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Abstract 

Viruses are obligate intracellular parasites that require their hosts for all 

steps of the viral life cycle. The mechanism of how an inert particle of protein, 

lipid, and nucleic acid usurps the machinery of the host to infect is critical to 

elucidating the pathogenesis of a virus. The mechanism by which Murine 

Norovirus (MNV), a non- enveloped positive- strand RNA virus, productively 

infects murine macrophages (Macs) and dendritic cells (DCs) was the subject of 

my thesis work. Using pharmacological inhibitors, dominant- negative constructs, 

and siRNA knockdowns, I have demonstrated that MNV strain CW3, passage 6 

(MNV-1) enters Macs by a cholesterol-, and dynamin II- dependent mechanism. 

Additionally, after entering into Macs or DCs, I observed that the virus does not 

require acidification of the endosome as a trigger to initiate infection. Once the 

viral genome has been released into the host cytoplasm, it traffics to the site of 

viral replication. For positive- strand RNA viruses, this site of replication requires 

the recruitment of host- derived membranes. Specifically for MNV-1, membranes 

derived from the endoplasmic reticulum (ER) are required for viral replication. 

The unfolded protein response (UPR), a cellular response to the accumulation of 

unfolded protein in the ER, regulates the synthesis of new ER. Therefore, MNV-1 

replication in cells may be regulated by the UPR. We serendipitously discovered 

a small inhibitor of MNV-1 infection, which inhibited host deubiquitinases (DUBs), 
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including USP14, the only shown to associate with the UPR, and resulted in the 

activation of the UPR. We also demonstrated that MNV-1, La Crosse virus, 

encephalomyocarditis virus, and Sindbis virus infections are inhibited by 

chemical induction of the UPR. These results suggest that the UPR could be an 

important target for the development of broad- spectrum antiviral therapies. 

However, the mechanism by which the UPR inhibits viral infection is unclear. 

Upon activation, the UPR regulation of ER synthesis may restrict recruitment of 

ER membranes to the site of viral replication, thereby inhibiting viral infection.  

Clearly, further investigations are warranted to determine the requirements of 

norovirus entry and infection, but my research has laid a framework for further 

investigations. 
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Chapter 1 

 
Introduction 

 

1.1 Caliciviridae 

 Caliciviruses are taxonomically classified as a family of viruses containing 

a single- stranded, poly- adenylated, and positive- sense non- segmented 

ribonucleic acid (RNA) genome in a protein capsid lacking a lipid component 

(105). The family is further divided into five recognized genera: Lagoviruses, 

Vesiviruses, Sapoviruses, Noroviruses, and the newest member, Neboviruses 

(104, 368). Although not presently recognized as a genus, Recovirus, discovered 

infecting Rhesus monkeys, is the newest proposed genus (79). Infections by 

Caliciviruses are, in general, species specific, and successful culturing of these 

viruses has been limited to only a few strains. Most notably, the Sapovirus and 

the Norovirus genus have only a porcine- (109) and murine- restricted virus that 

grow in culture respectively (157). Further investigation into the distribution and 

pathogenesis of caliciviruses has been complicated and is considerably hindered 

due to a lack of basic research tools, including the limitation in culturing these 

viruses. However, with recent advances in molecular techniques, studies into the 



2 
 

distribution of caliciviruses have revealed a worldwide prevalence, suggesting 

that these viruses are more common than previously appreciated. 

 Lagoviruses have the narrowest host range of the caliciviruses, infecting 

only rabbits and hares. To date, only three species have been identified; rabbit 

hemorrhagic disease virus (RHDV), European brown hare syndrome virus 

(EBHS), and rabbit calicivirus (RCV) (55, 83, 178, 190). RHDV and EBHS cause 

acute systemic viral hemorrhagic disease, with RHDV being more severe, 

typically, than EBHS. RCV causes an acute infection that is self- limiting, and the 

host develops an adaptive immunity that does not protect against RHDV (178). 

Although the worldwide prevalence of this virus has yet to be established, some 

studies suggest that Lagoviruses are widespread in Europe, Mexico, Australia, 

and New Zealand (2, 212).   

In contrast to Lagoviruses, Vesiviruses have the broadest host range of 

the caliciviruses. Vesiviruses infect cats (feline calicivirus, FCV), dogs (canine 

calicivirus, CaCV), sea lions (San Miguel Sea Lion virus, SMSV), and pigs 

(vesicular exanthema of swine virus, VESV) (104). FCV typically causes an 

upper respiratory infection but can cause a more severe systemic infection in 

felines (257, 266). After development of a tissue culture system capable of 

growing FCV, it was widely adopted as a model for studying caliciviruses and, 

among other important discoveries for caliciviruses, led to the identification of the 

first host receptor: feline junctional adhesion molecule 1 (fJAM-1) (197). After 

identification of CaCV in canine feces, CaCV has been associated with diarrhea 

in dogs (206, 285). Although little is known about SMSV, it is thought to be 
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closely related to VESV, which caused an outbreak in the US in the 1960s in 

swine herds. A current hypothesis suggests that swine were fed contaminated 

food containing a close relative of SMSV, and that virus spread to 43 states in 

the United States of America (236). The proposed transmission of SMSV to a pig 

suggests species barriers to Vesiviruses may not be as restrictive as those of 

other caliciviruses. Examples for this broader tropism include the following: FCV 

was recovered from a dog suffering from diarrhea (66), a laboratory worker 

became infected by SMSV (299), and serological evidence of cattle responding 

to SMSV antigens has been documented (171). Taken together, Vesiviruses may 

be the only calicivirus genus that is capable of crossing species barriers. 

 Neboviruses are a recent addition to the calicivirus family (243). Currently, 

the genus is thought to be restricted to cattle, with Newbury 1 virus and Newbury 

2 virus isolated from calves with diarrheal disease (58, 356). Experimental 

infection with Newbury 2 virus produced gastroenteritis in calves and resulted in 

mild pathology in the small intestine (25, 116). Little else is known concerning the 

pathogenesis of Newbury 1 or Newbury 2 virus, as these viruses are not 

culturable. Recently, the Newbury 2 virus genome has been published, resulting 

in its placement into the calicivirus family (58, 243). Future investigations may 

reveal a widespread presence of Newbury viruses in cattle similar to other 

caliciviruses. 

 Although not currently recognized as a genus in the calicivirus family, 

Recoviruses were recently discovered infecting Rhesus monkeys (78, 79). Only 

one species has been identified to date, the Tulane virus, which readily infects 
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macaques and macaque cells in culture. Tulane virus was isolated from Rhesus 

macaques in a research institution, but the worldwide distribution of this virus is 

unknown. The Tulane virus causes gastroenteritis in Rhesus monkeys and is 

being developed as a model system for studying gastroenteritis caused by a 

calicivirus (79). 

 Sapoviruses were originally isolated from an outbreak of gastroenteritis at 

an orphanage in Sapporo, Japan (169). The prevalence and pathogenesis of 

these viruses are not well understood due to culturing limitations with only one 

porcine- restricted culturable virus identified to date, called porcine enteric 

calicivirus (109). However, recent developments in molecular techniques have 

allowed for sequence analysis and surveillance. Sapoviruses consist of 5 

genogroups (denoted by GI – GV). Genogroup III (GIII) exclusively infects swine, 

while the other genogroups can also infect humans (119, 368). However, recent 

isolation of human sapoviruses in swine populations has complicated these 

distinctions. Both porcine and human sapoviruses have worldwide distributions, 

have caused outbreaks of gastroenteritis, and have been recovered from 

environmental sources, such as water and shellfish (119). In general, clinical 

symptoms of human sapovirus infections are less severe than human 

noroviruses and fewer outbreaks are associated with human sapoviruses than 

human noroviruses. However, outbreaks caused by human sapoviruses are on 

the rise, suggesting a need for further research into this relatively unknown 

human pathogen (80, 119, 222, 249). 
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 Noroviruses were originally isolated from an outbreak of gastroenteritis at 

an elementary school in Norwalk, Ohio (155). Human noroviruses (HuNoVs) are 

now recognized as the major cause of non-bacterial associated gastroenteritis 

worldwide (156). Although HuNoVs are not cultivable, advances in detection 

using techniques, such as quantitative Real-Time Polymerase Chain Reaction 

(qRT-PCR) (335), enzyme- linked immunosorbent assay (ELISA) (102, 161), and 

sequencing, have elucidated their global distribution. Isolation of noroviruses in 

pigs, cattle, sheep, dogs, a lion cub, and mice suggest that these viruses are 

widespread pathogens, although most exhibit strict species tropism (157, 203, 

204, 242, 298, 343). 

 With advances in molecular detection, caliciviruses have been discovered 

from a variety of sites and animals around the world (108, 145, 208, 244, 273, 

298, 310, 333, 343). The ability of these viruses to infect at low viral doses, to 

remain stable in the environment, and to be produced to high levels during 

infection makes them proficient at causing large, fast- spreading outbreaks. The 

sources of these outbreaks can be environmental (202), but recent evidence 

suggests animal reservoirs may contribute to outbreaks (12). Although not 

documented for every calicivirus genus, some Vesiviruses can cross species 

barriers to infect a variety of hosts, as mentioned above. The presence of 

noroviruses closely related to HuNoVs isolated from swine (207, 343) and the 

replication of HuNoV in gnotobiotic pigs, or a germfree pig, (305) suggests that 

noroviruses may be able to cross species barriers as well. Although the 

frequencies of these events are not known, they highlight the potential for 
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possible zoonotic transmission. The ability of HuNoVs and human sapoviruses to 

cause outbreaks in humans poses a serious public health threat. Currently there 

are no effective antiviral treatments or FDA approved vaccines to contain or 

prevent these outbreaks. HuNoVs are by far the most prevalent cause of human 

disease within the calicivirus family, and thus merit further investigation into their 

pathogenesis and ways to prevent it. 

 

1.1.1 Human Noroviruses 

 Since their discovery, HuNoVs have been increasingly recognized as the 

major cause of non-bacterial gastroenteritis worldwide. HuNoVs result in an 

estimated 23 million infections, 50,000 hospitalizations, and 500 deaths annually 

in the United States alone (214). More recently, HuNoVs have been recognized 

as the cause of more than 50% of all food-borne outbreaks of gastroenteritis in 

the United States, even when bacterial and non-bacterial sources are included 

(350). The sheer number of cases, the extensive decontamination requirements, 

and the robust infectivity of HuNoVs all contribute to a significant economic 

impact. In addition, inactivation of HuNoV with viral decontamination protocols 

established by the World Health Organization to limit the spread of virus 

epidemics fail to significantly reduce viral titers (224), suggesting environmental 

contamination after an outbreak is a serious concern. Since HuNoVs have been 

classified as a class B bio- defense agent by the National Institutes of Health, 

they may also be a concern of national security (142). Unfortunately, the only 

effective means of controlling HuNoV outbreaks are strict hygiene and 
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decontamination measures. Without basic research into the pathogenesis of 

HuNoV, specific antiviral treatments may not be developed and preventable 

outbreaks may continue to occur.   

For the last forty years, many researchers have tried to grow HuNoV in the 

laboratory with no success (71). Although development of a gnotobiotic pig 

model has shown some success, the expense and other limitations of these 

experiments have restricted this model’s broad use (47). The lack of a tissue 

culture system or small animal model has severely hampered the investigation of 

norovirus biology. However, even without a culturable virus some developments 

including sequencing of the Norwalk virus (NV) genome, the prototype HuNoV 

(149), development of a RT-PCR protocol for identification of virus strains (335), 

and antibody- based detection methods for HuNoV (102, 161) have allowed 

characterization of HuNoV epidemiology and its worldwide distribution. 

After sequencing NV, researchers have determined the genomic structure 

of the first norovirus (Figure 1.1). The positive- sense RNA genome is subdivided 

into three open reading frames (ORF) flanked by small untranslated regions at 

the 3’ and 5’ ends. The 5’ end of the genome has been shown to be attached to a 

viral protein, called virus protein, genome- linked (VPg), similar to polioviruses 

(258). The 3’ end of the genome contains a poly- adenine tail, seen in many RNA 

virus genomes. The first ORF is expressed as a polyprotein containing the 

nonstructural genes, NS1/2 (or N-Terminal protein), NS3 (or nucleoside 

triphosphatase- like protein, NTPase), NS4 (or 3A- like protein), NS5 (or VPg), 

NS6 (or viral protease, Pro), and NS7 (or the RNA- dependent RNA polymerase,  
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Figure 1.1 Genomic organization of Norwalk Virus and Murine Norovirus. 
Representations of both Norwalk Virus (NV) and Murine Norovirus (MNV-1) are 
depicted. Arrows indicate protease cleavage sites, and the amino acids 
surrounding the cleavage site are also shown. The subgenomic RNA is shown 
below the genomic RNA. The presence of a viral protein linked to the genomic 
and subgenomic RNA (VPg) is predicted, but not proven for noroviruses. (Figure 
adapted from Wobus et. al. 2006)  
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RdRp).The second ORF consists of the major capsid subunit VP1, 180 copies of 

which polymerize to form the entire outer shell of the virus particle. The third ORF 

contains the minor capsid subunit (or VP2), a small highly basic protein that is 

thought to stabilize the genome inside the virus particle (157, 303).  

Noroviruses are divided into five genogroups based on sequence (Figure 

1.2). Genogroups I, II, and IV infect humans (104, 368). Genogroup II also infects 

swine (207), while genogroup IV has also been detected in a dog and a lion cub 

(203, 204). Genogroup III has been isolated from cattle and sheep (282) and 

genogroup V is the only group that has been shown to infect mice (157). The 

signs and symptoms of these infections can range from no outward signs of 

disease (e.g. MNV infection of mice) to severe acute gastroenteritis (e.g. HuNoV 

infection of man). Interestingly, in STAT1- deficient mice, MNV causes viremia 

and eventual death of the animal (157).  Noroviruses from all five genogroups are 

capable of causing fast spreading outbreaks, although mechanisms behind these 

outbreaks are not well understood.  

Examination of HuNoV has determined that one genogroup of the three, 

specifically genogroup II genotype 4 (GII.4), is the dominant cause of 

gastroenteritis outbreaks in humans currently (349). The molecular determinants 

for the greater prevalence of GII.4 are not well understood, but several 

characteristics of these viruses are thought to contribute to their dominance. In 

general, GII.4 binds with greater affinity to the host through the viral attachment 

receptor human histo-blood group antigens (HBGAs), and is more stable in the 
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Figure 1.2 Phylogenetic classification of Noroviruses. Using sequence 
comparison of the major capsid protein, a consensus Bayesian tree was 
constructed for several Norovirus genotypes. These 32 genotypes can be 
categorized into five distinct genogroups. (from Patel et al., 2009) 
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environment compared to other genogroups (27). Although transmission of 

HuNoVs has not been addressed, these characteristics may explain the 

prevalence of GII.4 although further investigation into the spread and 

pathogenesis of HuNoV is necessary to determine the predominant 

characteristics of these viruses necessary to cause and sustain outbreaks (139).  

 To date, the only way to study HuNoV pathogenesis is by experiments 

with human volunteers (152, 186). These studies suggest that as few as 18 virus 

particles can cause infections (323). After inoculation of the virus, symptom onset 

can begin within 12 hours (186). Symptoms most commonly include excessive 

diarrhea and vomiting, although mild fever, malaise, and dizziness have also 

been associated with the infection. Symptoms typically resolve 24 to 72 hours 

after infection, but shedding of virus has been shown to persist for weeks to 

months even in immuno- competent individuals, especially children (152). In 

individuals with suppressed immune systems, including organ transplant 

patients, persistence of symptoms and shedding can carry on for years (7, 275). 

In addition, asymptomatic individuals can shed virus for months and may be 

sources of new outbreaks (63). The amount of viral shedding has been 

quantitated and measures up to 1010 virus genomes per gram of stool (287). The 

high viral titers shed and the low infectious dose suggests that one person 

infected with HuNoV can produce enough virions to infect the world’s population. 

Rampant production of virus during infection, low infectious dose, and stability in 

the environment, as mentioned previously, all lend themselves to a very high 

transmission rate. This rate can be measured experimentally and is referred to as 
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the reproduction number, or the number of people infected from the initially 

infected individual. One calculated reproduction number for HuNoV is 14 (125). 

This is one of the highest reproduction numbers and dwarfs the reproduction 

numbers of 4 and 6 reported for influenza A and poliovirus, respectively (54, 67).  

Although human volunteer studies can determine important characteristics 

of HuNoV pathogenesis, a more reductionist approach is required for 

understanding how the virus causes disease in humans. Many models have 

been developed to study HuNoV including, virus- like particles (VLPs), a HuNoV 

replicon system, and a gnotobiotic pig model. In addition, scientists use surrogate 

models to study norovirus or calicivirus biology using MNV or FCV infections of 

cells in culture, or animals. Early adoption of the culturing of FCV was later 

critiqued as it causes an acute upper respiratory infection in cats, and lacks the 

characteristic low pH stability of virions observed for noroviruses (8, 35, 262, 

283). Bacterial expression of HuNoV capsids without viral genomic material, or 

VLPs, has been essential in determining the requirements of viral attachment to 

HBGAs (143, 290, 291, 314, 347, 357). Recently, a NV replicon system has been 

developed by the expression of the NV complementary DNA (cDNA) lacking the 

viral capsid from a eukaryotic expression plasmid. A role for host cholesterol 

during NV genomic replication has been established using the replicon system, 

as well as sensitivity to the interferon response (43, 44). However, the lack of an 

infectious cell culture model of noroviruses has seriously hampered norovirus 

research. Recently, a gnotobiotic pig model of HuNoV infection has been 

developed and results in a productive infection of pigs (47). Chimpanzees have 
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also been infected with HuNoV and productive infection occurs in this model, but 

interestingly these primates do not show signs of infection (20). However, the 

complications of these model systems, including questions raised about the 

proper development of an immune system in the gnotobiotic pig model, and the 

cost of maintaining both models, have limited their adoption. All of these models 

have contributed to the field of norovirus research. However, a more tractable 

model of infection was vital to understanding norovirus biology. By discovering 

MNV, the missing tool to elucidating norovirus biology was uncovered (157, 354).  

 

1.1.2 Murine Norovirus 

 In 2003, MNV was discovered infecting mice deficient in both 

recombination activating gene 2 (RAG2) and signal transducers and activators of 

transcription 1 (STAT 1), an immunocompromised host, in a mouse research 

colony at Washington University in St. Louis, MO (157). Murine DCs and Macs 

were quickly identified as the cellular tropism for MNV after its discovery (353). 

Development of a tissue culture system (353), multiple reverse genetics systems 

(6, 46, 345, 365), and a small animal model (157), have helped refine MNV as an 

excellent tool for studying norovirus biology. To date, MNV is the only model for 

studying productive infection of a norovirus and has helped to crack open the 

field of norovirus research. MNV has been instrumental in elucidating key 

mechanisms of norovirus biology including: attachment (319, 320), internalization 

(93, 255, 256), and replication (303, 353). Further exploration into norovirus 

pathogenesis can only be accomplished in a model system that infects cells in 
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culture, infects a small animal, is genetically malleable, and is reproducibly grown 

by other laboratories. 

The manifestation of MNV infection in immuno-competent mice is not 

outwardly apparent, which can explain why the virus has eluded detection until 

recently (157). Reports suggest acute infection can cause fecal inconsistency, a 

form of mild diarrhea, but infection can either resolve itself within seven days or 

persists for weeks or months depending on virus strain (227). After infection, the 

adaptive immune response develops a robust and protective immunity against 

MNV-1, although other strains have yet to be tested (41). In immuno-

compromised mice, including RAG2 / STAT1 knockouts, in which the virus was 

originally isolated, MNV infection is not controlled and can cause viremia, a term 

referring to a systemic viral infection, and even cause death (157). 

MNV shares many important characteristics with HuNoVs, making it an 

invaluable model system. The three ORFs expressed from both RNA genomes 

are very similar in structure and sequence, with 65 % nucleotide identity (Figure 

1.1) (158). Both viruses also infect via the fecal-oral route, replicate in the 

gastrointestinal tract to high viral titers, and are shed in the feces. Both viruses 

cause an acute infection that is self-resolving or can persist with viral shedding 

observed for months (37, 89, 134, 135, 230, 292). Although signs of disease from 

MNV infection of immuno-competent mice are not outwardly apparent, mice 

deficient in STAT 1 or the interferon alpha, beta, and gamma receptors exhibit 

diarrhea and stomach distension, a medical condition that suggests a delay in 

the emptying of the stomach (157, 227). Like HuNoV, MNV is more widespread 
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than previously believed, with “specific pathogen- free” mice in research colonies 

across the world ranging from 22% to 64% MNV seropositive or PCR positive (3, 

136, 162, 166). In one study, 15 genetically distinct strains have been isolated, 

which form one genogroup and one serogroup but these strains exhibit biological 

differences (Figure 1.3). The worldwide presence of this viral pathogen in 

research settings has resulted in complications with interpreting results from 

MNV- infected animals (162, 179), and requires further investigation to determine 

other complications of MNV contamination.  

One key characteristic that allows both MNVs and HuNoVs to maintain 

their widespread prevalence is their viral capsids. The virus particle is made from 

180 copies of the major structural protein, VP1. The noroviral genome is encased 

in an environmentally stable protein shell that effectively prevents the viral 

genome from environmental stresses and delivers the genome into the host at 

the proper time and place to begin infection. Environmental stability of these virus 

particles (27, 35, 96) and overall structure of the capsid is very similar between 

HuNoV and MNV (52, 315, 316, 321). The identification of host carbohydrate 

binding motifs has been mapped in various strains of both HuNoV (289) and 

MNV (318). Although they bind different carbohydrate structures, these sites are 

located in similar regions of the capsid based on x ray crystallography analysis.  

 Besides differences in carbohydrate binding, there are differences 

between the model, MNV, and the system being modeled, HuNoV. For example, 

MNV does not cause the classical hallmarks of severe acute gastroenteritis seen  
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Figure 1.3 Phylogenetic analysis of Murine Noroviruses. 26 sequences of 
MNV genomes comprise 15 distinct virus strains. A consensus Bayesian 
phylogenetic tree based on full-length MNV genomes is shown. Genetically 
distinct MNV strains are circled. (from Thackray et. al. 2009) 
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with HuNoV infection, including diarrhea or vomiting (157). Although mice lack 

the emetic reflex required for vomiting (317), diarrhea in mice has been observed 

in enteric virus infections, including rotavirus infection of infant mice (306). The 

reasons why mice infected with MNV do not experience diarrhea are unclear. In 

addition, the cell type(s) that HuNoVs infect has not been determined. Attempts 

at infecting Macs and DCs differentiated from peripheral blood mononuclear cells 

have not been successful, yet intestinal subsets of DCs and Macs were not 

tested (177). Another difference in these viruses is the presence of an ORF 4 in 

MNV that does not exist in HuNoVs. Although the function of ORF 4 has not 

been fully elucidated, one study suggests that it may be a virulence factor (211). 

Defining differences between the system and the model is required for 

developing a robust model. In the case of MNV, the information gained through 

testing the model system can also be invaluable as the first observations for 

noroviruses. 

 One important reason to use MNV as a model system is the availability of 

research tools and techniques. Although MNV was only recently discovered, 

researchers have developed important tools for investigating norovirus biology 

including a tissue culture system (354), reverse genetics systems to manipulate 

the viral genome (6, 46, 345, 365), and a small animal model (157). Using these 

tools, we have begun to understand the progression of norovirus infection in not 

only immuno-competent (134, 135), but also immuno-compromised hosts (157). 

Further investigation will elucidate important steps of the norovirus life cycle.  
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Figure 1.4 Life cycle of a positive- strand RNA genome containing virus. 
The life cycle of a typical positive- strand RNA virus is illustrated. Positive-sense 
viral RNA is shown in purple and negative-sense RNA in red. dsRNA, double-
stranded RNA, VPg, virus protein, genome-linked. (Figure adapted from Whitton 
et. al. 2005) 
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1.2 Positive- Strand Virus Life Cycle 

The life cycle of a virus can be divided into the following steps: 

attachment, internalization, uncoating, genomic replication, progeny assembly, 

and release (Figure 1.4). In each of these steps, the virus must mimic, disrupt, 

and/or destroy the machinery of the host for productive viral entry, replication, 

assembly, and release to occur. The mechanism by which noroviruses executes 

these steps is poorly understood. However, the themes of the viral life cycle of a 

positive- strand RNA genome containing virus can be generalized from already 

elucidated mechanisms of Caliciviruses. For the purpose of this thesis, only the 

life cycle of non-enveloped viruses will be considered. 

 
1.2.1 Virus Attachment 

 The first step of any effective viral infection is the physical interaction of 

the virus particle with the host cell, called attachment or binding. Attachment 

occurs between the virus and a host component, called a viral receptor. Viral 

receptors can be host proteins, carbohydrates, lipids, or any combination of 

these. Viral receptors are categorized into attachment or entry receptors. An 

attachment receptor, or co-receptor, only allows the virus to attach and does not 

allow productive infection. Entry receptors are necessary and sufficient for viral 

entry and infection. For MNV, the requirement for sialic acid during attachment 

has been discovered including regions of the virus capsid important in 

attachment (319, 320). However, since sialic acid on a cell does not dictate 

infectability of that cell, we hypothesize that MNV requires at least one additional 

unidentified receptor for entry and infection.  
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1.2.2 Virus Internalization 

Once the virus particle has attached to the host, the virion must initiate 

internalization, which requires interaction of the virus with a viral entry 

receptor(s). The viral entry receptor is typically internalized into the cell as part of 

its cellular function. For example, the transferrin receptor internalizes iron into the 

cell (192), and viruses tag along for the ride, such as mouse mammary tumor 

virus particle binding to the transferrin receptor for entry (341). For non-

enveloped viruses, internalization is a requirement, while direct fusion of the viral 

membrane with host cellular membranes has only been observed for some 

enveloped viruses. The mechanisms by which viruses are internalized are 

variable and depend on the trafficking of the viral entry receptor. Therefore, these 

mechanisms are as variable as the host receptors themselves. Once the virus 

particle interacts with the host receptor, it becomes cargo of the endocytic 

machinery and, therefore, requires the host for internalization. 

