneumonia was 

responsible for an annual 10,100 hospitalizations in children younger than five years 

(144). Mumps virus (MuV) causes painful swelling of the parotid gland, scrotum in 

males, and breasts in females. Individuals infected with MuV also experience nausea, 

vomiting, headaches, and fever (145). MuV can also cause a reduction in testes size and 

infertility in men and premature menopause and infertility in women. However, cases 

of infertility due to MuV are rare (146-148).  

MeV and its persistent cell-cell only variant, Subacute sclerosing panencephalitis 

(SSPE), can cause life-threatening infections in young children. Following the initial 

MeV infection, after six years on average, SSPE causes demyelination within the central 

nervous system leading to increasingly severe neurological degeneration culminating in 

death within four years (149, 150). Additionally, MeV elicits acute immune suppression 

by infecting memory B, T, and plasma cells, virtually eliminating the antibody 
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repertoire against other pathogens (151). Clinical signs of CDV infections are diarrhea, 

vomiting, respiratory distress, and neurological symptoms, including ataxia and 

convulsions (152). CDV infection in the CNS can cause demyelination in the white 

matter and syncytium formation leading to neuropathology (153-155). Feline 

morbillivirus is a newly emerging virus thought to cause chronic kidney disease and 

tubular intestinal nephritis in cats (156, 157).  

Atlantic salmon can be infected by Atlantic salmon paramyxovirus from the 

Aquaparamyxovirus genus. Infection in the gills induces respiratory distress and a 40 % 

mortality rate in salmon farms (158). Peste des petits ruminants virus (PPRV), a highly 

contagious Morbillivirus that commonly infects goat and sheep, causing necrotic lesions 

in epithelial cells and lymphoid tissue (159). PPRV also causes fever, ocular, and nasal 

discharge, and has a mortality rate of 70-80% in infected ruminants (160). 

There are also the infectious influenza viruses, types A, B, and C. Within this work 

(Chapter 5), we utilized Influenza A virus (IAV) in the characterization of a broad-

spectrum antiviral, XM-01. Additionally, we created an XM-01-inactivated Ca/04/2009 

H1N1 vaccine and tested its efficacy in mice. IAV is a common respiratory pathogen in 

humans which can be fatal. Annual outbreaks can result in up to 650,000 deaths 

worldwide (161). The natural host reservoirs of IAV are poultry and wild birds, typically 

waterfowl (162). The IAV genome is composed of eight single-strands of negative-

sense RNA that generate 11 viral proteins (163). Due to IAV’s segmented genome, a 

reassortment of IAV genes can cause an antigenic shift and the creation of a new 

subtype. IAV uses HA, a type I transmembrane homotrimer glycoprotein (164), to 

facilitates the binding of IAV to terminal sialic acid moieties on target cells (165). After 
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endocytosis, the viral particle is transported to the perinuclear region. Fusion is 

facilitated by HA in acidic endosomes, where IAV merges the viral membrane to the 

endosomal membranes (166). The IAV genome is then imported into the nucleus where 

the viral genome is replicated (167).  

Most IAV vaccines present the HA protein as the main antigenic target to develop 

humoral immunity. However, due to the high number of HA subtypes and the lack of 

RNA polymerase proof-reading activity, there is a great deal of sequence variability in 

the HA protein (168). Ultimately, this causes HA-based vaccines to vary in efficacy. 

For example, in the U.S., the 2014-2015 influenza vaccine was only 19% effective 

against circulating strains of influenza (169). Recently, NA has become a more valuable 

target for vaccines due to NA being more conserved and can confer cross-reactive 

protection within subtypes (170).  

Annual vaccinations against IAV have had success at reducing the mortality rates 

and the severity of infections compared to unvaccinated individuals (171). However, 

IAV vaccines are usually only 40-60% effective at preventing infections (172). 

Additionally, anti-IAV compounds are also available to reduce the severity of IAV 

infections. For example, neuraminidase inhibitors, such as oseltamivir and zanamivir, 

are compounds that prevent the release of newly formed viral particles by inhibiting the 

cleavage of sialic acid moieties that anchor IAV particles to the infected membrane 

(173). Additionally, Amantadine and Rimantadine, are compounds that prevent the 

acidification of IAV containing endosomes, ultimately inhibiting the uncoating of the 

virion in endosomes by hindering protons from being transported through the M2 

protein channel (174). Despite the effectiveness of these approved IAV antivirals, 
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antigenic shift, and mutations that induce resistance to antivirals underscore the need 

for improved broad-spectrum antivirals (175).  

The binding of IAV is localized in lipid rafts, and disruption of these domains with 

MβCD significantly reduced viral binding and endocytosis. However, IAV can be 

endocytosed by a different cellular process such as caveolin-independent endocytosis, 

clathrin-dependent/independent endocytosis, and macropinocytosis (176, 177). IAV 

assembles newly forming viral particles at the surface of infected cells and utilizes lipid 

raft domains as sites of release. The HA and NA glycoproteins but not the M2 protein 

were observed to localize in domains rich with the lipid raft marker GM1 (178, 179). 

The M2 protein of IAV facilitates viral budding in an ESCRT-independent manner, and 

M2 has been reported to bind cholesterol, but mainly localizes in the non-raft domains 

of the plasma membrane. This suggests that M2 is located at the interface between the 

raft and non-raft domains. This is probably due to M2’s role in membrane scission 

needed to release nascent viral particles (180). Direct cholesterol depletion of the IAV 

particle was reported to decrease infectivity. However, when target cells were depleted 

of cholesterol with MβCD, IAV entry still occurred (181, 182). Additionally, 

sequestration of membrane cholesterol from IAV infected cells induced an increase of 

released viral particles; however, these released particles possessed a compromised 

morphology and a reduction in infectivity. Conversely, the addition of exogenous 

cholesterol reduced particle release (183) 
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D. Small-compound Antivirals Against Paramyxoviruses Fusion and Replication 

Several small-molecule antivirals have been discovered and characterized against 

paramyxovirus fusion. For example, small non-peptide mimics, CSC11 and CSC7, 

interacted with the active site of HPIV3 HN and induced premature activation of HPIV3 

F. Treatment of CSC7 and CSC11 at 3 mM in HIPIV3 infected HAE cells reduced viral 

titers by ~75% and ~100%, respectively. These compounds did not inhibit receptor 

binding but were found to prematurely activate the HN/F fusion mechanism before 

receptor binding (184). Using conformational antibodies against HPIV3 to measure the 

activity of CSC11, improved versions of CSC11 were produced. The improved 

compound, CM9, had significantly improved inhibitory activity (IC50 = 920 µM) 

compared to CSC11 (IC50 = 2000 µM). A 3 mM treatment of CM9 completely inhibited 

HPIV3 infection of both laboratory and clinical strains. Structural antibody analysis 

revealed that CM9 induced F to transition into the 6HB state (185).  

There have also been reports of antiviral compounds that are effective against 

the influenza virus being excellent inhibitors of paramyxoviral entry. One such instance 

is Zanamivir, a neuraminidase inhibitor, against HPIV3 infections. Pre-incubation of 

HPIV3 with Zanamivir during adsorption resulted in a decrease in plaque numbers but 

not the size of the plaques. It was postulated that Zanamivir has an affinity toward sialic 

acid binding sites and the NA active site, which caused a reduction in HPIV3 infectivity 

(186). However, Zanamivir enhanced the HN receptor avidity in NDV entry, due to the 

occupation of binding site I by Zanamivir, which activated the HN binding site II which 

caused a higher receptor avidity (187). Nevertheless, Zanamivir is an effective inhibitor 
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of HPIV and NDV NA activity, but NDV is resistant to Zanamivir’s inhibitory effects 

in receptor binding and viral entry (188).  

A novel antiviral method aimed at reducing viral binding used heparan sulfate 

(HS) to block the binding of HMPV. Infection was reduced in BEAS-2B cells when 

pretreated with sulfated iota-carrageenan before infection with HMPV. This reduction 

in infectivity was due to iota-carrageenan competing with F for HS binding sites. Highly 

sulfated K5 derivatives that possess a heparan-like structure were able to inhibit the 

ability for HMPV to bind HS (189). Additionally, NiV pseudotyped particle binding to 

target cells was inhibited when either the virus or cells were pretreated with heparin 

(56). Furthermore, an HRA2 analog peptide expressed in Nicotiana tabacum plants was 

an effective inhibitor of HMPV binding to HS (190).  

Additionally, small molecules used to treat MeV infections have been 

characterized. For example AM-4, a compound that targets MeV F protein had an IC50 

of 260 nM against MeV (191). Despite its high inhibitory activity AM-4 had a short 

half-life. Structural optimization of AM-4 led to the development of a more stable 

compound, AS-48, which effectively inhibited several MeV genotypes (IC50 = 0.6-3.0 

µM) (192-194). Interestingly, mutations to the MeV-F HRB region granted MeV 

resistance to AS-48 and FIP, a fusion inhibitor peptide, without negatively affecting 

membrane fusion. However, after several passages of the MeV without the selective 

pressure of FIP, MeV-F reverted to the wild-type sequence. This suggests that the 

beneficial MeV-F mutations against FIP came at the detriment of viral fitness (195-

197).  
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Some of the most effective antivirals are the LJ and JL series of antivirals. LJ001 

is a lipophilic thiazolidine derivative requiring light for activation and, in the presence 

of oxygen, produces singlet oxygen (1O2) free radicals. 1O2-induced allylic 

hydroxylation in unsaturated fatty acid chains stimulates trans-isomerization and the 

addition of a hydroxyl group in the lipid bilayer. LJ001 inserts into the viral membrane 

and by a singlet oxygen (1O2) mechanism caused an increase in lipid packing density, 

thereby reduce membrane fluidity which ultimately reduced virus-cell fusion. LJ001 has 

shown to be effective at reducing the viral spread between fish in an aquaculture 

environment. LJ001 is effective at inhibiting a variety of enveloped viruses: 

arenaviruses, bunyaviruses, filoviruses, flaviviruses, HIV-1, Influenza A, 

paramyxoviruses, and poxviruses. Treatment with LJ001 leaves the virus intact and but 

inhibited the viral particle from fusing (198, 199).  

In addition to antivirals that inhibit paramyxovirus fusion, some compounds can 

inhibit the replication of NiV. The prodrug Favipiravir requires host cell enzymes in 

order to be converted to the triphosphate form by phosphoribosylation. in order to inhibit 

viral RNA-dependent RNA polymerases (200). Favipiravir was shown to inhibit 

replication in vivo at low micromolar concentrations and was most effective when cells 

were treated immediately after infecting the target cells. Syrian hamsters infected with 

NiV and immediately treated with subcutaneous administration of Favipiravir, followed 

by daily subcutaneous treatments, were completely protected from the lethal challenge 

and resulted in undetectable levels of viral titers in the brain, spleen, and lungs (201).  

Remdesivir is a prodrug adenosine nucleoside analog that delays the chain-

termination during RNA synthesis (202). Remdesivir was tested against NiV in vitro 
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and in NiV infected AGM and was able to completely protect the treated animals after 

lethal challenge. However, the viral titers detected in the nose and throat were similar 

in both treated and control animals (203, 204).  
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E. Cholesterol 

Cholesterol is a hydrophobic, amphipathic molecular with a weight of 386.865 da and 

is a major component of membranes. Cholesterol is composed of fused tetracyclic rings 

with an iso-octyl carbon chain at carbon 17 and a hydroxyl group located on carbon 3 

(205). Cholesterol encompasses 20-25% of the plasma membrane and is an essential 

constituent of lipid raft domains and induces membrane-packing and increase 

membrane stability (206, 207). High levels of membrane cholesterol decrease 

permeability and reduce the degree of motion in phospholipid fatty acid chains (205). 

The source of cellular cholesterol comes from de novo synthesis in the endoplasmic 

reticulum (~70%) and through diet (~30%) (208). Moreover, cholesterol is a common 

precursor of other steroids and vitamin D (209).  

Several studies have demonstrated the roles of cholesterol in viral-cell and cell-cell 

fusion (181, 210-212). Cholesterol can also influence viral replication, egress, assembly 

and budding from infected cells (213-216). Precisely, lipid rafts which are cholesterol-

rich domains have been associated in both viral fusion and entry (217). For more 

information on the role of membrane cholesterol in viral fusion and egress see chapters 

3 and 4 of this work.  
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ABSTRACT 

Glycosylation is a biologically important protein modification process by which a 

carbohydrate chain is enzymatically added to a protein at a specific amino acid residue. 

This process plays roles in many cellular functions, including intracellular trafficking, 

cell-cell signaling, protein folding, and receptor binding. While glycosylation is a 

common host cell process, it is utilized by many pathogens as well. Protein 

glycosylation is widely employed by viruses for both host invasion and evasion of host 

immune responses. Thus, a better understanding of viral glycosylation functions has 

potential applications for improved antiviral therapeutic and vaccine development. 

Here, we summarize our current knowledge on the broad biological functions of glycans 

for the Mononegavirales, an order of enveloped negative-sense single-stranded RNA 

viruses of high medical importance that includes Ebola, Rabies, Measles, and Nipah 

viruses. We discuss glycobiological findings by genera in alphabetical order within each 

of eight Mononegavirales families, namely the bornaviruses, filoviruses, 

mymonaviruses, nyamiviruses, paramyxoviruses, pneumoviruses, rhabdoviruses, and 

sunviruses.   
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INTRODUCTION 

Glycosylation is a common cellular protein modification process whereby 

carbohydrates (glycans) are attached to specific amino acid side chains in proteins, 

resulting in glycoproteins. Cellular glycan functions include protein trafficking and 

folding, cellular differentiation, receptor binding, cell-cell interactions, and cell 

signaling. Additionally, glycosylation is utilized by many pathogens in host cell 

invasion and immune system evasion (218). Many viruses rely on specific host cell 

glycosylation patterns for binding to the cell and/or viral entry, as is well documented 

for both influenza virus and human immunodeficiency virus (HIV) (219). Viruses, 

through their reliance on hijacking host cell machinery for their own reproductive needs, 

also use host cell machinery to glycosylate their own glycoproteins. These virally 

encoded, cell-executed glycoproteins have the added benefit of being more likely 

recognized as “self” proteins by the host immune system, thus helping “hide” the virus 

from host defenses (220-222). Viral glycoproteins then contribute to multiple viral 

functions, including viral entry and immune evasion (223). This has been well 

characterized in viruses such as HIV, where glycosylation protects the virus from 

antibody neutralization (220, 224-226), and for influenza virus, where glycosylation 

modulates virulence and immune system targeting (218, 227-234). Functions of 

glycosylation in other viral systems, however, remain relatively less characterized. 

There are two main protein glycan modification types utilized by viruses. The 

first type, N-linked glycosylation, occurs when an N-acetylglucosamine (GlcNAc) 

sugar is covalently attached to an asparagine (N) residue within the predicted sequence 

N-X-S/T, where N is asparagine, X is any amino acid other than proline, and S/T is a 
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serine or threonine residue (235). The N-X-S/T motif is necessary but not sufficient for 

glycosylation, as not all ectodomain N-X-S/T sites are N-glycosylated. Factors such as 

stable conformation adoption, localization of the protein, and N-X-ST site accessibility 

to solvent likely play roles in determining whether a site is N-glycosylated (236, 237). 

N-glycans are attached to proteins in the endoplasmic reticulum (ER) early in the protein 

synthesis process when glycosyltransferases transfer a high mannose carbohydrate core 

onto the protein. Further modifications occur as the glycoprotein progresses through the 

ER and the Golgi apparatus as additional carbohydrate residues are added and trimmed. 

N-glycans can be further processed in the Golgi apparatus and identified as high-

mannose, hybrid, or complex, depending on their carbohydrate content and branching 

(219, 235, 238) (Figure 2A).  
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Figure 2. Glycosylation schematic 

(A) Diagram of high-mannose (left), complex (center), and hybrid (right) N-glycans. 

(B) Diagram of the four main O-glycan core types. (C) Differences between N- and O-

glycans. 

 

The second type of glycosylation, O-linked glycosylation, can occur at S or T 

residues, though most S or T residues are not glycosylated; thus, O-glycosylation sites 

are relatively more difficult to predict than N-glycosylation sites. O-glycans have an N-

acetylgalactosamine (GalNAc) sugar linked through an O-linkage (hence the structural 

term O-glycan) to the free hydroxyl group of the S or T residue (239). Additional sugars 

are then added by numerous glycosyltransferases, resulting in the formation of different 

core structures, which can then be further modified (240). The four most common core 

structures are shown in Figure 2B. O-glycosylation occurs post-translationally in the 

Golgi apparatus, and unlike N-glycosylation, sugar residues are added one by one 

instead of in a block (Figure 2C). As a result, O-glycans tend to be smaller and less 

branched than N-glycans (241-243). 

Each strategy in the study of glycosylation has advantages and disadvantages. 

For example, mass spectrometry can yield valuable chemical information, but often 

requires quantities of protein that may be impractical for some viral studies (244). Cells 

can be treated with enzyme inhibitors, such as tunicamycin, a chemical that inhibits N-

glycan synthesis within the ER, through chemical treatment. However, in addition to 

blocking glycosylation, tunicamycin may have other undesirable side effects within the 

cell, such as protein misfolding (245). There are also enzymes available for studying 

glycan composition. Peptide-N-glycosidase F (PNGase F) cleaves all N-glycans from 

proteins. Endoglycosidase H (endo H) cleaves high mannose oligosaccharides and 

hybrid N-glycosylation sites, but not complex N-glycans. Endoglycosidase F (endo F) 
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cleaves complex glycans, leaving high mannose glycans intact (235, 246). Additionally, 

O-glycosidase can remove O-glycans (239, 247). Proteins, such as lectins, are additional 

tools that specifically bind certain types of glycans or antibodies against specific 

carbohydrates (244). Other strategies involve mutating the N-X-S/T sequence via site-

directed mutagenesis, usually by mutating the N conservatively to a Q (glutamine), 

though mutations of N to S (serine), N to A (alanine), or S/T to G (glycine) are published 

as well (248-252). An additional strategy is the use of glycosylation-defective cell lines 

to study glycan effects (253). Viruses or viral glycoproteins lacking some or all glycans 

can then be used for a variety of studies, and results compared to those obtained using 

fully glycosylated virus or viral glycoproteins. Noteworthy, different cell types have 

different sets of glycosylation and de-glycosylation enzymes, thus introducing another 

level of variability to the study of glycan functions (254). 

The Mononegavirales order is comprised of negative-sense single-stranded 

RNA viruses. This order currently contains eight viral families encompassing thirty-six 

genera and over a hundred known species. The families are: bornaviridae (e.g. borna 

disease virus), filoviridae (e.g. Ebola and Marburg viruses), mymonaviridae (e.g. 

sclerotimonavirus), nyamiviridae (e.g. nyavirus), paramyxoviridae (e.g. measles, 

mumps, and Nipah, viruses), pneumoviridae (e.g. human respiratory syncytial virus and 

human metapneumovirus), rhabdoviridae (e.g. rabies virus), and sunviridae (e.g. 

Sunshinevirus) (255) (Figure 2). Though these viruses have vastly differing hosts and 

tissue tropisms, they all share a similar genomic organization consisting from 3’ to 5’ 

ends of: core protein genes, envelope glycoprotein genes, and RNA-dependent RNA 

polymerase gene (256, 257). Evidently, all Mononegavirales virions are enclosed by 



 

33 

host cell-derived membrane envelopes (256). Here we summarize the known functions 

of N- and O-linked glycans for the Mononegavirales and discuss their frequently 

underestimated importance. 

 

Figure 3. Diagram of the Mononegavirales order. 

The phylogenetic tree was built after obtaining the RNA polymerase/large protein 

sequences of the viruses from the NCBI Protein Database. The protein sequences were 

aligned by using the COBALT Multiple alignment tool, by the fast-minimum evolution 

method and visualized using Figtree. The virus names and GenBank accession numbers 

are as follows: Bornaviridae—Borna disease virus 1 (BoDV-1; NP_042024), 

Filoviridae—Marburg virus (MARV; YP_001531159), Lloviu virus (LLOV; 

YP_004928143.1), Zaire ebola virus virus (EBOV; NP_066251.1), Mymonaviridae—

Sclerotinia sclerotiorum negative-stranded RNA virus 1 (SsNSRV-1; 20996185), 

Nyamiviridae—Nyamanini virus (NYMV; YP_002905337), Pteromalus puparum 

negative-strand RNA virus 1 (PpNSRV-1; APL97667.1), Soybean cyst nematode virus 

(SbCNV-1; AEF56729), Paramyxoviridae—Avian paramyxovirus 1 (APMV-1; 

NP_071471), measles virus (MeV; NP_056924), Mumps virus (MuV; NP_054714), 

Nipah virus (NiV; AAK50546.1), Sendai virus (SeV; NP_056879), Atlantic salmon 

paramyxovirus (AsaPV; ABX57743.1), Fer-de-Lance virus (FDLV; AAN18266.1), 

https://www.ncbi.nlm.nih.gov/protein/NP_042024
https://www.ncbi.nlm.nih.gov/protein/YP_001531159
https://www.ncbi.nlm.nih.gov/protein/YP_004928143.1
https://www.ncbi.nlm.nih.gov/protein/NP_066251.1
https://www.ncbi.nlm.nih.gov/protein/YP_002905337
https://www.ncbi.nlm.nih.gov/protein/APL97667.1
https://www.ncbi.nlm.nih.gov/protein/AEF56729
https://www.ncbi.nlm.nih.gov/protein/NP_071471
https://www.ncbi.nlm.nih.gov/protein/NP_056924
https://www.ncbi.nlm.nih.gov/protein/NP_054714
https://www.ncbi.nlm.nih.gov/protein/AAK50546.1
https://www.ncbi.nlm.nih.gov/protein/NP_056879
https://www.ncbi.nlm.nih.gov/protein/ABX57743.1
https://www.ncbi.nlm.nih.gov/protein/AAN18266.1
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Pneumoviridae—human respiratory syncytial virus-A2 (HRSV-A2; NP_056866), 

Avian metapneumovirus (AMPV; YP_443845), Rhabdoviridae—rabies virus (RABV; 

NP_056797), Tupaia virus (TUPV; YP_238534.1), Drosophila affinis sigmavirus 

(DAffSV; KR822811.1), pike fry rhabdovirus (PFRV; ACP28002.1), Niakha virus 

(NIAV; AGO44084.1), vesicular stomatitis Indian virus (VSIV; NP_041716), eel virus 

European X (EVEX; AHD46104.1), bovine ephemeral fever virus (BEFV; 

NP_065409), Coastal Plains virus (CPV; ADG86364.1), lettuce necrotic yellow virus 

(LNYV), orchid fleck virus (OFV; NC_009609.1), Datura yellow vein virus (DYVV; 

AKH61406.1), lettuce big-vein-associated virus (LBVaV; JN710440.1), Arboretum 

virus (ABTV; AHU86500.1), Flanders virus (FLAV; AAN73288.1), Kumasi 

rhabdovirus (KRV; YP_009177014.1), Curionopolis virus (CURV; AIE12119.1), 

infectious hematopoietic necrosis virus (IHNV; NP_042681), Sunshinevirus—Sunshine 

Coast virus (SunCV; YP_009094051.1). 

 

Bornaviridae  

Within the Bornaviridae family, there is only the genus Bornavirus, which 

includes the Borna disease virus (BDV). BDV has been shown to infect a wide range of 

vertebrates, causing encephalitis and behavioral abnormalities (258-260). Although its 

pathogenicity in humans is controversial, possible links to depression, schizophrenia, 

multiple sclerosis, chronic fatigue syndrome, and aggressive brain tumors have been 

suggested (258, 259, 261). Tunicamycin treatment inhibited production of infectious 

BDV, and glycosidase treatment eliminated virus infectivity, suggesting that glycans 

play a significant role in BDV pathogenicity (262). There are two reported glycosylated 

BDV proteins. The first is gp18 (or p16), which was initially suggested to be an integral 

membrane matrix-like glycoprotein (263, 264). Gp18 was later proposed to be non-

glycosylated and to only line the inner leaflet of the lipid bilayer, as do the typical 

cytoplasmic matrix proteins of the Mononegavirales (265). Gp18 is suggested to be 

essential for infection and includes epitopes important for virus neutralization (263, 264, 

266). Both lectin binding and endoglycosidase digestion assays have shown the matrix 

protein to be N-, but not O-glycosylated (266). The specific effects of these N-glycans 

https://www.ncbi.nlm.nih.gov/protein/NP_056866
https://www.ncbi.nlm.nih.gov/protein/YP_443845
https://www.ncbi.nlm.nih.gov/protein/NP_056797
https://www.ncbi.nlm.nih.gov/protein/YP_238534.1
https://www.ncbi.nlm.nih.gov/nuccore/KR822811.1
https://www.ncbi.nlm.nih.gov/protein/ACP28002.1
https://www.ncbi.nlm.nih.gov/protein/AGO44084.1
https://www.ncbi.nlm.nih.gov/protein/NP_041716
https://www.ncbi.nlm.nih.gov/protein/AHD46104.1
https://www.ncbi.nlm.nih.gov/protein/NP_065409
https://www.ncbi.nlm.nih.gov/protein/ADG86364.1
https://www.ncbi.nlm.nih.gov/nuccore/NC_009609.1
https://www.ncbi.nlm.nih.gov/protein/AKH61406.1
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https://www.ncbi.nlm.nih.gov/protein/AHU86500.1
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https://www.ncbi.nlm.nih.gov/protein/NP_042681
https://www.ncbi.nlm.nih.gov/protein/YP_009094051.1


 

35 

in BDV infection and potential neutralization, however, are still unknown. The second 

glycosylated protein in BDV is the G glycoprotein (p56), which is thought to have roles 

in receptor binding and viral entry. BDV G has been shown to contain N-glycans, but 

no O-glycans, and the specific functions of the N-glycans remain unknown (267, 268).  