 The process of receptor- mediated endocytosis was once hypothesized to 

be a simple process by which nutrients, communication molecules, and even 

toxins, entered the cell. Receptor- mediated endocytosis was contrasted with 

passive endocytosis, or pinocytosis, which lacked direct interactions between 

host receptors and cargo, and with phagocytosis, which was restricted to a few 

immune cells, as described by Elie Metchnikoff in 1882 (322). The true 

complexity of the internalization processes by a eukaryotic cell has only recently 

been appreciated. With the discovery of clathrin, a protein that facilitates 
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endocytosis through a receptor- mediated process, it was hypothesized and 

widely believed that clathrin could be responsible for all endocytosis into the cell 

(70). However, this was improbable after inhibition of clathrin- mediated 

endocytosis, using a dominant negative construct of dynamin II, could not stop all 

endocytosis into the cell (56). Since then an explosion of additional endocytic 

processes have been characterized (Figure 1.5). One of the driving forces behind 

the elucidation of endocytic processes has been the elucidation of how viruses 

enter a cell. For example, the existence of caveolin as a method of endocytosis 

was greatly strengthened by the elucidation of the entry process of Simian Virus 

40 (253, 254). Further discovery of endocytic processes, with viruses being used 

as molecular probes, may reveal more complexity into an already diverse field. 

 

 1.2.2.1 Clathrin- mediated endocytosis 

 Clathrin is a collection of proteins, including large chain and small chain 

proteins that form heterodimers called triskelions (163). Three of these triskelions 

polymerize to form the basic subunit of the clathrin lattice. Once a receptor is 

activated through interactions with its cargo, the receptor initiates the process of 

clathrin polymerization, although evidence suggests spontaneous clathrin 

polymerization can also occur (74). This process involves over 150 different 

cellular proteins, including protein adaptors such as epidermal growth factor 

receptor pathway substrate 15 (EPS15) and adaptor protein 2 (AP2) (217). 

These proteins bind directly to the receptor and clathrin lattice to stabilize 

polymerization (363). Polymerization of clathrin continues until an invagination of  
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Figure 1.5 Endocytic Mechanisms. 
Depicted are the known mechanisms of endocytosis in animal cells. The defined 
mechanisms of endocytosis include: clathrin- mediated, caveolar/lipid raft 
mediated, dynamin II- mediated endocytosis as well as macropinocytosis and 
phagocytosis. Interleukin 2 receptor (IL2), GPI- enriched endocytic 
compartments, flotillin, and ADP- ribosylation factor 6 (ARF6) are involved in 
endocytic mechanisms that are poorly defined. Novel pathways are for other 
processes that are not known to be associated with the other endocytosis 
mechanisms depicted. Viruses that enter cells through the process are listed 
underneath. Adeno 2/5, adenovirus 2/5; Adeno 3, adenovirus 3; CME, clathrin-
mediated endocytosis; HPV-16, human papillomavirus 16; HSV-1, herpes 
simplex virus 1; LCMV, lymphocytic choriomeningitis virus; mPy, mouse 
polyomavirus; SFV, Semliki Forest virus; SV40, simian virus 40; VSV, vesicular 
stomatitis virus. (Figure adapted from Mercer et. al. 2010) 
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the cellular membrane creates a depression in the cell membrane, called a 

clathrin- coated pit. Polymerization of the clathrin coat continues pulling the 

membrane into a spherical structure that is still attached to the cellular 

membrane. A small GTPase called dynamin then physically separates the newly 

formed endosome from the cellular membrane (122, 263, 279, 280). Clathrin- 

mediated endocytosis is a well studied mechanism by which cargo is brought into 

the cell, although the kinetics, cellular requirements, and shape of the clathrin 

lattice may depend on cell type (264, 265, 355).  

Besides important cellular cargo including epithelial growth hormone 

(115), viruses have also usurped this mechanism to gain access to the host. 

Many viral receptors have been shown to traffic through clathrin- mediated 

endocytosis, including the receptors for some reoviruses, FCV, and adenovirus 

(201). Interestingly, the size of the endosomes created by clathrin can vary 

greatly even to accommodate a bacteria, Listeria monocytogenes. This 

observation suggests that size should not exclude larger viruses, such as 

vesicular stomatitis virus (311), from using this entry mechanism (334). Once 

internalized into the cell, clathrin- coated vesicles last only minutes in the cell 

before the clathrin coat disassembles and the vesicle traffics through the cell 

becoming an early, then late endosome, and finally a lysosome (Figure 1.6) 

(118). Soon after formation, these previously clathrin- coated vesicles gain 

markers of early endosomes. Additional fusion with pre-existing endosomes adds 

additional markers to these vesicles, including intermediate endosome, late 

endosome, and finally lysosomal markers (163). Throughout this process, 
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vacuolar ATPases acidify the lumen of the endosome. Estimates suggest the 

change of the endosomal lumen’s pH from a pH of 7 in newly formed 

endosomes, to a pH of about 4 in lysosomes (248). However, this “endosome 

maturation” is not the only trafficking pattern observed for endosomes. Recycling 

endosomes are endosomes that traffic into the cell, but due to interactions  with 

various recycling signals, including Rab 4, 11, and 22, trafficked back to the 

plasma membrane where they fuse back with the cellular membrane (330).  

 

1.2.2.2 Lipid Raft- Mediated Endocytosis 

 The cellular membrane does not consist of an evenly distributed mixture of 

lipids, glycolipids, carbohydrates, and proteins as originally hypothesized (294). 

In fact, just as the cell is divided into functionally independent membrane bound 

regions, called organelles, the cellular membrane consists of heterogenous 

mixture of various microdomains (293). These microdomains are thought to 

consolidate signaling proteins so that their signals are amplified, and spatially 

regulated. One common microdomain in the cellular membrane is the lipid raft, 

an enrichment of sphingolipids and cholesterol (261). One experimental 

approach at isolating lipid rafts, or detergent- resistant membranes (DRMs) is 

through selectable permeabilization and ultracentrifugation. This approach 

allowed investigators to differentiate these membranes from other microdomains 

of the cellular membrane called detergent- sensitive membranes (DSMs), and 

identify lipid raft- associated from non- lipid raft- associated proteins (26). 

However, this selectable solubilization approach has several drawbacks (228).  
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Figure 1.6 Endosome Maturation. 
The main organelles of the endocytic pathway are the early endosomes (EEs), 
maturing endosomes (MEs), late endosomes (LEs), recycling endosomes (REs), 
and lysosomes. EEs are usually located in the periphery of the cytoplasm and 
are formed with the help of rab-protein (Rab) 5 after formation from the cellular 
membrane. Maturation of the endosome occurs as the EE traffics into the cell 
and obtains additional membrane proteins after fusion with additional 
endosomes. MEs contain markers of both early and late endosomes, such as 
Rab 5 and Rab 7. They then undergo further acidification and conversion to 
mature LEs, which can fuse with each other and eventually with lysosomes, 
generating endolysosomes in which active degradation takes place. The dense 
core lysosomes correspond to the end points of such degradation processes; 
they serve as a depository for lysosomal enzymes and membrane proteins 
awaiting fusion with incoming LEs. Endosomes can also undergo recycling to the 
plasma membrane. LAMP-1, lysosomal-associated membrane protein; ESCRT, 
endosomal sorting complex required for transport; ILV, intralumenal vesicles; 
TGN, the trans-Golgi network (Figure from Mercer et. al. 2010). 
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Another way to determine the role of lipid rafts is through depleting cholesterol in 

the cells, using various chemicals, including methyl- beta cyclodextrin (MβCD). 

Cholesterol depletion inhibits many endocytic processes including caveolin-, 

flotillin- and GRAF1- mediated endocytosis (174), which suggests these 

processes are dependent on host cholesterol. Recently, researchers have 

proposed that DRMs can be further classified into domains containing specific 

proteins and their complexes, such as tetraspanin- enriched lipid rafts (364). 

 

1.2.2.3 Caveolin- mediated endocytosis 

 Caveolin- mediated endocytosis requires the caveolin protein family, 

caveolins 1, 2, and 3 (51). The removal of caveolin 1 resulted in the complete 

loss of caveolin- mediated endocytosis except in muscle cells. Restoration of 

caveolin- mediated endocytosis was observed upon reintroduction of caveolin 1 

expression (84). This suggests that caveolin 1 is necessary and sufficient for 

caveolin- mediated endocytosis except in muscle cells were caveolin 3 serves 

this purpose. Caveolins 1 and 3 can encapsulate membrane from the plasma 

membrane and internalize endosomes into the cytosol by a cholesterol- 

dependent mechanism (81, 229, 277). Caveolin 2 is ubiquitously expressed, but 

is retained in the Golgi apparatus. Although it can be found on the cellular 

membrane in heterodimers with Caveolin 1, its function is not well understood 

(24, 182, 188, 251). Caveolin is a monomer that interacts directly with the cellular 

membrane through a hairpin loop domain in areas enriched in cholesterol. 

Membrane interaction aids in oligomerization of caveolin and endocytosis. 
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Although caveolin- coated vesicles were previously shown to traffic to a pH 

neutral compartment, termed the caveosome (253), this structure has been 

characterized as an experimental artifact and is actually a multi-vesicular 

compartment only observed during over- expression of caveolin (76). Currently, 

caveolin- mediated endocytosis is thought to traffic caveolin- coated vesicles to 

similar endosomal compartments as clathrin- mediated endocytosis such as early 

endosomes. However, the mechanism by which caveolin initiates, propagates, 

and finally pinches off an endosome is not completely understood and requires 

further investigation. Interestingly, caveolin may also regulate cellular processes 

independent of traditional endocytic processes, such as serving as protein 

scaffolding for signal transduction and as a way to traffic proteins from the Golgi 

apparatus to the cellular membrane (124). 

 Simian virus 40 (SV40) enters the host through caveolin- mediated 

endocytosis (5, 253). Later evidence during productive infection of caveolin- 

knockout cells with SV40 raised questions about independent requirement of 

caveolin on entry of SV40 (57). However, other viruses besides SV40 require 

caveolin for infection, and it has been suggested that echovirus 1 enters cells in a 

caveolin- dependent process (260). Understanding the mechanism by which 

these viruses enter the cell will help to define the mechanism of caveolin- 

mediated endocytosis. 
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1.2.2.4 Dynamin II- dependent endocytosis 

 Dynamin is a family of GTPases that facilitates the separation of the 

nascent endosomes from the plasma membrane and also participates in actin 

remodeling and stabilization (36). The dynamin family consists of three members, 

dynamin I, II, and III, but is further complicated by splice variants of each of these 

proteins. Dynamin I is found in neurons, but has recently been discovered in 

neuroendocrine cells  (191, 234). Dynamin II is expressed ubiquitously (331), 

while dynamin III is restricted to the brain and testes although other cells, such as 

lung epithelium, may express the protein (36, 271). In addition, there are also 

dynamin- like proteins including dynamin- related protein 1 (DRP1), optic atrophy 

1 homologue (OPA1), atlastin, and mitofusin (75, 107, 133, 137, 245). Dynamin I, 

II, or III function in many forms of host endocytosis including clathrin- (56, 138, 

191, 271), and caveolin- dependent (128, 254), but also clathrin- and caveolin- 

independent mechanisms (194). The role of dynamin in phagocytosis has been 

suggested (94, 225). Since endocytosis occurs in cells lacking dynamin (57) or 

with over-expressed dominant negative dynamin (56), dynamin- independent 

endocytosis exists but these processes are poorly defined.  

 The requirement of dynamin during viral infections has been most 

characterized for clathrin- mediated (130, 150, 151, 250, 300, 342), and caveolin- 

mediated uptake (254). However, processes independent of clathrin or caveolin 

may still require a member of the dynamin family, including entry into cells by 

adeno-associated virus 2 (AAV-2) (241), herpes simplex type 1 (268), and some 

coxsackieviruses (252). Further investigation into the role of dynamin during 
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clathrin- and caveolin- independent endocytosis will most likely reveal further 

requirements of dynamins during virus entry.  

 

1.2.2.5 Phagocytosis and Macropinocytosis 

 Phagocytosis and macropinocytosis are actin- dependent processes, 

which take samples of the extracellular matrix into the cell. These processes can 

produce much larger endosomes than other forms of endocytosis, termed 

phagosomes, or macropinosomes. Phagocytosis or macropinocytosis may be 

necessary to facilitate the entry of a few large viruses, including Mimivirus, one of 

the largest viruses described (94). Although the terms phagocytosis and 

macropinocytosis have been used to differentiate two distinct processes in the 

literature, currently these processes cannot be differentiated experimentally. In 

this thesis, the term phagocytosis will be used to refer to both phagocytosis and 

macropinocytosis. 

 For brevity, I will only describe the process of phagocytosis mediated by 

antibody- coated, or opsonized particles, and the constant domain (Fc) of the 

immunoglobin G (IgG) family antibody receptor, or Fc- receptor. Particles 

opsonized by antibodies are coated by the antibody in a uniform manner with the 

IgG with the Fc region of the antibody pointing away from the particle. Upon 

interactions of opsonized particles with a phagocytic cell, the Fc region of an IgG 

interacts with the Fc receptor. As additional Fc receptors bind to the opsonized 

particle, the receptors begin to cluster and this initiates a signaling cascade that 

facilitates formation of a phagocytic cup around the particle by an actin- and 
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myosin- dependent mechanism (106, 180, 313). Additional membrane is 

recruited to the newly forming phagosome through unknown mechanisms and 

could include fusion of recycling endosomes or ER- derived membranes (88, 

327). Many proteins are required for phagocytosis, including two small GTPases 

from the rhodopsin (Rho) family, RAS- related C3 botulinum substrate 1 (RAC1) 

and cell division cycle 42 (CDC42). Rac1 and CDC42 are important regulators of 

this process. Although CDC42 facilitates actin polymerization upon activation, it 

is not able to facilitate phagocytosis independently (239). In contrast, RAC1 is 

sufficient to allow phagocytosis, although the mechanism may differ when 

functional CDC42 is present. After the phagocytic cup has lengthened enough to 

encompass the entire opsonized particle, additional proteins, including RAC1 and 

actin, facilitate fusion of the phagosome, incorporating the newly formed 

phagosome into the cell (39, 40).  

 The role of cholesterol during Fc receptor- mediated phagocytosis has not 

been fully elucidated. Upon Fc receptor clustering by cross- linking or opsonizing 

particles, the receptor is found in DRMs or lipid rafts. Although the mechanism by 

which DRMs facilitate phagocytosis is not well understood, it has been suggested 

that DRM association may facilitate activation of the Fc receptor through the 

tyrosine kinase v-yes-1 Yamaguchi sarcoma viral related oncogene homolog 

(Lyn) (173). Since these studies were performed with an artificial stimulus of 

phagocytosis, the role for cholesterol during natural induction of phagocytosis 

has yet to be determined.  
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 The role of dynamins during phagocytosis is also unclear. Although in two 

cell types the role of dynamin II during phagocytosis has been described (98, 

233, 328), it may not be a universal requirement for phagocytosis, and may vary 

between cell types as well as cargoes, including viruses.  

 Many viruses require phagocytosis to productively infect cells, but the 

mechanisms behind this entry are poorly understood. These viruses include 

poxviruses, mimiviruses, cytomegalovirus, Lassa fever virus, HIV, species B 

human adenovirus serotype 3, echovirus 1, group B Coxsackievirus, herpes 

simplex virus 1, and Kaposi’s sarcoma-associated herpesvirus (34, 94, 215, 216, 

267, 301). Large viruses, including mimiviruses (84), may require phagocytosis 

due to size restrictions. Phagocytosis may also be used as a means of immune 

evasion. Poxviruses mimic apoptotic blebs, as the virions contain phosphatidyl 

serine and may resemble cellular apoptotic belbs, the virus can enter cells in a 

manner that may also evade an immune response (210,211). Whether this 

mechanism of mimicry is conserved is an open question in the field of virus entry. 

 

1.2.2.6 Other forms of endocytosis 

Besides the various forms of endocytosis addressed above, several less 

characterized forms of uptake have also been documented (51). These 

mechanisms of extracellular sampling include cholesterol- dependent, Flotillin (or 

Reggie)- mediated, ADP- ribosylation factor 6 (ARF6)- mediated, GTPase 

regulator- associated with focal adhesion kinase-1 (GRAF1)- mediated 

endocytosis, or interleukin 2 receptor (IL2R)- dependent processes (Fig. 1.5). 
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The classical endocytosis mechanisms requiring clathrin, caveolin, or 

phagocytosis have been experimentally ruled out for these other forms of 

endocytosis, thereby categorizing them into independent processes. However, 

these processes may be interrelated to each other as their independence from 

each other has not been experimentally ruled out. For example, ARF6- mediated 

endocytosis might require GRAF1, but the role of GRAF1 in ARF6- dependent 

endocytosis was not tested. Therefore, further work may consolidate or expand 

this already complex field.  

Cholesterol is critical for caveolin- mediated endocytosis, but cholesterol- 

dependent endocytosis independent of caveolin has also been documented (57, 

165, 209, 238). Cholesterol- dependent endocytosis is further categorized based 

on the requirement of dynamin II. Both dynamin II- and cholesterol- dependent 

(231) and dynamin II- independent but cholesterol- dependent processes have 

been described (57, 165). Interestingly, cholesterol depletion was shown to 

inhibit SV40 uptake in the presence (253, 260) or absence (57) of caveolin. 

However, the role of dynamin in SV40 has only been shown for the caveolin- 

dependent process (252, 260). This suggests that two independent processes 

can transport SV40 into the cell, or that only cholesterol and not caveolin is 

sufficient for SV40 uptake. Cellular markers for cholesterol- dependent 

endocytosis have not been clearly defined. Therefore, only careful elimination of 

other forms of endocytosis can validate mechanisms such as cholesterol- 

dependent processes.  
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 Flotillin, also known as Reggie, is a marker of a cholesterol- dependent 

but clathrin- and caveolin- independent mechanism of internalization although 

whether flotillin is necessary and sufficient for endocytosis is controversial (97). 

There are two flotillin proteins, Flotillin 1 and Flotillin 2, or Reggie 2 and 1 

respectively, that are highly conserved from fruit fly to human (274). Flotillin 1 

associates with DRMs (18), and is thought to be a lipid raft- associated protein. 

Interestingly, flotillin 1 and 2 do not transverse the cellular membrane, but 

associate with cellular membranes through palmitoylation (223). It has been 

suggested that the flotillins most likely associate with unknown transmembrane 

proteins to facilitate endocytosis due to the lack of a endosomal lumen tail to 

interact with cargo proteins (15). Flotillin can also heterodimerize with caveolin, 

although this dimer has an unknown function (337). Flotillin is incorporated into 

the virus particles of Newcastle disease virus, suggesting flotillins could play a 

role in the steps of the virus life cycle (175). However, a functional role of flotillin 

during virus entry has yet to be established. 

ARF 6 is a small GTPase that has been associated with the cellular 

uptake of cholera toxin subunit B (38). Currently, it is thought that ARF6 may 

facilitate the uptake of cholera toxin subunit B in the absence of clathrin, 

caveolin, and dynamin II (165). However, whether ARF6 is necessary and/or 

sufficient to carry out endocytosis has not been experimentally tested. 

Interestingly, coxsackie virus A9 (126), and even possibly HIV-1 (90), require 

ARF6 for productive infection. Further elucidation of ARF6- dependent 



34 
 

endocytosis will likely reveal other cellular and viral cargoes and help define how 

this process is regulated.  

GRAF1 is a GTPase activating protein (GAP) that has been shown to 

facilitate uptake of various clathrin- independent cargoes (194). Although 

discovered only a few years ago, evidence is mounting that GRAF1 is necessary 

and sufficient to internalize cargo in a process that is clathrin-, and caveolin- 

independent. However, the mechanism of GRAF1-mediated endocytosis is still 

unclear, and the role of cholesterol and dynamin during this process are also 

unclear (194). It is thought that GRAF1 may regulate the creation and destruction 

of cell extracellular matrix interactions and cell spread. Indeed, many GRAF1- 

positive compartments containing various extracellular matrix proteins have 

recently been described (69). Interestingly, AAV2 infects a human cervical 

cancer cell line (HeLas) in a process that is independent of clathrin, caveolin, or 

dynamin II, but dependent on GRAF1 (241). This suggests that other viruses 

could use GRAF1 as a means to enter cells. However, further research is 

necessary to determine if GRAF1 is a more widespread requirement of virus 

entry, and to determine the GTPases that GRAF1 regulates.  

The entry process of the interleukin 2 (IL2) receptor requires cholesterol 

and dynamin II (176). However, a recent study suggests the internalization of the 

IL2 receptor also requires actin remodeling and RAC1 (101). These results 

suggest that this process may be a phagocytic manner of uptake, and not an 

independent endocytic process. Further characterization into the uptake of IL2 
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receptor is required to categorize it into a phagocytosis- dependent process or 

into a unique endocytic process. 

Differentiation and classification of various endocytic processes will occur 

with time. If history repeats itself, this process may require the use of viruses as 

tools to probe the host biology of endocytosis. The afore-mentioned forms of 

endocytosis are controversial and using viruses as tools could facilitate further 

characterization of these processes. In fact, viruses have been previously used 

to dissect the host requirements of endocytosis. For example, the discovery of 

caveolin- mediated endocytosis was in part dependent on investigations of SV40 

infection of human epithelial colorectal adenocarcinoma cells (Caco2 cells) (5). 

 

1.2.3 Virus Uncoating 

 For non-enveloped viruses, the protein shell that encapsulates the viral 

genome, or capsid, carries the viral genome from an infected host to a naïve 

host. The protein shell protects, transports, and releases the genome based on 

the information preprogrammed into its sequence- dictated structure. To ensure 

that the virus is in the right place and time to infect, the capsid must initiate this 

programmed set of instructions only upon activation by specific environmental 

triggers. Once the trigger is initiated, viral uncoating, or delivery of the viral 

genome to the site of replication begins.  

Non-enveloped viruses must penetrate or disrupt the endosomal or 

cellular membrane during the entry process to deliver the viral genome to the site 

of replication, either the cytosol or the nucleus. There are two proposed 
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mechanisms by which non- enveloped viruses accomplish this feat (127). The 

first step for both mechanisms requires the virus capsid to undergo a 

conformational change due to environmental or host interactions. In the first 

hypothesized uncoating mechanism, conformational changes facilitate direct 

interaction of the viral capsid with the endosomal or cellular membrane, possibly 

through post- translational modifications of the capsid such as myristic acid, 

observed with poliovirus (132). Further conformational changes of the viral 

capsid are then thought to be sufficient to create a pore in the membrane through 

which the viral genome is transported. In the second proposed mechanism, 

peptides released from the virus particle during the conformational change can 

disrupt the integrity of the endosomal membrane to the point where it no longer 

surrounds the virus particle. The virus capsid then enters the cytosol where it can 

further change its conformation to release the genome either into the cytosol or 

the nucleus. Although these mechanisms of viral uncoating have been suggested 

for more than fifty years, it is still unclear if these processes are universal for non-

enveloped viruses.  

Most non-enveloped viruses require internalization into an endosome 

before uncoating. Upon internalization by endocytosis, the newly pinched off 

endosome is trafficked into the cell. As mentioned above, endosomes acquire 

membrane protein markers by fusion with other similar endosomes and “mature” 

into late endosome or lysosomes, containing very acidic endosomal lumens. 

Some viral capsids recognize this acidification and use it as a trigger to initiate 

uncoating. For example, some adenoviruses require endosome acidification to 
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initiate conformational changes that release capsid subunits and disrupt the early 

endosome. Once releasing from the endosome, the remaining capsids traffic by 

microtubules to the nuclear pore, where the viral genome is transported into the 

nucleus, the site of adenoviral replication (19, 82, 103, 237). 

Besides direct interactions of the virus capsid with the acidic endosomal 

lumen, various host proteases, which may be dependent on an acidic 

environment for activation, may cleave the virus capsid. Reoviruses require 

cleavage by cathepsin B and/or L to expose membrane- binding domains that 

may disrupt the membrane enough to allow the virus to enter the cytosol (9, 73). 

Interestingly, peptides isolated from cathepsin L cleaved reoviruses allow 

hemoglobin release from red blood cells, suggesting these peptides could 

destabilize cellular membranes (42). Once exposed, these peptides may breach 

the endosome and deliver the virus capsid to the cytosol where further 

modification may be required to release the viral genome.  

Endosome acidification and protease cleavage are not the only 

mechanisms by which virus particles can undergo uncoating. Direct interactions 

with the viral entry receptor may be necessary and sufficient to initiate the 

uncoating program. In particular, poliovirus is well documented to drastically and 

irreversible change conformation of its protein capsid upon incubation with HeLa 

cell lysate containing the virus entry receptor Poliovirus receptor (PVR) (61, 62, 

85). A defined tunnel structure through the capsid, connecting the virus genome 

to the extracellular space has been revealed via Cryo electron microscopy, which 
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may be the initial steps of viral uncoating (28, 29). These observations suggest 

that proper virus- receptor interactions can be sufficient for viral uncoating.  

The mechanism by which MNV uncoats has not been addressed directly. 

The virus may require endosome acidification, protease cleavage, and/or direct 

receptor interactions to facilitate uncoating. Some evidence exists that MNV 

proteins, specifically NS1/2 or N term (303), can be cleaved by host proteases, 

but the role of protease cleavage on MNV’s capsid has not been examined 

directly. Unfortunately, the entry receptor for MNV is unknown, thus significantly 

complicating the elucidation of receptor- virus interactions.  

 

1.2.4 Virus Translation 

Once delivered to the site of replication, viral genomes must overcome 

tremendous barriers before the first infectious progeny can emerge from the host. 

In general, positive- strand RNA virus genomes require protein translation before 

viral replication can be initiated. For some positive- strand RNA virus genomes, 

the recruitment of the host’s translation machinery is accomplished without the 

aid of viral proteins, instead they use three- dimensional structures in their 

genome, called internal ribosome entry site (IRES) (286). However, caliciviruses, 

including VESV (32), FCV (129), MNV (157), and HuNoVs (59) contain a small 

viral protein, VPg, covalently linked to the 5’ end of the genome. For noroviruses, 

the VPg may be the only requirement in recruiting the 43S pre-initiation complex, 

which contains eukaryotic initiation factor 3 (eIF3), the 40S complex, tRNA 

encoding for methionine, and the viral genome (59, 60). Linkage of the viral VPg 
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protein at the 5’ end of the viral genome properly positions the translation 

machinery for translation initiation. In addition, the 5’ untranslated region of 

noroviruses is very small, approximately 10 nucleotide base pairs, and most 

likely is too small to contain an IRES (288, 368). The VPg of various caliviruses, 

including FCV, HuNoV, and MNV-1 (45, 99, 154) has been shown to directly 

interact with the host translational machinery (120, 324).  