 

Filoviridae 

The filovirus family comprises the Ebolavirus, Marburgvirus, and Cuevavirus 

genera. Ebolavirus and Marburgvirus infections cause severe hemorrhagic fever with 

mortality rates of up to 90% (269-271). These viruses are classified as biosafety level 4 

pathogens due to their high mortality rates and scarcity of approved treatments or cures. 

The recent 2014 Ebola outbreak in Africa had > 28,000 infected individuals and > 

11,000 deaths, highlighting the need for further study of these deadly viruses (272). The 

filoviruses rely on a single glycoprotein (GP) for both binding to host cells and viral-

cell membrane fusion leading to viral entry (122, 273). GP is cleaved by cathepsins B 

and L into two subunits linked by a disulfide bond: GP1, which binds host cells, and 

GP2, which executes membrane fusion (122, 274-276). There is also a soluble small 

form of the glycoprotein, sGP, whose function is still largely unknown, but is suspected 

to act in immune evasion as a decoy for antibody binding (269, 277).  

Ebolavirus  

Ebola virus (EBOV) GP1 has four domains: a base, receptor-binding domain, 

glycan cap domain consisting of only N-linked glycan sites, and a mucin-like domain 

(MLD), which is heavily O-glycosylated, though it contains N-glycans as well (278-

283). It has been suggested that the thick glycan layer created around GP by the glycan 
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cap and MLD helps in antibody evasion (280). In support of this hypothesis, mutation 

of two N-glycosylation sites increased immunogenicity, possibly by unmasking 

epitopes normally covered by glycans (284). 

Remarkably, all fifteen N-glycosylation sites from GP1 have been successfully 

mutated concurrently without affecting GP expression (278). N-glycan removal did, 

however, increase protease sensitivity, antibody sensitivity, and transduction of 

pseudotyped virions into cells, suggesting that N-glycans protect against proteases and 

shield against antibody immune responses at the expense of viral entry efficiency (278). 

Single N-glycosylation site mutations asparagine to aspartate (N to D), however, were 

found to have similar processing, expression, and transduction levels as wild type virus 

(285). One mutant, N40D, did display less processing and no transduction. Loss of the 

same N-glycan via a T42D mutation, however, did not result in an altered phenotype, 

suggesting that the effects observed for the N40D mutant were most likely due to a 

change in protein conformation (as this site is near a cysteine residue), and not due to 

loss of the N-glycan itself (285). Additionally, D is not the most ideal substitution since 

it introduces a negative charge in addition to the loss of the N-glycan. A separate study, 

however, found T42A or N40K mutants to be cathepsin B resistant, suggesting that the 

N40 glycan is important for GP cleavage and processing (286). Additionally, the amount 

of N-glycan processing can also determine which receptors GP will bind. High mannose 

N-glycans allow DC-SIGN lectin binding (279, 287, 288), while the lectin LSECTIN 

does not recognize high mannose glycan forms (289) and has been shown to bind 

truncated N-glycans (279). Thus, N-glycans clearly play a role in receptor binding and 

proper GP cleavage, and these functions may or may not have a direct role in viral entry 
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by modulating receptor-induced membrane fusion.  

In comparison to N-glycan removal, deletion of the O-glycan rich MLD had 

more prominent effects. Deletion of the entire MLD resulted in increased processing, 

incorporation, and viral entry using a retroviral system expressing Ebola virus GP. 

Deletion of this O-glycan rich region also decreased cellular detachment capabilities, 

abolished cytopathic effects both in vitro and in vivo, and reduced immune responses in 

mice (284, 285, 290, 291). However, since the MLD region is 188 amino acids in length, 

it is possible that deletion of this region affected the GP conformation (292). In virus-

like particles (VLPs) studies, immunization of mice with VLPs expressing full-length 

GP elicited higher antiviral titers than immunization with VLPs expressing an MLD 

deleted GP (293). Additionally, epitopes of protective monoclonal antibodies (MAbs) 

were mapped to a domain C-terminal of the GP O-glycan rich region (294). The use of 

two different models, a retroviral system and VLPs, both highly suggest the MLD is 

important for an immune response, at least in mice, in addition to playing roles in viral 

infectivity. It should be noted that many of these studies deleted the entire O-glycan 

region, and thus, it remains unclear if the loss of O-glycans and/or the loss of the amino 

acid backbone caused the observed effects. In addition, there are N-glycans within the 

MLD that may partially contribute to the phenotypes observed.  

The GP2 subunit contains two N-glycosylation sites conserved among all five 

Ebola virus species (277, 285). Deletion of one of the two N-glycosylation sites 

decreased immunogenicity in mice, possibly by disrupting the dimerization of GP1 and 

GP2 (284). Interestingly, sGP uses five of its six potential N-glycosylation sites and 

contains no O-glycans (277, 295). The sGP N-glycans are more processed (containing 
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more complex carbohydrates) than those on GP1, but the reasons for these differences 

in processing are still undetermined (277, 278). Since sGP is suspected to act as an 

immune system decoy, it would be interesting to investigate whether these sGP N-

glycans play an immunity role. 

Marburgvirus 

Marburg virus contains similar numbers of N and O-glycans as Ebola virus 

(296). While many of the N-glycans on Ebola virus are complex, Marburg virus contains 

mainly high mannose and hybrid N-glycans that lack terminal sialic acids (281, 297). 

The reasons or effects of these differences among these filoviruses, however, have yet 

to be elucidated, as some of these differences may be a consequence of the different cell 

lines used to study the different viruses. 

Cuevavirus  

Lloviu virus (LLOV) is the first discovered member of the new Cuevavirus 

genus. LLOV was isolated in Cueva de Lloviu, Asturias, Spain after a major die-off of 

Schreiber’s bats (298). Similarly to Ebola and Marburg virus, Lloviu requires NPC1 (an 

endosomal membrane protein Niemann-Pick disease type C1, used for transport of 

cholesterol to cellular membranes) to mediate viral entry (299, 300). Vesicular 

stomatitis virus (VSV) pseudotyped virions bearing LLOV GP (VSV-LLOV) yielded a 

transduction efficiency comparable to Ebola and Marburg viruses (299, 301). Sequence 

analysis of LLOV GP showed it to contain N-glycans at both the N-terminus of GP1 and 

C-terminus of GP2. Treatment with PGNase F also suggested that LLOV GP1 contains 

a high number of N-glycans, similar to Ebola and Marburg viruses. However, the 

functions of these glycans are unknown. 
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Summary for Filoviridae 

Both Ebola and Marburg viruses are heavily glycosylated by both N and O-

glycans, suggesting an extreme importance for these secondary modifications. With less 

research done on Marburg and Lloviu viruses, it is difficult to determine if the functions 

of these glycans demonstrated for Ebola virus are conserved among the Filoviridae. It 

is interesting to note that the Ebola virus N-glycans do not appear to play important 

roles in cell surface expression (CSE), a difference from other mononegaviruses such 

as many paramyxoviruses. However, filovirus N-glycans do seem to modulate protease 

sensitivity and thus protein processing. It appears that the O-glycan rich region is 

involved more heavily in many of these functions, but since most studies so far deleted 

this entire region, it remains to be determined whether the O-glycans themselves are 

responsible for the phenotypes observed.  

 

Mymonaviridae 

Sclerotinia sclerotiorum negative stranded RNA virus 1 (SsNSRV-1) is the 

only known member of the Sclerotimonavirus genus. SsNSRV-1 was isolated in China 

from a fungal plant pathogen, Sclerotinia sclerotiorum, and has a filamentous viral 

particle shape. Importantly, to our knowledge, this is the first fungus-infecting 

mononegavirus discovered. The open reading frames were analyzed and all six 

proteins were determined to have multiple potential N-glycosylation sites, but it is 

unknown if they are used (302).  

 

Nyamiviridae 
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This family has three genera: Nyavirus, Socyvirus, and Peropuvirus. To our 

knowledge, no glycan identification or functional studies have been done for any 

members of the Nyamiviridae family.  

 

Nyavirus 

This genus is currently comprised of Nyamanini virus (NYMV), Midway virus 

(MIDWV), and Sierra Nevada virus (SNVV) (257). NYMV and MIDWV viruses are 

tick-borne and are not known to cause disease in humans or animals, however they can 

infect birds (256). SNVV was isolated after an outbreak of epizootic bovine abortions 

transmitted by Ornithodoros coriaceus ticks in northern California (303). Putative 

glycosylation sites for SNVV have not been described. Both NYMV and MIDWV are 

predicted to have multiple glycosylation sites on the ORF V. NYMV has one putative 

O-linked and eight potential N-linked glycosylation sites in the ORF V (G). The 

MIDWV ORF V is predicted to have 6 N-linked glycosylation sites on its ORF V (G) 

(304). 

Socyvirus 

The soybean cyst nematode virus-1 (SbCNV) belongs to the Socyvirus genus 

and was discovered in the plant parasitic nematode. SbCNV has an ORF IV sequence 

with one potential N-glycosylation site (305, 306).  

Peropuvirus 

This is the newest genus to this family, which consists of the Pteromalus 

puparum negative-strand RNA virus 1 (PpNSRV-1). PpNSRV-1 was found in tissues 

of the parasitoid wasp, Pteromalus puparum, and may be transmitted vertically through 
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infected wasps. The ORF IV protein contains seven putative O-linked and four putative 

N-linked glycosylation sites (307).  

 

Paramyxoviridae 

The Paramyxoviridae family contains many veterinary and medically important 

viruses such as measles virus (MeV), avian paramyxovirus (APMV-1), parainfluenza 

viruses (PIV), and the deadly Nipah (NiV) and Hendra (HeV) viruses. These viruses 

rely on the coordinated efforts of two envelope glycoproteins to enter cells via a viral-

cell membrane fusion event (Figure 4A). Additionally, paramyxoviral glycoprotein-

induced membrane fusion does not require a drop in pH, as many other viral families 

do. The same two glycoproteins execute cell-cell fusion (syncytia) events (Figure 4B), 

believed to be a pathway for the virus to spread between host cells without being 

intercepted by the immune system (308). Binding of the attachment glycoprotein (HN, 

H, or G) to a cell surface receptor triggers the fusion glycoprotein (F) to insert itself into 

the host cell membrane, facilitating viral-cell membrane fusion (308, 309). For F to 

become biologically active, the precursor (F0) is either transported through the trans-

Golgi network and cleaved by furin, transported to the cellular surface and subsequently 

endocytosed and cleaved by cellular proteases, or cleaved by extracellular proteases 

(308). This yields the biologically active glycoprotein made of F1 and F2 subunits linked 

by disulfide bonds. F is then transported to the surface of the plasma membrane (310). 

Here we discuss the glycan functions by paramyxoviral genus: Aquaparamyxovirus, 

Avulavirus, Ferlavirus, Henipavirus, Morbillivirus, Respirovirus, and Rubulavirus. 

Aquaparamyxovirus 



 

42 

 

Figure 4. Diagram of the viral life cycle.  

(A) Virions bind to host cell receptors (black), facilitating viral entry into the cell. 

Once within the cell, transcription and replication occur. This allows the production of 

viral proteins, which are processed and trafficked through the cell using host cell 

machinery (endoplasmic reticulum and Golgi apparatus). Viral proteins and RNA are 

packaged into new virions, which are then released from the cell. These virions can 

then interact with the host immune system. (B) Infected cells can express viral 

proteins on their cell membranes, which can react with cell receptors on neighboring 

naïve cells, causing cell–cell fusion. 

 

The Aquaparamyxovirus genus is currently solely comprised of the Atlantic 

salmon paramyxovirus (AsaPV). Upon infection, inflammation of the gills and 

respiratory distress was followed with an accrued mortality of 40% in farmed Atlantic 

salmon (158). The AsaPV F has two putative N-glycosylation sites, one at the F1 subunit 

one at the F2 subunit, and the HN protein has four potential N-glycosylation sites, all 

with unknown functions (311).  

Avulavirus  

Newcastle disease virus infects avian species and is endemic in many third-
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world countries. It is designated as serotype-1 of the avian paramyxovirus (APMV-1). 

APMV-1 causes severe economic losses for many poultry farmers due to its high 

morbidity, mortality, and its infectious nature (140). Studies in Lec1 cells, a cell line 

lacking the enzymes necessary to convert high mannose N-glycans to complex or hybrid 

forms, suggest that APMV-1 fusion and infection are not dependent on hybrid or 

complex N-glycans. This suggests that high mannose N-glycans may play a role in cell-

cell fusion, however, the folding of these glycoproteins was not studied (312). 

APMV-1 F contains four N-glycosylated sites. Mutation of these sites altered F 

processing and decreased cell-cell fusion (313). In contrast, removal of N-glycans 

specifically from the heptad repeat regions 1 and 2 of APMV-1 F in combination 

resulted in increased virulence and immunogenicity of virions (314), suggesting that the 

effects of N-glycans on APMV-1 F may be location specific. Interestingly, the latter 

study also found that removal of N-glycans did not affect APMV-1 F processing or cell 

surface expression, conflicting with the previously mentioned study. These differences 

may be due to the use of transfected vs. infected cells, or the use of S/T to A mutations 

in the first study vs. N to Q mutations in the second.  

APMV-1 HN utilizes four of its six potential N-glycosylation sites, two of which 

modulate protein folding and activity (315). N to Q mutations caused altered fusion 

activity (usually lower, but one double mutant had increased fusogenicity), and all were 

less virulent (316), an interesting result since fusogenicity often directly correlates with 

virulence. The N481 mutant had lowered CSE, suggesting that the most C-terminal N-

glycan is important for processing and/or transport. None of the mutants had altered cell 

receptor binding abilities, though two had decreased neuraminidase activities, 
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suggesting that the decreased virulence of these mutants may be due, at least partially, 

to a decreased cellular detachment ability (316). Furthermore, it has been shown that 

failure to form a disulfide bond results in an additional N-glycosylation, possibly by 

causing differential folding that exposes an otherwise obscured site to 

glycosyltransferases (317). However, when a D287N mutation introduced an N-glycan, 

the effect of neutralizing antibodies was reduced. Interestingly, the D287N mutation 

also reduced fusion from within (fusion induced by infected cells) and increased fusion 

from without (cell-cell fusion mediated by virus at a high multiplicity of infection). 

Overall, addition of the N-glycan caused diminished syncytium formation as compared 

to wild type HN and enabled the virus to escape from neutralizing MAbs specific for 

antigenic site 3 (318). The effects of this additional glycosylation on virulence and 

pathogenicity, however, are still somewhat unclear.  

Ferlavirus 

The Fer-de-Lance virus (FDLV) was isolated after an outbreak in a Swiss 

serpentarium that caused lethargy, respiratory distress, and death (319). FDLV may 

cause epidemics in captive reptile populations with high mortality rates (320). The 

FDLV HN glycoprotein has two putative N-linked glycosylation sites. As for the FDLV 

F glycoprotein, it has three putative N-linked glycosylation sites, two within the F1 

subunit and one in F2 (321). No further studies on the role of glycans in the virus life 

cycle have been conducted.  

Henipavirus 

The Henipavirus genus contains the deadly emerging zoonotic Nipah (NiV) and 

Hendra (HeV) viruses, as well as Cedar, Mojiang, Kumasi, and over a dozen new 
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uncharacterized and unnamed henipaviruses recently discovered in bats (11, 322, 323). 

All glycobiology studies so far have focused on NiV and HeV. Infection with NiV or 

HeV results in severe respiratory and neurological symptoms in humans, progressing to 

fatal encephalitis in 40-100% of cases (5). Both viruses are bio-safety level 4 pathogens, 

with no currently approved treatment or vaccine available for human use. 

NiV F is glycosylated at four of its five potential N-glycosylation sites (251, 

324). Loss of some of the N-glycans by N to Q mutations resulted in increased 

fusogenicity, but also increased susceptibility to antibody neutralization, implying a 

need for NiV to balance these two important glycan functions, and one N-glycan was 

relatively more important for protein expression/transport (324). The same N-

glycosylation sites are used in HeV F, and similarly, of these, the equivalent N-glycan 

as for NiV (N414 in HeV) is important for proper folding and transport, while removal 

of the N464 N-glycan yielded an increase in fusion, the other two had no significant 

effect on fusion (325), an interesting difference from NiV. Additionally, Galectin-1, a 

lectin that binds primarily a specific N-glycan in NiV F, inhibited NiV cell-cell fusion 

if added post-infection, but enhanced viral entry if present at the time of infection by 

increasing viral attachment to target cells (326-328), demonstrating the importance of 

the timing of viral exposure to this innate immune factor.  

Six of seven potential NiV G N-glycosylation sites are utilized: one in the stalk, 

and five in the globular head domain. Removal of N-glycans from the head region of 

NiV G generally resulted in increased fusion, with some synergistic effects observed for 

double or triple mutants, which had higher fusion levels than their individual site 

counterparts. These mutants were also more susceptible to antibody neutralization, 
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similar to NiV F N-glycans. In contrast, removal of an N-glycan in the NiV G stalk 

created a fusion-dead mutant, even in combination with removal of N-glycans from sites 

that created hyperfusogenic mutants when removed on their own. NiV G N-glycan 

removal also affected viral entry and binding avidities with NiV F, though protein 

conformations and receptor binding capabilities were not significantly affected (221). 

Removal of N-glycans from HeV G revealed similar trends. However, simultaneous 

removal of multiple N-glycans from HeV resulted in a much stronger reduction in CSE 

than from NiV. Additionally, removal of the N306 and N378 N-glycans from HeV G 

resulted in higher cell-cell fusion levels than for NiV, while removal of the N481 and 

N529 N-glycans of NiV caused higher fusion levels than for HeV (329). These 

differences suggest conformational or functional differences for the same N-glycans in 

the two closely related viruses and/or differences in glycan branching/composition. 

Mass spectrometry analysis of a soluble HeV G showed it contained mainly complex 

N-glycans (330), but a similar mass spectrometry analysis has not been performed for 

NiV G.  

Interestingly, the loss of N-glycans for NiV and HeV not only correlated to an 

enhancement of membrane fusion, but also to looser F/G glycoprotein-glycoprotein 

interactions. This phenotype illustrates that not only the inherent fusogenic capacities 

of the glycoproteins, but also their interactions important for their membrane fusion 

functions can be modulated by N-glycans. These results have also helped to confirm the 

F/G dissociation model of membrane fusion for this paramyxovirus genus (324, 329, 

331). 

Relatively little is known about the functions of O-glycans for the 
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Mononegavirales, and no function had been described for any paramyxoviral O-glycan 

until a recent study by Stone et al., in 2016. HeV G has been shown to contain O-glycans 

via mass spectrometry (330). Loss of specific O-glycosylation sites from the HeV G 

stalk affected cell-cell fusion, protein conformational changes, binding avidities with 

HeV F, pseudotyped viral entry, and quite interestingly, HeV F protein processing and 

incorporation into pseudotyped virions (332). Since F and G are thought not to interact 

until reaching the cell surface, it is quite interesting that loss of an O-glycan on G affects 

F incorporation into virions, especially since this effect was observed in pseudotyped 

virions but not in cell lysates. Similar effects were observed for the same O-glycan 

mutants in NiV G, with the exception that interestingly, NiV F incorporation into 

pseudotyped virions and pseudotyped viral entry were not altered by the loss of O-

glycans on NiV G. Additionally, one mutant in NiV G was unable to express at the cell 

surface even though its HeV G counterpart expressed at wild type G levels (332). Loss 

of an O-glycan in either HeV or NiV G had no effect on antibody neutralization 

susceptibility, demonstrating functional differences between N- and O-glycans for the 

Henipaviruses. Additionally, O-glycans were shown not to affect G oligomerization. 

These results all suggest the importance of both N- and O-glycans in the henipavirus 

life cycle, though there appears to be subtle differences of their effects between NiV 

and HeV.  

 

Morbillivirus 

The morbillivirus genus contains important viruses such as MeV and CDV. 

MeV infections represent one of the largest causes of childhood morbidity and 
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mortality. In addition to acute infection, characterized by development of a skin rash, 

there is risk of developing subacute sclerosing panencephalitis, an often fatal 

neurological disease resulting from persistent MeV infection (333). CDV causes 

symptoms such as fever, respiratory distress, and neurological disorders and infects 

dogs and many other carnivore species (334, 335). 

N-glycans on both MeV F and MeV H are important for syncytia formation (336), and 

the specific processing of these N-glycans is crucial. Treatment with an α-glucosidase 

inhibitor, castanospermine, revealed that trimming of glucose residues within the ER 

was required for syncytia formation and for infectivity (336, 337). Additionally, 

tunicamycin treatment to block N-glycan synthesis inhibited virion particle formation 

(338). All three potential MeV F N-glycosylation sites are glycosylated and N-glycan 

removal from any resulted in loss of protein CSE and/or processing (339, 340). Non-

conservative mutations (N to S) of N29 and/or N61 resulted in a lack of MeV F 

processing and transport to the cell surface (249). Results were similar for conservative 

mutations (N to Q), as N-glycan loss resulted in reduced MeV F CSE (339). 

Interestingly, mutant N61Q still had fusion activity, while mutant N29Q did not, a 

finding differing from the N to S mutations where neither mutant was fusogenic, 

suggesting that the loss of fusion for mutant N61S was due to the loss of the N residue 

and not the glycan. Mutation N67Q alone did not affect protein processing or 

fusogenicity, but combined with loss of either of the other two glycans resulted in 

impaired cleavage, stability, CSE, processing, and fusion (339). These results highlight 

the importance and partial flexibility of N-glycans on MeV F for proper protein 

processing, expression, and function.  
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MeV H is glycosylated at four out of five potential N-glycosylation sites (337). Two of 

the four N-glycans affect glycoprotein conformation, as measured by conformational 

MAbs. No individual N-glycan affected folding, oligomerization, or transport, but the 

presence of at least two of the four N-glycans were necessary for these functions, 

suggesting transport and folding are not dependent on a specific carbohydrate chain, but 

do rely on a collective carbohydrate functions (341). Crystallization data suggests that 

N-glycans may modulate receptor binding by positioning MeV H for receptor binding 

(342). Supporting this notion, MeV H binding to the CD46 receptor was shown to be 

dependent on N-glycans, but not O-glycans, on MeV H, suggesting that N-glycans help 

keep MeV H in a conformation recognized by CD46. Likewise, the CD46 receptor also 

requires N-glycans to serve as the receptor for MeV H (343-345). However, it has been 

argued that CD46 is not a relevant in vivo receptor (346), thus the biological significance 

of these findings remains to be determined. The effects of glycosylation on MeV H 

interactions with signaling lymphocyte activation molecule (SLAM) or Nectin 4, the 

two other known and biologically relevant receptors of MeV, have not been reported. 

Regardless, N-glycans on MeV H appear to play a general role in keeping MeV H in a 

favorable functional conformation.  

Similarly to MeV F, N to Q mutations demonstrated that CDV F also uses all 

three potential N-glycosylation sites, and these N-glycans are important for processing, 

protein stability, CSE, and fusion (340). CDV H contains three N-glycosylated sites 

conserved among all CDV strains, with up to an additional five sites present in some 

wild type strains. Loss of all N-glycosylation sites from CDV H using N to Q mutations 

resulted in a functional and immunosuppressive CDV H glycoprotein, but one that no 
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longer caused disease (347). It has also been suggested that lack of N-glycans on the 

attenuated vaccine strain may be responsible for the loss of virulence (348). These 

results support the importance of N-glycans in glycoprotein function, pathogenicity, and 

vaccine development. Notably, N-glycan presence appears to be more conserved 

between Morbillivirus F glycoproteins (three out of three sites for both MeV and CDV, 

all in conserved positions) than between the H glycoproteins (four out of five on MeV, 

and up to eight on CDV), suggesting that H is under higher host immune pressure.  

 

Respirovirus 

HPIV types 1-3 are a major cause of respiratory tract infections in children, the 

elderly, and immunocompromised individuals (349-351). Sendai virus (SV) is a murine 

virus that has functioned as a model virus in many paramyxoviral studies (257).  

The HN glycoprotein of HPIV-3 utilizes three of its four potential N-

glycosylation sites. Mutation (N to A) of these sites revealed that N-glycans on HPIV-

3 HN are important for receptor binding, F cleavage, fusion, but not in HN avidity for 

HPIV-3 F or neuraminidase activity (350). Remarkably, N-glycan loss from HPIV-3 

HN affected F cleavage without affecting overall interactions with HPIV-3 F, findings 

that warrant further investigation and suggest the roles of unknown factors involved. 

Additionally, the N-glycan at HPIV-3 HN N523 was found to cover a second receptor-

binding site (349). A similar observation was seen for HPIV-1 HN residue N173 (352), 

though the implications of these additional binding sites on viral infectivity have yet to 

be defined.  