The translated viral genome consists of the nonstructural proteins as a 

long poly- protein, VP1, and VP2. Although VP1 and VP2 are functional after 

translation, the nonstructural proteins are cleaved from the poly- protein by the 

viral protease, NS6 or 3CL-protease. The cleavage sites in the viral polyprotein 

are highly conserved with the other reported noroviruses, suggesting NS6 

function is conserved among Caliciviruses. Host proteases have also been 

shown to cleave the NS1/2 protein of MNV-1 (303) and FCV, as well as the 

capsid protein of FCV (1). Cleavage of NS1/2 has been demonstrated by the 

host protease caspase 3 for MNV-1 (303) and caspase 2 and/or 6 for FCV (1). 

The role of this cleavage is unknown. However, due to the activation of apoptosis 

during MNV (21) and FCV (235) infection, this cleavage may have a functional 

role during viral infection. On the other hand, the role of the viral protease, NS6, 

in one strain of human norovirus, MD145-12, and FCV has been shown to cleave 

poly (A)- binding protein (PABP) (172). Host targets of MNV NS6 have yet to be 

determined, but can clearly lead to greater insight of viral infection and 

pathogenesis.  
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1.2.5 Virus Replication 

Once the nonstructural genes are translated, the viral proteins traffic to the 

site of replication of the viral genome. For MNV, it has been demonstrated that 

the nonstructural proteins traffic to a perinuclear region, which may be near the 

microtubule organizing center (MTOC) in the host, although the relevance of this 

trafficking is unknown (144, 303). Early during infection, remodeling of the host 

membranes creates membranous structures, termed virus replication factories or 

the membranous web, composed of various organelle membranes, including ER 

and Golgi apparatus (193, 353, 360). These membranes are enriched for viral 

proteins, including NS7, or RdRp, as well as host factors required for viral 

replication and concentrate these proteins for efficient replication. Active 

replication of the viral genome has been suggested experimentally for MNV at 

these replication factories by the presence double- stranded RNAs, a replication 

intermediate (144). Virus particles have also been observed in these regions of 

membrane reorganization although at later time points, suggesting that these 

sites may also be used for viral assembly. Interestingly, the membranous 

structures created during MNV replication contain double- membrane structures 

and are closely associated with mitochondria (210). These two characteristics 

are hallmarks of autophagy, a cellular process originally described as a process 

in which intracellular organelles and cellular structures are degraded as a source 

of energy for the cell (164). The role of autophagy during viral replication for other 

viruses, including poliovirus, has been previously suggested (164, 352) but 

whether autophagy is important during Calicivirus replication is not known. In 
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general, the mechanism by which noroviruses reorganize and recruit host-

derived membranes, which are essential structures for norovirus replication, are 

not well understood.  

A general mechanism of how the Calicivirus genome is replicated has 

been compiled using studies from MNV (353), FCV (304), and other positive- 

strand RNA viruses. The viral protein NS7, or the RdRp, associates with the 3’ 

end of the viral genome possibly through interactions with the conserved three- 

dimensional genomic structure of the 3’ untranslated region and/or the VPg 

(104). Once bound to the 3’ end, NS7 polymerizes a complimentary anti-sense 

viral genome. Then, the NS7 disassociates from the anti- sense genome. This 

disassociation may be triggered by interactions with the VPg-linked 5’ end. 

Additional positive- strand genomes are produced by the NS7 from the 

complimentary anti-sense genome. Once these additional positive- strand viral 

genomes become covalently linked to the viral VPg, these progeny genomes can 

now undergo translation, or become packaged into new virus particles.  

Additionally, sub- genomic transcripts, lacking ORF 1, have been 

observed during MNV infections (99). These sub- genomic RNAs may be 

produced by one or both of two proposed mechanisms. A highly conserved 

three- dimensional structure creates a hairpin loop at the junction between the 

ORF1 and ORF 2. In the first proposed method, this region may contain an 

internal promoter and attachment site for NS7 (220). After attachment, NS7 will 

create a new sub- genomic RNA containing the 3’ half of the viral genome, 

including ORF2, 3, and 4. The promoter region for RHDV, a Calicivirus, has been 
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isolated and functions as an internal attachment site for NS7 in vitro (221). A 

second mechanism proposes that this region may result in termination of the 

synthesis of the complementary anti-sense genome before reaching the ORF 1. 

Using these truncated anti-sense templates, NS7 could also create sub-genomic 

RNAs (295). In general, this is supported by observations of truncated anti- 

sense subgenomic RNAs from brome mosaic virus-infected cells (296, 297, 351). 

However, evidence for these mechanisms during norovirus infection has not 

been observed.  

 

1.2.6 Virus Assembly and Release 

Upon successful viral replication, the viral genome is packaged into the 

viral capsid to facilitate progeny production. However, the process of viral 

assembly is poorly defined in noroviruses. There are two hypotheses to describe 

the process of virus assembly in general. One theory states that the viral capsid 

assembles around the viral genome and encapsulates one viral genome. Support 

for this theory has been observed for tobacco mosaic virus (167) , the 

bacteriophage R17 (332), HIV (281), SV40 (276) and Totiviridae viruses (302). 

The second theory states that an empty viral capsid is assembled first, and viral 

genome is transported into the space inside. Again, this process has been shown 

as the mechanism of packaging by several viruses, including Adenoviruses (246, 

247) and herpesviruses (10). Since norovirus assembly has not been examined 

to date, either of these two mechanisms may be required for assembly. 

Regardless, the observation that MNV virus particles have been observed near 
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sites of viral replication (210), suggests that replication and virus assembly are a 

closely linked process even in a spatial respect.  

 After viral assembly has completed, the viral particles are then released 

from the infected cell. The mechanism of how non-enveloped virus particles are 

released from infected cells is also not well understood, including the release of 

norovirus particles from infected cells. Due to the lack of a lipid component, non-

enveloped viruses in general may require the cellular membrane to become 

disrupted or destroyed. Recent studies suggest that MNV (21) and FCV (235) 

infections induce apoptosis late during the viral life cycle. Apoptosis may disrupt 

the cellular membrane and release viral progeny into the extracellular space. 

However, there are questions to the exact mechanism of this release since 

apoptotic cells break down into membrane blebs, and may result in membrane-

bound virus particles (284, 309). Disruption of the cellular membrane by cell 

death to aid release of virus progeny has been suggested for SV40, poliovirus, 

rotavirus and parvovirus. Interestingly, these viruses have also been detected in 

the extracellular space before the lysis of infected cells (53, 91, 153, 329). This 

suggests that viruses have evolved a mechanism to release virus particles before 

cell death. Further investigation into virus release for noroviruses would help 

determine which, if any, of these processes facilitate virus release. 

  

1.2.7 Positive- Strand Virus Life Cycle Continuation 

 Once an infectious particle is released from the cell, it must traffic to a 

naïve cell to initiate a new infection. This journey can range in time and space 
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anywhere from traveling to an adjacent cell, such as in a tissue culture setting, to 

leaving the infected host to find a new susceptible host. After enduring this 

journey, a virus particle must once again find a permissive host to attach to, 

internalization into, uncoat within, and replicate inside of. Thus, by accomplishing 

these steps the virus can repeat the viral life cycle. 

  

1.3 The Ubiquitin Cycle 

 Viruses usurp the host by regulating various parts of the cellular 

machinery in order to complete the viral life cycle. Attachment of the virus to the 

host requires host- derived attachment receptors. Internalization of the virus into 

the host requires host entry receptors. Viral replication actively redirects the host 

transcription and/or translation machinery to allow for viral genome and protein 

production. The event of viral release from the cell requires transport of the virus 

outside of the cell or through cell death to eject the virus outside the cell. Each of 

these above mentioned steps of the viral life cycle is intertwined with the host, 

and, therefore, regulation of host proteins significantly affects the virus life cycle. 

One recently discovered post-translational modification of proteins, through the 

direct covalent modification with a small protein called ubiquitin (ub), can 

drastically affect virus infection (259, 336). 

 Ub is a small 8 kilodalton protein that is post- translationally conjugated to 

target proteins through a lysine residue, or in rare cases a histidine, serine, or 

threonine. Monomers of Ub are activated and covalently linked to Ub- modifying 

proteins called E1- activating enzymes. E1s then transfer these Ub monomers to  
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Figure 1.7 The Ubiquitin Cycle 
Depicted is the cascade of reactions required to covalently attach an ubiquitin 
(Ub) to a lysine residue of a target protein through a process called protein 
ubiquitination. Protein ubiquitination is an ATP- dependent process that requires 
the sequential actions of three enzymes: an activating enzyme (E1), a 
conjugating enzyme (E2) and a ligase (E3). Proteins marked with a polymer of 
Ub (a poly- Ub chain) are selectively targeted to a multisubunit ATP-dependent 
protease known as the 26S proteasome, resulting in degradation of the 
substrates and recycling of Ub, although other cellular functions have also been 
attributed to protein ubiquitination. Ubiquitination is reversible and Ub is removed 
from substrates by deconjugating enzymes (DUBs). (Adapted from Shuai et. al. 
2003) 



46 
 

 
E2-conjugating enzymes. The Ub is then finally transferred to a target protein 

through an E3 Ub ligase (Figure 1.7) (259, 336). There are four known domains 

for E3 ligases, including really interesting new gene (RING) (64), plant 

homeodomains (PHD)(72, 147), Ub fusion degradation 2 homology domain (U-

Box or E4 ligases)(168, 200), and homologous to E6-associated protein C-

terminus (HECT) (278). The target protein selectivity most likely occurs at the 

level of the E3, as these enzymes act directly on the target proteins and there are 

more members of E3s than E1s or E2s combined (359). Once the target protein 

has been ubiquitinated, the process of poly- ubiquitination modifies the target 

protein with a chain of covalently-linked Ubs. Ub has seven lysine residues, 

which can all be substrates for the ubiquitination machinery as well as the N- 

terminus of the protein. The length of the Ub chains, as well as the lysines used 

to conjugate the chains, creates unique signals in the cell. These Ub chains are 

recognized by over twenty conserved protein domains (68, 141). Proteins with 

diverse cellular functions have these domains; therefore Ub regulates many 

cellular processes. 

 Ub chains linked by the 48th amino acid (K48) as well as linear Ub chains 

are cellular means to regulate proteins for proteasomal degradation and regulate 

proteins required for proteasome function (346). In general, Ub chains formed on 

the 63rd amino acid of Ub (K63) result in activation of the ubiquitinated protein, in 

general, allowing the protein to signal through transduction pathways (185). The 

other lysine residues of Ub (K6, K11, K27, K29, K33) have been observed in 

cells, but their functions have yet to be fully elucidated (358). Recently, some 
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evidence suggests that K11 may be involved in the regulation of cell division 

(348). In addition to Ub, other small post-translational modifying proteins have 

been discovered, including small Ub-like modifier (SUMO), neural precursor cell 

expressed developmentally down-regulated protein 8 (NEDD8), interferon- 

stimulated gene 15 (ISG15), autophagy- related protein 12 (ATG12), and 

microtubule- associated protein light chain 3 (LC3) (160). Although the 

sequences of these proteins are highly divergent, all the modifications are 

covalently added to target proteins post-translationally by specific enzymatic 

reactions, which are usually reversible. 

 Similar to the antagonistic relationship kinases and phosphatase share, 

E3 ligases are regulated, in part, by the cysteine proteases that specifically 

cleave Ub from target proteins, called deubiquitinases (DUBs) (121, 240). 

Ubiquitinated proteins can be deubiquitinated by DUBs, and it is thought that 

deubiquitinated protein return to their ubiquitin- free function. DUBs also play a 

role in poly-Ub chain processing, cleaving free poly Ub chains and newly 

synthesized Ub, which exist as polyproteins of repeating units. In the human 

genome, there are 95 putative DUBs that are categorized into five separate 

families, including Ub-specific proteases (USPs), Ub C-terminal hydrolases 

(UCHs), Machado-Joseph domain proteases, and ovarian tumor-related 

proteases (OTUBs), and zinc metalloprotease family members (170, 240). 

Although the USP family is the most abundant, the Ub cycle is closely regulated 

through the process of Ub removal and remodeling by DUBs from all five 

families.  
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1.3.1 Viruses regulate the Ubiquitin Cycle to facilitate viral infection 

 Ub regulates many vital cellular processes such as cellular DNA repair 

(140), endocytosis, vesicle trafficking (131, 269, 270, 307), protein signaling (65, 

114), protein degradation (219, 346), and innate immune signaling (14, 199). 

Recent investigations into immune signaling has revealed that the Ub cycle 

regulates recognition and clearance of pathogens, antigen presentation, and 

activation of the adaptive immune response (14, 199). Viruses must interact with 

the Ub regulatory network to facilitate productive infection or risk the ability of an 

infected cell to recognize the viral pathogen and initiate the proper immune 

response, thereby preventing infection.  

Viruses alter important signaling pathways in the cell, including signals 

regulating the innate immune response. Ub regulation of the intracellular sensors 

of foreign nucleic acid, including retinoic acid- induced gene I (RIG I), has been 

recently elucidated (196, 205). After binding to 5’ triphosphate groups on some 

viral RNA genomes, RIG I becomes activated and signals through the 

mitochondrial anti-viral signaling protein (MAVS), also called IPS1, VISA, or 

CARDIF. This signaling activates downstream kinases, including Tank- binding 

kinase 1 (TBK1) and inhibitor of nuclear factor kappa B inhibitor kinase alpha 

(IKK), which in turn activate interferon regulatory factor 3 (IRF3) and nuclear 

factor kappa B (NF-KB), two known immune- regulatory transcription factors. 

IRF3 and NF-KB can facilitate the activation of a proper antiviral response in the 

cell. Inactivation of this signaling, for example, through protease cleavage of 
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MAVS by the Hepatitis C (HCV) viral protease, inhibits this antiviral response 

(183, 218).  RIG I activation is in part due to the ubiquitination by an E3 ligase, 

tripartite motif-containing protein 25 (TRIM25) (87). Interestingly, influenza A has 

been shown to inactivate TRIM25 through its nonstructural protein 1 (86). RIG I is 

also strongly activated by poly- Ub chains bound through the K63 linkage, but not 

bound to cellular proteins, called unanchored Ub chains (367). However, the role 

of these unanchored poly- Ub chains during viral infection is not known. Clearly, 

the role of intracellular surveillance of viral RNA is highly regulated by the Ub 

cycle, and some viral pathogens including HCV and influenza A, have evolved 

mechanisms to disrupt the Ub regulation of this surveillance mechanism.  

Besides manipulating various host proteins associated with the Ub 

system, viruses also encode their own Ub- modifying proteins including E3 

ligases. Herpes simplex virus 1 encodes a versatile protein, infected cell protein 

0 (ICP0), which is thought to function, at least in part, as an E3 ligase (112). ICP0 

facilitates degradation of cell division cycle protein 34 (CDC 34) in a proteasome- 

dependent process (110, 111, 113). Encoding viral E3 ligases to shuttle 

important immune signaling proteins to the proteasome for degradation has been 

observed for many other viruses, including Kaposi’s sarcoma- associated 

herpesvirus (KSHV), murine hepatitis virus 68 (MHV68), and rotaviruses (22, 23, 

100, 308). When these virally encoded Ub- modifying proteins are removed, the 

virus infection is hampered or ablated. This suggests these viral E3 enzymes are 

required for infection, and without viral regulation of the Ub system viral infection 

is inhibited. 
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 The discovery of virally- encoded DUBs suggests that both addition and 

removal of Ub can be implemented in viral strategies for infection. KSHV 

encodes a viral deubiquitinase, ORF 64, which removes Ub from RIG I, thereby 

preventing RIG I activation (146). SARS coronavirus (SARS-CoV) encodes a 

protease, PLpro, which cleaves Ub from poly- Ub chains in vitro although the 

activity of this DUB activity in cells has not been described (13, 49, 187). 

However, inhibitors of the SARS-CoV protease are also effective inhibitors of 

SARS infection (48, 95, 272). Adenovirus also encodes a putative DUB, L3 23K 

proteinase or Avp, like SARS-CoV, its cellular targets have yet to be described 

(11). Foot and mouth disease virus encodes a papain- like protease that can also 

cleave Ub, and has been shown to remove Ub from RIG I (340). Interestingly, 

porcine reproductive and respiratory syndrome virus encodes a DUB that can 

cleave not only Ub but also the Ub- like protein, ISG15, thereby inhibiting a 

proper antiviral response in infected cells (312). Although the role of these DUBs 

during the viral life cycle has yet to be fully elucidated, mutations that inactivate 

the catalytic activity of the DUB or small molecule inhibitors of the proteolytic 

function can significantly inhibit viral infection (48, 95, 148, 272, 312, 340). This 

evidence gives merit to the importance of these virally- encoded DUBs during 

viral infection. 

 Clearly there is strong selective pressure on viruses to regulate the Ub 

cycle, either by subverting the existing signaling pathways or encoding viral 

versions of Ub modifying enzymes such as E3 ligases and DUBs. However, the 

understanding of the Ub cycle’s regulation of viral replication is in its infancy. For 
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example, Influenza A encodes a non-structural protein called nucleoprotein (NP), 

which associates with the viral genomic RNA. When NP is monoubiquitinated, 

NP associates with the viral replication machinery, and viral replication occurs. 

When the host DUB, USP11, cleaves the Ub from NP, it no longer associates 

with the replication machinery and Influenza A replication is significantly inhibited 

(184). This study was the first to show that Ub regulation directly affects viral 

replication. The role of the Ub cycle during norovirus biology has yet to be 

elucidated, and can shed significant insight on how noroviruses manipulate the 

host cell to facilitate infection. 

 

1.4 The Unfolded Protein Response 

The UPR is a cellular response to stress in the ER caused by unfolded 

proteins, inadequate sources of carbon, including glucose starvation, and/or 

oxygen deprivation (195, 338, 339). The UPR is regulated by three ER- resident 

transmembrane proteins called inositol response element 1 (IRE1), PKR- like ER 

kinase (PERK), and Activating transcription factor 6 (ATF6) (Figure 1.8). Once 

activated, these proteins up-regulate protein chaperones, disulfide isomerases, 

and glycosylation machinery to increase the folding and glycosylation capacity of 

the ER. In addition, the UPR also up- regulates ER- associated degradation 

(ERAD), increases ER synthesis, and/or inhibits protein translation. Cells unable 

to return the ER to a balance of folded and unfolded protein may commit 

themselves to cellular death pathways.  
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Figure 1.8 The Unfolded Protein Response  
During endoplasmic reticulum (ER) stress, BIP is recruited away from activating 
transcription factor 6 (ATF6), inositol-requiring transmembrane kinase/ 
endonuclease 1 (IRE1) and PKR- like endoplasmic reticulum kinase (PERK). 
This activates the unfolded protein response (UPR). The release of BIP exposes 
a Golgi-localization sequence (GLS) within ATF6 (Aa), targeting the molecule to 
the Golgi. In the Golgi, ATF6 is sequentially cleaved (Ab). This releases the 
ATF6 fragment (ATF6f) transcription factor, which translocates to the nucleus, 
binds to ER-stress response elements (ERSE) and induces transcription of 
several genes (Ac). The release of BIP from IRE1 allows for homodimerization 
and activation of IRE1 through autophosphorylation. (Ba). Phosphorylated IRE1 
possesses endoribonuclease activity that excises a fragment from unspliced 
XBP1 mRNA and, following religation by a putative tRNA ligase, forms spliced 
XBP1s mRNA (Bb). XBP1s protein translocates to the nucleus, where it binds to 
UPR elements (UPREs) and up-regulates UPR-associated proteins. Although 
XBP1u protein is short-lived, it can impair XBP1s transcriptional function (Bc). In 
addition to its endoribonuclease activity, IRE1 activation also leads to activation 
of JUN N-terminal kinase (JNK), which can promote cell survival by inducing 
autophagy or can lead to programmed cell death by apoptosis (Bd). Much like 
IRE1, PERK is activated by autophosphorylation following the release of BIP. 
Phosphorylated PERK also phosphorylates eukaryotic translation-initiation factor 
2α (EIF2α), causing translational arrest and subsequent cell cycle growth arrest 
(Ca). ERAD, ER-associated degradation; UPR, unfolded protein response; 
GLS,Golgi-localization sequence; ATF6f, fragment ATF6; ERSE, ER-stress 
response elements; UPREs, UPR elements; JNK, JUN N-terminal kinase; 
TRAF2, tumor-necrosis factor- receptor associated factor 2; EIF2α, eukaryotic 
translation-initiation factor 2α (Adapted from Todd et al 2008). 
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One regulator of the UPR is IRE1, which contains both a kinase domain 

and an endonuclease domain. When bound to heat shock protein 5 (HSPA5 or 

BiP), a soluble ER- resident protein chaperone, IRE1 is inactive. When BiP is 

sequestered by unfolded proteins in the ER, IRE1 becomes activated, 

oligomerizes, autophosphorylates, and activates its RNase activity (16, 325, 

361). IRE1 then cleaves the messenger RNA of X-box binding protein 1 (XBP-1) 

to remove a small inhibitory sequence. The XBP-1 transcript undergoes a novel 

cytosolic splicing event, and the newly translated XBP-1 protein translocates to 

the nucleus to begin activation of the UPR by upregulating proteins essential in 

the UPR (33, 362). IRE1 has also been shown to cleave other transcripts, 

although the functional consequence of this has not been elucidated. In addition, 

IRE1 has also been shown to activate JNK signaling, which results in autophagy 

or cell apoptosis (198).  

PERK is a resident ER transmembrane protein that regulates the UPR, 

through a pathway unique from IRE1. PERK is a kinase, which is regulated 

through interactions with BiP in a manner similar to IRE1. Upon disassociation of 

Bip from PERK,  PERK dimerizes and the kinase becomes activated (16). Upon 

activation, PERK phosphorylates a subunit of the translational machinery, 

eukaryotic initiation factor 2 alpha (EIF2 alpha), and thereby inhibits global 

protein translation in the cell. Interestingly, PERK is one of four kinases that can 

phosphorylate EIF2 alpha, although PERK is the only kinase that responds to ER 

stress. In addition, phosphorylation of EIF2 alpha by PERK leads to a cell cycle 

arrest in G1 (117). Collectively, PERK activation stops global translation, allowing 
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cells undergoing ER stress to address this stress before additional cellular 

translation.  

ATF6 is the third transmembrane protein to regulate the UPR. ATF6 is a 

transcription factor that is retained in the ER due to interactions with BiP, which 

hides a Golgi apparatus localization sequence (GLS) in ATF6. When BiP no 

longer binds to ATF-6, the GLS is exposed, and the transcription factor traffics to 

the Golgi. In the Golgi, two proteases, site 1 protease (S1P) and site 2 protease 

(S2P), cleave the N-terminal DNA binding domain of ATF6 from the ER. The 

cleavage product ATF6f is a transcription factor, which then translocates to the 

nucleus where it up-regulates proteins essential for the UPR. Interestingly, 

proteins up-regulated by ATF6 are different than those up-regulated by XBP-1 

(344).  

Two possible outcomes of an activated UPR are the restoration of the ER 

equilibrium and cell survival or apoptosis. First, the up- regulation of chaperone 

proteins, synthesis of additional ER, up- regulation of ERAD, and the inhibition of 

protein translation can result in restoration of the equilibrium in the ER. Once this 

occurs the cell can return to a normal equilibrium of unfolded proteins in the ER. 

For example, in plasma cells, recurring stress in the ER can lead to chronic 

stress instead of cell death suggesting a third outcome to ER stress (92). The 

second outcome occurs when homeostasis in the ER cannot be established. This 

causes the cell to commit to an apoptotic pathway. 

As mentioned previously, Ub is a key regulatory element to many cellular 

processes. Although the role of Ub has not been readily established in the UPR, 
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one study suggests a DUB, USP14, can regulate the activity of IRE1. When 

USP14 is over- expressed, UPR activation is suppressed. In addition, siRNA 

knock- down of USP14 causes activation of the UPR. The authors proposed that 

USP14 interacts with IRE1 and inhibits its activation. Indeed, direct interact 

between USP14 and IRE1 has been observed in the absence of an active UPR 

(232). Upon activation of IRE1, USP14 no longer interacts with IRE1. 

Unfortunately, the role of ubiquitination of IRE1, and/or the role of the 

deubiquitinase function of USP14 during these interactions have not been 

elucidated. The mechanism by which the Ub cycle regulates the UPR requires 

further studies including elucidation of the role of USP14 during the IRE1- 

dependent arm of the UPR. 

 

1.4.1 The Unfolded Protein Response and viral infection 

 Viruses have evolved mechanisms to regulate the UPR to ensure 

infection. Enveloped viruses are dependent on the host secretory organelles, 

both ER and Golgi apparatus (Golgi), to synthesize, fold, and glycosylate viral 

membrane glycoproteins required for new virus particle production. The sudden 

expression of these foreign glycoproteins can induce the UPR, which has been 

demonstrated during viral infections, including hepatitis B virus (181), HCV (77, 

159), West Nile Virus (4), Influenza A (123), and herpesviruses (326). Enveloped 

viruses also need to regulate the UPR response to limit degradative 

mechanisms, such as ERAD, PERK-induced translation inhibition, and cellular 

apoptosis, which would inhibit progeny production. 
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 HCV has evolved multiple mechanisms to regulate the UPR (77, 159). The 

nonstructural protein 4 B (NS4B) of HCV has been shown to inactivate PERK 

signaling, thereby allowing virus structural proteins to be produced (369). 

However, the IRE1- dependent pathway of the UPR is activated during HCV 

infection. This may be a way to activate beneficial parts of the UPR, such as an 

increase in protein glycosylation and folding in the ER, and to inactivate 

degradative parts of the UPR, such as inhibition of protein translation and ERAD. 

An active UPR may also down- regulate interferon signaling in the cell by 

degrading interferon alpha/beta receptors and making cells non- responsive to 

interferons (17, 189, 366). The lack of response to interferons is one complicating 

factor in chronic infection with HCV (213). However, whether these results 

obtained in culture translate to processes important in patients chronically 

infected with HCV, remains unclear. This evidence suggests that regulation of 

the UPR may contribute to persistent infections by viruses, including RNA 

viruses. Whether noroviruses can regulate this process to facilitate their own 

persistence has not been addressed.  

 Herpesviruses also regulate the UPR to ensure virus infection and 

progeny production. Early during infection, herpes simplex virus 1 (HSV1) inhibit 

IRE1 and PERK, but allow ATF6 activation. Interestingly, expression of ICP0, a 

viral protein with E3 ligase activity, is regulated by host ER stress, and may be a 

viral sensor of host ER stress (31). In addition, the structural gene glycoprotein B 

selectively inhibits PERK and ensures continuation of protein translation during 

infection (226). HSV1 also encodes the protein gamma1 34.5, which keeps 
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phosphorylated eIF2 alpha to a minimum by maintaining a high level of eIF2 

phosphatase activity to ensure protein translation in the cell (50). 

 The role of the UPR during infections by Caliciviruses has not been tested. 

However, the requirement of host membranes to form the replication factories 

upon which the viral genome replicates and the recruitment of ER membranes to 

these structures by noroviruses suggests that the UPR can be important during 

norovirus infection (144, 353). Further investigation into the role of the UPR 

during norovirus infection may lead to novel mechanisms by which noroviruses 

regulate the UPR. 

 

1.5 Thesis Aims 

 Noroviruses are a serious public health concern worldwide. The ability of 

noroviruses to infect at low doses, remain stable in the environment, and 

replicate to high titers in the host all facilitate large, costly outbreaks. Equally as 

concerning is the lack of approved antiviral therapies or vaccination strategies to 

control these pathogens. Instead, only strict hygiene measures can limit the 

spread of an outbreak. A lack of understanding of norovirus biology has 

hampered the development of these desperately needed therapies, due to the 

fact that HuNoV cannot be cultured or grown in a small animal model. With the 

development of a MNV system to study infection in tissue culture cells and a 

small animal model, in mice, we have begun elucidating how noroviruses infect 

their host. The aims of this thesis were able to identify the cellular requirements 

of virus internalization, the role of pH and endosome acidification on virus 
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uncoating, and to understand the requirements of the Ub system, specifically 

deubiquitinases, and the UPR during virus infection. 
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Endocytosis of murine norovirus 1 into murine macrophages is dependent 

on dynamin II and cholesterol 

 

(This chapter was published in the Journal of Virology. 
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Virology. 2010; 84(12): 6163-76) 

 

(J.W. Perry designed and performed experiments, analysed data and prepared 

the manuscript. C. E. Wobus designed experiments, analysed data, and 

prepared the manuscript.) 

 

 

2.1 Abstract 

Although noroviruses cause the vast majority of nonbacterial 

gastroenteritis in humans, little is known about their life cycle, including viral 

entry. Murine norovirus (MNV) is the only norovirus to date that efficiently infects 

cells in culture. To elucidate the productive route of infection for MNV-1 into 
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murine macrophages, we used a neutral red (NR) infectious center assay and 

pharmacological inhibitors in combination with dominant-negative (DN) and small 

interfering RNA (siRNA) constructs to show that clathrin- and caveolin-mediated 

endocytosis did not play a role in entry. In addition, we showed that phagocytosis 

or macropinocytosis, flotillin-1, and GRAF1 are not required for the major route of 

MNV-1 uptake. However, MNV-1 genome release occurred within 1 h, and 

endocytosis was significantly inhibited by the cholesterol-sequestering drugs 

nystatin and methyl-β-cyclodextrin, the dynamin-specific inhibitor dynasore, and 

the dominant-negative dynamin II mutant K44A. Therefore, we conclude that the 

productive route of MNV-1 entry into murine macrophages is rapid and requires 

host cholesterol and dynamin II. 

 

2.2 Introduction 

Murine noroviruses (MNV) are closely related to human noroviruses 

(HuNoV), the causative agent of most outbreaks of infectious nonbacterial 

gastroenteritis worldwide in people of all ages (4, 8, 19, 31, 43, 46, 83). Although 

a major public health concern, noroviruses have been an understudied group of 

viruses due to the lack of a tissue culture system and small animal model. Since 

the discovery of MNV-1 in 2003 (27), reverse genetics systems (10, 81), a cell 

culture model (84), and a small animal model (27) have provided the tools 

necessary for detailed study of noroviruses.  

One largely unexplored aspect of norovirus biology is the early events 

during viral infection that are essential during viral pathogenesis. One of these 
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early events is the attachment of the virus particle to the host. Attachment is 

mediated by the protruding domain of the MNV-1 capsid (29, 30, 73). For at least 

three strains (MNV-1, WU-11, and S99), the attachment receptor on the cell 

surface of murine macrophages is terminal sialic acids, including those found on 

the ganglioside GD1a (72). The use of carbohydrate receptors for cell attachment 

is shared with HuNoV, which utilize mostly histo-blood group antigens (HBGA) 

(18, 34, 70, 71). These carbohydrates are present in body fluids (saliva, breast 

milk, and intestinal contents) and on the surface of red blood cells and intestinal 

epithelial cells (33). Some HuNoV strains also bind to sialic acid or heparan 

sulfate (60, 69). However, despite evidence that for HuNoV HBGA are a genetic 

susceptibility marker (35), the presence of attachment receptors is not sufficient 

for a productive infection for either HuNoV (24) or MNV-1 (72). Although the 

cellular tropism of HuNoV is unknown, MNV infects murine macrophages and 

dendritic cells in vitro and in vivo (80, 84). Following attachment, MNV-1 infection 

of murine macrophages and dendritic cells can proceed in the presence of the 

endosome acidification inhibitor chloroquine or bafilomycin A1, suggesting that 

MNV-1 entry occurs independently of endosomal pH (56). However, the cellular 

pathway(s) utilized by MNV-1 during entry remains unclear.  

Viruses are obligate intracellular pathogens that hijack cellular processes 

to deliver their genome into cells. The most commonly used endocytic pathway 

during virus entry is clathrin-mediated endocytosis (41). Clathrin-coated vesicles 

form at the plasma membrane, pinch off by the action of the small GTPase 

dynamin II, and deliver their contents to early endosomes (12). For example, 
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vesicular stomatitis virus (VSV) enters cells in this manner (66). However, viruses 

can also use several clathrin-independent pathways to enter cells, some of which 

require cholesterol-rich microdomains (i.e., lipid rafts) in the plasma membrane 

(56). The best studied of these is mediated by caveolin and was initially 

elucidated through studies of simian virus 40 (SV40) entry (1). SV40 uptake 

occurs via caveolin-containing vesicles that are released from the plasma 

membrane in a dynamin II-dependent manner and later fuse with pH-neutral 

caveosomes (28, 48, 53). However, recent evidence suggest that caveosomes 

are an artifact of over expression of caveolin 1. Although caveolin-mediated 

endocytosis is a well-characterized form of cholesterol-dependent endocytosis, 

other entry mechanisms exist that are clathrin and caveolin independent (5, 14, 

55, 57-59, 64, 78). In addition, macropinocytosis and/or phagocytosis can also 

play a role in viral entry (11, 13, 21, 36, 40, 42, 44, 45). However, the 

requirement for dynamin II in these processes is not fully understood.  

Viral entry has been addressed primarily by pharmacologic inhibitor 

studies, immunofluorescence and electron microscopy, transfections of 

dominant-negative (DN) constructs, and more recently by small interfering RNA 

(siRNA) knockdown. Each of these approaches has some limitations; thus, a 

combination of approaches is needed to elucidate the mechanism of viral entry 

into host cells. For example, using electron and fluorescence microscopy, which 

require a high particle number, does not allow the differentiation of infectious and 

noninfectious particles. Alternatively, the use of pharmacological inhibitors can 

result in off-target effects, including cytotoxicity. A recent approach used the 
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photoreactive dye neutral red (NR) in an infectious focus assay to determine the 

mechanism of poliovirus entry (6). Cells were infected in the dark in the presence 

of neutral red, and virus particles passively incorporated the dye. Upon exposure 

to light, the neutral red dye cross-linked the viral genome to the viral capsid, thus 

inactivating the virus. Infectious foci were counted several days later. This assay 

was performed in the presence of various pharmacologic inhibitors of 

endocytosis. When an inhibitor blocked a productive route of infection, the 

number of infectious foci was significantly less than that for an untreated control. 

Major advantages of this technique over traditional assays are the ability to treat 

cells with pharmacologic inhibitors only during the viral entry process, the 

reduction of cytotoxicity, and the ability to infect with a low multiplicity of infection 

(MOI). Furthermore, infectious virus that is prohibited from uncoating is 

inactivated by illumination. Therefore, only virus particles leading to a productive 

infection in the presence or absence of the various inhibitors are measured. We 

successfully adapted this assay for use with MNV-1. Together with the use of 

pharmacological inhibitors, DN constructs, and siRNA knockdown, we 

demonstrate that the major MNV-1 entry pathway into murine macrophages 

resulting in a productive infection occurred by endocytosis and not phagocytosis 

or macropinocytosis in a manner that was clathrin and caveolin 1, flotillin 1, and 

GRAF1 independent but required dynamin II and cholesterol. 

2.3 Materials and Methods 
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Cell culture and mice. RAW 264.7 cells were purchased from ATCC 

(Manassas, VA) and maintained as previously described (84). Swiss Webster 

mice were purchased from Charles River. Caveolin-1 knockout mice (number 

004585) and matched control mice (B6129SF2/J, number 101045) were 

purchased from Jackson Laboratories. Bone marrow-derived macrophages 

(BMDMs) were isolated as previously described (84).  

Virus stocks. The plaque-purified MNV-1 clone (GV/MNV1/2002/USA) MNV-

1.CW3 was used at passage 6 for all experiments (74). To generate NR-

containing viral stocks, all activities were carried out in the dark. RAW 264.7 cells 

were infected with MNV-1 at an MOI of 0.05 and incubated for 40 h in the 

presence of 10 µg/ml neutral red (Sigma-Aldrich, MO; N2880). Cells were freeze-

thawed twice to release virus, and single-use aliquots were stored at –80°C. All 

NR virus preparations exhibited a minimum two-log reduction in viral titers upon 

light exposure as determined by plaque assay compared to a control virus not 

exposed to light. Vesicular stomatitis virus (Indiana strain) was propagated in 

Vero cells, and single-use aliquots were stored at –80°C.  

Growth curves (dynasore inhibition). RAW 264.7 cells or BMDMs were plated 

at 2 x 105 cells/ml in 12-well plates and allowed to attach overnight. Cells were 

then incubated with the indicated concentrations of dynasore (Sigma-Aldrich, 

MO) in dimethyl sulfoxide (DMSO) or vehicle control for 30 min. Cells were 

infected with MNV-1 or VSV at the indicated MOI in the presence of dynasore or 

vehicle control for 60 min on ice. The cells were washed and fresh media 
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containing inhibitor added. Infection was allowed to proceed until the indicated 

time point, when the cells were freeze-thawed twice, and viral titers were 

determined by plaque assay as previously described (84).  

Immunofluorescence assay. RAW 264.7 cells or BMDMs were plated at 2 x 105 

cells/ml in 6-well plates containing sterile glass coverslips (Fisher Scientific) and 

allowed to attach overnight. Cells were then incubated with the indicated 

concentrations of methyl-β-cyclodextrin (MβCD) (Sigma-Aldrich, MO), fetal 

bovine serum (FBS) and MβCD, or vehicle control (DMSO) for 60 min. Cells were 

infected with MNV-1 or VSV at the indicated MOI in the presence of inhibitor or 

vehicle control for 60 min on ice. Cells were washed and fresh media containing 

inhibitor added. Infection proceeded until the indicated time point when the cells 

were fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS) for 10 

min, washed once with PBS, and stained for the viral nonstructural protein VPg 

(81) or VSV matrix (38) as previously described (54). Briefly, cells were incubated 

with a monoclonal mouse antibody raised against MNV-1 VPg (81) diluted 

1:5,000 or VSV matrix (38) diluted 1:10,000 in wash buffer (PBS, 1% bovine 

serum, 1% goat serum, 0.1% Triton X-100) for 1 h. Cells were then washed three 

times with wash buffer before incubation with an Alexa 594-conjugated goat anti-

mouse antibody diluted 1:5,000 (Invitrogen, CA) for 1 h. Cells were washed three 

times as described above and mounted using Prolong Gold Antifade with DAPI 

(4', 6-diaminidino-2-phenylindole) (Invitrogen, CA). A total of 500 DAPI-stained 

cells were examined using the Olympus IX70 inverted microscope at the Center 

for Live Cell Imaging at the University of Michigan. Cells that had an average 
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fluorescence intensity of at least three times the average background 

fluorescence intensity as determined by the Metamorph Premier version 6.3 

image analysis software (Molecular Devices, Downington, PA) were counted as 

infected cells. The number of infected cells was then normalized to the no-

treatment control.  

NR assay. RAW 264.7 cells were plated at 1 x 106 cells/ml in 6-well plates and 

allowed to attach overnight. For pretreatments, cells were incubated with the 

indicated concentrations of chloroquine, neuraminidase, dynasore, 

chlorpromazine, sucrose, nystatin, cytochalasin D, amiloride (EIPA [5-ethyl-N-

isopropyl amiloride]) (all purchased from Sigma-Aldrich, MO), or vehicle control 

for 30 min, or 60 min for MβCD. Cells were infected with MNV-1 at an MOI of 

0.001 in the presence of inhibitor or vehicle control. After 60 min, the cells were 

illuminated, and a plaque assay was performed by adding an agarose overlay 

and staining cells with neutral red after 48 to 72 h. In the case of chlorpromazine 

and sucrose treatments, cells were infected only for 30 min to maintain cell 

viability. To assess the nonspecific effects of drugs on later stages of the viral life 

cycle (posttreatment), cells were infected for 60 min at an MOI of 0.001 in the 

absence of inhibitors, the infection was stopped by illumination, and inhibitors 

were added back at the same concentration and length of time as the 

pretreatments. To determine the dynamic range of the experiment, untreated 

cells were infected at an MOI of 0.001 and illuminated immediately after addition 

of virus (0 min) or 60 min after addition of virus.  
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WST-1 cell viability assay. RAW 264.7 cells and BMDMs were plated at 2 x 105 

cells/ml in a 96-well plate. Cells were pretreated with chloroquine, neuraminidase, 

dynasore, chlorpromazine, sucrose, nystatin, cytochalasin D, amiloride (EIPA) (all 

purchased from Sigma-Aldrich, MO), or vehicle control for 30 min, or 60 min for 

MβCD. Cells were then treated in the presence of inhibitor or vehicle control for 

the length of time indicated (Table 1). MβCD combination treatments were 

performed by 1-h treatment of MβCD followed by 60-min treatment of the other 

drug in media lacking FBS. At that time, media were removed, and media 

containing 10% WST-1 reagent (Roche) were added to cells. Cell viability was 

determined following the manufacturer's recommendations at 120 min after 

addition of reagent.  

Transfection of RAW 264.7 cells. Cells were plated at a density of 4.0 x 105 

cells/ml in 6-well plates and allowed to attach overnight. The following day, cells 

were transfected using Lipofectamine 2000 (Invitrogen) following the 

manufacturer's protocol. Briefly, media were replaced with Optimem media 

(Invitrogen), and a transfection solution containing 5 µg of plasmid DNA and 8 µl 

of Lipofectamine 2000 (Invitrogen) was prepared. Cells were incubated with the 

transfection reagent for 8 h and washed with media. Cells were infected 48 h 

after transfection with MNV-1 as described above. At 12 h postinfection (hpi), 

infected cells were processed for immunofluorescence analysis as described 

above. However, instead of quantitating 500 DAPI-stained cells, 500 DAPI-

stained and green fluorescent protein (GFP)-expressing cells with an average 

fluorescence intensity at least three times the background's average fluorescence 
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intensity were quantitated as infected cells. The dynamin II wild-type (wt) and DN 

(K44A) constructs, both containing proteins fused to GFP, were kindly provided 

by Mark McNiven (Mayo Institute, Rochester, MN) (7). The EPS 15 wt and DN (

95/295) constructs, both containing proteins fused to GFP, were kindly provided 

by A. Benmerah (INSERM, Paris, France) (3). The RAC 1 wt and DN (T17N) 

constructs, both containing proteins fused to GFP, as well as the GFP-only 

construct, were kindly provided by J. Swanson (University of Michigan, Ann 

Arbor, MI) (26). The caveolin 1 DN construct (GFP fused to the C terminus of wt 

Cav1) was provided by B. Tsai (University of Michigan, Ann Arbor, MI) (53).  

siRNA knockdown. RAW 264.7 cells were plated at a density of 2 x 105 cells/ml 

in a 6-well plate and allowed to attach overnight. The next day, cells were 

washed once with Accell siRNA delivery media (Dharmacon) before incubation 

with Accell siRNA delivery media containing 1 µM the indicated Accell siRNA. 

The cells were incubated for 72 h, washed once with DMEM media, and infected 

as described above. At 12 h postinfection, virus-infected cells were analyzed by 

an immunofluorescence assay as described above. Cells treated in parallel were 

analyzed by SDS-PAGE and then by Western blot analysis to ensure effective 

knockdown of protein levels. The following sequences were used: clathrin heavy 

chain (CHC) (GUGUUAUGGAGUAUAUUAA), caveolin 1 (CAV-1) 

(CCACCAUUCUCAUAUAUAC), flotillin-1 (CUAUUUAACUUCCUGAUUA), and 

GRAF1 (UUAUCUCCCAUUCAGCACAGAUAUC).  
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Western blot analysis. Whole-cell lysates from siRNA-transfected RAW 264.7 

cells were generated by adding 2x SDS-PAGE sample buffer to cells. Samples 

were boiled for 5 min and separated by SDS-PAGE. Proteins were then 

transferred to nitrocellulose (Bio-Rad). Membranes were blocked in 5% nonfat 

dry milk and incubated with primary antibodies and then with horseradish 

peroxidase in 5% nonfat dry milk. The following antibodies were used: clathrin 

heavy chain (no. 610500; BD Transduction Laboratories), caveolin 1 (no. 610406; 

BD Transduction Laboratories), flotillin-1 (no. sc-25506; Santa Cruz Biotech), and 

GRAF1 (kindly provided by R. Lundmark, Umea University, Sweden) (37). Band 

densities were determined using Adobe Photoshop (CA). Briefly, a selection box 

was created around the band of interest, and the mean pixel intensity 

determined. The same selection box was used for other bands, and also a region 

without a signal was used as a background control. The mean pixel intensity of 

the background control was subtracted from all other mean pixel intensities. The 

background-subtracted mean pixel intensities were normalized to the value for 

the nontargeting (NT) siRNA sample, which was set to 100%.  

Fluorescent transferrin and cholera toxin subunit B internalization assay. 

RAW 264.7 cells or BMDMs were plated at 2 x 105 cells/ml in 6-well plates 

containing sterile glass coverslips (Fisher Scientific) and allowed to attach 

overnight. Cells were pretreated with increasing concentrations of 

chlorpromazine, sucrose, nystatin, or vehicle control for 30 min, or 60 min for 

MβCD. Cells were then incubated in 10 µg/ml fluorescently labeled cholera toxin 

subunit B (Invitrogen) or 50 µg/ml transferrin (Invitrogen, CA) in the presence of 
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inhibitor. Cells were washed, and media containing inhibitor or vehicle control 

were added back for 5 min for transferrin or 60 min for cholera toxin subunit B. 

Cells were fixed in 4% paraformaldehyde and mounted with Prolong Gold 

Antifade with DAPI (Invitrogen, CA). Cells were examined using the Olympus 

IX70 inverted microscope at the Center for Live Cell Imaging at the University of 

Michigan, and images were acquired using the Metamorph Premier version 6.3 

image analysis software (Molecular Devices, Downington, PA).  

Listeria monocytogenes infection of RAW 264.7 cells. RAW 264.7 cells were 

plated at 2 x 105 cells/ml in 6-well plates containing sterile glass coverslips 

(Fisher Scientific) and allowed to attach overnight. Cells were pretreated with 

increasing concentrations of cytochalasin D, amiloride (EIPA), or vehicle control. 

Listeria monocytogenes strain 10403S (a kind gift from M. O'Riordan, University 

of Michigan, Ann Arbor, MI) was grown overnight to an optical density at 600 nm 

(OD600) of 1.2 in brain heart infusion (BHI; Sigma Aldrich). Bacteria were pelleted 

and resuspended in PBS. Cells were infected at an MOI of 1 for 30 min at 37°C. 

Cells were washed with PBS and 50 µg/ml gentamicin (Fisher Scientific) added 

to inhibit replication of noninternalized bacteria. After 1 h postinfection, cells were 

lysed in sterile water and plated onto LB plates. CFU were quantitated 24 h after 

incubation at 37°C and normalized to the vehicle control.  

Statistics. Error bars in the figures represent the standard error between 

independent experiments. Statistical analysis was performed using Prism  
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Figure 2.1. Uptake of fluorescently labeled transferrin is inhibited by a hypotonic 
solution of sucrose or chlorpromazine. RAW 264.7 cells were incubated with 
vehicle control (A, D, and G), chlorpromazine (B), a hypotonic solution of sucrose 
(C), or nystatin (F) for 30 min or MβCD (E and H) or MβCD and 10% FBS (I) for 
60 min before incubation with 50 μg/ml fluorescently labeled transferrin (A to E) 
or 10 μg/ml fluorescently labeled cholera toxin subunit B (F to I). Cells were 
washed and media containing inhibitor or vehicle control added back for 5 min for 
transferrin or 60 min for cholera toxin subunit B. Cells were fixed in 4% 
paraformaldehyde and mounted with Prolong Gold Antifade with DAPI 
(Invitrogen, CA). Cells were examined using an Olympus IX70 inverted 
microscope and images acquired using the Metamorph Premier version 6.3 
image analysis software (Molecular Devices, Downington, PA). 



97 
 

software version 5.01 (GraphPad Software, CA). The two-tailed Student t test 

was used to determine statistical significance. 

2.4 Results 

Development of a neutral red infectious center assay to study MNV-1 entry. 

 Viral entry is studied by a combination of different methods, one of which 

is the inhibition of proteins critical for specific endocytic pathways with 

pharmacologic inhibitors. However, these inhibitors often have off-target effects, 

including cytotoxicity for the cell type analyzed. To address this, we empirically 

determined minimal effective concentrations for RAW 264.7 cells or BMDMs that 

inhibited uptake of fluorescently labeled transferrin and cholera toxin subunit B 

(Fig. 2.1) and measured cell viability (Table 1) at these concentrations by WST-1  

(Roche), which measures mitochondrial dehydrogenase activity, for all inhibitors 

used. Cell viability was mostly unaffected at the concentrations used and typically 

remained above 80% of that of untreated controls. A significant reduction in the 

signal intensity of fluorescently labeled transferrin was observed for both 

chlorpromazine- and sucrose-treated cells but not after MβCD treatment 

compared to untreated cells (Fig. 2.1A and E), indicating a block in transferrin 

uptake. Although the intensity of the fluorescently labeled cholera toxin subunit B 

signal did not significantly change, the localization of the signal shifted from a 

mainly punctate cytoplasmic signal to a predominantly plasma membrane  
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Table 2.1  Inhibitor treatments do not significantly affect viability of RAW 264.7 

cells and bone marrow derived macrophages. 

 

300 mM 
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location after treatment of cells with MβCD or nystatin compared to untreated 

cells or cells treated with MβCD with FBS that had reconstituted cholesterol 

levels (Fig. 2.1F to I). This suggests that cholera toxin subunit B was no longer 

efficiently internalized in the presence of these concentrations of MβCD or 

nystatin. 

In addition, we adapted an assay to study the productive entry of MNV-1 

using abbreviated treatments of pharmacological inhibitors as another way to limit 

off-target effects, including cytotoxicity. We modified the neutral red infectious 

center assay published for poliovirus, which quantitatively determines the number 

of viral entry events leading to a productive infection (6). MNV-1 stocks were 

generated in the presence of the vital dye neutral red. The neutral red dye 

passively incorporates into the virus particle. Upon illumination, the dye activates 

and cross-links proteins and nucleic acids. Since the dye and viral genome are 

trapped in the virion, viral genome that has not been uncoated will be cross-

linked irreversibly to the protein capsid, thus inactivating the virus particle. 

However, the process of viral uncoating allows the neutral red and viral genome 

to disassociate and thereby become light insensitive. Using MNV-1 particles 

containing neutral red, we infected RAW 264.7 cells at room temperature for 0, 

15, 30, 45, 60, or 75 min before exposure to light for 10 min to determine the 

entry kinetics for MNV-1 (Fig. 2.2A). This revealed that approximately 100% of 

NR-containing MNV-1 becomes light insensitive 60 min after addition to RAW 

264.7 cells (Fig. 2.2B). This indicated that the kinetics of RNA release (i.e.,  
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Figure 2.2. Neutral red (NR) infectious center assay confirms a pH-independent 
and sialic acid-dependent entry mechanism for MNV-1. (A, C, and D) Flow charts 
of the NR assay describing different treatment conditions. (A and B) MNV-1 
rapidly becomes insensitive to light exposure. RAW 264.7 cells were infected 
with NR-containing virus at an MOI of 0.001, rocked at room temperature, 
exposed to light at 0, 15, 30, 45, 60, and 75 min postinfection (pi), and overlaid 
with agarose, and plaques were counted 48 to 72 h pi. (C, D, and E) MNV-1 
entry is sialic acid dependent and pH independent. (C and E, pretreatment) RAW 
264.7 cells were pretreated with 2.5 mU/ml Vibrio cholerae neuraminidase 
(Neura) or 200 μM chloroquine (Chloro) for 30 min, infected by rocking for 60 
min, and overlaid with media containing agarose, and plaques were counted 48 
to 72 h pi. (D and E, posttreatment) Alternatively, RAW 264.7 cells were infected 
with an MOI of 0.001 for 60 min and then posttreated with 2.5 mU/ml Vibrio 
cholerae neuraminidase (Neura) or 200 μM chloroquine (Chloro) for a total of 90 
min before performing the NR assay. (E, posttransfer) In case of Vibrio cholerae 
neuraminidase treatment, RAW 264.7 cells were posttreated as described, 
scraped, and transferred to an untreated monolayer before a plaque assay was 
performed and viral titers were determined. *, P  < 0.05. 
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uncoating) as measured by this assay had a half-life (t1/2) of 33 ± 2 min. This is 

similar to data from poliovirus genome release in HeLa cells (t1/2 = 22 ± 3 min) (6) 

To verify the applicability of the NR assay for studying MNV-1 entry, we 

determined the effect of two known inhibitors: chloroquine, an endosomal 

acidification inhibitor, and Vibrio cholerae neuraminidase, an enzyme that 

hydrolyzes terminal sialic acids on the host cell surface (54, 72). These inhibitors 

have either no effect on MNV-1 entry (chloroquine) (54) or significantly decrease 

MNV-1 infection in murine macrophages (Vibrio cholerae neuraminidase) (72). 