Similarly to HPIV-3, SeV HN utilizes three of its four potential N-glycosylation 
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sites, and 9% of its mass can be attributed to glycan modifications (353, 354). These N-

glycans play a significant role in intracellular transport and fusion (354). Fifteen % of 

the mass of SeV F is attributable to O-glycan modifications (353), and SeV F has three 

N-glycosylation sites. Removal of the N245 site affected protein folding, trafficking, 

CSE, and, as a result, fusion (355). High mannose sugars are thought to be necessary 

for the immunoreactivity of SeV F, but not SeV HN (356). Additionally, tunicamycin 

treatment inhibited SeV viral replication (357). Thus, it is clear that N-glycans play a 

significant role in protein processing, proper viral function for these viruses, and that 

targeting these glycans may be a potential therapeutic option. 

Rubulavirus 

PIV-5 has a broad host range including cats, dogs, pigs, guinea pigs, and 

hamsters, and PIVs can cause hospitalizations in humans (358). PIV5 F utilizes all six 

potential N-glycosylation sites. Removal of the two F2 subunit N-glycans via N to A 

mutations had no significant effects. However, removal of any of the four F1 subunit N-

glycans resulted in protein degradation, instability, and delayed intracellular transport, 

CSE, and fusion (359). PIV5 HN contains four N-glycans that affect protein folding and 

assembly in a cumulative manner. Additionally, one of these four N-glycans prevents 

aggregation of oligomers in the ER (360). Thus, N-glycans on both PIV5 F and HN play 

roles in proper protein folding, thus facilitating proper viral protein function.  

MuV causes painful swelling of the salivary gland as well as the potential for 

systemic inflammation in organs including the brain, heart, and kidneys. Though rarely 

fatal, in some cases infection can result in long-term symptoms such as paralysis, 

seizures, and deafness. Before the introduction of a vaccine, MuV was a common 
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childhood infection (361). Tunicamycin treatment inhibits viral release, likely by 

trapping viral glycoproteins in the cytoplasm of the infected cell. Both the HN and F 

glycoproteins are N-glycosylated with both complex and high-mannose glycans (HN 

and F1 subunit) or only high mannose (F2 subunit), as revealed by endoglycosidase 

treatments (362). MuV F contains six potential N-glycosylation sites (363), while MuV 

HN contains five to seven potential N-glycosylation sites (364, 365), though site 

utilization and functions remain unknown. It is thus unknown whether the N-glycan 

functions among rubulaviruses are conserved.  

Summary for Paramyxoviridae  

While the paramyxoviruses vary extensively in host range and distribution, they 

share many similarities within their glycoproteins. Both the F and HN/H/G 

glycoproteins for each virus within this family contain a number of N-glycans, though 

the number of N-glycosylation sites utilized varies widely among genera. N-glycans 

commonly appear to have roles in protein expression, processing, trafficking to the cell 

surface, cell-cell fusion, and production of infectious virions. Additionally, many N-

glycans also affect pathogenicity and immunogenicity. Some, such as the glycans on 

HPIV3 HN, affect receptor binding, while others have no effect on receptor binding at 

all but affect cellular detachment. Additionally, O-glycans have been detected on some 

paramyxoviral glycoproteins, and their functions so far have only been determined for 

Nipah and Hendra virus G glycoproteins. Research will determine if these O-glycan 

functions are conserved among the paramyxoviral genera.  

 

Pneumoviridae 
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Orthopneumovirus 

Human respiratory syncytial virus (HRSV, also referred to as RSV) causes 

severe bronchiolitis in infants, accounting for over fifty percent of childhood 

bronchiolitis cases requiring hospitalization (366). It is estimated that most children will 

have at least one HRSV infection by the age of two (367). Interestingly, for HRSV, only 

the fusion glycoprotein is required for cell-cell fusion and viral entry to occur, though 

the presence of HRSV G enhances fusion (308). HRSV infectivity is sensitive to N or 

O-glycan removal (368). HRSV F utilizes three of its six potential N-glycosylation sites. 

Removal of these N-glycans through conservative N to Q mutations did not affect 

HRSV F expression or processing (cleavage activation). However, one mutant, N70Q, 

had a 40% increase in fusion while another mutant, N500Q, had a 90% fusion reduction. 

A mutant lacking all three N-glycosylation sites had almost no fusion (248). Since 

conformations of these proteins were not tested, it is possible that the altered fusion 

phenotypes were due to altered protein conformations. Conformational MAbs may help 

determine if this is the case. Importantly, it is still unknown whether HRSV F glycans 

affect the binding of HRSV F to palivizumab, a therapeutic MAb against HRSV and to 

our knowledge still the only MAb approved for use in humans against any virus.  

HRSV G has been shown to be heavily O-glycosylated, with only 3% of its mass from 

N-glycans but 55% from O-glycans based on gel motility (368). Interestingly, certain 

MAbs did not bind non-glycosylated G (369), and the recognition of some MAbs 

depended on cell-specific glycosylation (370). O-glycans have been shown not to be 

involved in HRSV G oligomerization (371). Additionally, modeling studies suggest a 

positive selection of certain O-glycans in response to immune pressure (372), 
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suggesting that viral glycosylation may play an important role in the host immune 

response. Further study of immune responses to glycosylation may lead to more 

effective vaccines or therapeutic options. 

Metapneumovirus 

As with HRSV, human metapneumovirus (HMPV) causes severe upper and 

lower respiratory tract infections and accounts for 5-10% of childhood acute respiratory 

infection hospitalizations (373). Infection generally occurs during childhood, but can be 

recurrent throughout life. In addition to infecting children, HMPV also poses a threat to 

immunocompromised individuals, including the elderly (373). HMPV F utilizes all 

three potential N-glycosylation sites: one on the F2 and two on the F1 subunits. N to A 

mutations resulted in decreased cell-cell fusion, most likely caused by reduced F 

cleavage, and all mutants expressed well at the cell surface (250). In another study, 

mutants lacking the most C-terminal N-glycan, N353, either alone or in combination 

with removal of other N-glycosylation sites did not produce virions (374). Although N 

to Q vs. N to A mutations as well as virus vs. transfected cells were significant 

differences between these two studies, it appears that N-glycans on HMPV F affect 

cleavage of F into its F1 and F2 subunits, impacting viral replication and cell-cell fusion 

(250, 374). Viruses lacking the N172 glycan displayed impaired growth in vitro and in 

vivo, and reduced pathology in both immunocompetent and immunocompromised mice 

(374, 375). Administration of a live vaccine attenuated by loss of the N172 glycan 

resulted in immune protection in mice (376), highlighting the ways in which knowledge 

of viral glycosylation can aid viral infection prevention strategies.  

Like HRSV G, HMPV G is heavily glycosylated, with three to six potential N-
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glycosylation sites depending on the strain, and an unknown number of O-glycans (377-

379). Sequencing of HMPV G strains, however, has revealed a high serine and threonine 

content of 30-34%, suggesting that HMPV G may have a high O-glycan content (378). 

Effects of the actual or putative N- or O-glycans are still largely undetermined.  

Summary for Pneumoviridae 

Members of this family have been observed to undergo attachment protein-

independent membrane fusion (309, 380). There is extensive O-linked as well as N-

linked glycosylation of the G glycoprotein (381). This, along with high proline content, 

suggests the G glycoprotein has a mucin-like structure (382, 383). Though the functions 

of Pneumoviridae fusion glycoprotein N-glycans have been characterized, the purpose 

of G glycoprotein N- and O-glycans remains unknown. 

 

Rhabdoviridae 

The widely distributed rhabdoviruses infect both invertebrates and vertebrates, 

as well as a wide variety of plants. They have been divided into 18 genera. Four of these 

genera infect mammals: Lyssavirus, containing rabies virus (RABV), Tibrovirus, 

Vesiculovirus, containing vesicular stomatitis virus (VSV), and Ephemerovirus, 

containing bovine ephemeral fever virus (BEFV), and the Tupavirus infects birds (384, 

385). Three genera that infect fish include: Novirhabdoviruses, Perhabdoviruses, and 

Spriviviruses. The Cytorhabdoviruses, Nucleorhabdoviruses, Dichorhaviruses, and 

Varicosaviruses infect plants (295). Members of the Almendravirus, Sigmavirus, 

Ledantevirus, Peropuvirus, and Hapavirus genera circulate within arthropod 

populations (307, 386-388). These viruses all have a bullet-shaped morphology and 
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enter cells through receptor-mediated endocytosis followed by membrane fusion 

induced by low pH. Both host cell receptor binding and membrane fusion are executed 

by the envelope glycoprotein G, which for the two most widely studied viruses from 

this family, rabies virus and vesicular stomatitis virus, contains two N-glycosylation 

sites (384, 389).  

Almendravirus 

Members of the Almendravirus genus were isolated from mosquitoes and found 

to effectively replicate in mosquito cells (386). The Arboretum virus (ABTV) and 

Puerto Almendras virus (PTAMV) are suggested to have six putative N-glycosylation 

sites within its G ORF ectodomain (390). The Balsa virus (BALV) and Rio Chico virus 

(RCHV) have two putative N-glycosylation sites while Coot Bay virus (CBV) contains 

five (386). The role of these putative N-glycans have not been determined. 

Curiovirus 

Members of the curiovirus genus have been reported to be lethal in mice, causing 

necrosis and pyknosis. The Curionopolis, Ibirius, and Itacainus viruses were isolated in 

Brazil from species of Culicoides insects, causing neuropathogenesis in mice (391, 

392). No characterization of the curiovirus glycoproteins has been conducted.  

Cytorhabdovirus and Nucleorhabdovirus 

The plant rhabdoviruses can be separated into the cytorhabdovirus and 

nucleorhabdovirus genera depending on their sites of replication and morphogenesis 

(393). The number of potential N-glycosylation sites for these viruses varies widely. 

The cytorhabdovirus lettuce necrotic yellow virus (LNYV) G contains three potential 

N-glycosylation sites, while the Northern cereal mosaic virus (NCMV) contains six 
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(393-396). The nucleorhabdoviruses rice yellow stunt virus (RYSV) and sonchus 

yellow net virus (SYNV) contain ten and six potential N-glycosylation sites, 

respectively (393). Tunicamycin treatment suggests that at least some of these N-

glycosylation sites are used (393). Interestingly, there is very little sequence homology 

between NCMV and SYNV G, yet they are both potentially glycosylated at similar sites, 

suggesting importance of glycosylation site conservation (394). The functions of these 

N-glycans, however, have yet to be determined.  

Dichorhavirus 

The Dichoraviruses, which include the coffee ringspot virus (CoRSV) and 

orchid fleck virus (OFV) (synonymous with the citrus leprosis virus nuclear type and 

citrus necrotic spot virus), cause necrotic symptoms in plant species spread by the 

Brevipalpus species of mites. The OFV G protein has two potential N-glycosylation 

sites, and interestingly it has been proposed that the fewer potential N-glycans may 

contribute to the incomplete budding process of the virions (397, 398).  

Ephemerovirus 

Bovine ephemeral fever virus (BEFV) infections occur mainly in cattle and 

buffalo in Africa, Asia, and Australia, causing acute fever and lameness, resulting in 

high morbidity and economic loss. BEFV can also infect other ruminants without 

causing disease (399). BEFV G contains five potential N-glycosylation sites. 

Additionally, a non-structural protein with 36% similarity to G, termed Gns, contains 

eight potential N-glycosylation sites (400). Gns is detected within infected cells; 

however, it is not found in virions and does not appear to induce an immune response. 

The utilization of the potential N-glycosylation sites and the glycan functions are still 
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unknown (400, 401).  

Hapavirus 

Several viruses of this new genus can infect mammals, birds, insects, or reptiles, 

though most were isolated from mosquitoes (402-404). Ngaingan virus (NGAV G) was 

first isolated from biting midges in Australia and is predicted to have four N-

glycosylation sites on its NGAV G (405, 406). The Marco virus was isolated from 

lizards in Brazil and has two putative N-linked glycosylation sites on its transmembrane 

glycoprotein (403, 407). No glycan functions have been studies for any of the fifteen 

Hapavirus species.  

Ledantevirus 

Within the Ledantevirus genus, the Kolente virus has four putative N-

glycosylation sites with unexplored functions within the glycoprotein (408). 

Lyssavirus 

Rabies virus (RABV) infects most mammals and is transmitted through bites, 

scratches, and saliva. Infection is characterized by neurological symptoms culminating 

in severe encephalitis, and is fatal in humans if untreated (385). RABV G usually 

contains one (N319) N-glycosylation site highly conserved among different RABV 

strains (409-412). Additionally, an N-glycan at site N247 is found in many lab-adapted 

strains (409). It has been suggested that the latter N-glycan may play a role in the 

reduced pathogenicity observed in many of these lab-adapted strains and possibly the 

increased efficiency for growth in cell culture (411, 413). Further, N37 is inefficiently 

glycosylated and efforts to increase N-glycosylation efficiency reduced pathogenicity 

of the virus (409, 414-416). Loss of the N-glycan at N319 resulted in decreased viral 
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production and an inability for RABV G to fold correctly that inhibited membrane 

fusion (417). Deletion of all three N-glycans completely blocked CSE. A mutant 

containing only the N37 glycan was still able to express on the cell surface, suggesting 

that this inefficiently glycosylated site is not important for CSE (414). Addition of an 

extra N-glycan (N194), created from spontaneous mutation during serial passage, 

increased virus production (417). Thus, it appears that N-glycans play a crucial role in 

proper RABV G cell surface expression, though the combined effects of glycans at all 

the N-glycan sites suggest a crucial balance where too few or too many N-glycans 

negatively impact viral pathogenicity.  

Tunicamycin treatment blocked CSE of RABV G, but not intracellular synthesis 

(418, 419). Additionally, experiments with a panel of various CHO cell lines deficient 

for different steps in the N-glycan processing pathway revealed that RABV G 

expression was independent of the type of N-glycan processing, as all cell lines 

expressed RABV G on the cell surface (419). It is still possible that RABV G trafficked 

at different rates, as the timing of RABV G CSE was not explored. Notably, mutation 

of site N247 facilitated an additional glycosylation of site N319 (420). Recombinant 

RABV G protein produced in eukaryotic cells (and thus glycosylated) was effective as 

a vaccine (421, 422), while RABV G protein produced in prokaryotic cells (and thus 

not glycosylated) was not effective (423). While these differences could be due to other 

factors such as protein conformation, it is possible that proper glycosylation of RABV 

G is necessary for effective immune responses. However, another study indicated that 

glycans may not be a required target for mouse antibodies (409), suggesting that the 

immunoreactivity of RABV G is multi-factorial. Undoubtedly N-glycans play a critical 
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role in at least proper CSE of RABV G, though their effects on the host immune 

response merit further exploration.  

Novirhabdovirus 

Viruses within the Novirhabdovirus genus infect fish species, causing 

significant morbidity and mortality. These viruses include infectious hematopoietic 

necrosis virus (IHNV), Hirame rhabdovirus (HIRV), and viral hemorrhagic septicemia 

virus (VHSV), among others, and cause vast aquaculture and wildlife problems (424). 

Though the number of potential N-glycans varies by virus, a putative N-glycan at 

position N438 is present in each virus analyzed (425, 426). IHNV G contains four 

potential N-glycosylation sites and one potential O-glycosylation site (427). VHSV also 

contains four potential N-glycosylation sites (428), and IHNV and VHSV share similar 

glycosylation patterns: one putative N-glycan at the N-terminus, none in the middle of 

the protein, and three at the C-terminus (425). HIRV contains three putative N-

glycosylation sites- all at the C-terminus (426). Studies on the function of these glycans, 

however, have yet to be undertaken. 

Perhabdovirus 

Perhabdoviruses are associated with fish infections. The eel virus European X 

(EVEX) is a major concern with the farming of freshwater eels, Anguilla species, with 

increased mortality and symptoms including hemorrhages in the skin and lesions (429). 

The EVEX G protein has one potential N-glycosylation site at N185 (430). Functions 

of glycans in this genus remain unknown. 

Sigmavirus 

Five members of the Drosophila genus, and one member of the muscidae are 
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natural hosts of sigma viruses that cause paralysis and death upon exposure to carbon 

dioxide. Sigma viruses have a vertical mode of transmission through the gametes of 

male or female flies. Drosophila melanogaster sigmavirus (DMelSV) has a surface 

glycoprotein (G) (431, 432). Not much is known regarding the number or function of 

glycans in this genus. 

Sprivivirus 

Viruses within the Sprivivirus genus infect fish species, causing significant 

morbidity and mortality (424). These viruses include spring viremia of carp virus 

(SVCV) and pike fry rhabdovirus (PFRV). Not much is known about glycosylation for 

these viruses, except that the SVCV G glycoprotein contains five potential N-

glycosylation sites. A variation in the glycosylation site N362 is due to nucleotide 

insertion differences between SVCV strains (426, 433). Potential function of these 

glycans for any of these viruses have yet to be studied. 

Sripuvirus 

Within the Sripuvirus genus, the Almpiwar virus G glycoprotein contains two 

possible glycosylation sites with unknown biological function (434). The sandfly 

Niakha virus G glycoprotein is reported to possess two potential N-glycosylation sites 

(435). 

Tibrovirus  

Tibrovirus is transmitted by Culicoides insects and infects members of the 

bovine species. Tibroviruses have not been observed to induce illness. Both the 

Tibrogargan virus (TIBV) and the Coastal Plains virus (CPV) G proteins are predicted 

to contain nine N-glycosylation sites (436, 437). No account has been made on the 
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function of glycosylation sites in this genus. 

Tupavirus 

The Tupaia virus (TUPV) was first isolated in a liver tumor of a Tupaia tree 

shrew, Tupaia belangeri (438). The TUPV G protein possesses three potential N-

glycosylation sites (439). The Durham virus (DURV) was first isolated in 2005 in an 

American coot suffering from neurological symptoms. The DURV G protein was 

reported to have two possible N-glycosylation sites (440). Not much is known regarding 

the number or function of glycans in this genus. 

Varicosavirus 

The sole member of the Varicosavirus genus is the Lettuce big-vein associated 

virus (LBVaV). LBVaV causes pale-yellow veins on leaves of lettuce and is 

characterized by leaf puckering. It is considered to be soil borne and transmitted by 

zoospores of the fungus, Olpidium brassicae, and healthy lettuce planted into 

contaminated soil will develop signs of infection (441, 442). LBVaV has a difficult 

mechanical transmission which makes studying it problematic (443). There is no report 

on the glycobiology of this genus. 

Vesiculovirus 

Vesicular stomatitis virus (VSV) infects mainly livestock, causing severe 

blistering and/or ulceration of the tongue, mouth, and feet, often resulting in extensive 

productivity loss (444). VSV is also used extensively in the production of pseudotyped 

viruses due to its ability to incorporate viral glycoproteins from many other viral 

families (445, 446). VSV glycoprotein (G) contains two well-conserved N-

glycosylation sites (N181 and N336), which make up approximately 10% of the 

https://en.wikipedia.org/wiki/Olpidium_brassicae
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glycoprotein’s mass, and no O-glycosylation sites have been discovered (447-451). 

Tunicamycin treatment, particularly of the San Juan strain, impaired intracellular 

transport of VSV G to the plasma membrane (452-454), inhibited viral replication (455), 

and altered MAb binding patterns to the VSV G glycoprotein (456). However, these 

effects appeared to be partially strain specific, as tunicamycin treatment of the New 

Jersey strain slowed the folding rate of VSV G, but didn’t prevent its eventual 

expression at the cell surface (457). Additionally, the Orsay strain, showed some 

resistance to tunicamycin treatment (452).  

It appears that these observed effects are reliant on the presence of a glycan 

itself, but the specific types of carbohydrates added are not important. For example, 

VSV particles produced in a variety of CHO cells lacking specific steps in the 

glycosylation pathway were still able to replicate and were as infectious as their fully 

glycosylated counterparts (458, 459). It was also shown that either of the two N-glycans 

was necessary and sufficient for proper G transport, (460). This observation is further 

supported by a naturally occurring mutant containing only one N-glycan, that trafficked 

properly to the cell surface (461). It was also observed that the addition of new N-

glycosylation sites to un-glycosylated VSV G allowed for transport of G to the plasma 

membrane, though this restored transport ability was only successful for two of the six 

engineered N-glycosylation sites (462).  

These findings and experiments with temperature sensitive mutants have led to 

the hypothesis that N-glycans on VSV G are important for proper folding and 

conformation (463, 464), perhaps affecting the stability of disulfide bonds (456), and 

altered conformations in the absence of N-glycosylation sites results in a lack of 
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transport to the cell surface (463, 464). It has been observed that low amounts of 

infectious virus are produced even in the presence of tunicamycin and it is possible that 

some glycan mutant virions with different conformations may thus be able to traffic to 

the cell surface despite a lack of glycosylation (465). This may also explain why certain 

strains are more resistant to tunicamycin treatment than others, as different amino acid 

sequences may result in different conformations that are more or less reliant on N-

glycans for their structural integrity (464). Thus, it appears that either of the two natural 

N-glycan is necessary and sufficient for proper VSV G transport and expression, 

suggesting that proper glycoprotein conformation, and not specific N-glycans, is most 

important for VSV G expression and function.  

Summary for Rhabdoviridae 

The lyssavirus and vesiculovirus genera have two highly conserved N-glycans 

on G, which suggests these sites are evolutionarily important. Indeed, sequence 

comparisons between RABV G and VSV G show approximately 20% overall sequence 

identity between these two glycoproteins, yet greater than 50% identity around the most 

C terminal N-glycosylation site, with exact alignment at the N-glycosylation site itself 

(466). For both genera, N-glycans appear to be necessary for proper transport to the cell 

surface, with one N-glycan being sufficient for the cell transport function (414, 460, 

461). Additionally, dependence on N-glycans for proper trafficking is independent on 

the type of glycan processing, as evidenced by a variety of glycosylation-deficient CHO 

cells where the G glycoprotein was still expressed at the cell surface (419, 458, 459). 

The effects of N-glycans appear to be more strain-specific for VSV. Although RABV 

strains differ more in the number of N-glycans present, the effects of tunicamycin 
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treatment appear to be more variable among VSV strains than among RABV strains. 

General comparisons among the other Rhabdoviruses are difficult to make since far 

fewer studies exist. However, these viruses could potentially contain more N-

glycosylation sites than their lyssavirus and vesiculovirus counterparts, though studies 

determining site usage have yet to be undertaken.  

 

Sunviridae 

The Sunviridae family is solely comprised of the Sunshine Coast virus in the 

Sunshinevirus genus. This virus was initially isolated from Australian python snake 

populations showing symptoms of neurorespiratory disease and is not known to cause 

illness in humans (467). No studies have been performed on the function of glycans for 

this virus. 
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DISCUSSION AND CONCLUSIONS 

Glycosylation is a common protein modification process utilized by animals, 

plants, bacteria, fungi, viruses, and even some archaea, illustrating its importance (468). 

In recent years, many human illnesses, such as autoimmune diseases and cancer, have 

been linked to altered glycosylation (469, 470). Glycosylation is commonly used by 

pathogens in host invasion and immune evasion. Within the Mononegavirales order 

there are many conserved functions of glycosylation, such as receptor binding, viral 

entry, protein processing or trafficking, cell-cell fusion, and immunogenicity (Table I, 

Figure 4), all important roles for the viral life cycle. It should be noted that much more 

has been discovered for N-glycans than O-glycans, partly due to the difficulty in 

determining O-glycosylation sites compared to N-glycosylation sites. Few O-glycan 

functions have been described. Many functions have been attributed to O-glycan rich 

regions, such as that of the Ebola GP, yet these functions have yet to be directly 

attributed to the O-glycans themselves. In a new study for the Henipavirus genus, novel 

roles were shown for NiV and HeV O-glycans (332). It remains to be seen if such roles 

apply to other paramyxoviruses or mononegaviruses. 
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Table 1 Glycan Functions: Many glycan functions are conserved among viral genera. 

Summary of the different functions documented for each viral genera. N=N-glycans 

are involved. O=O-glycans are involved. Dashed line=not involved, blank=not 

documented, unknown. # marks functions documented for an O-glycan-rich region 

(but not specifically the O-glycans themselves) 

 

A more thorough understanding of viral glycosylation has the potential for 

therapeutic use. Glycomimetics, compounds that mimic the bioactive properties of 

carbohydrates, are being developed and tested for a number of different viral infections 

(471, 472). The glucose mimetic N-9-methoxynonyl (DNJ), for example, inhibits part 

of the glycosylation pathway, thus preventing viral glycoproteins from folding properly 

(473, 474). DNJ has been shown effective in combating HIV, hepatitis B and C viruses, 

and has been suggested as a possible therapeutic against the flaviviruses dengue virus 

and West Nile virus (223). Carbohydrate mimetics are suggested to be good drug 

candidates because they generally have a low toxicity, are water soluble, can be easily 

modified by adding different functional groups at multiple locations, and have the 

potential to be used as scaffolds for more complex drugs (223). However, carbohydrates 

generally have been thought to make poor drug candidates due to their high polarity, 
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preventing passive transport through the intestinal lining (and thus problematic for oral 

dosing regimens). The use of carbohydrate mimetics enables sufficient manipulation to 

overcome this barrier (471). 

Addition of glycans to proteins can also be used as a tool to study protein 

functions. For example, for the paramyxoviral HN/H/G attachment glycoproteins, N-

glycans have been added to study the effects of the protein stalk on membrane fusion 

and interactions with the fusion protein. This has been done for NDV, PIV-5, and Nipah 

to probe protein function (475-477).  

Lectins and other carbohydrate binding agents are also being investigated as 

antiviral therapies (471). Cyanovirin is a lectin that binds the gp120 glycoprotein of HIV 

and prevents entry, and was tested against many other viruses as well (223, 473). 

Carbohydrate-binding agents can not only bind the viral glycoproteins to prevent entry 

but also can create a long-term selective pressure for viral strains with the protective N-

glycan regions removed, thus making the virus more susceptible to immune system 

neutralization (473). Lectins are also found naturally across a wide variety of species 

(prokaryotes, algae, fungi, plants, invertebrates and vertebrates). Thus, there are many 

different lectins to explore as potential viral inhibitors (473). Antibodies against the 

carbohydrates of viral proteins, though less common, can also be effective. 2G12 is an 

antibody that binds an N-glycan region of gp120 on HIV, thus inhibiting viral entry into 

host cells and limiting HIV infections (223, 473). Thus, a number of viral glycosylation-

targeting therapeutics are in development that have potential to inhibit viral infections. 

It is also likely that a combination of these strategies will prove best for maximal 

therapeutic benefit. 
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While significant advances in understanding and characterizing viral 

glycosylation have been made, there are still many knowledge gaps. Mass spectrometric 

data for many viral glycoproteins is still non-existent, particularly for O-glycans. Some 

of the methods commonly used to study glycosylation effects, such as tunicamycin 

treatment, may cause additional cellular effects, thus any effects observed after 

tunicamycin treatment may be from the treatment itself and not directly from a lack of 

glycosylation. A significant hurdle to overcome is that there is considerable variation in 

glycosylation machinery among different cell types; therefore, the effects of 

glycosylation observed in one study may not hold true in other cell types or in vivo. 

Nevertheless, the advances made in recent years and the knowledge gained continues to 

highlight how crucial proper glycosylation of viral glycoproteins is for their function 

and for viral pathogenicity. Improved understanding of viral glycosylation is essential 

to pave the way for future therapeutics and vaccines targeting important medical, 

agricultural, and veterinary viruses. 
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ABSTRACT 

Cholesterol has been implicated in various viral life cycle steps for different enveloped 

viruses, including viral entry into host cells, cell-cell fusion, and viral budding from 

infected cells. Enveloped viruses acquire their membranes from their host cells. Though 

cholesterol has been associated with binding and entry of various enveloped viruses into 

cells, cholesterol’s exact function in the viral-cell membrane fusion process remains 

largely elusive, particularly for the paramyxoviruses. Further, paramyxoviral fusion 

occurs at the host cell membrane and is essential for both virus entry (virus-cell fusion) 

and syncytia formation (cell-cell fusion), central to viral pathogenicity. Nipah virus 

(NiV) is a deadly member of the Paramyxoviridae family, which also includes HeV, 

Measles, Mumps, HPIV, and various veterinary viruses. The zoonotic NiV causes 

severe encephalitis, vasculopathy, and respiratory symptoms, leading to a high mortality 

rate in humans. We used NiV as a model to study the role of membrane cholesterol in 

paramyxoviral membrane fusion. We used a combination of methyl-beta cyclodextrin 

(MβCD), lovastatin, and cholesterol to deplete or enrich cell membrane cholesterol 

outside cytotoxic concentrations. We found that the levels of cellular membrane 

cholesterol directly correlated with the levels of cell-cell fusion induced. These 

phenotypes were paralleled using NiV/vesicular stomatitis virus (NiV/VSV) 

pseudotyped viral infection assays. Notably, various mechanistic interdisciplinary 

approaches revealed that cholesterol alters both an early F-triggering step as well as a 

late fusion pore formation step in the NiV membrane fusion cascade. Thus, our results 

expand our mechanistic understanding of the paramyxoviral/henipaviral entry and cell-

cell fusion processes.  
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IMPORTANCE 

Cholesterol has been implicated in various steps of the viral life cycle for different 

enveloped viruses. Nipah virus (NiV) is a highly pathogenic enveloped virus in the 

Henipavirus genus within the Paramyxoviridae family, capable of causing a high 

mortality rate in humans and high morbidity in domestic and agriculturally important 

animals. The role of cholesterol for NiV or the henipaviruses is unknown. Here we show 

that the levels of cholesterol influence the levels of NiV-induced cell-cell membrane 

fusion during syncytia formation, and virus-cell membrane fusion during viral entry. 

Further, the specific role of cholesterol in membrane fusion is not well defined for the 

paramyxoviruses. We show that the levels of cholesterol affect an early F-triggering 

step and a late fusion pore formation step during the membrane fusion cascade. Thus, 

our results expand our mechanistic understanding of the viral entry and cell-cell fusion 

processes, which may aid the development of antivirals.  
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INTRODUCTION 

Many enveloped viruses require membrane cholesterol for viral binding and entry into 

host cells (177, 478). Thus, the role(s) of cholesterol in virus entry has been investigated 

for several families of enveloped viruses, including DNA and positive RNA viruses. 

Similarly, the role of membrane cholesterol in the localization of viral proteins to liquid-

ordered domains for assembly and viral particle release has also been well studied (479). 

For example, membrane cholesterol has been reported to have an essential role in human 

immunodeficiency virus (HIV) pathogenesis (480, 481). The retrovirus HIV-1 requires 

cellular cholesterol for viral particles to bind cells and for proper assembly, budding, 

and viral internalization (210, 481-483). Herpes virus requires membrane cholesterol 

for particle stability, infectivity, and cell-to-cell transmission of infection (484, 485). 

The infectivity of the orthomyxovirus Influenza A/WSN/33 (H1N1) was reduced by 

MβCD in a dose-dependent manner (181). In the Pneumoviridae family, Respiratory 

Syncytial Virus (RSV) uses cholesterol-rich domains for virus-cell fusion, in addition 

to viral particle release (486, 487). The paramyxovirus Avian paramyxovirus 1, also 

known as Newcastle Disease Virus (NDV), requires cholesterol in the target cell 

membrane for optimal virus entry. However, when cholesterol was directly depleted 

from the NDV membrane, entry was not affected. Conversely, NDV particles from 

cholesterol-depleted cells had a reduction in infectivity. Furthermore, cell-cell fusion in 

cholesterol depleted cells was not inhibited (211, 214, 488). Cholesterol depletion of 

CDV membranes reduced infectivity while depleting cellular cholesterol in infected 

cells reduced syncytium formation. However, cholesterol depletion in the target 

membrane did not reduce CDV entry (489). Lastly, the infectivity of bovine 
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parainfluenza virus type 3, HPIV 3, and SV was negatively affected by cholesterol 

depletion with MβCD (212, 490, 491). 

The role(s) of membrane cholesterol in Nipah virus (NiV) membrane fusion has not 

been previously explored. Most notably, though significant functions of membrane 

cholesterol during viral entry of enveloped viruses have been reported, the precise 

mechanistic step(s) by which cholesterol affects cell entry of the enveloped negative 

single-stranded RNA viruses, including the paramyxoviruses, remains largely 

unexplored. We used NiV as an important model to determine how cholesterol affects 

paramyxoviral infections. We explored the role(s) of cholesterol in NiV entry and cell-

cell fusion induced by NiV glycoproteins by performing a series of assays to dissect the 

steps of the membrane fusion cascade affected by NiV. Within the Paramyxoviridae 

family, NiV is in the Henipavirus genus, which includes 20 newly discovered viruses, 

primarily in bats (492). NiV causes encephalitis and respiratory disease and has a 

mortality rate of 40-100% in humans (493, 494). NiV is carried by members of the 

Pteropus genus of bats and can infect many mammals, including pigs, horses, dogs, and 

humans. Based on the broad mammalian tropism, the lack of an approved vaccine or 

effective antiviral therapeutic agent, and its high mortality rate in humans, NiV is 

classified as a biosafety level 4 agent (495).  

NiV primarily enters cells via virus-cell membrane fusion at the plasma 

membrane. Cellular expression of the NiV glycoproteins can induce cell-cell membrane 

fusion (syncytia formation) by the cooperation of the attachment (G) and fusion (F) 

glycoproteins. The fusion of virus and host cell membranes is pH-independent and 

begins with the binding of G to its host receptor, ephrinB2, or ephrinB3 (18). Binding 
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of G to ephrinB2/B3 initiates receptor-induced conformational changes within G, in turn 

inducing a conformational cascade in F (21, 22, 496, 497). F transitions from its pre-

fusion (PF) to its pre-hairpin intermediate (PHI) conformations, causing the fusion 

peptide to be inserted into the host cell membrane (30). Then, F progresses to the 

thermodynamically stable six-helix bundle conformation (6HB), a transition that drives 

membrane fusion. For membrane fusion to go to completion, several intermediate steps 

must occur, including outer-leaflet fusion (hemifusion), fusion pore formation, and 

fusion pore expansion (14). These critical steps in the membrane fusion cascade are 

necessary to initiate the infection of naïve cells, either by virus entry or cell-cell fusion.  

Herein we reveal the role of membrane cholesterol in NiV cell-cell and virus-

cell membrane fusion. Notably, we also identify the importance of membrane 

cholesterol on early and late steps during the membrane fusion cascade. Using a variety 

of biochemical assays, we determine that not only cell-cell fusion and viral entry are 

affected, but more specifically, the levels of NiV F-triggering and the extent of fusion 

pore formation are affected when membrane cholesterol levels are altered. 

  



 

76 

RESULTS 

Depleting membrane cholesterol in NiV F/G-transfected cells reduces syncytia 

formation. To determine the role of cholesterol in NiV membrane fusion, we first 

assessed how lowering cholesterol levels would alter syncytia formation (cell-cell 

fusion), an important pathognomonic marker of paramyxoviral and NiV infections (70). 

Importantly, we decreased membrane cholesterol levels as biochemically gently as 

possible as compared to other published virology literature (177, 498, 499). Treatment 

was performed 4-6 h post-transfection before syncytia formation could be visualized. 

Briefly, we transfected HEK293T cells with NiV F and G expression plasmids, and then 

treated the cells with increasing concentrations of MβCD for 1 hour at room temperature 

to remove cholesterol from the cell membranes. The cells were then washed with PBS 

and allowed to recover from the relatively harsh MBCD treatment while being incubated 

with 10 µM lovastatin in serum-free media during the remaining hours post-

transfection, prior to cell collection. Lovastatin treatment was used to inhibit de novo 

synthesis of cholesterol, and equivalent DMSO concentrations were used as mock 

treatments, as in past studies (211, 215, 216, 500). The levels of cholesterol decreased 

with increasing concentrations of MβCD used, such that treatment with 10 mM MβCD 

and 10 µM lovastatin resulted in a reduction in membrane cholesterol by 40% (P = 

0.0002) (Figure 5A). Notably, these treatments did not alter the cell’s viability, as 

determined with a CCK8 cell viability assay at such drug concentrations (Figure 5B).  

Importantly, a reduction in cholesterol levels resulted in a reduction in syncytia 

formation, in a dose-dependent fashion, whereby 60% cholesterol correlated with ~30% 

cell-cell fusion (P < 0.0001) (10 mM MβCD), as compared to mock-treated cells (Figure 
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5C). Cell-cell-fusion was counted as the number of nuclei inside syncytia per 200X field 

and normalized to the levels in mock-treated cells. Examples of syncytia fields are 

shown, with examples of syncytia nuclei counted circled in red (Figure 5D). After 

observing that decreasing the concentration of membrane cholesterol affected the levels 

of syncytia formation, we then assessed whether decreased expression of F and G upon 

cholesterol reduction may be the cause of this effect. We thus transfected and treated 

HEK293T cells to express F and G and varied the cell’s levels of cholesterol as 

described above, and then measured the levels of cell-surface expression (CSE) of F and 

G and the ability of G to bind ephrinB2 under altered cholesterol conditions. We used 

rabbit polyclonal antibody 835 against NiV F and an anti-HA monoclonal antibody to 

detect the HA-tagged NiV G, as we previously performed (32, 332, 501). We observed 

that cholesterol depletion did not significantly alter CSE levels for F or G when co-

transfected. Further, using purified soluble ephrinB2 fused to human Fc, we measured 

the ability of G to bind ephrinB2, as we previously performed (22, 329, 501). When co-

transfected with F, the ability of G to bind ephrinB2 was unaltered when membrane 

cholesterol was reduced (Figure 5E). We also tested if the levels of F cleavage were 

altered by cholesterol depletion. We observed that cleavage of NiV in cholesterol-

depleted cells was not altered as compared to mock-treated cells (Figure 5F). Altogether, 

these results suggest that reducing cellular membrane cholesterol decreased the levels 

of NiV-induced cell-cell fusion, and that such decrease was not due to altered cell 

viability, decreased CSE levels of NiV F or G, decreased levels of F cleavage, nor 

decreased levels of ephrinB2 receptor binding to NiV G.  
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Figure 5. Depleting cell membrane cholesterol reduces cell-cell fusion  

Total cellular cholesterol concentration was measured with an Amplex Red cholesterol 

kit after treatment with MβCD and 10 µM Lovastatin. Cholesterol concentrations were 

normalized to mock-treated cells. (B) The NiV-F/G transfected HEK293T cells were 

treated with increasing concentrations of MβCD and 10 µM Lovastatin. Viability was 

measured with a CCK8 kit. (C) The levels of cell-cell fusion were quantified by 

counting syncytia formation. The minimum number of nuclei inside syncytia were 

counted, considering a syncytium as having 4 or more nuclei within a common cell 

membrane. Nuclei in syncytia per 200X field were normalized to no treatment mock 

control, set at 100%). (D) Representative fields of syncytia, after treatment with 10 mM 

MβCD and 10 µM lovastatin, are shown circled in red. (E) The levels CSE of NiV F 

after cholesterol depletion was measured using a polyclonal rabbit antibody 835 against 

NiV F (32, 332). G was detected using a monoclonal anti-HA PE antibody. The levels 

of ephrinB2 binding to NiV-G after cholesterol modulation were measured using 

soluble ephrinB2 fused to human Fc. (F) Representative Western blot analysis of NiV 

F expression and cleavage of mock-treated and cholesterol depleted cells. Data shown 

are averages from three or more independent experiments ± SD. Statistical significance 

was determined with a one-sample t-test, * P<0.05, ** P<0.01, *** P<0.001, **** 

P<0.0001. 

 

Increasing membrane cholesterol in NiV F/G-transfected cells increases syncytia 

formation. Since we observed a substantial decrease in syncytia formation in 

cholesterol depleted cells expressing NiV F and G, we then tested if cholesterol 

enrichment would have the opposite effect on NiV-induced cell-cell fusion. Thus, we 

used a combination of cholesterol/MβCD (at a 1:20 ratio) to increase the concentration 

of membrane cholesterol, since this approach has been used to intercalate cholesterol 

into membranes (183, 502, 503). With increasing concentrations of cholesterol/MβCD, 
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we observed a dose-dependent increase in cellular cholesterol up to ~160% with a 5 

mM cholesterol/MβCD treatment, as compared to the mock treatment (P = 0.0006). All 

the following experiments utilizing cholesterol enrichment were thus performed at this 

concentration (Figure 6A). Notably, this treatment did not negatively affect cell 

viability, as determined with a CCK8 kit (Figure 6B).  

Importantly, treatment with 5 mM cholesterol/MβCD also increased the levels 

of syncytia formation to ~ 160% as compared to the mock control cells (P = 0.0034) 

(Figure 6C). Examples of syncytia formation are shown, with examples of nuclei 

counted circled in red (Figure 6D). We then sought to determine if this increase in 

syncytia formation was caused by increased expression of F or G upon cholesterol 

enrichment. We observed that increased levels of syncytia formation were not caused 

by enhanced levels of F or G CSE. Furthermore, with the use of purified soluble 

ephrinB2 fused to human Fc, we observed that cholesterol enrichment did not alter the 

ability of G to bind ephrinB2 (Figure 6E). We also tested if the levels of F cleavage 

were altered by cholesterol enrichment. We observed that cleavage of NiV F in 

cholesterol-enriched cells was not altered as compared to the mock-treated cells (Figure 

6F). Altogether, our data indicated that increasing the concentration of cell membrane 

cholesterol increased the levels of NiV-induced syncytia formation, but not as a result 

of altered cell viability, increased CSE levels of F or G, increased levels of F cleavage, 

nor increased levels of receptor binding to NiV G.  
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Figure 6. Enriching cell membrane cholesterol increases cell-cell fusion 

(A) Total cellular cholesterol concentration was measured with an Amplex Red 

cholesterol kit after treatment with increasing concentrations of cholesterol/MβCD 

(1:20) solution. Cholesterol concentrations were normalized to mock-treated cells. (B) 

The NiV- F/G transfected HEK293T cells were treated with increasing concentrations 

of cholesterol/MβCD. Viability was measured with a CCK8 kit. (C) The levels of cell-

cell fusion were quantified by counting syncytia. The minimum number of nuclei 

necessary to be considered a syncytium was 4 within a common cell membrane. Nuclei 

inside syncytia per 200X field were normalized to no treatment mock control, set at 

100%). (D) Representative fields of syncytia, after treatment with 5 mM 

cholesterol/MβCD, are shown circled in red. (E) The levels of CSE of NiV F after 

cholesterol enrichment was measured using a polyclonal rabbit antibody 835 against 

NiV F. G was quantified using a monoclonal anti-HA PE antibody. The levels of 

ephrinB2 binding to NiV-G after cholesterol enrichment were measured with an 

ephrinB2 fused to human Fc. (F) Representative Western blot analysis of NiV F 

expression and cleavage after cholesterol enrichment. Data shown are averages from 

three or more independent experiments ± SD. Statistical significance was determined 

with a one-sample t-test, * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001 

 

Effect of altering membrane cholesterol on NiV/VSV pseudotyped virus entry. As 

we found that the levels of NiV-induced cell-cell fusion were significantly altered by 

the concentration of membrane cholesterol, we then tested whether NiV entry into cells 

would also be affected. However, since NiV is a biosafety level 4 pathogen, we used 

our established biosafety level 2 NiV/VSV pseudotyped viral infection system to 

measure NiV entry. NiV/VSV pseudotyped virions (NiV/VSV) carry a Renilla 
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luciferase gene as a reporter for infectivity (104, 501, 504). We first asked whether 

cholesterol on the viral membranes would alter viral entry. The virions were treated 

with either MβCD (10 mM) or a cholesterol/MβCD mixture (5 mM) at 37 ºC for 30 

min. While the depletion protocol reduced the levels of cholesterol in virions to ~ 30% 

(P = 0.0094), the enrichment protocol increased the levels of cholesterol in virions to ~ 

140%, as compared to the mock-treated NiV/VSV (set to 100%, Figure 7A). Notably, 

cholesterol depletion did not alter the amounts of F and G incorporated onto the 

NiV/VSV. However, cholesterol enrichment reduced the amounts of F and G on the 

NiV/VSV (Figure 7B and 7C). The NiV/VSV particles were then serially diluted in 

infection buffer (PBS + 1% BSA) and allowed to infect HEK293T cells for 2 h. 

Importantly, for all our viral entry assays, we used equal inputs of genome copies per 

infection. Genome copies were determined using quantitative reverse transcription-

PCR, as we previously reported (501, 504). The levels of viral entry were quantified 18 

h post-infection, when luciferase expression was measured as relative light units (RLU), 

revealing that reducing the cholesterol concentration in the membrane significantly 

decreased viral infectivity (Figure 7D) (P < 0.01). Conversely, particularly when 

considering the lower levels of incorporation of F and G on the virions (Figure 7 B and 

C), increasing the cholesterol concentration in the virions increased viral particle 

infectivity (Figure 7D). Altogether, our results indicated that the cholesterol-depleted 

viral particles yielded reduced levels, while the cholesterol-enriched virions yielded 

higher levels, of viral entry into cells.  
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Figure 7. Modulating membrane cholesterol concentration alters viral particle 

infectivity. 

(A) The cholesterol concentration in NiV/VSV pseudotyped virions, after treatment, 

was measured with an Amplex Red cholesterol kit. Measurements were normalized to 

the mock-treated virus (set to 100 %). (B) Western blot of NiV/VSV pseudotyped virus 

from mock, cholesterol depleted and enriched NiV/VSV probed for NiV F/G 

glycoproteins. (C) Densitometry of NiV/VSV glycoproteins normalized to mock-treated 

NiV/VSV. (D) The entry of NiV/VSV into HEK293T cells was measured with a Renilla 

luciferase kit (Promega). The RLU was quantified 18-24 hr post-infection. Data shown 

is one representative of three independent experiments with ± SEM. (E) Entry of 

NiV/VSV pseudotyped virus into cholesterol-modulated HEK293T target cells is 

shown. PC refers to cells transfected with empty vector pcDNA3.1+ and the particles 

released.The data shown are averages of 4 independent experiments ± SD. Statistical 

significance was determined with a one-sample t-test, * P<0.05, ** P<0.01, *** 

P<0.001.  

 

We then asked whether the concentration of membrane cholesterol in the target 

cells also affected NiV/VSV entry. We used our cholesterol depletion and enrichment 

protocols on the target HEK293T cells and then infected the cells for 2 hr with NiV/VSV 

at a dilution of 1:4000 (1.5×108 genome copies/mL), which yielded optimal luciferase 

activity without reducing cell viability. We observed that cholesterol depleted target 

cells had significantly reduced levels of viral entry levels (~40 %) (P = 0.0002) as 

compared to the mock control cells, while cholesterol-enriched target membranes 

yielded significantly increased (~130 %) (P = 0.0497) infectivity levels (Figure 7E), at 
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equal genome copy levels. Altogether, our results suggest that membrane cholesterol in 

both the virus and host membrane modulates NiV glycoprotein-mediated membrane 

fusion.  

Effect of membrane cholesterol on the early NiV F-triggering step. Since we 

observed that the levels of both NiV-induced cell-cell and virus-cell membrane fusion 

were significantly altered by the concentration of membrane cholesterol, we then 

examined what step(s) during the NiV membrane fusion process was/were affected. We 

first tested whether the relatively early F-triggering step in the paramyxovirus 

membrane fusion process was altered. For this purpose, we used an F-triggering assay 

we previously described (30, 501). Briefly, once G binds ephrinB2, G undergoes 

conformational changes that trigger F to transition from its pre-fusion state to its pre-

hairpin intermediate (PHI) conformation, allowing F to insert its fusion peptide into the 

host membrane (14). The PHI can be captured with a Cy5-labeled peptide that mimics 

the heptad repeat region 2 of NiV-F (HR2-Cy5). To synchronize the membrane fusion 

process as much as possible, HEK293T cells transfected to express NiV F and G were 

collected 12-14 hr post-transfection, resuspended in PBS + 1% BSA, and incubated for 

90 min at 4°C with the NiV-F HR2-Cy5 peptide. Incubation at 4°C allowed for G to 

bind to ephrinB2, but not for the temperature-dependent triggering of F to the PHI 

conformation, and/or the F transition from PHI to 6HB to occur. The cells were then 

brought to 37°C for 30 min to allow for F-triggering to occur, followed by cold PBS 

washing and fixation. The levels of HR2-Cy5 bound to the exposed NiV-F HR2 region 

in the PHI conformation was measured via flow cytometry. Unexpectedly, based on our 

syncytia and viral entry assays, the F-triggering assay revealed that decreasing 
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membrane cholesterol increased the amount of F-triggering (P = 0.0170), and vice-versa 

(P = 0.0041), as compared to the mock control (Figure 8). This suggests that a 

membrane with reduced levels of cholesterol allowed for more NiV-F-triggering, and 

vice versa. Again, these results were counter-intuitive when compared to the cell-cell 

fusion levels, obtained as a result of cholesterol depletion or enrichment (Figure 5 & 6). 

Thus, we posited that an additional post-F-triggering step in the membrane fusion 

cascade must be affected by membrane cholesterol levels.  

 

 

Figure 8. The concentration of membrane cholesterol affects the levels of NiV F-

triggering.  

The degree of NiV F-triggering in cholesterol-modulated cells was detected with the 

use of a NiV F HR2-Cy5 peptide. The peptide bound to the exposed HR1 region during 

the PHI conformation after the transition from 4°C to 37°C. An average of three or more 

independent experiments ± SD is shown. Statistical significance was determined with a 

one-sample t-test, * P<0.05, ** P<0.01. 

Effect of membrane cholesterol in the late steps of the NiV membrane fusion 

cascade. During the membrane fusion cascade, after F-triggering, a hemifusion step 

(fusion of the outer membrane leaflets of the two lipid bilayers, ensues before full fusion 

pore formation and expansion occur (Figure 9). To determine if membrane cholesterol 

influences the levels of hemifusion, we performed a heterologous-cell fusion assay. This 

assay allowed us to discern the levels of outer-leaflet merging between the effector and 
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target membranes, in cholesterol-modulated cells. PK13 cells, receptor-negative for 

ephrinB2, were transfected to express F and G 24 hr prior to cholesterol modulation. 

Then, receptor-positive Vero cells, stained with CellTracker Green, DiI, and Hoechst to 

visualize their cytoplasm, plasma membrane, and nuclei, respectively, were overlaid 

onto the treated PK13 cells. The PK13 (effector) and Vero (target) cells were co-

incubated for 4 h at 37°C prior to being fixed with 2% PFA. The proportions of 

hemifusion and full fusion were then quantified for all treatments. Examples of full-

fusion and hemifusion events are shown (Figure 9A-C). We observed that in 

cholesterol-modulated effector cells, there was no change in the levels of hemifusion as 

compared to the mock-treated cells. Equivalent levels of hemifusion and full fusion 

events were observed in all treatments (Figure 9D). This data indicates that even though 

the levels of syncytia formation were altered in cholesterol-modulated cells, there was 

no change in the levels of hemifusion yielded. Overall, this and the prior data imply that 

membrane cholesterol likely affects a critical post-hemifusion step.  