RAW 264.7 cells were pretreated with 200 µM chloroquine or 2.5 mU/ml Vibrio 

cholerae neuraminidase for 30 min prior to infection with NR-containing MNV-1 in 

the dark for 60 min at an MOI of 0.001. RAW 264.7 cells were then exposed to 

light for 10 min, washed, and incubated for 48 to 72 h with an agarose media 

overlay, and virus plaques were quantitated (Fig. 2.2C). To ensure that the 

inhibitors did not exhibit off-target effects on stages of the viral life cycle other 

than entry, a posttreatment (Fig. 2.2D) was performed for each inhibitor. These 

treatments were performed for each inhibitor assayed and equaled the length of 

the pretreatment. Consistent with our published results (54, 72), MNV-1 entry as 

measured by the NR assay was not inhibited by pretreatment of cells with 200 

µM chloroquine but was inhibited by pretreatment with Vibrio cholerae 

neuraminidase, validating the NR assay (Fig. 2.2E). Posttreatment of cells with 

200 µM chloroquine did not inhibit MNV-1 infection, confirming it has no effect on 

other stages of the viral life cycle (Fig. 2.2E). However, posttreatment of Vibrio  
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Figure  2.3. MNV-1 infection requires dynamin II. RAW 264.7 cells (A) and 
BMDMs (B) were pretreated with dynasore at the indicated concentration for 30 
min, infected with MNV-1 or VSV on ice for 1 h, and washed with PBS. At 8 h 
(RAW 264.7 cells) or 10 h (BMDMs) postinfection, cells were freeze-thawed two 
times and viral titers determined by plaque assay. (C) RAW 264.7 cells were 
transfected with a wt and DN construct of GFP-tagged dynamin II and then 
infected with MNV-1 (MOI of 10) for 12 h. The number of VPg-expressing cells 
was determined by immunofluorescence and normalized to the wt control. (D) 
RAW 264.7 cells were infected with NR-containing virus at an MOI of 0.001, with 
rocking at room temperature for 60 min. RAW 264.7 cells were either pretreated 
(pretreatment) or treated for 60 min postinfection (posttreatment) with 80 μM 
dynasore before performing a plaque assay and determining viral titers. *, P < 
0.05; ***, P < 0.001. 
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cholerae neuraminidase led to a significant decrease in viral infection (Fig. 2.2E). 

We reasoned that this was due to the dependence of viral infection and spread 

on sialic acid (i.e., development of plaques). Therefore, we transferred cells to an 

untreated monolayer of RAW 264.7 cells to circumvent this potential problem. 

RAW 264.7 cells were infected for 60 min with MNV-1 and illuminated to 

inactivate virus. Cells were then treated with Vibrio cholerae neuraminidase for 90 

min, washed, scraped from the plate, and added to an untreated monolayer of 

RAW 264.7 cells (posttransfer). No significant reduction in MNV-1 infection was 

observed (Fig. 2.2E). This demonstrated that MNV-1 entry but not later steps of 

the viral life cycle were inhibited by Vibrio cholerae neuraminidase. Taken 

together, these results confirm studies from our laboratory (54, 72) that MNV-1 

enters RAW 264.7 cells in a sialic acid-dependent but pH-independent manner 

and validate the use of the NR assay for studying the infectious entry pathway of 

MNV-1. 

MNV-1 entry into murine macrophages requires dynamin II. 

Dynamin II is a small GTPase that functions by pinching off endosomes 

from the cell's plasma membrane (68). Its function is required for clathrin-, 

caveolin-, and cholesterol-dependent endocytosis pathways but not clathrin- and 

caveolin-independent processes (17, 41). The activity of dynamin II in 

phagocytosis has been suggested, but various mechanisms of viral entry through 

phagocytosis do not require it (12). To determine the role of dynamin II during 

MNV-1 infection, we obtained the small molecule inhibitor dynasore, which 
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specifically inhibits dynamin I, dynamin II, and Drp 1 (39). Dynamin I is activated 

only in neuronal cells, and Drp 1 is confined to the mitochondria (49, 67). 

Therefore, we reason that dynasore affects dynamin II in murine macrophages. 

RAW 264.7 cells were pretreated and infected at an MOI of 5 with MNV-1 or VSV 

in the presence of increasing amounts of dynasore or DMSO, and viral titers were 

determined 8 h postinfection (Fig. 2.3A). MNV-1 viral titers were significantly 

inhibited by dynasore pretreatment in a dose-dependent manner with an 

approximately 1.5-log inhibition in viral titers at 80 µM dynasore (Fig. 2.3A). VSV, 

a virus that requires dynamin II for its uptake via clathrin-mediated endocytosis 

(66), was used as a positive control and showed a significant decrease in viral 

titers at both concentrations of dynasore. Similar results were observed when 

BMDMs were infected, although higher effective concentrations of dynasore were 

needed in primary cells (Fig. 2.3B). Cell viability of treated cultured and primary 

macrophages was not significantly affected at these concentrations of inhibitor 

(Table 2.1). These results demonstrated that dynamin II plays a role in MNV-1 

infection. 

To further validate these results and look at earlier stages in the viral life 

cycle, the effect of the dynamin II DN construct K44A (7) on MNV-1 nonstructural 

gene expression was tested. Due to the poor transfection efficiency of primary 

macrophages, these experiments were performed only with RAW 264.7 cells. 

Cells were transfected with GFP-tagged wt and DN constructs. After 48 h, RAW 

264.7 cells were infected with MNV-1 and VPg expression was measured by  
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Figure 2.4. MNV-1 infection is clathrin independent. (A) RAW 264.7 cells were 
infected with NR-containing virus at an MOI of 0.001 and rocked at room 
temperature for 60 min. RAW 264.7 cells were either pretreated (pretreatment) or 
treated for 60 min pi (posttreatment) with 40 μM chlorpromazine (Chloro) or 300 
mM sucrose. (B) RAW 264.7 cells were transfected with a GFP-only (GFP), 
GFP-tagged wt (EPS 15 wt), or DN construct (EPS 15 DN) of EPS 15 and then 
infected with MNV-1 at an MOI of 10 for 12 h. The number of VPg-expressing 
cells was determined by immunofluorescence and normalized to the value for the 
GFP-only control. (C) RAW 264.7 cells were incubated with an Accell siRNA 
clathrin heavy-chain construct (CHC siRNA) or a nontargeting construct (NT 
siRNA) (Dharmacon) for 72 h. Cells were then infected with MNV-1 or VSV at an 
MOI of 10. The number of VPg-expressing cells was determined by 
immunofluorescence 12 h after infection and normalized to the value for the NT 
control. (D) To verify clathrin heavy-chain protein knockdown, protein samples 
from cells expressing each siRNA construct were analyzed by immunoblotting for 
clathrin heavy chain, and protein levels were quantitated as described in the text. 
*, P < 0.05; ***, P < 0.001. 
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immunofluorescence assay as previously described (54). The number of cells 

expressing VPg was quantitated and normalized to GFP-tagged wt dynamin II- 

expressing cells. A significant decrease in cells expressing VPg was observed 

with the DN construct compared to the wt control (Fig. 2.3C). These results 

demonstrated that MNV-1 gene expression requires dynamin II.  

To determine the role of dynamin II during MNV-1 entry, we tested the 

effect of dynasore in the NR assay (Fig. 2.3D). Cell viability of treated cells was 

unaffected at these concentrations (Table 2.1). RAW 264.7 cells were pretreated 

with dynasore or vehicle control for 30 min and infected with NR-containing MNV-

1, and the NR assay was performed as described above. A significant decrease 

in the number of plaques was observed for the pretreatment but not 

posttreatment samples, indicating MNV-1 entry required dynamin II. Together, 

these results demonstrated that dynamin II plays a role during MNV-1 entry into 

murine macrophages. However, the inability to completely block viral entry 

suggested a dynamin II-independent form(s) of endocytosis may also play a role 

during MNV-1 entry.  

MNV-1 entry into murine macrophages is clathrin independent. 

Clathrin-mediated endocytosis requires dynamin II (16). In addition, feline 

calicivirus (FCV), a member of the calicivirus family, like MNV-1, has been shown 

to enter cells through this process (65). Therefore, we determined the role of 

clathrin during MNV-1 entry. To test this, we first used two pharmacologic 

inhibitors of clathrin-mediated endocytosis, chlorpromazine and a hypotonic 
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solution of sucrose, in the NR assay. Chlorpromazine is an inhibitor of clathrin 

lattice polymerization (79), while a hypotonic solution of sucrose inhibits clathrin-

coated pit formation in the plasma membrane (26). However, both inhibitors have 

known off-target effects (26, 63). Furthermore, these inhibitors are relatively 

cytotoxic to RAW 264.7 cells. To maintain cell viability above 80% and minimize 

side effects, RAW 264.7 cells were pretreated for 30 min with 40 µg/ml 

chlorpromazine or 300 mM sucrose, and the infection (performed in the presence 

of inhibitor) was reduced to 30 min. At these concentrations, we observed a 

significant decrease in the uptake of fluorescently labeled transferrin, a known 

clathrin-mediated endocytosis cargo protein (15), but not of fluorescently labeled 

cholera toxin B subunit (Fig. 2.1B and C and data not shown). We saw no 

significant reduction in MNV-1 entry with either chlorpromazine or sucrose 

treatment (Fig. 2.4A). Furthermore, posttreatment with these inhibitors did not 

affect MNV-1 infection (Fig. 2.4A). These results suggested MNV-1 entry is 

clathrin independent.  

To confirm this finding, we tested wt and DN constructs of EPS 15, a 

required adaptor protein for clathrin-mediated endocytosis, for their effect on 

MNV-1 gene expression (Fig. 2.4B). EPS 15 directly links cargo proteins with the 

clathrin-coated pit adaptor protein 2 (AP-2) (3). Overexpression of the DN 

construct of EPS 15 selectively inhibits this process. RAW 264.7 were transfected 

with plasmids expressing GFP alone, GFP-tagged wt EPS 15, or GFP-tagged DN 

EPS 15 prior to infection, and virus-infected cells were quantitated by staining for 

VPg (Fig. 2.4B). We observed no significant change in the number of VPg-  



108 
 

 

 

Figure 2.5. MNV-1 infection is caveolin independent. (A) BMDMs were isolated 
from caveolin 1 knockout mice and wt controls and infected with MNV-1 at an 
MOI of 2. Viral titers were determined at times indicated. (B) RAW 264.7 cells 
were transfected with a DN GFP-tagged caveolin 1 (CAV 1 DN) and a GFP-only 
control (GFP) construct and infected with MNV-1 at an MOI of 10 for 12 h. VPg-
expressing cells were determined by immunofluorescence and normalized to the 
value for the GFP-only control. (C) RAW 264.7 cells were incubated with an 
Accell siRNA caveolin 1 construct (CAV 1 siRNA) or a nontargeting construct (NT 
siRNA) (Dharmacon) for 72 h. Cells were then infected with MNV-1 or VSV at an 
MOI of 10, and VPg expression was determined by immunofluorescence 12 h 
after infection. The number of VPg-expressing cells was normalized to the value 
for the NT control. (D) To verify caveolin 1 protein knockdown, protein samples 
from cells expressing each siRNA construct were analyzed by immunoblotting for 
caveolin 1 and quantitated as described in the text.  
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expressing cells in DN EPS 15 compared to those of wt-transfected or GFP-alone 

controls. These results further support the idea that clathrin played no role during 

MNV-1 infection.  

However, not all clathrin-mediated endocytosis cargo requires EPS 15 

(62). Therefore, we tested the role of clathrin during MNV-1 infection by siRNA 

knockdown of clathrin heavy chain (CHC). We obtained siRNA transfection 

efficiencies of over 93% for RAW 264.7 cells as determined by fluorescence-

activated cell sorter analysis using a fluorescently labeled Accell siRNA construct 

from Dharmacon (data not shown). RAW 264.7 cells were transfected with an 

Accell siRNA for the CHC or an NT siRNA and infected with MNV-1 or VSV for 

12h at an MOI of 10. Infected cells were quantified by immunofluorescence as 

described above and stained for MNV-1 VPg or the VSV matrix protein (Fig. 

2.4C). No significant decrease of VPg-expressing cells was observed with CHC- 

compared to NT-transfected cells after MNV-1 infection (Fig. 2.4C). In contrast, a 

significant decrease of matrix-expressing cells was observed in CHC- compared 

to NT-transfected cells after VSV infection (Fig. 2.4C). This is consistent with a 

previous study in which CHC knockdown significantly reduced VSV infection (66). 

In addition, depletion of CHC was confirmed by analyzing protein levels of CHC 

by immunoblotting (Fig. 2.4D). CHC protein levels in CHC siRNA-expressing cells 

were reduced to 26% ± 12% of wt levels in NT siRNA-expressing cells. Taken 

together, these data demonstrated that clathrin plays no role in MNV-1 entry or 

infection. 
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MNV-1 entry into murine macrophages is caveolin 1 independent. 

Another pathway dependent on dynamin II is caveolin-mediated 

endocytosis (25,50). Caveolin 1-associated vesicles can traffic to acidic early 

endosomes (52) or neutral pH caveosomes (53). Furthermore, previous data 

from our laboratory have shown that MNV-1 infection of murine macrophages 

and dendritic cells is not inhibited by the endosome acidification inhibitor 

bafilomycin A or chloroquine (54). Trafficking of MNV-1 to a pH-neutral 

compartment, such as the caveosome, would be consistent with this observation. 

Therefore, we next tested the hypothesis that MNV-1 enters cells in a caveolin 1-

dependent manner. BMDMs were isolated from caveolin 1 knockout and matched 

wt control mice. Both wt and knockout BMDMs were infected with MNV-1 at an 

MOI of 2 and viral titers determined by plaque assay (Fig. 2.5A). No statistically 

significant decrease in viral titers was observed with the knockout BMDMs 

compared to the wt control cells over the examined time course (Fig. 2.5A), 

although knockout cells consistently produced slightly less MNV-1 than wt cells. 

Infections using MOIs of 0.5 and 0.05 also showed no significant decrease 

between the caveolin 1 knockout and wt macrophages (data not shown). These 

findings suggested that caveolin 1 does not play a significant role during MNV-1 

infection.  

To confirm these results, a caveolin 1 DN construct was also tested for its 

effect on MNV-1 viral gene expression. Fusion of GFP to the amino terminus of 

caveolin 1 prevents caveolin dimerization, and overexpression of this construct  
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Figure 2.6. MNV-1 infection is independent of phagocytosis and/or 
macropinocytosis. (A) RAW 264.7 cells were pretreated with 10 μM cytochalasin 
D (Cyto D), 200 μM amiloride (EIPA), or mock control before infection with 
Listeria monocytogenes strain 10403S at an MOI of 1 for 30 min at 37°C. 
Replication of noninternalized bacteria was inhibited with 50 μg/ml gentamicin. 
After 1 h postinfection, cells were lysed and internalized bacteria plated onto LB 
plates. A total of 24 h after incubation at 37°C, CFU were quantitated and 
normalized to the value for the mock control. (B) RAW 264.7 cells were infected 
with NR-containing virus at an MOI of 0.001 and rocked at room temperature for 
60 min. RAW 264.7 cells were either pretreated (pretreatment) or treated for 60 
min pi (posttreatment) with 10 μM cytochalasin D (cyto D), 200 μM amiloride 
(EIPA), or mock control. (C) RAW 264.7 cells were transfected with a wt (RAC 1 
wt) and a DN (RAC 1 DN) GFP-tagged Rac 1 and infected with MNV-1 at an MOI 
of 10 for 12 h. The number of VPg-expressing cells was determined by 
immunofluorescence and normalized to the value for the wt control. *, P < 0.05; 
***, P < 0.001. 
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functions as a DN inhibitor (53). RAW 264.7 cells were transfected with the GFP-

tagged DN construct of caveolin 1 and a control plasmid expressing only GFP 

and infected with MNV-1. No significant decrease in the number of VPg-

expressing cells was observed in cells transfected with the DN caveolin 1 

construct compared to the GFP control-transfected cells (Fig. 2.5B). A trend 

toward a slightly decreased amount of infected cells was observed with RAW 

264.7 cells, as was observed with BMDMs.  

These results were also confirmed by siRNA knockdown of caveolin 1. An 

Accell siRNA (Dharmacon) targeted to caveolin 1 or an NT control siRNA was 

transfected into RAW 264.7 cells. Cells were infected with MNV-1 as described 

above and VPg-expressing cells enumerated. No significant decrease in the 

number of VPg-expressing cells was observed in the caveolin 1 siRNA-

transfected cells compared to the NT control siRNA- transfected cells (Fig. 2.5C). 

Again, a slight but not statistically significant decrease in MNV-1 gene expression 

in caveolin 1 siRNA-transfected cells was observed, suggesting a potentially 

minor role for caveolin 1 during MNV-1 infection. Depletion of caveolin 1 in cells 

was confirmed by analyzing protein samples by immunoblotting (Fig. 2.5D). The 

relative knockdown of caveolin 1 was at 9% ± 4% of wt levels. Together, these 

data demonstrate that caveolin 1 did not play a major role in MNV-1 infection of 

murine macrophages.  
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MNV-1 entry into murine macrophages is independent of phagocytosis 

and/or macropinocytosis. 

MNV-1 has a tropism for macrophages and dendritic cells (80, 84). These 

antigen-presenting cells are professional phagocytes (23), raising the possibility 

that MNV-1 entry occurs via phagocytosis. Furthermore, there is increasing 

evidence for the importance of macropinocytosis and/or phagocytosis as a 

mechanism for viral entry (45). Interestingly, although not a requirement, dynamin 

II can play a role in this process (reviewed in reference 45). Experimentally, 

however, it is difficult to separate the mechanisms of macropinocytosis and 

phagocytosis due to the similarities of these processes (reviewed in reference 

45). Therefore, we are unable to distinguish an individual requirement of MNV-1 

entry for either macropinocytosis or phagocytosis.  

To address the importance of phagocytosis/macropinocytosis as an entry 

mechanism for MNV-1, we examined the effect of cytochalasin D, an inhibitor of 

actin polymerization, and 5-ethyl-N-isopropyl amiloride (EIPA), an inhibitor of 

macropinocytosis that blocks Na+/H+ exchange (82), on MNV-1 entry using the 

NR assay. Effective concentrations of these inhibitors in RAW 264.7 cells were 

determined by testing the internalization of the bacterium L. monocytogenes into 

RAW 264.7 cells in the presence of 10 µM cytochalasin D and 200 µM EIPA (Fig. 

2.6A). Listeria monocytogenes entry into macrophages is dependent on 

phagocytosis, and uptake is inhibited by cytochalasin D (75). Cell viability of 

treated cells was unaffected at these concentrations of inhibitors (Table  2.1).  
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Figure 2.7. MNV-1 infection is cholesterol dependent. (A) RAW 264.7 cells were 
infected with NR-containing virus at an MOI of 0.001 and rocked at room 
temperature for 60 min. RAW 264.7 cells were either pretreated (pretreatment) or 
treated for 60 min pi (posttreatment) with 50 μM nystatin, 2 mM MβCD, or 2 mM 
MβCD with 10% fetal bovine serum (MβCD & FBS). (B) RAW 264.7 cells or 
BMDMs were infected with MNV-1 for 12 h after pretreatment with 2 mM MβCD 
or 2 mM MβCD with 10% fetal bovine serum (MβCD & FBS). The number of 
VPg-expressing cells was determined by immunofluorescence and normalized to 
the value for a no-treatment control. *, P < 0.05; **, P < 0.01; ***, P < 0.001. 
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Pretreatment of cells with cytochalasin D or EIPA did not lead to a decrease in 

MNV-1 infection in the NR assay (Fig. 2.6B). Instead, we observed a significant 

increase in the amount of MNV-1 entry in the presence of both inhibitors (Fig. 

2.6B). This may be because of the upregulation of a productive route of infection 

by the inhibitors. Alternatively, phagocytosis/macropinocytosis may be a 

degradative pathway for MNV-1, and blocking this pathway leads to more viruses 

entering productive routes of infection. Posttreatment of cells with cytochalasin D 

had no significant effect on MNV-1 infection. Interestingly, posttreatment with 

EIPA showed a modest but significant decrease in the amount of MNV-1 infection 

(Fig. 2.6B), suggesting that later stages of the MNV-1 life cycle after entry are 

partially dependent on Na+/H+ exchange. Together, these data suggested that 

phagocytosis and/or macropinocytosis do not play a significant role in productive 

MNV-1 entry. 

To validate this finding, we tested the requirement of Rac 1 during MNV-1 

infection of RAW 264.7 cells. Rac 1 is a small GTPase required during 

remodeling of the cell's actin cytoskeleton to facilitate the massive membrane 

rearrangements necessary for phagocytosis (47). A GFP-tagged wt or DN Rac1 

construct was transfected into RAW 264.7 cells and then infected with MNV-1. 

VPg expression was analyzed by immunofluorescence as described above (Fig. 

2.6C). The number of VPg-expressing cells showed no significant decrease in the 

DN-transfected cells compared to the wt Rac 1-transfected cells (Fig. 2.6C). 

Taken together, these data demonstrated that Rac 1, which is required for 

phagocytosis/macropinocytosis, is not essential during MNV-1 infection. 
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However, it is possible that phagocytic mechanisms may play a minor role during 

later stages in MNV-1 infection, since we observed a decrease in viral infection 

after EIPA posttreatment and a slight (although not statistically significant) 

decrease in gene expression in the presence of DN Rac1.  

 

MNV-1 entry into murine macrophages requires cholesterol. 

Another form of endocytosis that requires dynamin II is cholesterol-

dependent/dynamin II-dependent endocytosis, currently an ill-defined process. 

Interleukin 2 receptor, the original marker protein for this endocytic pathway, was 

recently proposed to enter cells by a phagocytic process (22). Some viruses also 

enter cells in a cholesterol-dependent/dynamin II-dependent manner (51, 61, 77). 

To address the role of cholesterol in MNV-1 entry, we performed entry and 

infection assays in the presence of the cholesterol-sequestering drugs MβCD or 

nystatin. To determine the effect of these drugs on viral entry, RAW 264.7 cells 

were pretreated with 2 mM MβCD for 1 h or 50 µM nystatin for 30 min to maintain 

cell viability above 80% (Table 2.1) and infected with NR-containing MNV-1 (Fig. 

2.7A). We observed a significant decrease in the amount of virus entry in MβCD- 

or nystatin-pretreated cells but not in cells with reconstituted cholesterol levels 

(i.e., MβCD with FBS) (Fig. 2.7A). No effect on MNV-1 titers was observed when  
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Figure 2.8. The major infectious route for MNV-1 is independent of flotillin-1 and 
GRAF1. RAW 264.7 cells were incubated with an Accell siRNA against flotillin-1 
(A), GRAF1 (C), or a nontargeting (NT) construct (A and C) (Dharmacon) for 72 
h. Cells were then infected with MNV-1 at an MOI of 10, and VPg expression was 
determined by immunofluorescence 12 h after infection. To verify flotillin-1 
(FLOT) (B) or GRAF1 (D) protein knockdown, protein samples of cells 
transfected with the respective siRNA construct were analyzed by 
immunoblotting for flotillin-1 or GRAF1 and quantitated as described in the text. 
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cells were treated with these drugs after infection (posttreatment) (Fig. 2.7A). 

This suggests cholesterol plays an important role during MNV-1 entry. 

To verify these results for productive infection of primary macrophages, 

MNV-1 VPg gene expression was measured by immunofluorescence 

microscopy. Both RAW 264.7 cells and BMDMs were infected with MNV-1 for 12 

h after pretreatment with MβCD or MβCD with FBS. Treatment with MβCD but 

not MβCD with FBS significantly decreased the number of infected cells in 

cultured and primary macrophages (Fig. 7.7B), confirming the importance of 

cholesterol during MNV-1 infection in primary cells.  

High concentrations of MβCD not only inhibit cholesterol-dependent 

mechanisms but can also affect clathrin-mediated endocytosis (76). Therefore, 

we infected RAW 264.7 cells and BMDMs with VSV after pretreatment with 2 mM 

MβCD and analyzed matrix protein expression by immunofluorescence. We 

observed no significant decrease in VSV matrix-expressing cells (data not 

shown). In addition, the uptake of fluorescently labeled transferrin as a marker of 

clathrin-mediated endocytosis was not affected by MβCD pretreatment, while 

internalized fluorescently labeled cholera toxin subunit B was significantly 

decreased (Fig. 2.1E, 2.1H). Hence, the levels of MβCD used herein are specific 

for cholesterol-dependent mechanisms. In summary, these results demonstrated 

an important role for cholesterol during MNV-1 entry in murine macrophages.  
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Flotillin-1 or GRAF1 plays no major role during MNV-1 infection of murine 

macrophages. 

To identify further markers of MNV-1 entry, we focused on two proteins, 

flotillin-1 and GRAF1. Although no role during virus entry has been published to 

date for these proteins, flotillin-1 is a ubiquitous protein that associates with 

noncaveolar membrane microdomains and plays a role in some cholesterol-

dependent methods of endocytosis (2). The small GTPase GRAF1 is required for 

another cholesterol-dependent pathway called CLIC (clathrin-independent 

carriers)/GEEC (GPI-enriched endocytic compartments) (37). We first tested 

whether MNV-1 entry requires flotillin-1. An Accell siRNA from Dharmacon 

targeting flotillin-1 or an NT control siRNA was transfected into RAW 264.7 cells 

prior to MNV-1 infection, and the number of virus-infected cells was determined 

by staining for VPg (Fig. 2.8A). No significant decrease in the number of VPg-

expressing cells was observed with cells transfected with the flotillin-1 siRNA 

compared to those transfected with the NT control siRNA. This was despite the 

efficient knockdown of flotillin-1, which was confirmed by immunoblotting (Fig. 

2.8B). The flotillin-1 protein level in flotillin-1 siRNA-transfected cells was reduced 

to 19% ± 10% of the protein level in cells transfected with NT siRNA (Fig. 2.8B). 