 

Figure 9. Heterologous cell-cell fusion upon cholesterol modulation. 

 (A-C) PK13 cells were transfected with either PcDNA3.1(+) or NiV F/G expression 
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plasmids. Vero cells were dyed with CellTracker Green, DiI, and Hoechst to visualize 

their cytoplasm, plasma membrane, and nuclei, respectively, before being overlaid onto 

the monolayer of PK13 cells for 4 hr prior to fixation with 2% paraformaldehyde. 

Examples of (A) no fusion, (B) full fusion, and (C) hemifusion are shown. (D) 

Hemifusion/ full fusion quantification. At least 4 wells of a 6 plate were completely 

surveyed at 40X to determine relative levels of hemifusion and full fusion events for 

each treatment. Data shown represent ratios of hemifusion vs. full cell-cell fusion.  

 

Membrane cholesterol affects NiV fusion pore formation. We then sought to 

determine whether later steps in the fusion cascade were altered, specifically fusion pore 

formation and fusion pore expansion. Thus, we performed a dual split protein (DSP) 

assay in which the effector cells were transfected with F, G, and half of the DSP 

construct composed of luciferase and GFP reporter chimeric proteins (505, 506). A 

construct containing the other halves of the DSP chimeric protein was transfected into 

the target cells along with an empty vector, PcDNA3.1+. Only when the two halves of 

the complex coalesce, upon fusion pore formation, can fluorescence or luminescence be 

detected. Importantly, this DSP assay is positive when a relatively small fusion pore 

forms, just large enough for the protein halves to mix (501). Using this DSP assay, we 

observed that decreasing membrane cholesterol levels resulted in reduced levels of NiV-

induced fusion pore formation (10 mM, P = 0.0002) (Figure 10A). Conversely, when 

the concentration of membrane cholesterol was increased, we observed a significant 

increase in fusion pore formation (5 mM, P = 0.0120) (Figure 10B). These results most 

directly correlate with the phenotypes observed in our syncytia and viral entry 

experiments, suggesting that the fusion pore formation step is crucial for the end result 

in these two important fusion assays.  
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Figure 10. Modulating membrane cholesterol alters fusion pore formation. 

The effector cells expressing NiV F/G and DSP1 were overlaid, after cholesterol 

modulation, onto the target cells expressing DSP2. The degree of fusion pore formation, 

reported with EnduRenTM Live Cell Substrate (Promega), was quantified 8-12 hr post-

overlay in cholesterol depleted (A) or cholesterol-enriched (B) cells. Data shown are 

averages of 3 or more independent experiments ± SD. Statistical significance was 

determined with one-sample t-test, * P<0.05, ** P<0.01, *** P<0.001. 
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DISCUSSION 

The role of membrane cholesterol in viral fusion has remained unclear for the 

paramyxoviruses. Here we report for the first time a mechanistic approach towards 

understanding the function of cholesterol in Henipavirus membrane fusion. Essentially, 

we observed that cholesterol depletion caused a significant increase in F-triggering, but 

a reduction in fusion pore formation, and ultimately less syncytia formation (Figure 5C-

D, 8, and 10A). Conversely, with increased levels of membrane cholesterol, the levels 

of F-triggering decreased, but the levels of fusion pore formation and the overall levels 

of syncytia formation increased (Figure 6C-D, 8, and 10B). Altogether, our results 

suggest that the NiV fusion cascade is strongly influenced by the levels of membrane 

cholesterol, and that fusion pore formation is key to the final fusion phenotype of the 

fusion cascade (Figure 11 A & B).  

 

Figure 11. Summary table and model of the roles of membrane cholesterol in NiV 

membrane fusion. 

(A)The CSE of NiV F and G, and the ability of NiV G to bind ephrinB2, were not 

affected when membrane cholesterol was altered. However, the levels of F triggering 

were altered by cholesterol modulation. An increase in cholesterol reduced F-triggering, 

while a reduction in cholesterol concentration increased F-triggering. The levels of 
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hemifusion did not change with cholesterol modulation. Additionally, a late step in NiV 

membrane fusion, fusion pore formation, was significantly altered by cholesterol 

modulation. (B) Model for the role of membrane cholesterol in NiV membrane fusion. 

NiV membrane fusion begins with the binding of G to ephrinB2, and this interaction 

induces conformation changes within G that ultimately activates a conformational 

cascade in F. During F’s transition from the PF to the PHI conformations, cholesterol-

depleted cells (yellow arrow) had an increase in F-triggering while cholesterol-enriched 

cells (green arrow) had a reduction in F-triggering, compared to mock-treated cells. 

Then, F merges the outer-leaflets of the effector and target membranes. In cholesterol 

modulated cells, the levels of hemifusion formation were not altered as compared to 

mock-treated cells. NiV membrane fusion proceeds to fusion pore formation and 

expansion that ultimately leads to viral entry or syncytia formation. Cholesterol-

depleted cells yielded reduced levels, while cholesterol-enriched cells higher levels of 

fusion pore formation as compared to the mock cells. The size of the arrows indicate 

that relative levels of the phenotypes they mark. Purple dots within the arrows represent 

the relative levels of cholesterol in those scenarios 

 

Several studies have demonstrated that sequestration of cholesterol can have various 

effects on paramyxoviruses, such as the inhibition of cell-cell fusion, reduction of viral 

protein expression, and decreased infectivity of virus particles (211, 214, 215, 489, 491). 

Additionally, our new findings indicate that membrane cholesterol performs an essential 

mechanistic role in NiV fusion. Importantly, we observed that the expression of NiV F 

and G was not altered by cholesterol modulation (Figure 4E and 5E). In contrast, 

expression of live HPIV1 and SV were significantly reduced with cholesterol-reducing 

agents (215). Notably, cholesterol modulation did not alter the cleavage of NiV F 

(Figure 4F & 5F). Although removal of cell membrane cholesterol has been observed 

to stop clathrin-mediated endocytosis in some cases, and this is a process involved in 

generating an active, cleaved NiV fusion protein (26, 507), we did not observe a 

decrease in NiV F cleavage. We speculate that re-establishment of endocytosis post-

MBCD treatment during lovastatin incubation may be the cause of normal F cleavage 

levels. Interestingly, cholesterol modulation did not alter the ability of NiV G to bind 

ephrinB2, even though some enveloped viruses that utilize host cell receptors for entry 
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tend to display reduced levels of binding to cholesterol depleted membranes, as was the 

case for HIV-1, NDV, and CDV (211, 489, 508), and the docking of RSV to target cells 

was dependent on cholesterol-rich domains (486). 

We observed that decreasing levels of membrane cholesterol resulted in 

diminished levels of cell-cell fusion, while an increase in membrane cholesterol 

increased syncytium formation (Figure 4C and 5C). A decrease in syncytia formation, 

due to cholesterol sequestration, was also observed among other enveloped viruses such 

as HSV-1, CDV, HIV-1, and influenza virus (181, 489, 509, 510), but interestingly not 

in cells infected by the paramyxovirus NDV (488). Similarly, an increase in cell-cell 

fusion, with the addition of exogenous cholesterol, was observed in HIV-1 and murine 

coronavirus infections (510, 511).  

Moreover, a reduction in cholesterol concentration in the NiV/VSV particles or target 

cells resulted in a reduction in viral entry. Conversely, NiV/VSV particles or target cells 

enriched in cholesterol displayed an increase in entry compared to mock-treated 

NiV/VSV and cells (Figure 7). Indeed, the sensitivity of enveloped virus entry to the 

levels of membrane cholesterol is nearly ubiquitous (181, 211, 486, 489, 509, 512-514). 

However, the difference in infectivity, induced by cellular cholesterol modulation, may 

partly be due to the levels of endocytosis, which has been shown to affect the 

internalization of RSV, NDV, and Varicella-Zoster virus (513, 515-517). Based on our 

results, a critical step in the fusion cascade was impeded when membrane cholesterol 

was sequestered and enhanced with the addition of exogenous cholesterol. In order to 

determine the step(s) in the NiV fusion cascade affected by cholesterol modulation, we 

performed several biochemical assays. 
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We observed that the triggering of NiV F was inversely proportional to the 

concentration of membrane cholesterol. This suggests that reducing the concentration 

of membrane cholesterol allows the NiV fusion machinery to be more readily activated 

and vice versa. Another possible explanation is that in a cholesterol reduced membrane, 

triggered NiV F may be locked in the PHI conformation, unable to progress to the 6HB 

conformation to merge the membranes. The opposite may occur in cholesterol-enriched 

cells, where NiV F may undergo the transition from PF to PHI to 6HB at an accelerated 

rate, hence the higher levels of cell-cell fusion as compared to mock-treated cells. This 

would be detected as a low F-triggering phenotype in our F-triggering assay, as the F 

protein would live in the PHI for a shorter time. Nevertheless, our data suggest that the 

fusion cascade proceeds more readily with elevated levels of membrane cholesterol and 

less readily when membrane cholesterol was reduced. Interestingly, our findings differ 

from those obtained for the alphaviruses Semliki Forest virus and Sindbis virus, for 

which fusion protein triggering was promoted by cholesterol (518). We speculate that 

this may be due to differences in the conformational stabilities between the pre-fusion 

conformations of alphaviruses and paramyxoviruses. 

Furthermore, we tested whether the levels of hemifusion were altered by cholesterol 

modulation. Using a heterologous-cell fusion assay, we determined that essentially all 

treatments yielded relatively low but equivalent levels of detectable hemifusion as the 

mock-treatment control. This is due to hemifusion being a rapid and transitory event in 

the viral membrane fusion cascade. Nonetheless, the reduction or increases in syncytia 

formation (Figure 4C, 4D, 5C, and 5D) were not due to inhibition or augmentation of 

the hemifusion step (Figure 9D). In contrast to our findings, the levels of hemifusion 
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and hemifusion stalk expansion were favored in high cholesterol membranes during 

influenza virus fusion (519, 520).  

We also investigated whether fusion pore formation was affected by cholesterol 

levels. For this purpose, we utilized a DSP system (501, 506), which has also been used 

to study fusion pore formation in HIV-1-induced cell-cell fusion (521). Using this assay, 

we observed that cholesterol depletion reduced the levels of NiV induced fusion pore 

formation, while increased levels of membrane cholesterol generated higher levels of 

fusion pore formation (Figure 10 A and B). We speculate that this is due to the levels of 

flexibility of the membranes needed during fusion pore formation. Namely, decreased 

levels of membrane cholesterol may decrease the ability for the effector membrane to 

flex to form a fusion pore and vice versa.  

In conclusion, we have revealed that NiV cell-cell and viral-cell membrane fusion was 

affected by the concentration of membrane cholesterol. Moreover, we demonstrated that 

the F-triggering and fusion pore formation steps during NiV membrane fusion cascade 

are affected in opposite directions by sequestration or intercalation of cholesterol, with 

the latter step being a relatively more dominant phenotype for the overall cell-cell fusion 

phenotypic outcome. These roles reveal how components of the lipid bilayer affect the 

mechanism of NiV membrane fusion. However, it is not yet known whether this 

interaction of membrane cholesterol and viral kinetics is consistent in other 

paramyxoviruses, or at least for other henipaviruses. This study lays the foundation for 

potential studies of the roles of various membrane components and their effects on 

paramyxoviral and henipaviral infectivity.  
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CHAPTER FOUR 

ROLE OF MEMBRANE CHOLESTEROL IN NIPAH VIRUS BUDDING 

ABSTRACT 

Lipid rafts are cholesterol-rich domains that have been implicated as sites of assembly 

and release for enveloped viruses. Though the function of lipid rafts has been 

investigated in many paramyxoviruses, the role of lipid rafts for the NiV remains 

unstudied. In this study, we found that F and M were more localized in lipid rafts 

compared to G. However, the localization of the G within rafts was increased in the 

presence of F or M. Cholesterol sequestration with MβCD in cells expressing F and M 

induced a shift of the viral proteins out of lipid raft domains. Additionally, the 

destabilization of lipid rafts with cholesterol depletion increased the release of NiV-

FGM VLPs. Conversely, the enhancement of lipid raft stability with the intercalation of 

exogenous cholesterol caused a decrease in the budding of NiV-FGM VLPs. 

Furthermore, analysis of NiV-FGM VLPs by flow virometry revealed that cholesterol 

depletion increased incorporation of NiV-F/G/M into VLPs, while cholesterol 

enrichment caused a reduction in NiV-F/G incorporation. Altogether, these results 

demonstrate that lipid rafts may be the sites of NiV assembly, but lipid rafts are not 

required for NiV VLP release. 
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INTRODUCTION 

Lipid raft domains, also known as detergent-resistant membranes (DRM), 

liquid-order domains, and cholesterol-rich domains, are utilized by enveloped viruses 

as sites of binding, entry, assembly, and viral particles release (217). The role(s) of lipid 

raft domains have been studied in many enveloped viruses. For example, HIV-1 uses 

lipid rafts as sites of infectious viral particle release (482, 483) and transcytosis in 

infected cells, from the apical surface to the basolateral surface of polarized cells (522). 

IAV uses lipid rafts as sites of assembly and viral particle budding (179, 523). However, 

destabilization of lipid raft domains by cholesterol depletion increased IAV particle 

budding while the addition of exogenous cholesterol reduced levels of viral particle 

release (183). Conversely, cholesterol depletion with both gemfibrozil and lovastatin in 

infected cells reduced the infectivity and production of IAV (524).  

Within the Paramyxoviridae family, MeV proteins localize at cholesterol-rich 

domains and incorporate rafts into released MeV particles. The matrix and 

nucleoprotein associate with lipid rafts independent of MeV F and H glycoprotein 

expression (525). Furthermore, MeV F integrates into rafts but not MeV H, but when 

expressed together, MeV F assists MeV H into rafts, and MeV F enhances the 

incorporation of MeV M into lipid rafts as well. Although MeV M can bud 

autonomously, the increased localization into rafts caused by MeV F did not increase 

MeV M protein-induced viral particle budding (213, 526). Additionally, the 

incorporation of internal MeV proteins (L, M, N, and P) into lipid rafts requires the MeV 

genome (213).  
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In CDV infected cells, both F and H proteins localized in DRM, suggesting that 

rafts may be used in the assembly of CDV particles (489). In SV, the murine equivalent 

of HPIV1, the incorporation of SV M into DRM, was due to interactions with F and HN 

(527). Furthermore, SV F and HN incorporation in DRM was due to interactions with 

detergent-insoluble lipids, while the incorporation of SV M into DRM was due to 

interactions with insoluble cytoskeletal structures (528). Cholesterol depletion with 

MβCD in SV infected cells did not affect viral particle production but did reduce the 

infectivity of released SV, suggesting that DRM may not be the sites of SV budding 

events (491, 529). However, in HPIV1 and SV infected cells, cholesterol-reducing 

compounds, gemfibrozil and lovastatin, reduced the levels of viral proteins localized at 

the plasma membrane and within lipids rafts and reduced the production of infectious 

virus (215). Similarly, treatment with gemfibrozil and lovastatin in IAV infected cells 

significantly reduced virus titers (524).  

In PIV-5 infected cells, the HN, F, and M proteins associate to DRM. PIV-5 uses 

caveolin-1 rich lipid rafts for assembly and budding. However, PIV-5 entry into target 

cells was independent of caveolin-1 expression, but the expression of caveolin-1 in 

infected cells induced higher viral titers (530). 

In NDV infections, the ability for NDV F to be integrated into DRM was 

unaffected by the expression of HN. However, the deletion of the NDV F cytoplasmic 

domain (d523-553) reduced the association of NDV F with DRM (488). NDV integrates 

lipid raft marker proteins caveolin-1 and flotillin-2 into budded virus but not the non-

lipid raft transferrin receptor suggesting that NDV buds from lipid raft domains. 

Furthermore, cholesterol depletion of NDV infected cells altered F and HN localization 
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in DRM, increased viral particle release, and produced virions with heterogeneous 

densities. However, direct cholesterol-depletion of NDV particles did not affect virus 

entry. Altogether, this suggests that lipid rafts are essential for proper assembly and 

release of NDV (214, 216).  

Recombinant expression of RSV proteins revealed that RSV F increased the 

incorporation of RSV M into DRM (531). RSV G and N proteins were also reported to 

localize in lipid raft domains (532), and RSV incorporates host cell raft proteins into 

released viral particles (533, 534). Disruption of lipid rafts with MβCD and lovastatin 

significantly reduced viral titers of RSV from infected cells (487).  

Though the role of lipid rafts for many paramyxoviruses has been elucidated, 

the role of lipid rafts in henipavirus egress has remained understudied. However, it was 

reported that lipid raft incorporation of NiV-F did correlate with the levels of fusion. 

Precisely, a reduction in fusion correlated with a reduction of NiV-F lipid raft 

association (120). Nevertheless, the role of cholesterol and lipid raft domains for NiV 

assembly and budding remains unstudied. Though the role of cholesterol-rich domains 

during particle release has not been studied for NiV, much has been revealed on the 

egress of the NiV glycoproteins. Both NiV-F and G undergo synthesis in the 

endoplasmic reticulum and transport to the plasma membrane from the Golgi apparatus 

(535). The NiV-F protein initially traffics to the plasma membrane in a fusogenically 

inactive form. Subsequently, F is endocytosed in Rab5-positive endosomes and is 

proteolytically cleaved by Cathepsin proteases to become fusogenically active. F then 

traffics back to the plasma membrane in Rab4-positive endosomes (24, 125). 

Endocytosis appears to be essential for VLP assembly rather than activation of F (124). 
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NiV-G is also endocytosed (536). In polarized epithelial cells, NiV-F and G are 

trafficked to the basolateral surface, while NiV-M is transported mainly to the apical 

surface. However, lateral expression of NiV-F and G in infected cells appears to play a 

role in syncytia formation (537). NiV-M is trafficked mainly to the apical surface in 

polarized epithelial cells. However, at later time points, F, G, and M accumulate at the 

apical membrane (29). After NiV-M ubiquitination, in the nucleus, M is trafficked to 

the plasma membrane (538). The presence of NiV-M at the plasma membrane is 

necessary for the formation of inclusion bodies at the plasma membrane and stability of 

infectious NiV virions (539). Inclusion bodies comprise the viral RNA genome, 

nucleocapsid, and phosphoprotein (540). Localization of NiV-F, G, and M on the 

plasma membrane was found to be random, and the integration of the viral proteins into 

NiVLPs to be stochastic (68).  

Though several aspects of NiV proteins such as trafficking, localization, and 

budding from the plasma membrane have been elucidated, the role of cholesterol-rich 

domains during assembly and budding of NiV require investigation. To elucidate how 

lipid rafts affect NiV egress and budding we performed various assays to determine the 

localization of NiV proteins in DRM, the budding efficiency of NiVLPs from 

cholesterol depleted/enhanced cells, and viral protein incorporation into released VLPs.  

We observed that NiV-F and M localize to lipid rafts to a greater extent than 

NiV-G and that NiV-F or M can assist NiV-G into lipid rafts when co-expressed. The 

budding efficiency of NiV VLPs from cholesterol depleted cells was significantly 

increased compared to mock-treated cells. Conversely, the budding efficiency of NiV 

VLPs from cholesterol-enriched cells was significantly reduced, compared to mock-
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treated cells. Furthermore, NiVLPs budding from lipid raft destabilized cells had 

increased levels of viral protein incorporation compared to NiVLPs from mock-treated 

cells. Conversely, cells with enhanced lipid raft stability produced NiVLPs with 

decreased levels of F and G compared to mock-treated cells. Altogether, this suggests 

that lipid rafts may be the sites of NiVLP assembly; however, lipid rafts are not required 

for the release of NiVLPs.  
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RESULTS 

NiV proteins localize in lipid raft domains. 

To elucidate if lipid rafts play a functional role in NiV assembly and budding, 

we first measured the localization of F, G, and M in lipid raft domains. Therefore, we 

transfected HEK293T cells with F, G, and M separately for 24 hrs. The cells were 

collected on ice and ruptured with a Dounce homogenizer. The lysates were incubated 

with Triton X-100 before being placed at the bottom of an OptiPrep density gradient. 

The gradient was ultracentrifuged in a TH-660 rotor at 45,000 rpm for 16 hrs. We then 

analyzed the sedimentation of the NiV proteins along the density gradient. We found 

that a portion of F and M localized in lipid rafts. Lipid rafts were defined as fractions 

that contained caveolin-1, a standard lipid raft marker. Additionally, G also localized in 

lipid raft fractions though to a lesser degree than F and M (Figure 12).  

 

Figure 12. Association of NiV F/ G/ M proteins in lipid raft domains 

NiV proteins sedimented along an OptiPrep density gradient. HEK293T cells were 

transfected with 12 µg of expression plasmids for F, G, and M separately for 24 hrs. 

Lipid raft fractions were designated as fractions containing caveolin-1, a standard lipid 

raft marker. Fractions 1-4 contained lipid rafts. F was detected with an anti-Au1 

antibody, G with an anti-HA, and M an anti-FLAG antibody. Isolation of lipid raft 

fractions was performed as described in Materials and Methods. 
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We previously reported that F and M increase the budding efficiency of G (32). 

We then tested whether the budding efficiency of G also correlated with G lipid raft 

incorporation. To test this, we expressed G with F or M and performed a lipid raft 

density-gradient assay. We observed that when G and F or G and M were expressed 

together, the incorporation of G into lipid rafts increased while the incorporation into 

rafts was virtually unchanged for F and only slightly reduced for M (Figure 13).  

 

 

 

Figure 13. Localization of NiV proteins in lipid raft domains in cells expressing G/F 

and G/M. 

NiV proteins sedimented along OptiPrep density gradients. HEK293T cells were 
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transfected with 12 µg of expression plasmids for G and F (1:1) or G and M (1:1) for 

24 hrs. (A) G expressed alone or in the presence of F. (B) G expressed alone or in the 

presence of M. Raft fractions were designated as those containing caveolin-1, a standard 

lipid raft marker. Fractions 1-4 contained lipid rafts. F was detected with an anti-Au1 

antibody, G was detected with an anti-HA antibody, M was detected with an anti-FLAG 

antibody. Transfected cells were collected 24 hrs after transfection. Isolation of lipid 

raft fractions was performed as described in Materials and Methods. 

 

We then asked whether lipid raft stability would affect the incorporation of F 

and M into lipid raft domains. To alter the stability of lipid rafts in cells expressing the 

primary facilitators of NiV VLP budding, F and M, we sequestered cholesterol from the 

plasma membrane with MβCD. With a 10 mM treatment of MβCD for one hr. at room 

temperature, we observed a shift out of lipid raft fractions for F and M. (Figure 14). This 

indicates that the stability of lipid rafts does affect the incorporation of F and M in 

cholesterol-rich domains. Cholesterol depletion also appeared to affect caveolin-1 

expression. Additionally, the lipid raft marker, caveolin-1 was virtually undetectable 

after cholesterol depletion. Altogether, this reveals that F and M localize to lipid rafts to 

a greater degree than M and that the expression of F or M can increase the incorporation 

of G into rafts. Additionally, the destabilization of lipid rafts reduces the localization of 

F and M in cholesterol-rich domains. 
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Figure 14. Localization of F and M proteins in lipid rafts after cholesterol depletion. 

NiV proteins sedimented along OptiPrep density gradients. HEK293T cells were 

transfected with 12 µg of expression plasmids for F and M separately for 24 hrs. (A) 

Top panels show the wild-type distribution of F and M and caveolin-1 along the density 

gradient. Fractions 1-4 contained lipid rafts. (B) Bottom panels show the distribution of 

F, M, and caveolin-1 along the density gradient after cells expressing F or M were 

treated with 10 mM MβCD for 1 hr. at room temperature. Raft fractions were designated 

as those containing caveolin-1, a standard lipid raft marker. F was detected with an anti-

Au1 antibody, G was detected with an anti-HA antibody, M was detected with an anti-

FLAG antibody. Isolation of lipid raft fractions was performed as described in Materials 

and Methods. 

 

NiV VLP budding efficiency is altered by lipid raft stability.  

To determine if lipid rafts are the sites of NiV VLP release, we expressed F, G, 

and M in various combinations and altered the stability of lipid rafts by modulating the 

levels of plasma membrane cholesterol. To destabilize lipid rafts domains, we treated 

cells expressing combinations of F/G/M, 11 hrs. post-transfection, with a solution of 10 

mM MβCD in serum-free media for 1 hr. Cholesterol depletion was followed by a 12 

hr. incubation with lovastatin in serum-free media or DMSO in the mock-treated cells. 
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The budded NiV VLPs were collected and concentrated by ultracentrifugation on a 20% 

sucrose-cushion. We analyzed the levels of F, G, and M in VLPs and the levels of viral 

protein expression in the transfected cells. We determined the budding efficiency of the 

NiV proteins by calculating the production of VLPs over the levels of protein expression 

in the lysates. The budding of F was significantly increased from cholesterol depleted 

cells when expressed alone and F budding was further enhanced in the presence of G, 

but not M (Figure 15).  

 

Figure 15. Cholesterol depletion increases the budding efficiency of NiVLPs. 

HEK293T cells transfected with combinations of F, G, and M were mock-treated treated 

or treated with a 10 mM solution of MβCD for 1 hr. at room temperature, followed by 

a 12-hr. incubation with lovastatin in serum-free media or DMSO in mock-treated cells. 

White bars represent mock-treated cells, and black bars represent the cholesterol 

depleted cells. Graphs represent an average of 4 or more replicates ± SEM. Statistical 

significance determined with one-sample t-tests, * P<0.05, ** P<0.01, *** P<0.001. 

 

We also revealed that the budding efficiency of G was significantly increased in 

cholesterol depleted cells when expressed alone and in the presence of F and M. (Figure 

15). Interestingly, the budding efficiency of M when expressed alone was not affected 

by cholesterol depletion. Though, when M was expressed in the presence of F or G, M 

had an increase in budding efficiency. However, this may be due to M being “pulled” 

into newly forming particles as they bud from the plasma membrane and not from the 

reduction in membrane cholesterol (Figure 15). We recently reported that F and M are 
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the primary facilitators of NiV budding in transfected cells, and expression of F or M 

assists G into VLPs. We observed that the increase in G budding when expressed with 

F and M is further enhanced with cholesterol depletion (32).  

 
Figure 16. Cholesterol enrichment decreases the budding efficiency of NiVLPs. 

HEK293T cells transfected with combinations of F, G, and M were mock-treated treated 

or treated with a 5mM solution of cholesterol/MβCD (1:20) for 1 hr. at room 

temperature, followed by a 12-hr. incubation with lovastatin in serum-free media or 

DMSO in mock-treated cells. White bars represent mock-treated cells, and black bars 

represent the cholesterol depleted cells. Graphs represent an average of 4 or more 

replicates ± SEM. Statistical significance determined with one-sample t-tests, * P<0.05, 

** P<0.01, *** P<0.001. 

 

We then sought to determine if lipid rafts with enhanced stability would yield 

the opposite effect to lipid raft destabilization on NiVLP budding. Therefore, we treated 

cells expressing combinations of F/G/M with a 5 mM solution of cholesterol/ MβCD 

(1:20) in serum-free media for 1 hr. at room temperature. This treatment increased the 

concentration of cellular cholesterol to approximately 160 % compared to mock-treated 

cells (Figure 6). We observed that the addition of exogenous cholesterol, a method of 

increasing lipid raft stability, did not alter the budding efficiency of F alone or in 

combination with G or M (Figure 16). Additionally, the budding efficiency of G, after 

cholesterol enrichment, was not altered when expressed alone. However, when G was 

expressed in the presence of F or M, the budding efficiency of G significantly decreased 

(Figure 16). Lastly, the budding efficiency of M, from cholesterol-enriched cells, was 
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not altered when expressed alone. However, the budding efficiency of M was negatively 

affected in the presence of F, but not G. However, when F, G, and M expressed together 

in cholesterol-enriched cells M’s budding efficiency was significantly diminished 

(Figure 16). Altogether, this suggests that budding of NiVLPs does not require stable 

lipid rafts.  

Lipid raft stability alters the incorporation of NiV proteins into NiVLPs. 

Since we observed that modulating the stability of lipid rafts in cells expressing 

F/G/M altered NiVLP budding, we then asked if the incorporation of the viral proteins 

in NiVLPs was also altered. To do this, we used flow virometry, a novel approach to 

flow cytometry used to analyze viral particles (541, 542). Using fluorescent beads of 

known size, the SSC and FSC settings were adjusted to detect VLPs. Using this 

approach, we analyzed the VLPs from mock-treated, cholesterol depleted, and 

cholesterol-enriched cells. We found that the levels of F, G, and M in VLPS, released 

from cholesterol depleted cells, were increased compared to the VLPs from mock-

treated cells. Conversely, the levels of F and G on VLPs from cholesterol-enriched cells 

had reduced levels of viral protein incorporation. However, the levels of M were 

increased compared to VLPs from mock-treated cells (Figure 17). Overall, this indicates 

that lipid raft stability alters the levels of NiV proteins incorporated onto newly forming 

viral particles.  

 

Figure 17. Flow Virometry analysis of NiVLPs from mock-treated, cholesterol depleted, 
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and cholesterol-enriched cells. 

Preliminary analysis of NiV VLPS bearing F, G, and M proteins. NiV VLPS were 

labeled with antibodies. F was labeled with an anti-FLAG-Cy5 antibody, G was labeled 

with an anti-HA PE antibody, and M was labeled with a polyclonal rabbit anti-FLAG 

primary antibody and a goat-anti-rabbit AlexaFluor488 secondary antibody. Antibody 

labeling was performed for 30 minutes on ice before concentrating the VLPs by 

ultracentrifugation at 110,000xg for 30 min in PBS. The pelleted VLPs were then 

resuspended in PBS w/ 1% BSA. NiVLPs were analyzed on a Guava EasyCyte HT Flow 

Cytometer. Statistical significance determined with one-sample t-tests, * P<0.05, ** 

P<0.01. 
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DISCUSSION 

Here we reveal the role of lipid rafts in NiV assembly and budding. We observed 

that a fraction of F, G, and M proteins associated with lipid raft domains when localized 

at the plasma membrane. However, it appears that cholesterol-rich domains are not 

necessary for NiV VLP release.  

In viral egress, the stability of DRM is essential for viral assembly and release 

of nascent particles (217, 478, 479). We observed that NiV-F and M were more 

localized in DRM than NiV-G (Figure 12). Viral protein localization into cholesterol-

rich domains is an important process in viral replication of HIV-1, and myxoviruses 

such as IAV, MeV, CDV, RSV, and NDV (179, 213, 488, 489, 510, 531). Additionally, 

in the presence of NiV-F or M, the localization of NiV-G in lipid rafts increased (Figure 

13). The increased localization of the NiV attachment glycoprotein into lipid rafts with 

the assistance of the NiV fusion glycoprotein or matrix protein similarly occurs in MeV 

infections. Precisely, MeV F pulls MeV H and M into DRM when expressed together 

(526). The increased localization of NiV-G into lipid rafts, with the assistance of NiV-

F or M, is paralleled in the budding efficiency of NiV-G. We previously reported that 

NiV-F and M increase the budding efficiency of NiV-G, though the budding efficiency 

of NiV-F and M were negatively affected by interacting with NiV-G. Furthermore, the 

destabilization of lipid rafts with MβCD caused NiV-F and M, the main facilitators of 

NiV budding, to relocate into the non-raft domains (Figure 14). The shift of viral 

proteins out of DRM with cholesterol depletion was also reported for NDV and SV 

(214, 215). 
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Since we observed that lipid rafts appear to be the sites of viral assembly, we 

then tested if cholesterol-rich domains were used for NiV particle release. By 

performing a VLP budding assay in cholesterol modulated cells that expressed NiV-F, 

G, and M, we observed that NiV VLPs did not require lipid rafts for viral release. The 

budding efficiency of NiV FGM VLPs increased from cholesterol-depleted cells 

compared to mock-treated cells. Conversely, the budding efficiency of NiV FGM VLPs 

from cholesterol-enriched cells was significantly reduced. When expressed alone, the 

budding efficiencies of F, G, and M from cholesterol-enriched cells NiV were not 

altered. However, a significant reduction in NiVLP budding efficiency occurred when 

F, G, and M were expressed together. This is contrary to the typical budding phenotype 

of most paramyxoviruses since destabilized lipid rafts usually induce a reduction in viral 

particle release. A change in budding efficiency, with lipid raft destabilization, was also 

observed in SV and IAV (A/WSN/33, H1N1), precisely, cholesterol depletion produced 

an increase in both virus’s titers but produced virus with heterogeneous densities and 

reduced infectivity levels (183, 491). However, the addition of exogenous cholesterol 

produced a reduction in IAV viral titers (183). This effect is unusual, as most enveloped 

viruses require cholesterol and lipid rafts for efficient budding of nascent viral particles. 

Nevertheless, it appears that NiV does not require lipid rafts to bud VLPs. 

Overall, this suggests that lipid rafts may not be the sites of NiV VLP release 

and that the non-raft domain of the plasma membrane may be the preferred site of NiV 

budding. Additionally, our proteomic analyses of NiVLPs revealed that the abundance 

of a non-raft marker, transferrin receptor protein 1, incorporated into NiVLPs was 
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greater than the levels of the lipid raft marker flotillin-2 (543, 544). This further supports 

our results, suggesting that lipid rafts may not be the site of NiV budding events.  

Additionally, we performed flow virometry on NiVLPs that budded from mock-

treated, cholesterol depleted, and cholesterol-enriched cells (541, 542). We observed 

that the levels of F and G were all significantly higher in VLPs that budded from cells 

that were cholesterol depleted compared to VLPs from mock-treated cells. Conversely, 

VLPs from cholesterol-enriched cells had much lower levels of F and G but not M 

(Figure 16).  

Altogether, our data suggest that lipid rafts are the sites of NiVLP assembly but 

are not necessary for viral particle release. However, the stability of lipid rafts does 

impact the level of F, G, and M incorporated into viral particles though it remains to be 

determined how this alteration in viral protein incorporation affects the infectivity of 

NiVLPs. 
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ABSTRACT 

Enveloped viruses cause devastating zoonotic disease and are the most likely 

pathogens to cause global pandemics. Making small-molecule inhibitors of virus-cell 

membrane fusion valuable therapeutics against the constant emergence and mutation of 

enveloped viruses. We identified several sulfur-containing broad-spectrum antivirals, 

including XM-01, with high inhibitory properties against multiple pathogenic 

enveloped viruses, but not non-enveloped viruses. Multidisciplinary approaches, 

including membrane fluidity, cell-cell fusion, electron microscopy, and electron spin 

resonance assays show that XM-01 increases membrane order deep within the 

hydrophobic region of the bilayer and increases phase transition temperature while 

leaving the glycoproteins and viral genome unaffected. The ability of XM-01-type 

compounds to inactivate viruses while leaving glycoproteins intact provides a unique 

vantage point as vaccine development candidates. XM-01 was used to generate an 

H1N1 influenza Ca/04/2009 vaccine and was tested in mice. Compared to live and 

traditional vaccines, XM-01-inactivated virus conferred complete protection to mice 

after challenge with reduced weight loss, and robust immune response to HA and NA 

glycoproteins. Importantly, relative to other antivirals, XM-0l should not induce viral 

resistance by mutagenesis, as XM-01 targets membranes, not proteins or genetic 

material. Thus, XM-01-type compounds possess desirable characteristics as broad-

spectrum antivirals and as viral inactivators for vaccine development. 
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INTRODUCTION 

In 2015, the World Health Organization (WHO) produced a list of emerging 

pathogens most likely to cause major epidemics worldwide that require urgent research 

and development. Notably, all pathogens included were enveloped viruses (in 

alphabetical order: Crimean Congo hemorrhagic fever, Ebola, Marburg, Lassa fever, 

MERS, SARS, Nipah, and Rift Valley fever viruses) (545). Further, the majority of these 

human viruses are zoonotic (transmitted from animals). The National Academy of 

Sciences reported that zoonotic diseases are a leading cause of illness and death 

worldwide, in addition to negatively affecting the global economy. This list of 

pathogens largely overlaps the WHO list (546). Thus, viral membrane-perturbing 

therapeutics represent an ideal target as broadly applicable and invaluable antiviral 

agents. 

Collectively, the number of antiviral therapeutics is limited; of all the infectious 

human viruses, only nine have approved antivirals (HBV, HCV, HCMV, HIV, HSV, 

HPV, RSV, VZV, and influenza virus) (174). Several antivirals are in the early stages 

of research, including the membrane inhibitor LJ001 and the hydrogen sulfide (H2S)-

producing GYY4137, which have inhibitory properties against the respiratory syncytial 

virus (RSV), human metapneumovirus (HMPV) and Nipah virus (NiV) (547-549). 

However, these antivirals face technical obstacles for their practical use in vivo. LJ001 

requires light in order to produce singlet oxygen, which in turn destabilizes the viral 

membrane (198, 547). Therefore, LJ001 is useful mainly in aquaculture (550, 551). 

Ribavirin treatment of hepatitis C and RSV infections has been approved in many 

countries, including the U.S. However, data for the clinical efficacy of ribavirin against 
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the influenza virus is limited due to small sample sizes, incomplete trial information, 

and/or incompatible protocols for meta‐analysis (552). Ribavirin and Remdesivir have 

also been used to treat paramyxoviral infections. (203, 548, 553, 554). Arbidol has been 

used against the influenza virus in Russia and China. However, the use of Arbidol in the 

U.S. is not FDA approved, since side effects are unclear despite low toxicity claims 

(553, 555). However, compared to nucleotide/nucleoside analog pro-drugs or drugs that 

alter protein conformations, compounds that target the viral membrane stand a better 

chance as effective broad-spectrum antivirals.  

In the search for broad-spectrum antivirals, we analyzed a library of H2S 

releasing and related sulfur-containing compounds developed by the Xian laboratory, 

as controllable H2S donors, including compounds that contained sulfur-sulfur (S-S) 

bonds (556-569). Similar compounds, found in garlic, have antiviral, antibacterial, and 

antifungal properties and are claimed to be natural antibiotics (564, 568, 570). We also 

included NaHS and GYY4137, H2S-donor compounds with known antiviral effects 

against NiV, although at high (millimolar) concentrations (549).  

Our search produced a new class of antiviral compounds that target a critical 

step in the viral infection cycle: membrane fusion, which is essential for entry into host 

cells for enveloped viruses. These compounds, the best of which contain acyl disulfide 

bonds, inhibited viral entry of several important enveloped viruses at low micromolar 

concentrations. Our current mechanistic understanding is that XM compounds 

intercalate deep into the hydrophobic region of the viral membrane, decompose into 

polysulfides, and subsequently form perthiyl radicals that interact with the membrane 

to ultimately increase membrane order and phase transition temperature. XM 
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compounds target the membrane, not the glycoproteins or genetic material, rendering 

them less likely to induce viral resistance by mutagenesis. These are highly desirable 

characteristics inherent in this new class of antiviral compounds. Importantly, the 

mechanism of action of XM compounds lends itself for use as an effective inactivator 

of viruses for vaccine development. Our study found that XM-01 only perturbed the 

viral membrane and left glycoproteins intact. This led us to test the ability of XM-01 to 

inactivate viral particles while leaving antigenic epitopes intact. We found that mice 

subjected to lethal challenge with influenza Ca/04/2009 H1N1 virus after vaccination 

with an XM-01 generated vaccine were completely protected. This coincided with a 

potent immune response and significantly reduced morbidity/mortality compared to 

traditional vaccination approaches. Our data indicate that XM compounds are capable 

of generating more effective inactivated-virus vaccines than current pharmacologically 

used methods. Herein, we present data showing XM compounds to be broad-spectrum 

anti-enveloped virus inactivators capable of acting at micromolar concentrations with 

potential use as a prophylactic and in vaccine development.   
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RESULTS 

XM compounds inhibit pseudotyped NiV infection. We screened a library of 

sulfur-containing compounds, comparing them with known hydrogen sulfide donors 

NaHS and GYY4137 (549, 558, 571). We also included LJ001, an inhibitor of virus 

entry (Figure 18A) (547). These compounds were tested as antiviral inhibitors using our 

well-established high-throughput pseudotyped NiV/VSV virus (pNiV) luciferase 

infection system (120, 504, 572). Pretreatment of pNiV with their respective compounds 

before infection showed a significant decrease in infectivity. Interestingly, the five 

compounds (XM-01, -02, -03, -06, and -12) that best inhibited pNiV infections all 

contained acyl disulfide moieties (Figure 18B).  
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Figure 18. Compound XM-01 strongly inhibited pseudotyped NiV infections at low 

cytotoxicity levels. 

(A) Structures of compounds tested (XM- numbers 01-15) and control compounds 

LJ001 and GYY4137, known to inhibit enveloped viruses and NiV, respectively. (B) 

Percent infectivity of pNiV in Vero cells is shown. Compounds were used at 10 µM 

concentrations. (C) Percent cell viability following the incubation of Vero cells with the 

best compounds from (B) were determined using a CCK-8 kit to measure the 

dehydrogenase activity of live cells. Experiments performed by Armando Pacheco.  

 

We then tested these compounds for cytotoxicity using a CCK8 cytotoxicity kit 

that measures the enzymatic activity of dehydrogenases (572-574). We selected XM-01 

for further characterization as it showed low cytotoxicity at 1, 3, and 10 µM 

concentrations, and high inhibition of infectivity at 10 µM (Figure 18C). The cytotoxic 

effects of XM-01 were tested at concentrations between 1 µM - 1 mM in Vero and 1 

µM - 100 µM in MDCK cells (555). H2O2 at 2 mM concentration was used as a 

cytotoxicity control, and DMSO vehicle control was 0.1 mM (Figure 19A and B). 

 

Figure 19. XM-01 inhibits enveloped viruses, but not non-enveloped viruses. 

Percent cell viability was determined using a CCK-8 kit to measure the dehydrogenase 

activity of cells. XM-01 cytotoxicity was tested at concentrations between 1 µM – 1 

mM in Vero (A) and MDCK (B) cells. DMSO vehicle control = 0.1%. Cytotoxic control 
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= 2 mM. (N = 3). (C) XM-01 inhibited enveloped virus infection at various 

concentrations. Virions were treated with XM-01 before infection. XM-01 inhibits 

pNiV, HSV-1, RSV, HCMV, VSV, and influenza virus infections, but not rotavirus (D) 

and norovirus (E) infections. The rotavirus inhibitor control GRA (25µg/ml) and IFNα 

(1000U/ml) are shown. Three experiments were performed for each sub-figure A-E. All 

data shown are means of at least triplicate experiments with the standard errors. 

Experiments in (A & B) were performed by Armando Pacheco. Infectivity of HSV-1, 

RSV, and influenza were quantified by plaque assays. Infectivity of VSV and NiV were 

quantified with Renilla luciferase reporters. The infectivity of HCMV was quantified 

by GFP expression. Experiments in (C-E) were performed by the Aguilar-Carreno, 

Bose, Nicola, Hardy, Goodman, and Shimamura labs.  

 

XM-01 inhibits enveloped viruses but not non-enveloped viruses. We 

observed that pNiV, HSV-1, RSV, Human Cytomegalovirus (HCMV), vesicular 

stomatitis virus (VSV), or influenza WSN viruses were inhibited with XM-01 (Figure 

19C). In the case of pNiV, XM-01 was effective at a low micromolar inhibitory 

concentration EC50 ~ 1 µM and had ~3-log difference between the inhibitory and 

cytotoxic concentrations CC50 ~ 1mM giving a selectivity index of 1,000:1 (Figure 18B 

& 19A). Our results also show that XM-01 inhibits HSV plaque formation in a 

concentration-dependent fashion. Similar experiments showed that RSV, HCMV VSV, 

and influenza virus A/WSN/33 (WSN) infections were also inhibited by XM-01 (Figure 

19C). In contrast, the entry of non-enveloped rotavirus (Figure 19D) or norovirus 

(Figure 19E) was not inhibited. Collectively, our results indicate that XM-01 inhibits 

enveloped viruses but not non-enveloped viruses, suggesting that XM-01 affects viral 

membranes.  

XM-01 inhibits virions directly, early in the infection process, and in the 

absence of light. To begin to elucidate the mechanism of action of XM-01, we tested 

whether XM-01 inhibited infections by acting directly on the virions or the cells. First, 

pNiV were treated with XM-01 for 30 min and then washed by ultracentrifugation with 
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PBS to remove excess XM-01. We then infected cells with the serially diluted virus. 

The XM-01 treated virions were highly inhibited in their capability to infect Vero cells 

as compared to the vehicle-treated virus, indicating that XM-01 acts directly on the 

virus, and not the cells (Figure 20A).  

 

Figure 20. XM-01 inhibits virions directly 

(A) Dilutions of pNiV pre-treated with XM-01 for 30 min and cleared of excess XM-

01 by ultracentrifugation before Vero cell infections. LJ001 was used as a control. (B) 

Vero cells were pre-treated with XM-01 for 30 min and washed with warm PBS 3 times, 

followed by pNiV infection (top line), as compared with pre-treatment of virions as in 

(A) (bottom line). (C) The addition of XM-01 at various times post-infection shows 

inhibition early in the infection process. (D) Infection of Vero cells by pseudotyped NiV 

pre-treated with XM-01 before infecting Vero cells in the darkness. While XM-01 does 

not need light to inhibit the infections, LJ001 does. (N = 3). Experiments performed by 

Armando Pacheco. 

 

To corroborate this result, we pretreated cells with XM-01 for 30 min and 

washed away XM-01 using PBS, before infecting the cells with untreated virions. In 

contrast to the effects of XM-01 on virions in Figure 20A and 20B (bottom curve), the 
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compound did not significantly reduce viral infection (Figure 20B top curve). These 

experiments confirmed that the effects of XM-01 are directly on the virions.  

Next, we sought to determine if XM-01 inhibits viral infection post entry. We 

performed a “time of XM-01 addition” experiment wherein XM-01 was added to cells 

at different time points (Figure 20C). Vero cells were infected for 2, 4, 6, 8, 18, or 24 h. 

After infection, the unbound virus was washed from the cells, followed by the addition 

of XM-01 in media and incubated for additional time necessary to complete a 24 h 

period. Infection was measured by luciferase activity (Figure 20C). Two conclusions 

could be reached. First, as expected, the longer the virus was in contact with cells, the 

higher the level of infection observed. Second, after any given length of time of 

infection, XM-01 was completely incapable of inhibiting the virus as compared to 

infections with the respective DMSO vehicle control. These results clearly indicate that 

once the virus has entered the cells, XM-01 does not exert inhibitory activity, consistent 

with XM-01 inhibiting a viral entry step (Figure 20C). 

In addition, we tested whether XM-01 requires light for activation as LJ001 and 

related compounds depend on photons of specific wavelengths to generate radicals (550, 

551). We determined that XM-01 did not need light to inhibit pNiV infection. By 

contrast, the inhibitory activity of our control LJ001 broad-spectrum antiviral was 

severely reduced in the absence of light (Figure 20D). This indicates a broader range of 

applications for XM-01 as a broad-spectrum antiviral. 

XM-01 inhibits membrane fusion, but not glycoprotein function. As the 

components that most significantly affect viral entry are the glycoproteins and the viral 

membrane, we investigated whether XM-01 affects the viral glycoproteins. First, we 
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analyzed whether XM-01 affected viral binding to host receptors. HEK293T or PK13 

cells were transfected with the NiV attachment glycoprotein (G) expression plasmid, 

followed by incubation of these cells with a mixture of soluble receptor ephrinB2 and 

XM-01, then measured ephrinB2/G binding by flow cytometry. XM-01 did not interfere 

with the receptor-binding ability of the G glycoprotein (Figure 21A and 21B). 

Additionally, we tested if XM-01 affected the NiV fusion glycoprotein’s (F) ability to 

be triggered by G to execute membrane fusion. Using an HR2 peptide mimic of F 

labeled with Cy5, PK13 cells transfected with F and G were analyzed by flow cytometry 

to determine if F could still be triggered in the presence of XM-01 (30). We observed 

that F-triggering was not decreased upon XM-01 treatment (Figure 21C), a striking 

observation indicating the preservation of both F and G glycoproteins in functional 

forms.  
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Figure 21. XM-01 inhibits membrane fusion without affecting the viral glycoproteins. 

XM-01 at 10 µM and soluble receptor ephrinB2 were incubated with cells expressing 

NiV G glycoprotein for 30 min. XM-01 did not affect receptor binding to G on PK13 

cells (A) or 293T cells (B). The values for the negative control, PcDNA3.1+ transfected 

cells, not expressing G, were subtracted from the experimental values. (C) XM-01 at 10 

µM did not interfere with the triggering of the NiV F protein in the fusion cascade 

process. (D) XM-01 at 10 µM or the control membrane fusion inhibitor LJ001 at 1 µM 

both affect cell-cell fusion. (E) XM-01 did not affect glycoprotein F and G expression, 

using anti-Flag and anti-HA tag antibodies, respectively (F) XM-01 did not significantly 

affected conformation changes of protein G or F. (N = 3) All data shown are means of 

at least triplicate experiments with standard deviation. Statistical significance was 

determined with one-sample t-tests and are denoted by *, P<0.05 and **, P<0.01. 

Experiments performed by Armando Pacheco and J. Lizbeth Zamora. 

 

Since XM-01 did not affect the function of F or G, we then tested whether XM-

01 would affect cell-cell fusion executed by F and G. Syncytia formation quantification 

is a surrogate assay used to study cell-cell membrane fusion executed by paramyxoviral 

glycoproteins which is a significant pathological outcome of paramyxoviral infections 
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and an important process for viral spread between infected and naïve cells. XM-01 

treatment in cells expressing F and G significantly reduced levels of cell-cell membrane 

fusion (Figure 21D). These results are consistent with XM-01 interfering with a step in 

the membrane fusion cascade, during viral entry. To determine if inhibition of cell-cell 

fusion, by XM-01, was caused by a decrease in cell surface expression of F and G, their 

levels of cell surface expression were measured by flow cytometry and were found not 

to be significantly affected (Figure 21E). 