These data suggest that flotillin-1 does not play a major role during MNV-1 

infection. 
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Figure 2.9. Clathrin- and caveolin-dependent endocytosis or phagocytosis/ 
macropinocytosis are not a minor route of entry for MNV-1. RAW 264.7 cells 
were pretreated with 2 mM MβCD alone (-), 2 mM MβCD and 10 μM cytochalasin 
D (cyto D), 2 mM MβCD and 200 μM amiloride (EIPA), 2 mM MβCD and 80 μM 
dynasore (Dyna), or 2 mM MβCD and 40 μM chlorpromazine (Chloro). RAW 
264.7 cells were infected with NR-containing virus at an MOI of 0.001 and rocked 
at room temperature for 60 min before performing the NR assay and determining 
viral titers. *, P < 0.05; **, P < 0.01; ***, P < 0.001. 
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The requirement for cholesterol and a direct interaction between GRAF1 

and dynamin II prompted us to determine whether GRAF1 is required for MNV-1 

infection. RAW 264.7 cells were transfected with a GRAF1 and an NT siRNA, 

infected with MNV-1, and analyzed for VPg expression. No significant decrease 

in VPg-expressing cells was observed in GRAF1 siRNA-treated cells compared 

to the NT control (Fig. 2.8C). This was despite the successful knockdown of 

GRAF1 (protein levels were reduced to 38% ± 12% of the wt protein level) (Fig. 

2.8D). This demonstrated that GRAF1 does not play a major role in MNV-1 

uptake into macrophages, but, due to the level of GRAF1 knockdown, a 

requirement of GRAF1 in a minor route(s) of entry cannot be ruled out. Taken 

together, these data suggest that the major route of entry for MNV-1 is 

independent of flotillin-1 and GRAF1.  

MNV-1 entry does not use clathrin-mediated endocytosis, caveolin-

mediated endocytosis, and/or phagocytosis as a minor route of productive 

infection. 

Overall, our data demonstrate a role for both dynamin II and cholesterol 

during MNV-1 entry. However, no pharmacologic treatment or expression of DN 

construct was able to decrease MNV-1 entry or VPg expression below 20% (Fig. 

2.3, dynasore treatment). Under most conditions, we observed a decrease of 

about 50% in RAW 264.7 cells and slightly less in BMDMs. This suggested that 

either these inhibitors or DN constructs are unable to fully inhibit these processes 

or that the virus can productively enter the cell by more than one pathway. Virus 
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entering cells via multiple routes has previously been reported, e.g., influenza A 

virus (32) and SV40 (14). To test the hypothesis that MNV-1 enters cells by more 

than one productive pathway, we tested combinations of inhibitors in the NR 

assay (Fig. 2.9). We pretreated RAW 264.7 cells with combinations of MβCD and 

other inhibitors (nystatin, chlorpromazine, dynasore, cytochalasin D, and EIPA), 

infected the cells with NR-containing MNV-1, and performed the NR assay. No 

significant decrease in MNV-1 entry was observed in the combination treatments 

compared to the MβCD-only treatment. Inhibition of dynamin II by addition of 

dynasore and MβCD did not significantly decrease viral entry further compared to 

addition of MβCD alone, suggesting that clathrin-mediated and caveolin-

mediated endocytosis did not play a role in MNV-1 infection. Similar results were 

obtained with EIPA or cytochalasin D and MβCD, suggesting that 

phagocytosis/macropinocytosis did not play a role during MNV-1 entry. 

Interestingly, a significant increase in viral entry was observed in MβCD- and 

chlorpromazine-treated cells (Fig. 2.9), despite a decrease of cell viability to 

approximately 60% of untreated controls (Table 2.1). Taken together, these data 

suggest that clathrin-mediated endocytosis, caveolin-mediated endocytosis, and 

phagocytosis/macropinocytosis did not play minor roles during MNV-1 infection in 

RAW 264.7 cells. 

2.4 Discussion 

Many viruses require the cellular mechanism of endocytosis to 

productively infect their host. The mechanism of entry during the productive route 
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of infection for noroviruses has not been addressed previously due to the lack of 

an efficient cell culture system. However, it has been suggested that the early 

steps of infection, including entry, are the determinants of cell tropism for this 

understudied group of viruses (24). Herein, we used a combination of 

pharmacologic inhibitor studies, dominant-negative mutants, and siRNA 

knockdowns, with a newly adapted neutral red assay to study the infectious route 

of entry of MNV-1. These data demonstrate that MNV-1 uptake occurs rapidly 

(within 1 h) and that the productive route of entry of MNV-1 into murine 

macrophages requires both host cholesterol and dynamin II. We also showed 

that the major route of MNV-1 infection of murine macrophages neither is clathrin, 

caveolin, flotillin-1, or GRAF1 dependent nor involves phagocytosis and/or 

macropinocytosis. During submission of this article, Gerondopoulos et al. 

published a report (20) demonstrating that MNV-1 entry into RAW 264.7 cells is 

mediated by dynamin and cholesterol but independent of clathrin, caveolin, 

flotillin-1, and macropinocytosis, confirming our findings with those cells.  

While little is known about calicivirus entry, FCV enters cells via clathrin-

mediated endocytosis (65). Our data clearly demonstrated that clathrin does not 

play a role during the productive route of infection of murine macrophages by 

MNV-1 (Fig. 2.4). This further highlights the differences during virus entry 

between these two viruses, as FCV (65), in contrast to MNV-1 (54), enters cells in 

a pH-dependent manner. Whether these entry differences reflect differences in 

the pathogenesis of a respiratory (FCV) versus an enteric (MNV-1) virus and/or 

differences in the examined cell types (epithelial cells versus macrophages) 
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remains unknown. In addition, a requirement for host cholesterol during HuNoV 

replication is known. Inhibitors of cholesterol synthesis significantly reduced 

HuNoV replication in a HuNoV replicon system (9). Although the direct role of 

cholesterol during MNV-1 replication was not addressed here, the common 

requirement for host cholesterol during MNV-1 and HuNoV infection suggests a 

conservation of cellular constituents during norovirus infection.  

The mechanism of cholesterol-and dynamin II-dependent endocytosis is 

not well defined. Few viruses are reported to enter cells in this manner. Feline 

infectious peritonitis virus (FIPV) infection of monocytes, a macrophage 

precursor, is sensitive to the cholesterol-sequestering drug nystatin (but not 

MβCD) and dynasore (77). Group B coxsackievirus 3 (CVB3) infection of HeLa 

cells is inhibited by the dynamin II DN construct, K44A, dynasore, MβCD, and 

filipin treatment (51). Furthermore, rotavirus entry into MA104 cells is inhibited by 

the K44A DN mutant of dynamin II and by depletion of cholesterol with MβCD but 

not the other cholesterol-sequestering drugs nystatin and filipin (61). Similar to 

our results with MNV-1 (Fig. 2.3 and 2.7), inhibition of dynamin II or cholesterol 

depletion only partially reduced entry of FIPV, CVB3, and rotavirus. Whether this 

reflects an inherent ability of cells to compensate for blocked endocytic pathways 

and/or an ability of viruses to use more than one entry pathway remains 

unknown.  

We investigated the role of alternative or minor routes of MNV-1 entry by 

treatments with combinations of inhibitors in the NR assay. Although no 
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combination of inhibitors showed a significant decrease in the amount of MNV-1 

entry over MβCD treatment alone, we observed a significant increase in the 

amount of viral entry occurring in the presence of both MβCD and 

chlorpromazine. This increase was observed despite a decrease in the cell 

viability to approximately 60% of the untreated control. Although the biological 

significance of this finding is unclear, this result suggested that MNV-1 can enter 

RAW 264.7 cells by a clathrin- and cholesterol-independent pathway that is 

upregulated by treatment with chlorpromazine and MβCD.  

In this report, we identified a requirement for cholesterol and dynamin II 

during MNV-1 entry. However, specific cellular targets of the host endocytic 

machinery interacting with MNV-1 during this stage in the viral life cycle remain 

elusive. Further definition of the mechanism of MNV-1 entry will not only better 

describe a poorly defined endocytic pathway but may also lead to the 

identification of cellular targets with antinoroviral potential. 
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3.1 Abstract 

Murine norovirus (MNV) is a recently discovered mouse pathogen. Unlike 

the fastidious human noroviruses that cause the overwhelming majority of non-

bacterial gastroenteritis worldwide, MNV readily infects cells in culture. Its 

replication in primary murine macrophages and dendritic cells and their derived 
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cell lines allows the study of norovirus cell entry for the first time. In this study we 

determined the role of pH during MNV-1 infection since the low pH environment 

of endosomes often triggers uncoating of viruses. We demonstrated that MNV-1 

viral titers by plaque assay and expression of the non-structural protein VPg by 

immunofluorescence were not affected by pH in cultured and primary 

macrophages and dendritic cells in the presence of two known endosome 

acidification inhibitors, bafilomycin A1 and chloroquine. These data indicate that 

MNV-1 enters permissive cells in a pH-independent manner. 

3.2 Introduction 

Noroviruses are an understudied group of non-enveloped positive strand 

RNA viruses that belong to the Caliciviridae family (12). Despite the significant 

impact of human noroviruses (HuNoV) on public health worldwide as the major 

agent of non-bacterial gastroenteritis (12), no drug or vaccine exists to treat 

norovirus infections. This is partially due to the absence of a robust tissue culture 

system (9, 28). In contrast, murine norovirus (MNV), a highly prevalent agent in 

research mouse colonies (13,19), readily infects murine macrophages and 

dendritic cells (DC) in culture and in vivo (34, 35, 36). Similar to HuNoV, MNV 

replicates in the gastrointestinal tract of its wild type or immunocompromised 

host, is shed in the feces, and is transmitted by the fecal–oral route (reviewed in 

35). The ability to culture a norovirus has already led to insights into norovirus 

biology (6, 7, 25, 26) and inactivation (for example 1, 2). However, no studies 

have yet addressed requirements for norovirus entry into cells. 
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To gain access into host cells, viruses hijack cellular processes. The most 

commonly used endocytic pathway for virus entry is clathrin-mediated 

endocytosis. Viral entry can also occur via caveolin-mediated endocytosis, 

clathrin/caveolin-independent endocytosis, macropinocytosis, or phagocytosis 

(reviewed in 18). Clathrin-mediated endocytosis delivers viruses into the acidic 

environment of early endosomes while caveolin-mediated endocytosis can traffic 

virus into neutral caveosomes or acidic endosomes (5, 15, 21). Feline calicivirus 

(FCV) is the only calicivirus whose entry has been studied to date. FCV-F9 strain 

enters cells by clathrin-mediated endocytosis in a pH-dependent manner  (14, 

29). As a part of entry, viruses must deliver their viral genome into the host 

cytoplasm. This critical event during the virus life cycle, termed uncoating, is 

often triggered by the acidic environment of endosomes and/or by binding to 

cellular receptors (reviewed in 32) 

3.3 Materials and Methods 

Cell culture and mice. RAW 264.7 cells and SRDCs were purchased from 

ATCC (Manassas, VA) and maintained as previously described (84). Swiss 

Webster mice were purchased from Charles River. Bone marrow-derived 

macrophages (BMDMs) and bone marrow derived primary dendritic cells 

(BMDCs) were isolated as previously described (84).  

Virus stocks. The plaque-purified MNV-1 clone (GV/MNV1/2002/USA) MNV-

1.CW3 was used at passage 6 for all experiments (74).  
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Growth curves. RAW 264.7 cells or BMDMs were plated at 2 x 105 cells/ml in 

12-well plates and allowed to attach overnight. Cells were then incubated with the 

indicated concentrations of chloroquine (chloro) (Sigma-Aldrich, MO) in dimethyl 

sulfoxide (DMSO), bafliomycin A (Baf. A), or vehicle control for 30 min. Cells 

were infected with MNV-1 or VSV at the indicated MOI in the presence of drugs 

or vehicle control for 60 min on ice. The cells were washed and fresh media 

containing inhibitor added. Infection was allowed to proceed until the indicated 

time point, when the cells were freeze-thawed twice, and viral titers were 

determined by plaque assay as previously described (84).  

Immunofluorescence assay. RAW 264.7 cells, SRDCs, BMDMs, or BMDCs 

were plated at 2 x 105 cells/ml in 6-well plates containing sterile glass coverslips 

(Fisher Scientific) and allowed to attach overnight. Cells were then incubated with 

the indicated concentrations of chloroquine (chloro) (Sigma-Aldrich, MO) in 

dimethyl sulfoxide (DMSO), bafliomycin A (Baf. A) in DMSO or vehicle control 

(DMSO) for 60 min. Cells were infected with MNV-1 or VSV at the indicated MOI 

in the presence of inhibitor or vehicle control for 60 min on ice. Cells were 

washed and fresh media containing inhibitor added. Infection proceeded until the 

indicated time point when the cells were fixed with 4% paraformaldehyde in 

phosphate-buffered saline (PBS) for 10 min, washed once with PBS, and stained 

for the viral nonstructural protein VPg (81) or VSV matrix (38), and/or CD11c as 

previously described (54). Briefly, cells were incubated with a monoclonal mouse 

antibody raised against MNV-1 VPg (81) diluted 1:5,000 or VSV matrix (38) 

diluted 1:10,000 in wash buffer (PBS, 1% bovine serum, 1% goat serum, 0.1% 
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Triton X-100) for 1 h. Cells were then washed three times with wash buffer before 

incubation with an Alexa 594-conjugated goat anti-mouse antibody diluted 

1:5,000 (Invitrogen, CA) for 1 h. Cells were washed three times as described 

above and mounted using Prolong Gold Antifade with DAPI (4', 6-diaminidino-2-

phenylindole) (Invitrogen, CA). A total of 500 DAPI-stained cells were examined 

using the Olympus IX70 inverted microscope at the Center for Live Cell Imaging 

at the University of Michigan. Cells that had an average fluorescence intensity of 

at least three times the average background fluorescence intensity as determined 

by the Metamorph Premier version 6.3 image analysis software (Molecular 

Devices, Downington, PA) were counted as infected cells. The number of 

infected cells was then normalized to the no-treatment control.  

WST-1 cell viability assay. RAW 264.7 cells, SRDCs, BMDMs, and BMDCs 

were plated at 2 x 105 cells/ml in a 96-well plate. Cells were pretreated with 

chloroquine, bafliomycin, (all purchased from Sigma-Aldrich, MO), or vehicle 

control for 30 min. Cells were then treated in the presence of inhibitor or vehicle 

control for the length of time indicated. At that time, media were removed, and 

media containing 10% WST-1 reagent (Roche) were added to cells. Cell viability 

was determined following the manufacturer's recommendations at 120 min after 

addition of reagent.  

Statistics. Error bars in the figures represent the standard error between 

independent experiments. Statistical analysis was performed using Prism 
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software version 5.01 (GraphPad Software, CA). The two-tailed Student t test 

was used to determine statistical significance. 

3.4 Results 

To begin to elucidate how a norovirus enters cells, we studied the role of 

pH during MNV-1 entry into permissive macrophages and DCs. MNV is routinely 

propagated in RAW 264.7 cells, a murine macrophage cell line. Therefore, we 

first focused on the role of pH during MNV-1 infection in cultured and primary 

murine macrophages. Primary bone marrow-derived macrophages (BMDMs) 

were prepared from seronegative male Swiss Webster mice (Charles River) as 

previously described (35). RAW 264.7 cells and BMDMs were pretreated for 30 

min with chloroquine (200 μM or 100 μM), a lysosomotropic agent that raises 

intracellular pH, or bafilomycin A1 (250 μM), a specific inhibitor of vacuolar 

ATPases. For all experiments, concentrations were chosen after performing 

dose-response studies that maintained at least 80% cell viability compared to 

untreated control cells while at the same time showing a significant effect on 

vesicular stomatitis virus (VSV), our positive control for a pH-dependent virus (). 

Cells were infected with MNV-1 or VSV in the presence or absence of these 

inhibitors at a multiplicity of infection (MOI) of 5 for 1 h on ice and then washed 

three times in phosphate buffered saline (PBS). To maintain cell viability, media 

containing inhibitor was added for 4 h and then replaced with fresh media without  
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Figure 3.1. MNV-1 infection is pH-independent in murine macrophages. RAW 
264.7 cells (A and C) and primary bone marrow-derived (BMMΦ) macrophages 
(B and D) were infected with murine norovirus 1 (MNV-1) or vesicular stomatitis 
virus (VSV) in the absence (mock) or presence of chloroquine (Chl.) or 
bafilomycin A1 (Baf. A) at a multiplicity of infection (MOI) of 5 for 1 h on ice. Viral 
titers were determined by plaque assay. (E and F) Viability of uninfected cells 
undergoing drug treatment for 12 h using WST-1 (Roche). (A–F) Results 
represent means±SE from three independent experiments. Statistical analysis 
was performed using the paired t-test (GraphPad Prism). *P < 0.05. 
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inhibitor. At 0, 8, 10 and 12 h post-infection (hpi), cells and media were frozen 

together at −80 °C. After two freeze/thaw cycles, MNV-1 and VSV viral titers 

were determined by plaque assay on RAW 264.7 cells as previously described 

(35) (Fig. 3.1 and data not shown). Experiments repeated with each virus at an 

MOI of 0.5 and 0.05 showed similar results (data not shown). For all 

experiments, cellular respiration, specifically mitochondrial dehydrogenase 

activity, as a measure of cell viability was monitored by WST-1 reagent (Roche) 

following the manufacturer's recommendations. Viability throughout the 

experiment remained above 80% for all conditions (Fig. 3.1E and F). VSV viral 

titers were significantly reduced 8, 10, 12 hpi in both bafilomycin A1- and 

chloroquine-treated murine macrophages as expected for a pH-dependent entry 

of VSV (Fig. 3.1 A–D, data not shown). However, no changes in MNV-1 titers 

between untreated and treated cells were seen at these timepoints (Fig. 3.1 A–D, 

data not shown). This indicated that MNV-1 infection may be pH-independent in 

cultured and primary murine macrophages. 

These data suggested that endosome acidification is not required for 

MNV-1 entry. Since toxicity of the inhibitors required their removal after 4 h, it is 

unclear whether the ablation of endosome acidification lasted throughout the 

experiment. To ensure that removal of the drugs did not alter the experimental 

outcome, viral gene expression was examined at 6 hpi by immunofluorescence 

assay in the continued presence of the drugs. Infections were performed as 

described above with the following modifications. To maintain cell viability above 
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Figure 3.2. Expression of MNV-1 VPg is pH-independent in murine 
macrophages. RAW 264.7 cells (A) and primary bone marrow-derived 
macrophages (B) were infected with MNV-1 and VSV at a MOI of 10 for 1 h on 
ice in the absence (no treat) or presence of 250 μM bafilomycin A1 (Baf. A) or 50 
μM chloroquine (Chl.). The percentage of cells showing viral gene expression 6 
hpi was determined by immunofluorescence assay and normalized to a no 
treatment control set at 100%. (C and D) Viability of uninfected cells undergoing 
drug treatment for 6 h using WST-1 (Roche). (A–D) Results represent means±SE 
from three independent experiments. Statistical analysis was performed using 
the paired t-test (GraphPad Prism). Representative immunofluorescence images 
are shown for RAW264.7 cells (E–H) and primary bone marrow-derived 
macrophages (I–L) infected with MNV-1 and stained with DAPI (blue) and 
amonoclonal antibody against VPg (red) at 0 (E and I) or 6 hpi (F–H, J–L). 
Images were collected with Metamorph Premier v6.3 image analysis software 
(Molecular Devices, Downingtown, PA) and compiled using Adobe Photoshop 
v9.0 (Adobe Systems, Mountain View, CA). ***P < 0.001; **P < 0.01; VPg = viral 
protein, genome-linked. 
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80% as determined by WST-1 (Fig. 3.2C and D), the concentration of 

chloroquine was reduced to 50 μM. RAW 264.7 cells and BMDMs were infected 

at an MOI of 10 to increase the percentage of infected cells per field of view. The 

immunofluorescence assay was performed as previously described (27) with the 

following modifications. Macrophages were seeded on coverslips at 1 × 106 

cells/ml and allowed to attach overnight. After fixing and permeabilization, cells 

were blocked with 10% bovine serum in PBS. A solution of 1% bovine serum and 

1% goat serum in PBS was used for diluting primary described above with the 

following modifications. RAW 264.7 cells and BMDMs were infected at an MOI  

of 10 to increase the percentage of infected cells per field of view. The 

immunofluorescence assay was performed as previously described (27) with the 

following modifications. Macrophages were seeded on coverslips at 1 × 106 

cells/ml and allowed to attach overnight. After fixing and permeabilization, cells 

were blocked with 10% bovine serum in PBS. A solution of 1% bovine serum and 

1% goat serum in PBS was used for diluting primary (1:10,000) and secondary 

(1:5000) antibodies and was also used for washes. To stain nuclei, DAPI was 

added to the secondary antibody dilution. Fluorescently labeled cells were 

examined using the Olympus IX70 inverted microscope at the Center for Live 

Cell Imaging at the University of Michigan. To identify infected cells, MNV-1 

expression of genes encoding non-structural proteins was followed using a 

monoclonal antibody to MNV-1 VPg (viral protein, genome-linked) (34). VSV viral 

gene expression was scored using the monoclonal antibody 23H12 against 

matrix protein (17). 700 cells as indicated by DAPI staining were counted per  
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Figure 3.3. Expression of MNV-1 VPg is pH-independent in murine dendritic 
cells. (A) Splenic derived-dendritic cells (SRDC) were infected with MNV-1 at 
MOI of 0.05 and 2 and viral titers determined at various time points after infection 
via plaque assay. Immunofluorescence analysis of VPg gene expression 6 hpi in 
SRDC (B) and primary bone marrow-derived dendritic cells (C) infected with 
MNV-1 or VSV at a MOI of 10 in the absence (no treat) or presence of 250 μM 
bafilomycin A1 (Baf. A) or 50 μM chloroquine (Chl.). The no treatment control 
was set at 100%. (D) Viability of uninfected cells undergoing drug treatment for 6 
h usingWST-1 (Roche). (A–D) Results represent means±SE from three 
independent experiments. Statistical analysis was performed using the paired t-
test (GraphPad Prism). Representative immunofluorescence images are shown 
for SRDCs (E–H) and primary bone marrow-derived DCs (I–L) infected with 
MNV-1 and stained with DAPI (blue) and a monoclonal antibody against VPg 
(red) at 0 (E and I) or 6 hpi (F–H, J–L). Primary dendritic cells were also stained 
with a CD11c (green). Images were collected with Metamorph Premier v6.3 
image analysis software (Molecular Devices, Downingtown, PA) and compiled 
using Adobe Photoshop v9.0 (Adobe Systems, Mountain View, CA). ***P < 
0.001; **P < 0.01; VPg = viral protein, genome-linked. 
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condition and scored for MNV-1 or VSV gene expression. No VPg signal was 

observed at 0 hpi in untreated or treated macrophages (Fig. 3.2E and I, data not 

shown). Approximately 10% of cells stained positive for VPg at 6 hpi and 

increased over time. A cell was scored as infected if the average fluorescent 

intensity was three times that of the uninfected controls using the Metamorph 

Premier v6.3 image analysis software (Molecular Devices, Downingtown, PA) 

(Fig. 3.2 F–H, G–L). Their percentage was normalized to the no treatment 

control. No significant differences were observed in the number of cells 

expressing MNV-1 VPg in the presence or absence of inhibitor in either primary 

or cultured murine macrophages (Fig. 3.2A and B, F–H, G–L). Interestingly, the 

level of fluorescence was increased in the majority of bafilomycin A1-treated 

macrophages. In contrast to MNV-1 infected cells, the diffuse cytoplasmic 

staining of the VSV matrix protein indicative of VSV viral gene expression was 

significantly decreased by both inhibitors (Fig. 3.2A and B and data not shown). 

These results are consistent with viral growth data (see Fig. 3.1A–D) and 

demonstrated that in murine macrophages MNV-1 entry is pH-independent while 

VSV entry is pH-dependent. 

In addition to murine macrophages, MNV-1 also shows a tropism for 

murine DCs (). To test whether the pH-independent entry mechanism observed 

in macrophages also occurred in DCs, we performed immunofluorescence 

assays as described above with the following modifications. As a source of DCs, 

we used both primary bone marrow-derived DCs and a DC-like cell line. Ruiz et 
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al. generated an immortalized DC cell line, termed SRDCs, that have a 

phenotype, morphology and activity similar to CD4− CD8α+ CD205+ CD11b− 

DCs purified ex vivo. SRDCs were cultivated as described (24). MNV-1 infection 

of SRDCs resulted in titers similar to MNV-1 infection of RAW 264.7 cells (Fig. 

3.3A) (31). Primary bone marrow-derived murine DCs were generated from 

seronegative Swiss Webster mice (Charles River) as previously described (35). 

The adherent SRDCs were plated at 1 × 106 cells/ml on coverslips overnight. To 

promote adherence of primary DCs to coverslips, sterile coverslips were first 

coated overnight at 4 °C with rat tail collagen type 1 (2 mg/ml in 60% ethanol) 

before seeding primary DCs (5 × 105 cells/ml) onto coated coverslips overnight. 

Immunofluorescence assays were performed as described above. For primary 

DCs, inhibitors and virus were added directly to cells without media change, and 

viral gene expression was scored only in cells that co-stained with CD11c 

(1:2000 dilution, BD Pharmingen), a DC marker. SRDC and primary DC cell 

viability remained above 80% throughout the experiment as determined by WST-

1 (Fig. 3.3D). No VPg signal was observed at 0 hpi in untreated or treated DCs 

(Fig. 3.3E and I, data not shown). Infected cells were scored as described above. 

No significant difference was observed in the number of MNV-1-infected DCs 

expressing VPg with or without inhibitors (Fig. 3.3B, C, F–H, G–L). In contrast, 

the number of cells expressing VSV matrix protein was significantly decreased by 

both inhibitors (Fig. 3.3B and C). These data demonstrated that MNV-1 viral 

gene expression is also independent of pH in primary and cultured DCs, 

suggesting MNV-1 entry into DCs does not require low pH. 
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Taken together, our data demonstrate that MNV-1 infection and viral gene 

expression in murine macrophages and DCs occur in a pH-independent manner. 

This is consistent with a pH-independent entry mechanism for MNV-1 into 

productively infected cell types. 

3.4 Discussion 

Due to the absence of an efficient cell culture system for HuNoV and the 

recent discovery of a MNV-1 culture system, no studies have addressed the cell 

biology of norovirus entry in tissue culture. Here, we have used MNV-1 to 

elucidate the role of pH during entry into murine macrophages and DCs. We 

have shown that MNV-1 infection at 12 hpi and viral gene expression at 6 hpi 

were not inhibited by bafilomycin A1 or chloroquine, two known endosome 

acidification inhibitors. These findings suggest that a low intracellular pH does not 

trigger MNV-1 uncoating. 