Since XM-01 did not affect the binding or F-triggering steps of membrane 

fusion, we then tested whether XM-01 affected the overall conformations of F or G. In 

this experiment, pNiV was incubated with XM-01 for 30 min before the compound was 

washed away with NTE buffer. Primary and secondary antibodies were allowed to bind 

to the treated virions. We then measured the relative binding levels of two polyclonal 

antisera to F or G by flow virometry (541) and observed no significant changes in 

antibody binding to either glycoprotein. As a control, we used LJ001, which is known 

to affect viral membranes, but not viral glycoprotein conformations (Figure 21F). This 

data suggests that XM-01 affects the vital process of membrane fusion, without 

significantly affecting glycoprotein functions. 

XM-01 compromises viral membranes. XM-01 affected viruses in a manner 

independent of binding or F-triggering and appeared to affect the virus particles directly 

while leaving glycoproteins intact. Furthermore, XM-01 affected several enveloped 

viruses tested, but not non-enveloped viruses. This suggested that XM-01 affects viral 

membranes. Therefore, we imaged the virus treated with XM-01 using electron 

microscopy to explore possible physical effects of XM-01. It was evident that most viral 
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particles treated with XM-01 had compromised membranes as compared to the DMSO 

control (Figure 22A). We used LJ001-treated pNiV to confirm that we were observing 

compromised membranes, as LJ001 is known to affect the viral membrane (198, 547). 

We also noticed that RNA spilled more frequently from virions treated with XM-01 and 

LJ001 as compared to the DMSO treated virions. Therefore, we tested whether the RNA 

was affected by XM-01 treatment. An nsp3: luciferase RNA construct was treated with 

XM-01 or vehicle control and electroporated into BHK cells. XM-01 did not alter the 

RNA stability relative to the DMSO control (Figure 22B). Essentially, the virus treated 

with XM-01 compromised the stability of the viral membrane but not the viral RNA. 

We hypothesized that XM-01 intercalated into the viral membrane to change its 

physical properties in order to inhibit viral fusion. To test this, we performed electron 

spin resonance on large multilamellar vesicles treated with XM-01. We detected spectral 

changes upon XM-01 binding to the spin-labeled lipid 1-palmitoyl-2-(16-doxyl 

stearoyl) phosphatidylcholine (16-PC) (Figure 22C, left). A shift of the high field peak, 

upon XM-01 binding, towards a lower frequency indicated that 16-PC was in a more 

hydrophobic environment. An equivalent comparison at 20 °C (Figure 22C, right) 

shows a second component developing when XM-01 bound to the membrane. This 

revealed that XM-01 intercalates deep into the hydrophobic region of the membrane.  

To further understand the effect XM-01 induces on membrane structure, we 

measured lipid order. The ΔS0 of the sample with and without XM-01 binding was 

calculated for XM-01: lipid ratios. A greater S0 indicates a more ordered lipid alignment. 

We observed that the membrane order in the headgroup region of dipalmitoyl 

phosphatidyl tempo (2,2,6,6,-tetramethyl-1-oxy) choline (DPPTC) was unchanged 
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upon XM-01 binding (Figure 22D). However, in the deep hydrophobic region, XM-01 

induced an increase in membrane order (up to 0.035 at 5%). Previously, it was found 

that a series of viral fusion peptides, including those from influenza, HIV, SARS CoV 

and Dengue virus, induced membrane ordering in the headgroup and shallow 

hydrophobic regions, but not in the deep hydrophobic region, which promotes 

membrane fusion (575-579). Importantly, and in contrast, the membrane ordering effect 

of XM-01 is opposite to those of the viral fusion peptides, i.e., it promotes ordering in 

the deep hydrophobic region.  

 

Figure 22. XM-01 compromised viral membrane fluidity. 

(A) Electron microscopy images of treated pNiV. Black arrows indicate affected 
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membranes and white arrows indicate spilled RNA. Virions were treated with DMSO 

(0.1 %) vehicle control, LJ001 membrane inhibitory control, and XM-01. (B) 

Luminescence of nsp3: luciferase RNA construct after XM-01 treatment and 

electroporation into BHK cells. DC = Decapped. Statistical significance determined 

with a t-test. (C) Comparison of ESR spectra in POPC/POPG (4:1) MLV without (black) 

or with (red) 5% XM-01 (mol: mol ratio) binding. At 25 °C, the high field peak of the 

spectrum upon XM-01 binding shifted toward lower frequency, indicating that the spin 

of 16PC was in a more hydrophobic environment. The equivalent comparison of the 

spectra with or without XM-01 was collected at 20 °C further demonstrated a second 

component emerging upon XM-01 binding (black arrow). Thus, the spectra clearly 

indicate that XM-01 intercalates into the deep hydrophobic region of the membrane. (D) 

XM-01 causes an increase in membrane order at various lipid ratios (E) XM-01 

increased the phase transition temperature of both pure POPC and POPC/POPG (4:1) 

membranes, (right) without (black) or with (red) XM-01. P <0.005. All experiments 

were performed in 5 mM HEPES, 10 mM MES, 150 mM NaCl buffer at pH 7. Each 

experiment was repeated two to three times, and a representative of each type of 

experiment is shown. (F) The reaction between butylamine and XM-01 decomposes 

XM-01, creating disulfide and polysulfide molecules; subsequently, perthiyl radicals 

are formed. (G) Mass. spectrum revealed the formation of disulfide and polysulfide 

products, which indicate the presence of the persulfide intermediate (RSSH) from XM-

01. Images in (A) were generated by Brandan Cook. Experiments in (B) were performed 

by Sara Jones-Burrage. Experiments in (C-E) were performed by Alex L. Lai. 

Experiments in (G) were performed by the Xian lab.  

 

We further examined the effect on phase transition temperature induced by XM-

01. By gradually decreasing the temperature in 1 °C steps, we monitored the “sudden” 

significant change indicating the point of the phase transition. XM-01 increased the 

phase transition temperature of both pure POPC (5.3 °C) and POPC/POPG (4:1) (5.8 

°C) membranes, indicating that XM-01 entering the membrane induced a greater 

tendency to turn the liquid-ordered phase into a more gel-ordered phase (Figure 22E). 

This is consistent with the membrane ordering effect, and the effect of XM-01 

decreasing membrane fusion. Altogether, this shows XM-01 intercalates in the deep 

hydrophobic region of the lipid bilayer, induces membrane ordering, and increases the 

phase transition temperature of the membrane. 
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We then examined the molecular transformation XM-01 undergoes to induce 

changes in membrane order. Like other H2S donors, under physiological conditions, the 

acyl group on sulfur are transferred to nucleophiles such as amino acids and ultimately 

generate persulfides. It was reported that persulfides or hydropersulfides are easily 

oxidized into perthiyl radicals (R-S-S·) (580). We analyzed XM-01 and its reaction with 

butylamine in CH2CL2. We recovered cysteine polysulfides, the decomposition 

products of persulfides (Figure 22F and 22G). In cellular environments, the generation 

of persulfides tends to produce radicals (581). This suggests that XM-01 and its perthiyl 

radical products may be inducing physical changes to the viral membrane by a radical 

mechanism.  

The XM-01-inactivated virus produces a potent vaccine. We further sought 

to explore the antiviral capabilities of XM-01 by producing an inactivated influenza 

virus vaccine (IIV). We first optimized the inactivation of Ca/04/2009 H1N1 with XM-

01 by plaque assays in MDCK cells. By treating Ca/04/2009 H1N1 with increasing 

concentrations of XM-01 for 4 h at room temperature and overnight at 4 °C, we 

significantly inhibited infectivity and determined the EC50 to be in the high nanomolar 

to a low micromolar range (Figure 23A). We then tested the ability of XM-01 to produce 

an IIV with Ca/04/2009 H1N1. We incubated Ca04/2009 H1N1 with XM-01, JL-122, 

formalin, and a mock control for 4 h at room temperature before intramuscular 

inoculation of 1:1 alum/virus. Female and male mice, with 5 mice per group, received 

two additional boosts, separated by two weeks each. The mice were challenged with 5 

times the LD50 of Ca/04/2009 H1N1. All mice that received the XM-01-inactivated 

H1N1 survived the challenge compared to the mock vaccinated mice, which succumbed 
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to the infection within six days post-challenge (Figure 23B). Along with excellent 

survival, mice vaccinated with XM-01-inactivated virus also suffered significantly less 

weight loss compared to all other treatments, except for the live-virus vaccinated group 

(Figure 23C). Interestingly, the female mice had reduced weight loss compared to the 

male mice that received formalin, JL-122, and XM-01 inactivated virus (Figure 24).  

 

Figure 23. XM-01 inactivated H1N1 produces an effective vaccine. 

(A) Plaque assays of MDCK cells infected with Ca/04/09 H1N1 pretreated with 
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increasing concentrations of XM-01 for 4 hours at room temperature. Data shown is an 

average of two independent experiments (N = 2). (B) Percent survival of vaccinated 

mice after challenge with 5 LD50 of Ca/04/09 H1N1. 5 mice in each group. (C) Percent 

weight change after Ca/04/09 H1N1 challenge in vaccinated mice (D) 

Hemagglutination inhibition assay with serum from vaccinated mice. (E) Percent 

neuraminidase activity assay with serum from vaccinated mice. Statistical significance 

determined with t-tests and are denoted by *, P<0.05 and **, P<0.01. Experiments 

performed by Abrrey Monreal and David Buchholz.  

 

We then tested the immune response toward the Ca/04/2009 H1N1 

hemagglutinin glycoprotein with serum collected from vaccinated mice. The antibody 

titers against HA were determined by incubating Ca/04/2009 H1N1 with sera from 

vaccinated mice for 30 min using a hemagglutination inhibition assay. This was then 

overlaid with 0.8% rooster blood and incubated for 45 min at room temperature before 

analysis. The XM-01-inactivated virus yielded a superior immune response toward HA, 

compared to the JL-122 and formalin-inactivated virus, and slightly better than the live-

virus vaccinated mice (Figure 23D). Additionally, the female mice had a better immune 

response toward HA than the male mice when vaccinated with formalin and JL-122-

inactivated virus (Figure 24). 

 

Figure 24. Percent weight change after Ca/04/09 H1N1 challenge in vaccinated mice. 

(A) Female mice percent weight change. (B) Male mice percent weight change. 

Experiments performed by Abrrey Monreal and David Buchholz. 
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Likewise, serum collected from vaccinated mice was tested to measure the 

immune response toward NA by measuring the enzymatic activity of a standard NA 

cleavage assay utilizing MuNANA (582). At increasing dilutions, serum from mice 

vaccinated with XM-01-inactivated virus displayed superior neutralization compared to 

JL-122 and formaldehyde-inactivated H1N1, but not the live-virus vaccinated mice 

(Figure 23E). However, female mouse serum had better NA neutralization activity than 

the male mice when vaccinated with formalin, JL-122, and XM-01 inactivated virus 

(Figure 25).  

 

Figure 25. Hemagglutination inhibition assay with serum from vaccinated mice. 

(A) Female mice serum HA inhibition after the first vaccination boost. (B) Female mice 

serum HA inhibition after second vaccination boost (C) Male mice serum HA inhibition 

after second vaccination boost. Statistical significance determined with one-sample t-

tests and is denoted by *, P<0.05. Experiments performed by Abrrey Monreal and David 

Buchholz. 
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This result was incredibly surprising as most conventional IIVs do not induce 

such a potent immune response towards NA (583). Overall, our data revealed that XM-

01 inactivated the virus by physically changing the viral membrane while leaving the 

glycoproteins intact. This, in turn, allowed for the creation of an effective vaccine that 

can completely protect mice from a lethal challenge and generate a potent immune 

response, especially compared to viruses inactivated with traditional methods (584).  

 

Figure 26. Percent neuraminidase activity assay with serum from vaccinated mice after 

the second boost. 

(A) Female mice serum NA activity after the first vaccination boost. (B) Female mice 

serum NA activity after second vaccination boost (C) Male mice serum NA activity 

after second vaccination boost. Statistical significance determined with one-sample t-

tests and is denoted by *, P<0.05. Experiments performed by Abrrey Monreal and David 

Buchholz. 
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DISCUSSION 

We report that XM-01 has robust inhibitory properties against enveloped 

viruses. This led us to explore XM-01 as a potential broad-spectrum antiviral against 

enveloped viruses such as NiV, VSV, RSV, HCMV, HSV-1, and influenza viruses. 

However, the non-enveloped rota- and norovirus were not inhibited by XM-01. 

Compounds XM-01, 02, 03, 10, and 11 (Figure 18A) all possess inhibitory properties 

and displayed low levels of cytotoxicity (Figure 19A and B); importantly, XM-01 

exhibited low cytotoxicity levels as compared to other sulfur-containing compounds 

tested in this study, with a selectivity index (CC50/EC50 ratio) for XM-01 of about 1,000 

(Figure 18B and 19A). The inhibitory activity of XM-01 is not likely caused by H2S 

release as compared to NaHS or GYY4137 (Figure 18B), of which inhibitory activity is 

attributed to H2S release (549, 558). Our data indicate that XM-01 is a more potent virus 

inactivator than NaHS or GYY4137 (Figure 18B). However, the EC50 of GYY4137 is 

10 mM (549), close to four orders of magnitude higher than the EC50 of XM-01 in our 

studies (Figure 18A) (549, 571, 585, 586).  

Importantly, XM-01 does not need light in order to inhibit enveloped virus infections, 

as opposed to the broad-spectrum antiviral LJ001 (Figure 20). While LJ001 is being 

explored as an inhibitor of viral transmission in fish aquaculture (199, 550), for the 

majority of the body where light does not easily penetrate, XM-01-like compounds are 

a better option. Therefore, these compounds appear to constitute a new class of broad-

spectrum antivirals that inhibit viral-cell membrane fusion in a light-independent 

manner. We demonstrated that XM-01 did not alter the viral glycoproteins or impair 

their functions tested but inhibited viral entry by reducing the fluidity of the viral 
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membrane (Figure 19 and 20). Since XM-01 and its derivatives target a critical step in 

viral entry, membrane fusion, they have the necessary attributes for potential use as 

antiviral agents against enveloped viruses.  

While the mechanism(s) by which XM-01 inhibits cell-cell and virus-cell fusion 

still need to be fully elucidated, structural comparison of the active vs. inactive 

compounds tested revealed that all antiviral XM compounds have a unique acyl 

disulfide core structure (Figure 18A). Exactly how the core structure is involved in 

inhibiting the viral membrane requires further investigation and could be due to several 

factors. One may be that the core structure has the correct conformation to fit in the viral 

membrane, affecting membrane fluidity. Alternatively, the core structure may be 

releasing a reactive chemical species that, in turn, acts directly on the membrane lipids. 

Further investigation will be conducted to determine the exact mechanism of action to 

generate XM derivatives with higher activity. It remains to be determined how cytotoxic 

XM compounds are in vivo, and whether optimization of the activity of XM-01 will 

yield compounds with better antiviral activities while retaining low toxicity levels. For 

further compound optimization, the mechanism of membrane inhibition needs to be 

further elucidated.  

XM-01 appears to affect the viral membranes but leaves surface glycoproteins 

and genomic RNA intact as measured via receptor binding, conformational changes, or 

tested functions of the viral glycoproteins or RNA stability (Figure 21 and 22). We 

observed that XM-01 intercalates deep into the lipid bilayer and decomposes into 

various persulfide species capable of producing radicals that ultimately increase 

membrane rigidity deep within the membrane, and the phase transition temperature. 



 

133 

Altogether, this indicates that XM-01 will likely not affect important cellular proteins, 

which may explain its low cytotoxicity levels. Cells have an impressive capacity to 

repair their membranes (587). This also means that viral genes (all encoding for viral 

proteins) are less likely to undergo mutations to render viruses resistant to this type of 

compound, as compared to antiviral inhibitors that target viral proteins. It is also 

unlikely that a virus would be able to mutagenize its genes to modify the viral 

membrane, which is cell-derived, which would be the only possible way to create viral 

resistance to a membrane perturbing compound. 

Finally, we demonstrated that mice vaccinated with XM-01-inactivated virus 

survived a lethal challenge of Ca/04/2009 H1N1 with less weight loss relative to the 

traditional formalin-inactivated and JL-122-inactivated vaccines. The protection 

afforded by the XM-01-inactivated virus matched that of the live-virus, which would 

ideally yield the most potent immune response. This coincided with the generation of 

potent anti-HA antibodies post-vaccination in the XM-01 mice. Moreover, we observed 

that XM-01-inactivated virus vaccinated mice produced a superior NA response 

compared to the formalin-inactivated group, but not as strong as the live-virus mice 

(Figure 23). Several studies have revealed that formalin-inactivation of viruses reduces 

the immunogenicity of antigenic sites or the production of nonprotective antibodies 

(588-590). Furthermore, in general, the female mice had superior protection in terms of 

weight loss, and humoral immune response toward HA and NA glycoproteins than the 

males which is a typical result in mice vaccinated with influenza virus due to greater B 

cell activation and antibody production in females (Figure 25 and 26) (591, 592).  
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Due to health and economic burdens, and the threat of a global pandemic caused 

by enveloped viruses, the development of broad-spectrum membrane fusion inhibitors 

is of critical importance. XM-01 and its derivatives represent a new class of antiviral 

compounds with the potential to become the next-generation broad-spectrum antivirals 

for enveloped virus therapy. Furthermore, the mechanism of action studies may lead to 

future derivatives that possess even better antiviral activity. Importantly, since XM-01 

does not affect viral glycoproteins functions or conformations, XM compounds hold 

promise as vaccine adjuvants, as conformationally intact viral glycoproteins are 

naturally excellent at eliciting immune responses, and current methods of inactivation 

can yield inconsistent results (584, 593, 594). 

In summary, our results demonstrate that XM compounds can effectively 

inactivate viruses by physically changing the membrane while leaving the viral 

glycoproteins intact, which ultimately produces an excellent vaccine. The ability to 

deliver unaltered viral glycoproteins, with immunogenic sites intact, is paramount in 

creating a potent immune response against enveloped viruses. Our XM-01 inactivated-

virus study serves as an exemplar vaccination approach in the generation of prospective 

vaccines for zoonotic viruses that pose a significant threat to public health. 
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CHAPTER SIX 

Conclusions and Future Directions 

 In this chapter, I focus on various questions that arose from the data generated 

in these studies. I will also discuss the future directions and possible revelations that 

further investigations may elucidate 
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 NiV is a highly pathogenic enveloped virus that can cause life-threatening 

infections and has spread globally in various species of bats in the past few decades. 

Despite the high case-fatality rate, there are no approved antiviral therapeutics against 

NiV or any of the other deadly henipaviruses. This work investigated both the function 

of cholesterol, an essential membrane component in NiV fusion, and the 

characterization of XM compounds, which function as inhibitors of membrane fusion. 

Our results revealed that membrane cholesterol is essential for cell-cell and virus-cell 

fusion. Precisely, NiV F-triggering and fusion pore formation are influenced by levels 

of cholesterol. This influence ultimately modulated the levels of NiV-induced fusion. 

Furthermore, we demonstrated that directly sequestering cholesterol from the viral 

particle or target cell membrane significantly reduced levels of viral entry. Conversely, 

cholesterol enrichment of the viral membrane or target cell membrane increased the 

infectivity of NiV/VSV particles. However, it remains to be determined if and how the 

kinetics of virus-cell fusion are altered with cholesterol modulation. Additionally, future 

studies should investigate whether structurally similar sterols are functionally analogous 

in NiV membrane fusion.  

 In chapter four, our data revealed that NiV uses lipid raft domains as sites of 

viral protein localization but are not required for viral particle release. Additionally, we 

found that cholesterol sequestration with MβCD caused a shift out lipid raft domains 

for the main facilitators of NiV budding: the fusion glycoprotein and matrix 

protein.We revealed that in cholesterol depleted cells, the incorporation of the 

attachment glycoprotein increased by 8 to 10-fold. However, it remains to be determined 

whether this increase in G incorporation alters the infectivity of the NiVLP particle. 
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Conversely, cholesterol enrichment in cells expressing NiV F, G, and M had reduced 

levels of VLP production. Due to the significant increase in VLP budding after lipid raft 

destabilization and a decrease in VLP budding after enhancing the stability of lipid rafts, 

it appears that NiV buds from the non-raft domains on the plasma membrane. In order 

to support this finding, NiVLPs should be analyzed to measure raft marker 

incorporation, particle density, and cholesterol levels. Additionally, the lipid 

composition of the virus particles should be analyzed and compared to the profiles of 

the different membrane domains. This approach may reveal the preferred membrane 

domain from which NiV is released. However, recent work has demonstrated that NiV 

F, G, and M tend to have a random and stochastic distribution on the plasma membrane. 

Nevertheless, the same approach in cholesterol modulated cells may reveal if the levels 

of membrane cholesterol impact the viral lipid composition. However, this approach is 

difficult since it requires collecting large quantities of viral particles that are highly pure 

of any cellular debris and exosomes.  

In chapter 5, we observed that the entry of a wide range of enveloped viruses 

could be inhibited by XM-01. We discovered that this inhibitory activity was due to an 

increase in membrane order, which left the viral particle fusogenically inert. 

Additionally, XM-01 treatment of viruses with XM-01 did not alter the immunogenic 

sites of the viral glycoproteins. This effect allowed us to test the ability of XM-01 as an 

inactivator of enveloped viruses for vaccination purposes. We observed that mice 

vaccinated with XM-01-inactivated influenza produced a superior immune response to 

influenza glycoproteins, compared to traditional vaccines. 

Essentially, we observed that altering the viral membrane whether by cholesterol 
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depletion or by perthiyl radical producing compound significantly reduced viral 

infectivity. Future studies should investigate if MβCD-inactivated virus can produce a 

similarly potent immune response as XM-01-inactivated viruses. This effect, though 

accomplished by entirely different methods and mechanisms, may produce similar 

results. Since both cholesterol depletion with MβCD and treatment with XM-01 reduced 

levels of virus-induced fusion. Furthermore, cells treated with MβCD revealed that NiV-

G was still able to bind to ephrinB2 and activate NiV-F to transition from the PF to the 

PHI conformation. These results demonstrate that treatment with MβCD did not alter 

the viral glycoprotein, which is an essential requirement in the development of an 

inactivated-virus vaccine. In order to prepare the immune system for a robust response 

to the viral glycoprotein’s antigenic sites must be left conformationally intact. 

Therefore, it may of therapeutic value to explore the use of MβCD to develop 

inactivated-virus vaccines as was done with XM-01.  
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MATERIALS AND METHODS 

Cell culture. HEK293T (ATCC) and PK13 cells (ATCC) were cultured in Dulbecco’s 

modified Eagle’s medium with 10% fetal bovine serum (FBS) (Gibco, Life 

Technologies). Vero cells (ATCC) were cultured in minimal essential medium alpha 

with 10% FBS. Human lung epithelial cells (A549, ATCC) and Madin-Darby canine 

kidney epithelial cells (MDCK, ATCC) were grown in complete DMEM containing 

10% FBS, 100 IU/mL penicillin, 100 µg/mL streptomycin (Gibco, Life Technologies). 

MA104 cells were obtained from ATCC and grown in Dulbecco’s modified Eagle’s 

medium with 10% FBS, 100 IU/mL penicillin, 100 µg/mL streptomycin. In experiments 

were cholesterol modulation was performed, the cells were seeded on poly-L-Lysine 

coated plates.  

Plasmids. Codon-optimized sequences for NiV F and G were inserted into pcDNA3.1 

expression vectors and tagged with C-terminal and AU1 and HA tags, respectively. 

GenBank accession numbers AY816748 and AY816745. NiV M was inserted into a 

pCMV-3×-FLAG vector with a FLAG tag on the N-terminus.  

Cholesterol modulation. Cholesterol depleted cells were incubated at room 

temperature for 1 hr with MβCD (Sigma) in serum-free media. The cells were then 

washed three times with PBS. The cells were then incubated for an additional 6-12 hr 

in serum-free media with a 10 µM concentration of Lovastatin or DMSO (vehicle 

control) (Sigma). Cholesterol enriched cells were incubated at room temperature for 1 

hr with a solution of cholesterol/MβCD (1:20) (Sigma) in serum-free media. The cells 

were then washed multiple times with PBS and then incubated for an additional 6-12 

hours in serum-free media. Total cholesterol concentration in cells was measured using 
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the Amplex Red Cholesterol Assay Kit (Molecular Probes), according to the 

manufacturer’s instructions.  

Syncytia quantification in cholesterol modulated cells. HEK293T cells were seeded 

onto a 6-well plate and were transfected when the monolayer was 80-90% confluent 

with 2 µg of F and G plasmid (3:1 ratio). Cells were treated with either MβCD or a 

cholesterol/MβCD ratio as described above 6-8 hr after transfection when small syncytia 

became visible. Treatment was performed at room temperature for 1 hr. The cells were 

then incubated with lovastatin or DMSO control for an additional 12 hr. Cells were then 

fixed with 2% PFA, and syncytia formation was quantified in at least 5 fields per well, 

at 200X magnification (at least 15 fields per experimental condition). Syncytia 

formation was quantified by counting nuclei inside syncytia per field, whereby four or 

more nuclei within a cell were considered a syncytium (501, 544).  

Quantification of NiV F and G cell surface expression and ephrinB2/G binding by 

flow cytometry in cholesterol modulated cells. HEK293T cells transfected and 

cholesterol-modulated, as described above, were collected 15-18 hr post-transfection. 