FCV has been used extensively as a surrogate for noroviruses, because it 

is a member of the calicivirus family and grows in tissue culture. A recent study 

using the FCV-F9 strain showed that treatment of Crandell-Rees feline kidney 

cells with either bafilomycin A1 or chloroquine during the first hour of infection 

dramatically decreases the number of FCV-infected cells as determined by 

immunofluorescence analysis (29). The sensitivity of FCV to low pH is explained 

by its uptake mechanism via clathrin-mediated endocytosis and entry into Rab-5 

positive early endosomes (29). The different effect of low pH on MNV-1 and FCV 
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may suggest a clathrin-independent entry route for MNV-1 infection of 

macrophages and DCs or cell type specific differences. 

MNV-1 is an enteric virus that infects its host by the oral route and 

replicates in lamina propria cells of the small intestine (20). Thus to reach the site 

of replication MNV must travel through the acidic pH of the stomach. A previous 

study demonstrated that extracellular low pH, including a pH of 2, does not affect 

MNV-1 infectivity, while the same treatments significantly decreased infectivity of 

FCV-F9 (4). Together with our data indicating no role for intraendosomal pH 

during MNV-1 infection, this suggests that low pH does not trigger conformational 

changes in the capsid that are required for uncoating. Similarly, other enteric 

viruses that infect the host via the gastrointestinal tract also enter cells by pH-

independent mechanisms (18). This insensitivity to extracellular low pH among 

enteric viruses may be a feature of their route of infection. Encountering the low 

pH of the stomach would needlessly activate a pH-sensitive virus, making it 

fusogenic in a location of the host that lacks cells used for virus replication. 

Consistent with this idea is the observation that norwalk virus retains infectivity at 

pH 2.7 for 3 h but (8) FCV-F9, a respiratory virus, is pH-sensitive (4). 

Further investigations into the cellular mechanisms of MNV-1 entry and 

uncoating are important to understand MNV biology. In addition, the findings 

reported here also contribute to the discovery of common themes in enteric virus 

infections and may lead to the elucidation of potential antiviral targets. 
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Chapter 4 

 

Antiviral Activity of a Small Molecule Deubiquitinase Inhibitor Occurs via 

Induction of the Unfolded Protein Response. 

 

(This chapter is a manuscript in revision with PLoS Pathogens. 

Jeffrey W. Perry, Mohammad Ahmed, Kyeong-Ok Chang, Nicholas J. Donato, 

Holis D. Showalter, and Christiane E. Wobus. Antiviral activity of a small 

molecule deubiquitinase inhibitor occurs via induction of the unfolded protein 

response. PLoS Pathogens.) 

 

(J.W. Perry designed and performed experiments, analysed data and prepared 

the manuscript. M. Ahmed performed plaque assays for figure 2. K. Chang 

performed experiments with the Norwalk virus replicon and the Hepatitis C virus 

replicon. N. J. Donato provided the small WP1130 and analysed data. H.D. 

Showalter provided the biotinylated versions of WP1130 and the inactive analog 

as well as the inactive analog of the USP14 inhibitor, IUC. C. E. Wobus designed 

experiments, analysed data, and prepared the manuscript.) 

 

4.1 Abstract 
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 Ubiquitin (Ub) is a vital regulatory component in various cellular 

processes, including cellular responses to viral infection. As obligate intracellular 

pathogens, viruses have the capacity to manipulate the Ub cycle to their 

advantage by encoding Ub-modifying proteins including deubiquitinases (DUBs). 

However, how cellular DUBs modulate specific viral infections, such as norovirus, 

is poorly understood. To examine the role of DUBs during norovirus infection, we 

used WP1130, a small molecule inhibitor of a subset of cellular DUBs. 

Replication of murine norovirus in murine macrophages and the human norovirus 

Norwalk virus in a replicon system were significantly inhibited by WP1130. 

Chemical proteomics identified the cellular DUB USP14 as a target of WP1130 in 

murine macrophages, and pharmacologic inhibition or siRNA-mediated 

knockdown of USP14 inhibited murine norovirus infection. USP14 is a 

proteasome-associated DUB that also binds to the inositol-requiring enzyme 1 

(IRE1), a critical mediator of the unfolded protein response (UPR). WP1130 

treatment of murine macrophages did not alter proteasome activity but activated 

the X-box binding protein-1 (XBP-1) through an IRE1-dependent mechanism. In 

addition, WP1130 treatment or induction of the UPR also reduced infection of 

other RNA viruses including encephalomyocarditis virus, Sindbis virus, and La 

Crosse virus but not vesicular stomatitis virus. Pharmacologic inhibition of the 

IRE1 endonuclease activity partially rescued the anti-viral effect of WP1130. Our 

studies support a model whereby induction of the UPR through cellular DUB 

inhibition blocks some but not all viral infections. Our work also suggests that 
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cellular DUBs and the UPR represent novel targets for future development of 

broad spectrum antiviral therapies. 

 

4.2 Introduction 

 Noroviruses are small non-enveloped viruses with positive-strand RNA 

genomes [1]. Human Norovirus (HuNoV) is the major cause of sporadic and 

epidemic non-bacterial gastroenteritis worldwide in people of all ages [2,3]. 

These infections result generally in high morbidity and economic costs but 

occasionally in mortality [4,5,6]. However, no directed antiviral treatments or 

vaccination strategies are currently available to prevent or control norovirus 

outbreaks. This is in part due to the inability to reproducibly culture HuNoV in the 

laboratory, which has seriously hampered studies of this pathogen [7,8,9]. 

Recently, a replicon system was developed by stably expressing a plasmid 

containing the prototypic norovirus strain, Norwalk virus, and an antibiotic 

resistant cassette enabling limited studies on the replication requirements of 

HuNoV [10,11,12]. In addition, the discovery of murine norovirus 1 (MNV-1) and 

identification of murine macrophages and dendritic cells as permissive cell types 

led to the development of the first norovirus cell culture system [13,14,15]. MNV 

shares many biological and molecular properties with HuNoV [15]. Like its 

human counterparts, MNV is an enteric virus that is infectious after oral 

inoculation, replicates in the intestine and is shed in the stool, resulting in fecal 

oral transmission [15]. MNV also shares the typical genomic organization, 

biophysical properties of the viral capsid, and molecular mechanisms of 
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translation initiation with HuNoV [15,16,17]. Therefore, MNV is increasingly 

being used to uncover principles of norovirus biology. 

 The ubiquitin (Ub) cycle is required for many cellular processes, including 

proteasomal degradation [18] and the unfolded protein response (UPR) 

(e.g.[19,20,21]), a cellular process whereby cells respond to the accumulation of 

unfolded proteins in the endoplasmic reticulum (ER) [22]. Ub-conjugating and 

Ub-deconjugating processes are precisely and tightly regulated, and 

dysregulation can lead to disease (e.g. [23,24,25,26]). Ub is a small 8 kDa 

protein that can be covalently linked to cellular proteins in a post-translational 

manner through a series of Ub-modifying enzymes [27]. Removal of Ub by 

deubiquitinases (DUBs) is a critical step to counterbalance Ub conjugation. DUBs 

are a group of cysteine proteases that process poly-Ub during protein translation, 

recycle partially catalyzed Ub intermediates, remove Ub from target proteins, and 

process free polymeric Ub chains cleaved from target proteins [28,29]. Based on 

common structural features, DUBs are divided into five families, including the 

ubiquitin C-terminal hydrolases (UCH) and the ubiquitin-specific proteases 

(USPs). USPs are the largest and most diverse DUB family and target proteins 

with Ub modifications. In addition to the well-characterized roles of DUBs in 

proteasomal degradation [30], DUBs are implicated in regulating other universal 

cellular processes such as the UPR [31]. The sensors inositol-requiring enzyme 

1 (IRE1), PKR (double-stranded-RNA-dependent protein kinase)-like ER Kinase 

(PERK), and activating transcription factor 6 (ATG6) initiate the three arms of the 

UPR, which collectively upregulate ER chaperone expression, increase ER-
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associate degradation (ERAD), and attenuate protein translation to reduce the 

amount of misfolded proteins in the ER [22]. A recent study demonstrated that 

USP14 interacts with the cytoplasmic region of IRE1 to inhibit ERAD under 

nonstress conditions [31]. While the details of USP14-IRE1 regulation remain to 

be determined, these studies suggest a critical role for ubiquitin and its modifying 

proteins in the UPR. 

 As obligate intracellular pathogens, many viruses manipulate the Ub cycle 

to their advantage by hijacking cellular Ub-modifying enzymes, including DUBs, 

or by encoding proteases and isopeptidases that recognize Ub-modified proteins 

[28]. However, how cellular DUBs function in modifying viral infections is poorly 

understood. One recent study showed that the cellular DUB USP11 restricts 

influenza A virus replication [32]. The monoubiquitinated nucleoprotein 

associates with the ribonucleoprotein complex during viral replication. However, 

USP11 can cleave monoubiquitin from the nucleoprotein, inhibiting colocalization 

of the nucleoprotein in ribonucleoprotein complexes and significantly inhibiting 

viral replication. This suggests that DUBs may function as cell-intrinsic restriction 

factors during virus infections, but whether DUBs are required for virus infection 

is unknown. Furthermore, the role of DUBs during norovirus infection has not 

previously been addressed. 

 To examine the role of DUBs during norovirus infection, we used a small 

molecule, WP1130, which inhibits a subset of cellular DUBs [33]. WP1130 is a 

cell permeable inhibitor of DUBs that induces the accumulation of ubiquitinated 

proteins in multiple cell lines including the MNV-permissive murine macrophage 
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line RAW 264.7 [33,34]. In Z138 mantle cell lymphoma cells, WP1130 inhibits 

USP9x, USP5, USP14, UCH37, and UCH-L1 [33,35]. In addition to its anticancer 

activity [36,37,38], WP1130 has anti-bacterial effects since treatment enhances 

killing of Listeria monocytogenes in murine macrophages (30). Herein, we show 

that WP1130 also significantly inhibited MNV-1 infection in murine macrophages 

and genomic replication of Norwalk virus in the replicon system. USP14, a 

proteasome-associated DUB [39], was subsequently identified as a target of 

WP1130 in murine macrophages. Inhibition of USP14 activity reduced MNV-1 

infection but WP1130 did not inhibit proteasome activity in murine macrophages. 

Instead, WP1130 treatment activated the UPR. Pharmacologic activation of the 

UPR with thapsigargin, an inhibitor of the sarco/endoplasmic reticulum calcium 

ATPase [40], also significantly inhibited MNV-1 infection. This effect was not 

limited to noroviruses or murine macrophages. A similar inhibition of viral 

infection by WP1130 was demonstrated in African green monkey kidney (Vero) 

and human neuroblastoma (Be2-c) cells and with several RNA viruses including, 

encephalomyocarditis virus (EMCV), Sindbis virus, and La Crosse virus but not 

vesicular stomatitis virus (VSV). In all cases, the antiviral activity of WP1130 was 

partially reversed by inhibition of IRE1 endonuclease activity. Taken together, our 

results suggest that WP1130 restricts viral replication in part through the IRE1-

dependent UPR. Thus, DUB inhibitors and UPR activators could provide a novel 

approach in antiviral therapy. 

 

4.3 Materials and Methods 
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Cell culture and mice. RAW 264.7 cells were purchased from ATCC 

(Manassas, VA) and maintained as previously described [14]. Swiss Webster 

mice and BALB/c mice were purchased from Charles River. Bone marrow-

derived macrophages (BMDMs) were isolated as previously described [14]. 

HG32 cells containing the Norwalk virus replicon were cultured as previously 

described [10]. Vero cells and Be2-(c) cells were purchased from ATCC 

(Manassas, VA) and maintained as suggested by ATCC. 

 

Virus stocks. The plaque purified MNV-1 clone (GV/MNV1/2002/USA) MNV 

1.CW3 was used at passage 6 for all experiments [64]. Encephalomyocarditis 

virus, Sindbis virus, and La Crosse virus were obtained from Dr. David Miller 

(University of Michigan) and propagated as previously described [65].  

 

Small molecule inhibitors. All small molecules were dissolved in DMSO, except 

ribavirin (dissolved in PBS). WP1130, biotinylated WP1130, biotinylated WP1130 

null probe, and the inactive USP14 inhibitor IU1C were synthesized by the 

Vahlteich Medicinal Chemistry Core (University of Michigan). Ribavirin, MG132, 

Bortezimib, and Thapsigargin were obtained from Sigma-Aldrich™. The USP14 

inhibitor IU1 was obtained from OTAVA LTD™. Irestatin was purchased from 

Axon Medchem™. 

 

Growth curves. RAW cells, BMDMs, Be-2c, or Vero cells were plated at 2 x 105 

cells/ml in 12-well plates and allowed to attach overnight. Cells were then 
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incubated with the concentrations of inhibitors and lengths of time as indicated. 

Next, cells were infected with an MOI of 5 with the indicated virus for one hour on 

ice. Infected cells were washed three times with ice-cold PBS. Media containing 

the appropriate inhibitors was added back to cells and the infection was allowed 

to proceed until the indicated time point. The cells were freeze-thawed twice, and 

viral titers were determined by plaque assay as previously described on RAW 

cells for MNV-1 or on Vero cells for all other viruses [14]. 

 

Immunofluorescence assay. RAW cells or BMDMs were plated at 2 x 105 

cells/ml in 6-well plates containing sterile glass coverslips (Fisher Scientific) and 

allowed to attach overnight. Cells were then infected as described above. 

Infection was allowed to proceed until the indicated time point when the cells 

were fixed with 4 % paraformaldehyde in PBS for ten minutes, washed once with 

PBS, and stained for the viral nonstructural protein VPg [66] as previously 

described [67]. 

 

Neutral red assay. RAW cells were plated at 1 x 106 cells/ml in 6-well plates and 

allowed to attach overnight. For pre-treatments, cells were incubated with 5 μM 

WP1130 or DMSO for 30 min. Cells were infected with MNV-1 at an MOI of 

0.001 in the presence of 5 μM WP1130, or DMSO. After 60 min, the infection 

was exposed to white light and a plaque assay preformed as previously 

described [42]. To assess the non-specific effects of the compound (i.e. 

posttreatment), cells were infected for 60 minutes at an MOI of 0.001 in the 
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absence of inhibitor, virus particles not yet uncoated were inactivated by 

exposure to white light, and inhibitors added back for an equal length of time as 

the pre-treatments. To determine the dynamic range of the experiment, DMSO 

treated cells were infected at an MOI of 0.001 and illuminated 0 minutes or 60 

minutes after addition of virus. 

 

Binding Assay. RAW cells were plated at 2 x 105 cells/ml in 12-well plate and 

allowed to attach overnight. The following day, cells were treated with 5 μM 

WP1130 or DMSO (control) for 30 minutes. The cells were then placed on ice 

and media aspirated. Media containing MNV-1 at an MOI of 5 and DMSO or 5 

μM WP1130, was added to the plate for 1 hour on ice. Cells were then washed 

three times with ice-cold PBS. After the final wash, RNA was isolated with 

Trizol™ (Invitrogen™) following the manufacturer’s recommendations. Viral 

cDNA was then prepared and genome titers measured by qRT-PCR as 

previously described [41]. 

 

MNV-1 Replication Assay. 4 x 105 RAW cells were transfected with 1 μg of viral 

RNA obtained from TRIZOL™ extraction of viral lysate using 8 μl Lipofectamine 

2000 (Invitrogen™) for 6 hours in OPTIMEM media. RNA was harvested from 

transfected cells after 12 hours using Trizol™ (Invitrogen™). In parallel, media 

from additional samples was aspirated and media containing DMSO or 5 μM 

WP1130 was added back to the cells for an additional 12 hours. RNA was 
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harvested from cells and viral genomes were quantitated as previously described 

[41]. 

 

HuNoV Replicon Assay. HG23 cells containing the Norwalk virus replicon 

plasmid under G418 selection were plated at 2 x 105 cells in 6-well plates and 

allowed to attach overnight. After 24 hours media was aspirated, and DMSO or 5 

μM WP1130 was added back. Cells were incubated for an additional 24 hours, at 

which time RNA was isolated from cells using TRIZOL™ (Invitrogen™). Norwalk 

virus genomes were then quantitated by qRT-PCR as previously described [10]. 

 

Streptavidin Precipitation Assay. RAW cells were plated at 1 x 107 cells in T75 

flasks and allowed to attach overnight. The following day, cells were treated with 

5 μM biotinylated WP1130 or 5 μM of the biotinylated inactive analog of WP1130 

for 30 minutes. The cells were then placed on ice and media aspirated. Media 

containing DMSO, 5 μM biotinylated WP1130 or 5 μM biotinylated inactive 

analog of WP1130 were added to the plate for 1 hour on ice. Cells were then 

washed three times in ice-cold PBS. After the final wash media containing the 

indicated inhibitor was added. The cells were incubated for an additional hour at 

37°C, and then lysed in RIPA buffer on ice for ten minutes. Insoluble protein was 

removed by high-speed centrifugation at 16.1 RCF for 30 minutes at 4°C. Soluble 

protein was added to agarose beads conjugated to streptavidin (Invitrogen) and 

incubated with shaking at 4°C overnight. The next day, agarose beads were 

washed four times with PBS containing Complete Mini, EDTA-free protease 
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tablets (Roche), boiled in 2 x SDS PAGE sample buffer, and loaded onto SDS 

PAGE gels. Proteins were visualized using Sypro Ruby Red fluorescent protein 

stain (Invitrogen ™) according to the manufacturer’s instructions. The indicated 

bands were then cut and sent for mass spectrometry analysis at the University of 

Michigan Pathology Mass Spectrometry Lab. 

 

Deubiquitinase Labeling Assay. RAW cells were plated at 1 x 106 cells/ml in 6- 

well plates and allowed to attach overnight. The following day cells were treated 

with 5 μM WP1130 or DMSO for 30 minutes at 37°C. Cells were then placed on 

ice, media aspirated, and replaced with media containing 5 μM WP1130 or 

DMSO. Cells were then infected on ice with mock lysate, or MNV-1 at an MOI of 

10 for 1 hour. Cells were washed three times with ice-cold PBS, and media 

containing WP1130 or DMSO was added back to the cells. Cells were incubated 

for 1 hour at 37°C, and then placed on ice and washed once with ice-cold PBS. 

Cells were then scraped in PBS and pelleted. The PBS was aspirated and DUB 

labeling buffer (50 mM Tris-HCL, pH 7.5, 0.5% NP-40, 5 mM MgCl2, 150 NaCl, 

and complete mini EDTA-free protease inhibitor cocktail (Roche™)) was added 

to the cells. RAW cells were then sonicated for 3 seconds at a power of 3 using a 

Microson Ultrasonic Cell Disruptor XL with a microprobe tip (Misonix). Insoluble 

proteins were removed by centrifugation at 16.1 RCF for 30 minutes at 4°C. The 

concentration of the cell lysates was determined by Bradford assay. Protein 

samples (20 μg) were then added to 200 ng of HA-Ubiquitin Vinyl Sulfone 

(Boston Biochem ™) and incubated at 37°C for 90 minutes. Next, samples were 
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diluted in RIPA buffer on ice, and incubated with 2 μg of an anti- HA antibody 

(Invitrogen™) for 1 hour on ice with gentle mixing. Protein A-coated agarose 

beads (Invitrogen™) were added and incubated overnight with rocking at 4°C. 

The next day the agarose beads were washed four times with PBS containing 

Complete Mini, EDTA-free protease tablets (Roche™), boiled in SDS Page 

sample buffer, and loaded onto SDS PAGE gels. After SDS PAGE, gels were 

transferred to nitrocellulose membrane and an immunoblot was performed using 

an anti- USP14 antibody (Abcam ™) at a dilution of 1:2000 and a secondary goat 

anti-mouse HRP dilution of 1:5000 as described below. 

 

Proteasome Activity Assay. RAW cells were plated at 1 x 106 cells/ml in 6-well 

plates and incubated overnight. Cells were treated with 5 μM WP1130, 50 μM 

MG132, 200 nM Bortezimib, or DMSO for 2 hours at 37° C. Next, cells were 

placed on ice, washed with PBS, and lysed in ice-cold lysis buffer (50 mM 

HEPES [pH7.5], 5 mM EDTA, 150 mM NaCl, and 1 % Triton X-100). Insoluble 

protein was removed by centrifugation as described above, and protein 

concentrations were determined by Bradford assay. Each sample (10 μg) was 

added to 100 nM fluorogenic substrate, Suc-LLVY-AMC (Boston Biochem™), 

which measures chymotrypsin activity including 20S proteasome activity [33]. 

After incubation for 60 minutes at 37°C, the fluorescent intensity of each sample 

was determined using a Synergy HT plate reader (Bio Tek™). Fluorescent 

intensities were normalized to DMSO control. 
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XBP-1 RT-PCR. RAW cells were plated at 1 x 106 cells/ml in 6-well plates and 

allowed to attach overnight. Next, cells were treated with 5 μM WP1130, 3 μM 

Thapsigargin, or DMSO for 30 minutes at 37°C. Cells were then placed on ice, 

media aspirated, and media containing appropriate inhibitors with mock lysate, or 

MNV-1 at an MOI of 10 was added back for 1 hour. Cells were washed three 

times with ice-cold PBS and media containing appropriate inhibitors added back. 

At the times indicated, RNA was isolated using the SV Total RNA Isolation Kit 

(Promega™), and cDNA was synthesized followed by PCR amplification using 

XBP-1 specific primers as previously described [50]. PCR products were run on a 

3 % agarose gel and visualized with SYBR Green (Invitrogen™) on an Alpha 

Imager HP (Alpha Innotech™). 

 

siRNA knockdown. RAW cells were plated at a density of 2 x 105 cells/ml in a 6- 

well plate and incubated overnight. Protein knockdown was performed as 

previously described [42]. Briefly, cells were washed with Accell siRNA Delivery 

Media (Dharmacon™), and incubated with Accell siRNA delivery media 

containing 1 μM of the indicated siRNA. After 72 hours, RAW cells were washed 

once with DMEM and incubated in DMEM overnight. Cells were then infected as 

described above for 12 hours. RAW cells were analyzed by immunofluorescence 

assay or western blot as described herein. 

 

Western blot analysis. Whole cell lysates from 2 x105 RAW cells were 

generated by adding 2 x SDS-PAGE sample buffer to cells and boiling samples 
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for 5 minutes. Lysates were separated by SDS-PAGE, and immunoblots 

performed as previously described [42]. The following antibodies and dilutions 

were used: 1:2000 anti-HA (Invitrogen™), 1:2000 anti-PERK (Abcam ™), 1:2000 

anti-phosphoPERK (Abcam ™), 1:2000 anti-ATF6 (Abcam ™), and 1:2000 anti- 

USP14 (Abcam ™). Band densities were quantitated as previously described 

[42]. 

 

Statistics. Error bars represent standard error between at least three 

independent experiments with at least two replicates per condition. Statistical 

analysis was performed using the Prism Software v 5.01 (GraphPad Software 

™). The two-tailed student t-test was used to determine statistical significance. 

* p < 0.05, ** p < 0.01, and *** p < 0.001. 

 

4.4 Results 

The small molecule DUB inhibitor WP1130 inhibits MNV-1 replication. 

 The role of cellular DUBs during norovirus infection has not been 

investigated. Towards that end, we used WP1130, a small molecule that inhibits 

a subset of DUBs [33] (Fig. 4.1). Murine macrophages were treated with 5 μM 

WP1130 for 30 minutes prior to MNV-1.CW3 (MNV-1) infection, and viral titers 

were determined by plaque assay (Fig. 4.2A, B). Pretreatment with WP1130 

significantly reduced viral titers in both RAW 264.7 (RAW) cells, a murine 

macrophage cell line (Fig. 4.2A), and primary bone marrow-derived 

macrophages (BMDMs) (Fig. 4.2B). Interestingly, the anti-viral effect of WP1130 
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was only observed during the early stages of infection. Addition of the compound 

post infection (1 hour after infection for RAW cells or 4 hours after infection for 

BMDMs) ablated WP1130 anti-viral activity (Fig. 4.2A, B). The compound’s effect 

on cell viability was not significantly different from the DMSO control as 

measured by WST-1 reagent (Fig. 4.9) (Roche™). Overall, these results suggest 

that WP1130 inhibits MNV-1 infection of murine macrophages, but only when 

added to cells prior to or early during infection. These results raised the 

possibility that WP1130 was effective at an early step in the MNV-1 life cycle. To 

determine the effect of WP1130 treatment on viral attachment, the amount of 

viral particles bound to cells was measured using a qRT-PCR attachment assay 

previously described by our laboratory [41] (Fig. 4.2C). RAW cells were 

incubated with vehicle control (DMSO) or 5 μM WP1130 prior to infection, 

infected with MNV-1 on ice, washed, and cell-attached viral genomes were 

quantitated (Fig. 4.2C). While the genome levels on WP1130- treated were 

slightly decreased compared to DMSO-treated cells, this difference was not 

statistically significant, suggesting that MNV-1 attachment was not affected by 

WP1130 treatment. 

 We next examined the effect of WP1130 treatment on viral entry (i.e. 

attachment, internalization, and uncoating) using the neutral red assay previously 

adapted in our laboratory for use with MNV [42] (Fig. 4.2D). Neutral red, a 

photoactivated chemical, is passively incorporated into viral particles, which 

when exposed to white light cross-links the viral genome to the protein coat and 

renders the virus non-infectious [43]. This assay enables examination of MNV  
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Figure 4.1 Chemical structures of WP1130 and its derivatives used herein. (A) 
WP1130, (B) biotinylated WP1130 and an inactive analog. 
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entry in the presence of inhibitor without impacting later stages of the viral life 

cycle. RAW cells were treated with WP1130 or DMSO prior to or after infection 

with neutral red-containing MNV-1 (Fig. 4.2D). To show the dynamic range of the  

assay, RAW cells treated with DMSO were illuminated at the same time as viral 

infection was initiated (Fig. 4.2D, DMSO 0 min) or after 60 minutes (Fig. 4.2D, 

DMSO 60 min) when MNV-1 was previously shown to become insensitive to light 

inhibition [42]. The number of infectious events was normalized to the DMSO 

control at 60 minutes of infection prior to illumination (Fig. 4.2D, DMSO 60 min). 