Cells were collected in PBS with 10 mM EDTA by cell scraping. Cells were then 

pelleted at 250 g for 5 min at 4°C and then resuspended in FACS buffer (PBS + 1% 

BSA) and aliquoted into a 96-well plate. Cells were then incubated with a polyclonal 

rabbit antibody (835) against NiV F (1:1000), anti-HA PE-546 antibody to detect HA-

tagged NiV G (1:500), and soluble recombinant mouse ephrinB2/human Fc chimera 

(1:1000), (R&D Systems, MN) for receptor binding detection, for 60 min at 4°C. Cells 

were then washed with PBS and incubated with anti-human Alexa Fluor 647 for 

ephrinB2, anti-rabbit Alexa Fluor 647 (1:2000) for F detection for 45 min at 4°C. Cells 



 

141 

expressing NiV F, G, and ephrinB2 binding were labeled and analyzed in separate wells. 

Cells were then washed twice with PBS and fixed with 0.5% PFA in PBS and analyzed 

on a Guava® easyCyte 8HT Benchtop Flow Cytometer (32, 501). 

Dual split protein fusion assay. HEK293T cells in a 12-well plate were transfected 

with 1200 µg of DNA with F: G: DSP1 (3:1:2). Only the effector cells were treated as 

described above. The target HEK293T cells were seeded onto a Perkin-Elmer Glass-

bottom Flat Black plate. The target cells were transfected with 200 µg PCDNA3.1: 

DSP2 (2:1). The cells were treated at 12 hr post-transfection, as described above. The 

cells were collected and overlaid onto the target cells in the presence of 10 µM 

EnduRenTM (Promega) in serum-free media. The cells were allowed to fuse for 8 hr, and 

luminescence was detected 8-12 hr later. Relative Light Units (RLU) were normalized 

to mock-treated cells (501).  

Pseudotyped virus production and quantification. Pseudotyped virions containing 

NiV-F and NiV-G were manufactured as previously described (504). Briefly, 15-cm 

plates of 293T cells were transfected at 37 °C with NiV F and NiV G plasmids at a 3:1 

ratio. Then, 8 hr post-transfection, cells were infected with recombinant VSV-ΔG-rLuc. 

Two hr later, the infectious media was removed, and the cells were either mock-treated 

in serum-free media or with MβCD. After treatment, the cells were incubated for an 

additional 36 hr in serum-free media with the DMSO control or 10 µM lovastatin. The 

supernatant was collected and cleared of cellular debris by centrifuging at 250xg for 10 

min and then concentrated on a 20% sucrose cushion in NTE buffer for 90 min at 

110,000 g at 4°C, resuspended in NTE with 5% sucrose, and stored at -80°C. 
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Quantitative PCR (qPCR) was performed using a Taqman probe for the VSV genome 

to quantify viral copy numbers (329).  

Renilla luciferase infectivity assays. Wild-type NiV/VSV pseudotyped virus was 

cholesterol modulated with concentrations stated above at 37°C for 30 min. The treated 

virus was then serially diluted in 1% BSA in PBS. The diluted virus was incubated with 

the HEK293T cells in a 96 well plate for 2 hr, followed by the addition of complete 

media. HEK293T cells were cholesterol modulated, as described above. 18-24 h post-

infection, cells were lysed with the Renilla Luciferase Assay (Promega). 100 µL of lysis 

buffer was added to each well and incubated for 10 min at -80 °C. The cells were then 

placed in a rotating mixer for 20 min to thaw. 30 µL of lysates were transferred to a 

transparent bottom black 96-well plate (Costar). 50 µL of the substrate in assay buffer 

was added to each well, and luciferase activity immediately measured using a Tecan 

Spark instrument (329, 332).  

Heterologous cell-cell fusion assay. PK13 cells that are receptor-negative for ephrinB2 

were transfected with 2 µg of DNA (3:1 ratio of NiV-F/G expression plasmids). PK13 

target cells were cholesterol depleted with 10 mM MβCD in the manner described 

above. Vero cells were dyed with Celltracker, DiI, and Hoechst to visualize their 

cytoplasm, plasma membrane, and nuclei, respectively, prior to overlaying. Vero cells 

were added to PK13 cells, spinoculated at 250xg for 5 min, and incubated at 4°C for 45 

min before being incubated for 4 hr at 37°C. Cells were then fixed for 30 min in 0.5% 

paraformaldehyde in PBS.  

F-triggering assay. HEK293T cells were transfected in 6-well plates (F: G, 1500ng: 

500 ng) for 12 hr. Cells were then washed with chilled PBS and resuspended in PBS + 
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1% BSA. The HR2-Cy5 peptide was added to the cells to a final 2 µM concentration. 

Next, the cells were incubated at 4°C for 90 min with rotation to allow receptor binding, 

followed by a 30 min incubation at 37°C to allow F-triggering. Then cells were washed 

three times with FACS buffer (PBS + 1% BSA). After the final wash, the cells were 

resuspended in FACS buffer and analyzed via flow cytometry to measure the levels of 

HR2-Cy5 binding (646 nm) to NiV-F in the PHI conformation (30, 501).  

OptiPrep Density Gradient HEK 293T cells in 10 cm plates were transfected with 12 

µg of expression plasmid with Lipofectamine 2000 at a 1:2. ratio (DNA: 

Lipofectamine2000) in OptiMem. After 6 hrs, the cells were given complete media and 

allowed to incubate for an additional 18 hrs. The cells were washed with cold PBS and 

collected in PBS with 10 mM EDTA with cell scraping. The cells were then pelleted at 

250xg for 5 min at 4 °C followed by resuspension in NTE buffer (25 mM Tris, 150 mM 

NaCl, and 5 mM EDTA at pH 7.5) containing a protease inhibitor cocktail (Roche, 

Indianapolis, IN). Cells were lysed, on ice, with 50 strokes in a tight Dounce 

homogenizer. The nuclei were removed with centrifugation at 1000xg for 10 min at 4 

°C. Either Brij58 or Triton X-100 was added to the lysates to yield a solution of 1 % 

detergent, in order to segregate the proteins according to their detergent-resistance and 

detergent-solubility and were incubated for 30 min on ice. The lysates were then mixed 

with OptiPrep to bring the lysates to a 40 % concentration of OptiPrep and placed at the 

bottom of an ultracentrifuge tube and was overlaid with a 30% (1.3 mL) and 5% (1.8 

mL) OptiPrep solution, in NTE buffer containing protease inhibitor. The gradient was 

then centrifuged at 180,000xg for 16 hrs. at 4 °C in a Sorvall TH-660 rotor. After 

centrifugation, 14 equal fractions were manually collected from the top of the gradient. 
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Protein from each fraction was precipitated with chloroform-methanol extraction and 

analyzed by Western blot, as described in Aguilar et al. (120).  

VLP Budding Assay HEK293T cells grown in poly-L-lysine coated 6-well plates were 

transfected at 80-90 % confluency with 2 µg of DNA per well. Cells were transfected 

with expression plasmids for NiV F, G, and M (4:1:1) and PEI at 1 ug DNA to 4 µl PEI 

(1mg/mL), ratio. NiV F, G, and M were transfected in different combinations along with 

a vector only control. After 11 hrs. the cells were cholesterol modulated as described 

above for 1 hr., followed by an additional 12 hr. incubation. The VLPs in the supernatant 

were collected in separate Eppendorf tubes, and the cells were collected in PBS, with 

10 mM EDTA, by cell scraping. The supernatant was cleared of cellular debris by 

centrifuging at 250xg for 10 min at 4 °C before being loaded onto a 20 % sucrose 

cushion in NTE buffer in an ultracentrifuge tube. The VLPs were centrifuged at 

110,000xg for 90 min at 4 °C in a Sorvall TH-660 rotor. The sucrose cushion was 

removed, and the VLPs were collected in 70 µL Laemmli buffer with 5 % beta-

mercaptoethanol. The cells were lysed with 1X RIPA buffer with a protease inhibitor 

cocktail and vortexed every 5 min for 30 min, while on ice. The nuclei were removed 

by centrifugation at 21,000xg for 20 min at 4 °C. The VLPs and cell lysates were 

analyzed by Western blot. 

Flow virometry of VLPs from cholesterol modulated cells. HEK293T cells, at 80-90 

% confluency, were transfected with 12 µg of expression plasmids for NiV F, G, M 

(4:1:1) and PEI, at 1 ug DNA to 4 ul PEI (1mg/mL) ratio. The cells were cholesterol 

modulated when syncytia formation was detected. The cells were cholesterol 

depleted/enriched or mock-treated as described above for a total transfection time of 48 
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hrs. The supernatant was collected, and cellular debris was cleared from the supernatant 

with two centrifugations at 250xg for 10 min at 4 °C. After each spin, the supernatant 

was placed in new conical tubes. The cleared supernatant was then placed onto a 20 % 

sucrose cushion in NTE buffer in an ultracentrifugation tube and centrifuged for 90 min 

at 110,000xg at 4 °C in an SW50.1 rotor. The sucrose cushion was removed without 

disturbing the pelleted NiVLPs at the bottom of the tube. The NiVLPs were then 

resuspended in a solution of 5% sucrose in NTE buffer and divided into 50 µL aliquots. 

The aliquoted NiVLPS were then stained with antibodies for 1 hr on ice. NiV F was 

detected with primary conjugated antibody anti-FLAG-647, NiV G was detected with 

primary conjugated antibody anti-HA PE. NiV M was detected by treating the VLPs 

with a 0.01 % solution of saponin, which permeabilized the viral membrane to allow a 

polyclonal rabbit anti-FLAG antibody to bind to NiV M, followed by staining with the 

secondary antibody goat-anti-rabbit AlexaFluor 488 for 45 min. To remove unbound 

antibody and concentrate, the VLPs were ultracentrifuged in PBS, at 110,000xg for 30 

min at 4 °C. The PBS solution was removed from the tube without disturbing the VLP 

pellet. The VLPs were resuspended in a solution of 1% BSA in PBS and analyzed via 

flow cytometry. Fluorescent beads of known size adjust SSC and FSC settings necessary 

to detect the VLPs. Exosomes from PCDNA3.1+ transfected HEK293T cells were also 

stained with antibodies to remove background signals from each channel.  

Small-molecule compounds tested. XM-01 and other sulfur-containing compounds 

tested (Chapter 5, Figure 18) was used in our previous studies as H2S donors (558). 

These compounds were synthesized using known protocols (558). All stock solutions 

for these compounds were prepared in 100% DMSO, stored at -20 °C, and used within 
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six months of reconstitution. LJ001. The control compound LJ001 was synthesized at 

the University of California, Los Angeles (UCLA), by Dr. Michael Jung’s group (198). 

LJ001 was reconstituted in 100% DMSO, protected from light, stored at -20 °C, and 

used within six months of reconstitution. 

Cytotoxicity assay after cholesterol modulation or treatment with virus entry 

inhibitors. HEK293T cells transfected with NiV expression plasmids were cholesterol 

modulated as described above. 15-18 hrs. after transfection the cells were incubated 

with the cell counting kit reagent (CKK-8) (Dojindo Molecular Technologies, Japan) 

for 1-2 hrs. and absorbance was measured at 450 nm using a Tecan Spark microplate 

reader 

After Vero cells (ATCC) were incubated with virus entry inhibitor compound for 30 

min to 24 h, as indicated, at the specified concentrations. The Vero cells were incubated 

with the CKK-8 for 1-2 hour, and absorbance was measured at 450 nm using an infinite 

M100 microplate reader (Tecan Ltd). The quantity of the formazan dye produced when 

WST-8 (Dojindo) is reduced by dehydrogenases is directly proportional to the number 

of living cells (i.e., cell viability) (573, 574). 

Pseudotyped NiV/VSV viral infection assays with antivirals. Virus particles were 

incubated for 30 min with or without the indicated amounts of the compound or the 

corresponding vehicle DMSO control. Then, Vero cells were infected with 10-fold 

dilutions of pseudotyped virus particles in infection buffer (PBS + 1% FBS) and 

incubated for 2 hours at 37 °C. After 2 h growth medium was added. 18-24 h post-

infection cells were lysed, and an infinite M1000 microplate reader (Tecan Ltd) was 

used to measure luciferase activity. 
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Plaque assay for measurement of HSV-1 infections. XM-01 was incubated for 30 

min with HSV-1 KOS (100 PFU/well), and then the mix was added to Vero cells. At 3 

h post-inoculation, the medium was removed. At 18 to 24 h post-infection, the culture 

medium was removed, and cells were fixed with an ice-cold methanol-acetone solution 

(2:1 ratio) for 20 min at 20 °C and air-dried. Virus titers were quantified by 

immunoperoxidase staining using anti-HSV polyclonal antibody HR50 (Fitzgerald 

Industries, Concord, MA) (595).  

Plaque assay for measurement of RSV infections. Human respiratory syncytial virus 

(RSV A2 strain) was propagated on CV 1 cells (ATCC) and purified by centrifuging 

two times on discontinuous sucrose gradients as described previously (596-599). XM-

01 (10 or 30 µM as indicated) was incubated with purified RSV at room temperature 

for 45 min or 2 h before infecting A549 cells at a multiplicity of infection (MOI) of 0.5 

or 0.01. Briefly, the XM-01 pre-treated RSV was adsorbed onto the cells in serum-free, 

antibiotic-free OPTI-MEM medium (Gibco) for 1.5 h at 37 °C. Following adsorption, 

A549 cells were washed with PBS, and the infection was continued for 16 h in the 

presence of XM-01 before collecting the supernatant. A plaque assay was performed to 

determine the viral titer (pfu/mL) in the collected supernatant. Briefly, CV-1 cells were 

infected with serial dilutions of the culture supernatant in a 12-well plate as described 

above. After 1.5 h, the cells were washed with PBS, and the medium was replaced with 

1% methylcellulose in the complete growth medium. Plaques were stained after 24-48 

h with 1% crystal violet and counted to determine the viral titer. 

Plaque assay for measurement of A/WSN/33 and Ca/04/2009 H1N1 influenza virus 

infections. The A/WSN/33 strain of the influenza virus was serially diluted and then 
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treated with either DMSO, 30 µM XM-01, or 1 µM LJ001 for 30 min at 4 °C, Ca/04/09 

H1N1 was inactivated for 4 h at room temperature. Treated dilutions of the virus were 

titrated on MDCK cells by standard plaque assay, and plaque-forming units were stained 

with crystal violet and counted 3-5 days post-infection (600). 

Rotavirus infection assays. 18β-glycyrrhetinic acid (GRA) (Sigma) stock solutions 

were prepared, in DMSO, to a concentration of 100 mg/mL, and aliquots were stored at 

-80 °C. Stock solutions were diluted to working concentrations in DMEM without FBS. 

For the control compounds, MA104 (ATCC) cells were treated for 6 h with 25 µg/mL 

GRA. Viability was measured with the Promega CellTiterGlo Assay according to the 

manufacturer’s protocol, with digitonin as the control for 100% cytotoxicity. Data 

shown are representative of two experiments, with each concentration tested in triplicate 

in each experiment. Error bars indicate SEM. To test XM-01, after MA104 cells were 

infected with 8.9 × 105 pfu/well of trypsin-activated bovine rotavirus strain NCDV. 

Mock-infected wells received 50 µl of 0% M199 vehicle media. 50 µl of fresh 2X 

control and experimental compounds were added, and at 18 h post-infection, the cells 

were fixed for 10 min with 80% acetone (601) — plaque assay for measurement of 

norovirus infection. RAW 264.7 (ATCC) cells were infected with serial dilutions of 

norovirus for 1 h. 3% wt/vol Seaplaque agarose in 2X MEM media was placed as a first 

overlay. Then, cells were incubated for 48 h when plaques were visible and counted.  

Cell-cell fusion quantification in antiviral treated cells. HEK293T cells grown in 6-

well plates were transfected at 70-90% confluency with NiV F and G DNA expression 

plasmids (1:1 ratio, 2 g total DNA per well) using Lipofectamine 2000 (Invitrogen). 

Eighteen hr post-transfection cells were fixed in 0.5% paraformaldehyde (PFA), and 
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syncytia were counted under an inverted microscope (200x). A syncytium was defined 

as four or more nuclei within a single cell. Five fields per well were counted for each 

experiment. 

Receptor ephrinB2 and antibody binding were measured by flow cytometry. For 

receptor binding, HEK293T cells were transfected with 2 g NiV G expression plasmids 

and collected 24 h post-transfection. Collected cells were then incubated with 

compound for 30 min, followed by incubation with soluble ephrinB2 (R&D systems, 

MN) at 100 nM for 1 hour. This was followed by two washes with FACS buffer (1% 

heat-inactivated FBS in PBS) and incubation with anti-human Alexa Fluor 647 

fluorescent antibody (Life Technologies, NY) diluted 1:200 for 30 min at 4 °C, followed 

by two washes. Cells were fixed in 0.5% PFA and read on a flow cytometer (Guava 

easyCyte8 HT, EMD Millipore, MA). 

Transmission electron microscopy (TEM) imaging. 5 µL of VLPs or VSV-NiV 

suspension (prepared as previously described) were pipetted onto a 200-mesh Formvar-

coated nickel grid and allowed to settle for 20 min at room temperature. Excess liquid 

was removed by wicking with filter paper before coating the deposited sample with 5 

µL of 1% uranyl acetate (UA) (Polysciences, Inc). After 2.5 min, excess UA was wicked 

off using filter paper and dried overnight in a desiccator. TEM micrographs of the 

samples were recorded under a high vacuum with an electron beam strength set at 200 

kV using the FEI Technai G2 20 Twin TEM (FEI Corp., Hillsboro, OR). 

Testing XM-01 effects on triggering of NiV-F. F-triggering assays were performed as 

previously described (30) with some optimizations. PK13 cells were transfected with 

NiV F expressing in a pCAGGS plasmid, NiV G expressing in a pcDNA3.1+ plasmid, 
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and green fluorescent protein (GFP) expressing in a pMAX plasmid at a 13:6:1 ratio, 

respectively. At 24 h post-transfection, cells were mixed with untransfected PK13 

(negative control) or PK13-B2 (receptor-expressing) cells at a 1:1 ratio and incubated 

for 60 min at 4 C or 37 C in the presence of HR2-Cy5 peptide (Cy5 fluorophore 

purchased from Lumiprobe) (Cy5-

KVDISSQISSMNQSLQQSKDYIKEAQRLLDTVNPSL) and 1 M of DMSO (vehicle 

control) or XM-01. Subsequently, cells were brought out of solution and resuspended 

in FACS buffer. HR2-Cy5 peptide bound to triggered NiV-F was detected with the Cy5 

fluorophore by flow cytometric analysis using a Guava easyCyte8HT flow cytometer 

(EMD Millipore, MA) data were normalized to wildtype mean fluorescence intensity 

(MFI).  

RNA stability assay with XM-01 Briefly, 20 µg of an nsp3: luciferase construct was 

either treated with 1, 3, 10, 30, 10 µM concentrations of XM-01 for 1 h on ice. These 

mixtures were then electroporated into untreated BHK cells. BHK cells pretreated with 

XM-01, cells were incubated with DMSO or 100µM treatment of XM-01 for 45 min, 

followed by electroporation of 20 µg of RNA. Positive control was also performed, 

consisting of 20 µg RNA treated with RppH for 1.25 h at 37 °C, followed by enzyme 

inactivation at 65 °C for 10 min. The decapped samples were then mixed with 100 µM 

of XM-01 on ice for 1 h before being electroporated into BHK cells.  

Detection of protein conformations on viral particles after XM-01 treatments by 

flow virometry. Pseudotyped NiV (pNiV) virions were incubated for 30 min with XM-

01 at 4 °C, then washed by ultracentrifugation with NTE buffer (150 mM NaCl, 40 mM 

Tris-HCl at pH 7.5, and 1 mM EDTA) at 35,000 rpm for 2 hours. The treated virus was 



 

151 

resuspended in NTE buffer, then stained as previously described (541). We used anti-

NiV F and/or anti-NiV G specific rabbit 1° antibodies (Anti NiV F Ab 66, or anti-NiV 

G Ab 213) (22, 120, 496) at 1:100 dilution for 1 h followed by a FACS buffer (1% FBS 

in PBS) wash and incubation with 2° antibody Alexa 647 goat and anti-rabbit (Life 

Technologies, NY) for 30 min followed by one more FACS buffer wash. We then 

measured the relative levels of antibody binding by our recently developed flow 

virometry technique, using a Guava easyCyte8HT flow cytometer (EMD Millipore, 

MA) (541). Background mean fluorescence intensity (MFI) obtained by binding equal 

concentrations of primary and secondary reagents to mock virus obtained by 

transfecting HEK293T cells with the PCDNA3.1+ backbone DNA expression vector 

were then subtracted from the MFI of pseudotyped NiV/VSV virions. 

Lipids and Peptides. Lipids POPC, POPS, and the chain spin-labeled 5PC, 16PC, and 

a head group spin-label dipalmitoyl phosphatidyl-tempo-choline (DPPTC) were 

purchased from Avanti Polar Lipids (Alabaster, AL) cholesterol was purchased from 

Sigma (St. Louis, MO) and used without further modification. 

Electron spin resonance. Prepared MLVs (POPC, POPG, and 0.5% (mol: mol) spin-

labeled lipids) were resuspended and hydrated in the buffer (5 mM HEPES, 10 mM 

MES, 150 mM NaCl, pH 7) at room temperature for 2 h. Varying amounts of XM-01(1 

mg/mL in DMSO) were added to the MLV dispersion for 1 h incubation at room 

temperature, along with the vehicle control. The mixture was then pelleted and 

transferred to a quartz capillary tube for ESR measurement. ESR spectra were collected 

on an ELEXSYS ESR spectrometer (Bruker Instruments, Billerica, MA) at X-band (9.5 

GHz) using an N2 Temperature Controller (Bruker Instruments, Billerica, MA).  
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The ESR spectra were analyzed using the NLLS fitting program based on the stochastic 

Liouville equation (602, 603) using the MOMD or Microscopic Order Macroscopic 

Disorder model as in previous studies (575-578, 604). Each experiment (and subsequent 

fit) was repeated 2 or 3 times to check reproducibility and estimate experimental 

uncertainty 

XM-01 decomposition mechanism. To a solution of XM-01 (50 mg, 0.13 mmol) in 

CH2Cl2 (10 mL) was added butyl amine (47.4 mg, 0.65 mmol). The reaction mixture 

was allowed to stir under room temperature for 2 h. The mixture was then concentrated 

and subjected to column chromatography (30% Ethyl acetate/Hexane) to separate the 

products (33 mg) as a mixture of disulfide and polysulfides. The formation of these 

products indicates the presence of the persulfide intermediate (RSSH) from XM-01. 

Disulfide: 1H NMR (300 MHz, Chloroform-d) δ 7.88 – 7.75 (m, 4H), 7.59 – 7.49 (m, 

2H), 7.47 – 7.34 (m, 4H), 7.11 (d, J = 7.3 Hz, 2H), 5.07 (dt, J = 7.3, 5.1 Hz, 2H), 3.78 

(s, 6H), 3.35 (d, J = 5.1 Hz, 4H); HRMS (ESI) m/z calcd for C22H25N2O6S2 [M+H]+ 

477.1154, found 477.1148. 

Polysufides:1H NMR (300 MHz, Chloroform-d) δ 7.95 – 7.70 (m, 4H), 7.60 – 7.33 (m, 

6H), 7.24 – 7.02 (m, 2H), 5.19 – 4.95 (m, 2H), 3.89 – 3.69 (m, 6H), 3.65 – 3.42 (m, 2H); 

HRMS (ESI) m/z calcd for trisulfide C22H25N2O6S3 [M+H]+ 509.0875, found 509.0868; 

tetrasulfide C22H25N2O6S4 [M+H]+ 541.0595, found 541.0587; pentasulfide 

C22H25N2O6S5 [M+H]+ 573.0326, found 573.0313; hexasulfide C22H25N2O6S6 [M+H]+ 

605.0037, found 605.0053. 

Generating inactivated virus vaccines. Ca/04/2009 H1N1 was thawed on ice before 

being incubated for 4 h at room temperature with a saturated solution of XM-01 1% 
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DMSO, 10 µM JL-122, 0.02% formalin, and a mock control with vehicle only (1% 

DMSO) the solutions were then mixed 1:1 with alum before 100 µL was injected 

intramuscularly to mice. 

Hemagglutination Inhibition Assay. To a V-bottom 96-well plate, serum samples in 

HI buffer were added and diluted by 2-fold serial dilutions then 10 HA units of 

Ca/04/2009 H1N1 in HI buffer was added. The plate was incubated at room temperature 

for 30-45 min, followed by the addition of 0.8% rooster blood in HI buffer. Results were 

read 45 min later. 

Neuraminidase Inhibition Assay. Neuraminidase inhibition assays were performed 

using a protocol adapted from Leang and Hurt (605). In short, sera taken from mice was 

diluted using 2-fold dilutions and incubated with Ca/04/2009 H1N1 virus in flat-bottom 

plates in a 1X stock buffer for 30-45 min at room temperature before the addition of the 

MUNANA substrate. The plate was incubated covered at 37 °C for 1 h before the 

addition of the stop solution. Results were read using a Tecan Spark plate reader set to 

355 nm excitation measuring absorbance at 460 nm.  

Animal Care. Vaccination studies were performed in the biosafety level 2 facilities at 

the Cornell University College of Veterinary Medicine. All works were operated under 

protocols approved by the CARE and the Cornell University IACUC policies.  
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