WP1130 treatment did not alter viral infectivity when RAW cells were treated with 

WP1130 either prior to infection (Fig. 4.2D, WP1130 pre-treatment) or after 60 

minutes of infection (Fig. 4.2D, WP1130 post-treatment). Due to the short half life 

of WP1130 (approximately 12 hours in culture), we hypothesized that the antiviral 

effect did not completely inhibit viral infection and spread in this assay which 

lasts for 48 hours. However, a marked difference in plaque size was observed, 

although not statistically different from the DMSO control samples, suggesting 

that WP1130 may have inhibited viral infection in the early stages of plaque 

development, but not for the entire length of the experiment, 48 hours. This 

suggested that WP1130 does not inhibit attachment, internalization, or uncoating 

of MNV-1 in RAW cells (Fig. 4.2). 

 A critical next step in the viral life cycle following entry is replication. Thus, 

to determine whether WP1130 treatment inhibited viral replication, MNV-1 

genomes were isolated from infected cell lysates and transfected into RAW cells 

(Fig. 4.2E). MNV-1 genomes were quantified by qRT-PCR [41] either after 
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transfection for 12 hours but prior to treatment (Fig. 4.2E, input) or after an 

additional 12 hour treatment with WP1130 or DMSO (Fig. 4.2E). WP1130 

treatment significantly reduced the number of MNV-1 genomes compared to  

DMSO-treated cells, demonstrating that WP1130 inhibited viral replication. It is 

currently not possible to follow the full infectious cycle of HuNoV in a laboratory 

setting [7,8,9]. However, the Norwalk virus replicon system measures Norwalk 

virus genomic replication [10,11,12]. Thus, we next determined whether WP1130 

treatment also inhibited replication of Norwalk virus (Fig. 4.2F). Replicon bearing 

hepatoma HG23 cells were grown in the presence of WP1130 or DMSO for 24 

hours, and Norwalk virus genomes quantitated using qRT-PCR as previously 

described [10] (Fig. 4.2F). The number of Norwalk virus genomes was reduced 

approximately 50 % upon treatment with WP1130 (Fig. 4.2F). As a positive 

control, HG23 cells were treated with ribavirin, a nucleoside analog previously 

shown to reduce Norwalk virus replication [11]. Ribavirin reduced replication to 

approximately 20 % of the DMSO-treated cells. These results demonstrated that 

WP1130 also significantly inhibits Norwalk virus replication. Taken together,  

these findings demonstrate that WP1130 is an effective inhibitor of MNV-1 and 

Norwalk virus replication but does not block the earlier stages of MNV-1 infection 

(attachment, internalization, or uncoating). Since WP1130 is a known inhibitor of 

a subset of DUBs [33], these results suggest that all or some of the WP1130-

responsive cellular DUBs are important for optimal norovirus replication. 

 

WP1130 treatment inhibits the cellular deubiquitinase USP14. 
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Figure 4.2 WP1130 treatment inhibits norovirus replication. (A, B) WP1130 
treatment inhibits MNV-1 infection in (A) RAW 264.7 (RAW) cells or (B) bone 
marrow-derived macrophages (BMDMs). Cells were infected with MNV-1 (MOI 5) 
in the presence of 5 μM WP1130 or DMSO (-). Cells were incubated with 
WP1130 30 min prior to infection (pre) or at the indicated times post infection. 
Virus titers were determined by plaque assay 8 hours (RAW) or 12 hours  
(BMDMs) post infection. (C) MNV-1 attachment to murine macrophages is not 
significantly altered by WP1130 treatment. MNV-1 (MOI 5) was incubated for 1 
hour on ice with RAW cells treated with 5 μM WP1130 or DMSO. Virus 
attachment was quantified by qRT-PCR. (D) WP1130 does not inhibit MNV-1 
entry. RAW cells were infected with neutral red-containing MNV-1 (MOI 0.001) 
for 60 min at room temperature and then illuminated with white light. Cells were 
either treated prior to infection (pre-treatment) or treated for 90 minutes after 
infection (post-treatment) with 5 μM WP1130 or DMSO. To show the dynamic 
range of the assay, cells treated with DMSO were also illuminated with white light 
at the same time as infection was initiated (0 min). (E) WP1130 treatment inhibits 
MNV-1 replication. MNV-1 genomic RNA was transfected into RAW cells and 
quantified either 12 hours (Input) or 24 hours later using qRT-PCR. Cell were 
treated with DMSO or 5 μM WP1130 for the final twelve hours. MNV-1 genome 
copy number was normalized to DMSO-treated samples.(F) WP1130 treatment 
inhibits Norwalk virus replication. Norwalk virus replicon-bearing HG23 cells were 
treated with DMSO, 5 μM WP1130, or 100 μg/ml Ribavirin for 24 hours and 
Norwalk virus genomes quantitated by qRT-PCR. HuNoV genome copy number 
was normalized to DMSO-treated samples. In all cases, data from at least three 
independent experiments with two experimental replicates per condition are 
presented as means +/- S.E.M. *P <0.05, **P <0.01 and *** P < 0.001, N.S. non 
significant. 
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 We next sought to identify macrophage-specific DUBs that may mediate 

antiviral activity observed during WP1130 treatment. Towards that end, we 

employed two different labeling strategies. First, an activity-based DUB labeling 

assay, and second utilizing biotinylated WP1130 to facilitate pull-down of 

macrophage-expressed DUBs with affinity for WP1130 (Fig. 4.3). Activity-based 

DUB profiling utilizes an HA-tagged Ub (HA-Ub-vinyl sulfone; HA-UbVS), which 

irreversibly binds to the active site of DUBs [33]. RAW cells were treated with 5 

μM WP1130 or DMSO prior to infection with MNV-1 or mock lysate, washed, and 

media containing WP1130 or DMSO added back for one hour. RAW cells were 

then lysed by sonication, and HA-tagged soluble proteins were detected by 

immunoblotting using an anti-HA antibody. Multiple DUBs reproducibly showed 

greater HA labeling upon infection with MNV-1 in DMSO-treated cells (Fig. 4.3A). 

In addition, some of these active DUBs were inhibited by WP1130 treatment 

following infection (Fig. 4.3A). Of particular interest was a DUB with the 

approximate molecular weight for USP14, a cellular DUB previously identified as 

a target of WP1130 in lymphoma cells [33] (Fig. 4.3A, arrow head). To 

specifically address whether USP14 was indeed inhibited by WP1130 treatment, 

or if the band mentioned above was not USP14 but another DUB, we tested 

directly tested USP14 activity. To test whether the activity of USP14 was 

inhibited by WP1130 treatment, we labeled DUBs in mock- and MNV-1-infected 

RAW cells that were treated with DMSO or WP1130. Active DUBs were labeled 

with HAUbVS, immunoprecipitated with an anti-HA antibody and USP14 was 

detected by immunoblot. Four independent experiments showed that WP1130 
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treatment significantly reduced USP14 activity in both mock- and virally infected 

samples compared to DMSO (Fig. 4.3B). To test if WP1130 specifically degraded 

USP14, we performed immunoblots examining total USP14 in parallel  

experiments to the above DUB labeling experiments. We observed no change in 

total USP14 protein levels, suggesting that WP1130 did not cause USP14 

degradation, but instead inhibited USP14 in another unknown mechanism. These 

results demonstrated that USP14 activity is inhibited by WP1130 treatment in 

RAW cells. To identify proteins that interacted with WP1130, we used a 

biotinylated version of WP1130 and its inactive analog for pull-down experiments 

(Fig. 4.1B). No significant difference between the biotinylated and non-

biotinylated WP1130 was detected in their ability to inhibit MNV-1 infection and 

chemically inactive biotinylated version of WP1130 (Null-Biotin) did not block 

MNV-1 infection (Fig. 4.3C). This demonstrated biotinylation of WP1130 did not 

affect its antiviral activity. Hence, uninfected RAW cells were incubated with 

either the biotinylated WP1130 (WP) or the inactive biotinylated analog (Null),  

lysed, and biotinylated proteins precipitated with streptavidin agarose beads 

(Invitrogen™). Proteins were resolved by SDS-Page and stained with Sypro 

Ruby Red (Invitrogen™) as instructed by the manufacturer (Fig. 4.3D). 

Biotinylated WP1130, but not the inactive analog (Fig. 4.3D, asterisk), pulled 

down a band of similar molecular weight as identified by the activity-based DUB 

profiling (Fig. 4.3A). Trypsin-derived peptides from this stained gel band were 

subjected to mass spectrometric analysis, which identified USP14 only in 

samples treated with biotinylated WP1130 but not the inactive analog. These  
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Figure 4.3 WP1130 inhibits the host deubiquitinase USP14 in murine 
macrophages. (A) WP1130 treatment inhibits the activity of multiple DUBs in 
murine macrophages. RAW cells were treated with DMSO (D, V+D) or 5 μM 
WP1130 (V+WP) for 30 minutes prior to infection. Cells were then infected with 
MNV-1 (V+D, V+WP) or mock lysate (D), washed, and incubated for an 
additional hour. Cell lysates were incubated with a non-hydrolysable ubiquitin 
conjugated to an HA tag (HA-UbVS) before separation by SDS-PAGE and 
immunoblotting with an anti-HA antibody. The experiment was performed three 
times and a representative blot is shown. A band of the anticipated molecular 
weight for USP14 is indicated by the arrow head. (B) WP1130 treatment inhibits 
USP14 activity. RAW cells were treated with DMSO (D) or 5 μM WP1130 (WP) 
and then infected with MNV-1 (MOI 5) or mock lysate, washed, and incubated for 
an additional hour. Cell lysates were labeled with HA-UbVS and 
immunoprecipitated using an anti-HA antibody. Proteins were separated by SDS  
PAGE and immunoblots performed using an anti-USP14 antibody. A 
representative blot is shown. Densitometry was performed on four independent 
experiments, quantitated, and normalized to the mock- and DMSO-treated 
sample. (C) Biotinylated WP1130 inhibits MNV-1 infection in RAW cells. Cells 
were treated with DMSO or 5 μM of WP1130 (WP1130), biotinylated WP1130  
(Biotin), inactive biotinylated WP1130 analog (Null Biotin) prior to MNV-1 
infection (MOI 5). Viral titers were determined by plaque assay 8 hours post 
infection. Data from three independent experiments with two experimental 
replicates per condition are presented as means +/- S.E.M. **P <0.01, N.S. non 
significant. (D) Biotinylated WP1130 interacts with USP14. RAW cells were 
treated with 5 μM of biotinylated WP1130 (WP) or the inactive biotinylated 
WP1130 analog (Null), lysed, and lysates incubated with streptavidin beads. 
Precipitated proteins were separated by SDS-PAGE and visualized with Ruby 
Red protein stain. Peptides corresponding to USP14 were recovered from the 
band indicated by the asterisk (*) by mass spectrometry. 
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Figure 4.4 USP14 is required for optimal MNV-1 infection in murine 
macrophages. (A) siRNA knockdown of USP14 significantly reduces the number 
of MNV-1-infected RAW cells. Cells were transfected with non-targeting (NT) or 
USP14 targeted (USP14) Accell siRNA and infected with MNV-1 (MOI 5). Twelve 
hours post-infection, cells were fixed and stained with an anti-VPg antibody to 
quantify the number of infected cells. A representative immunoblot verifying 
protein knockdown in transfected cell lysates using an anti-USP14 antibody is 
also shown (inset). (B) The USP14 specific inhibitor IUC decreases the number 
of virally infected murine macrophages. RAW cells and BMDMs were treated with 
the USP14 inhibitor IU1 or the inactive analog IU1C for 30 min prior to infection, 
and the number of MNV-1 infected cells quantitated 12 hours later by 
immunofluorescence as in (A). In all cases, data from three independent 
experiments with two experimental replicates per condition are presented as 
means +/- S.E.M. *P <0.05, *** P < 0.001.  
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results demonstrated that WP1130 binds and inhibits USP14 in murine 

macrophages. 

 

Inhibition or knockdown of USP14 significantly reduces MNV-1 infection. 

 To elucidate the role of USP14 during MNV-1 infection, we used both 

protein knockdown and pharmacologic inhibition of USP14. First, RAW cells were 

transfected with siRNA targeting USP14 or a non-targeting (NT) control siRNA as 

previously described [42]. USP14 siRNA knockdown reduced protein levels to 

20.5 % +/- 23.1 % compared to the NT-treated RAW cells (Fig. 4.4B, inset). 

Transfected RAW cells were then infected with MNV-1 and the number of virally 

infected cells was determined by immunofluorescence staining for the MNV-1 

nonstructural gene, VPg, as previously described [42]. Following USP14 

knockdown, the number of cells expressing the MNV-1 nonstructural gene VPg 

was significantly reduced by approximately 50 % compared to the NT control 

(Fig. 4.4A), suggesting USP14 is required during MNV-1 infection. Although a 

trend of decreasing viral titers during USP14 knockdown was observed, no 

significant different in viral titers were detected in RAW cells 8 hours post 

infection as determined by plaque assay (data not shown). 

 To verify these results, we used a specific inhibitor of USP14, called IU1 

[44], and tested its effects on MNV-1 infection (Fig. 4.4C). RAW cells or BMDMs 

were treated with 5 μM IU1 or IU1C, an inactive analog of IU1, prior to infection 

with MNV-1. The number of virally infected cells was determined as described 

above. Cell viability was > 80 % during these experiments as measured by  
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Figure 4.5 WP1130 treatment does not inhibit the proteasome. RAW cells were 
treated with 5 μM WP1130 (WP), 50 μM MG132, 200 nM Bortezomib (Bort), or 
DMSO for 2 hours at 37°C. Equal amounts of protein from each cell lysate were 
incubated with 100 nM of the fluorogenic substrate Suc-LLVY-AMC for 60 
minutes at 37°C. The fluorescence intensity for each sample was measured and 
normalized to the DMSO control. Data from three independent experiments with 
two experimental replicates per condition are presented as means +/- S.E.M. *P 
<0.05, ** P < 0.01. 
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WST1 (ROCHE™) assay. Similar to the USP14 siRNA knockdown studies, the 

number of MNV-1 infected cells significantly decreased following treatment with 

IU1, but not the inactive analog IU1C (Fig. 4.4C). Similarly to the knockdown of 

USP14, IU1 treatment was unable to significantly reduce viral titers compared to 

control during an 8 hour infection of RAW cells (data not shown). Unfortunately, 

we were unable to determine the requirements of USP14 for Norwalk virus 

replication due to excessive cell toxicity in replicon-containing HG23 cells after a 

24 hour treatment with IU1 (data not shown). 

Overall, our results indicate a requirement of USP14 for efficient MNV-1 

infection. Furthermore, the difference in the antiviral effect of the specific USP14 

inhibitor (Fig. 4.4C) compared with the antiviral effect of WP1130 (a broader 

spectrum DUB inhibitor) (see Fig. 4.2A, B) suggests that additional WP1130 

targeted DUBs also promote MNV-1 infection. 

 

WP1130 does not inhibit proteasome activity. 

 USP14 regulates proteasome activity [45], and pharmacologic inhibition of 

USP14 can increase the rate of protein degradation in the cell [44]. Previous 

reports demonstrated that WP1130 had limited impact on 20S proteasome 

activity in lymphoma and leukemic cells [33]. To confirm this in murine 

macrophages, we determined proteasome activity in RAW cells treated with 

WP1130, two known proteasome inhibitors MG132 and Bortezomib [46,47], or 

DMSO control as described [33] (Fig. 4.5). As anticipated the proteasome 
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Figure 4.6 Activation of the UPR inhibits MNV-1 infection. (A) WP1130 treatment 
activates XBP-1. RAW cells were treated with 5 μM WP1130 (WP), 3 μM 
thapsigargin (T), or DMSO (D) and then mock- or MNV-1 infected (MOI 10). At 1 
and 8 hours post infection, RNA was isolated and XBP-1 message amplified. 
Activation of XBP-1 results in a faster migrating spliced form (s) of the unspliced 
XBP-1 (u). As previously observed [47], a hybrid PCR product was also detected 
(*). Densitometry was performed on three independent experiments, quantitated, 
and normalized to the 1 hr thapsigargin-treated sample. (B) UPR induction by 
thapsigargin inhibits MNV-1 infection in RAW cells, while the antiviral activity of 
WP1130 is partially rescued by Irestatin, an IRE1 specific inhibitor. RAW cells 
were treated with DMSO, 3 μM thapsigargin (Thapsi), 5 μM WP1130, 2.5 μM 
Irestatin (Ires.), or both 2.5 μM Irestatin and 5 μM WP1130 (WP1130 & Ires.) for 
30 min prior to MNV-1 infection (MOI 5). Viral titers were determined by plaque 
assay at 8 hours after infection. (C) UPR induction by thapsigargin inhibits MNV-
1 infection in bone marrow derived macrophages (BMDMs), while the antiviral 
activity of WP1130 is partially rescued by Irestatin. The experiment was carried 
out as described under (B), except MNV-1 titers were determined at 12 hours 
postinfection. In all cases, data from three independent experiments are 
presented as means +/- S.E.M. **P <0.01, and *** P < 0.001. 
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inhibitors, MG132 and Bortezomib, significantly reduced proteasome activity (Fig. 

4.5), while WP1130 treatment did not. These results confirmed that WP1130’s 

antiviral activity is not associated with 20S proteasome inhibition and suggest 
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that DUBs play a critical role in other cellular processes important for MNV-1 

infection. 

 

Activation of the unfolded protein response inhibits MNV-1 infection. 

 In addition to regulating proteasome function, USP14 regulates the UPR 

by associating with inactive IRE1α, although the mechanism of this regulation 

has not been elucidated [31]. We hypothesized that inhibition of USP14 by 

WP1130 would result in IRE1 activation, one of the three sensors of the UPR 

[48]. 

 The active endonuclease domain of IRE1 splices the mRNA encoding 

XBP-1, which leads to expression of the active XBP-1 transcription factor [48]. To 

determine the effect of WP1130 treatment on IRE1, we measured splicing of 

XBP-1 mRNA (Fig. 4.6A) in RAW cells treated with WP1130 or DMSO and then 

infected with MNV-1 or mock lysate. RNA was harvested at 1 and 8 hours post 

infection. As a control, RAW cells were pretreated with 3 μM thapsigargin for 30 

minutes to chemically induce the UPR and then RAW cells incubated for 1 and 8 

hours. PCR was performed after cDNA synthesis using XBP-1 specific primers 

as previously described [49]. Three bands appeared upon XBP-1 amplification. 

Based on similar reports in the literature (reviewed in [50]), the top band is a 

hybrid PCR product (Fig. 4.6A, asterisk), while the middle and lower bands  
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Figure 4.7 Activation of the UPR and WP1130 treatment show broad antiviral 
effects. (A – D) Cells were treated with DMSO, 3 μM thapsigargin (Thapsi), 5 μM 
WP1130, 2.5 μM Irestatin (Ires.), or both 2.5 μM Irestatin and 5 μM WP1130 
(WP1130 & Ires.) prior to infection. (A) La Crosse virus infection of Be2-c cells is 
inhibited by WP1130 or thapsigargin. Treated Be2-c cells were infected with La 
Crosse virus (MOI 5) for 12 hours and viral titers determined by plaque assay on 
Vero cells. (B) Encephalomyocarditis virus (EMCV) infection of Vero cells is 
inhibited by WP1130 or thapsigargin. Treated Vero cells were infected with 
EMCV virus (MOI 5) for 12 hours and viral titers determined by plaque assay on 
Vero cells. (C) Vesicular stomatis virus (VSV) infection of Vero cells is not 
inhibited by WP1130 or thapsigargin. Treated Vero cells were infected with VSV 
virus (MOI 5) for 12 hours and viral titers determined by plaque assay on Vero 
cells. (D) Sindbis virus infection of Vero cells is inhibited by WP1130 or 
thapsigargin. Treated Vero cells were infected with Sindbis virus (MOI 5) for 12 
hours, and viral titers determined by plaque assay on Vero cells. In all cases, 
data from at least three independent experiments with two experimental 
replicates per condition are presented as means +/- S.E.M. *P <0.05, **P <0.01, 
and *** P < 0.001. 
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correspond to the unspliced (U) inactive and spliced (S) active forms of XBP-1, 

respectively (Fig. 4.6A). Quantitation of activate XBP-1, spliced (s), was also 

performed from three independent experiments, although this quantification did 

not result in significant differences due to experimental variablity. WP1130  

treatment induced XBP-1 activation as early as 1 hour after infection with MNV-1 

or mock lysate, although not as robustly as the positive control thapsigargin (Fig. 

4.6A). No difference in XBP-1 activation was observed between mock-infected 

and MNV-1-infected RAW cells at 1 hour post infection. However, at 8 hours post 

infection there was a faint but reproducible XBP-1 signal in infected cells, 

suggesting that MNV-1 infection activated the UPR at later stages of the 

infectious cycle. Our findings demonstrated that WP1130 treatment results in 

XBP-1 activation irrespective of MNV-1 infection and suggested WP1130 

activates the IRE1-dependent arm of the UPR. 

Since UPR activation can inhibit viral infections [51], we investigated the 

effect of UPR activation on MNV-1 infection (Fig. 4.6B, C). RAW cells (Fig. 4.6B) 

or BMDMs (Fig. 4.6C) were treated with thapsigargin prior to infection and viral 

titers determined by plaque assay. MNV-1 titers were significantly reduced in 

murine macrophages treated with thapsigargin (Fig. 4.6B, C). This reduction was 

not significantly different to the antiviral effect observed with WP1130 treatment 

in RAW cells, while in BMDMs WP1130 treatment further inhibited MNV-1 

infection. Since the IRE1-dependent arm of the UPR was induced upon WP1130 

treatment, we tested whether inhibition of IRE1 with Irestatin, a specific inhibitor 

of the IRE1 endonuclease activity, could rescue the WP1130-induced block in 
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MNV-1 infection. We first tested Irestatin to determine if it could inhibit IRE1 

endonuclease activity by treating RAW cells with 3 μM Thapsigargin, 2.5 μM 

Irestatin, or a combination of both inhibitors. Irestatin was able to inhibit most of 

the XBP1 activation, but a faint spliced band still remained (Fig. 4.11). We next 

tested if Irestatin could rescue viral infection during WP1130 treatment. Murine 

macrophages were pre-treated with WP1130 or Irestatin alone or combined prior 

to MNV-1 infection and viral titers were measured by plaque assay (Fig. 4.6B, C). 

RAW cells and BMDMs treated with both compounds produced significantly (~ 

50%) more viral progeny than WP1130 alone, while Irestatin treatment alone had 

no significant effect on MNV-1 titers. These results demonstrate that Irestatin can 

partly inhibit the antiviral effect of WP1130 and allow limited rescue of MNV-1 

infection, suggesting that the anti-MNV-1 activity of WP1130 is, in part, mediated 

by IRE1. Interestingly, the antiviral activity of thapsigargin was completely 

reversed by Irestatin treatment (Fig. 4.12). These findings suggest that 

thapsigargin’s antiviral effects are completely dependent on IRE1 endonuclease 

activity, but WP1130’s antiviral effects must be augmented by other mechanisms 

independent of the IRE1 dependent UPR.  

 Taken together, these data showed that WP1130 treatment activated 

XBP-1 and that the IRE1 endonuclease activity was partly responsible for the 

anti-MNV-1 activity of WP1130. Furthermore, pharmacologic activation of the 

UPR significantly inhibits MNV-1 infection in primary and cultured murine 

macrophages, identifying new targets for the development of anti-norovirus 

therapies. 
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Figure 4.8 WP1130 inhibits MNV-1 infection in mice. Balb/c mice were 
administered 30 mg/kg of WP1130 dissolved in 20 % DMSO and 80 % PEG200 
or vehicle control once daily via oral gavage. Mice were infected orally with 1 x 
106 PFUs of MNV-1 four hours after the first dose. After 72 hours post infection, 
tissues were harvested along the gastrointestinal tract and viral titers determined 
by plaque assay. Shown are viral titers in the jejunum/duodenum of mice treated 
with WP1130 (empty box) or vehicle control (filled circle). Each symbol 
represents one animal. Data are from three independent experiments with 4 mice 
per condition and are presented as means +/- S.E.M. **P <0.01. 

WP1130 
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Activation of the UPR has broad antiviral effects. 

 Targeting host-specific functions and pathways such as the UPR may 

have broad-spectrum anti-viral efficacy. Thus, we tested the effect of WP1130  

and induction of the UPR on additional viruses with positive- and negative-sense 

RNA genomes and enveloped or non-enveloped capsids. Be2-c cells (Fig. 4.7A) 

or Vero cells (Fig. 4.7B - D) were treated with thapsigargin, WP1130, Irestatin, 

WP1130 and Irestatin, or DMSO prior to infection. Cells were then infected with 

La Crosse virus, an enveloped negative-strand virus (Fig. 4.7A), EMCV, a 

nonenveloped positive-strand RNA virus (Fig. 4.7B), VSV, an enveloped 

negativestrand RNA virus (Fig. 4.7C), or Sindbis virus, an enveloped positive- 

strand RNA virus (Fig. 4.7D) at an MOI of 5. Both WP1130 and thapsigargin 

treatment significantly reduced La Crosse virus, EMCV, and Sindbis virus 

progeny production, suggesting that activation of the UPR can inhibit select virus 

infections. Similar to findings with MNV-1, cells treated with Irestatin and 

WP1130, but not Irestatin alone, showed a small (~50%) but significant rescue of 

La Crosse virus, EMCV, and Sindbis virus infections compared to WP1130 

treatment alone (Fig. 4.7A, B, D). We did not observe a significant inhibition of 

infection with any of the treatments during VSV infection (Fig. 4.7C). Taken 

together, these data demonstrate that UPR activation is inhibitory to many but 

not all RNA viruses, and that the anti-viral activity of WP1130 is dependent in 

part on the IRE1-dependent arm of the UPR. 

 

WP1130 inhibits MNV-1 infection of Mice. 
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Figure 4.9 WP1130 does not affect cell viability. RAW cells were treated with 
DMSO (DMSO), or 5 μM WP1130 (WP1130) for 30 min prior to incubation on ice 
for one hour, three washes with ice cold PBS, and incubation at 37oC in the 
presence of the compound for 8 hours. At 8 hours of treatment, RAW cells were 
washed once with PBS, and WST-1 reagent diluted 1 to 10 in media. OD420 was 
determined 90 minutes after addition of WST-1 and normalized to the DMSO 
treated cells. 
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 To test the effectiveness of WP1130 in a mouse model, 12 6 – 8 week old 

Balb/c mice were administered 30 mg/kg of WP1130 dissolved in 20 % DMSO 

and 80 % PEG200 or vehicle control. Mice were allowed to recover for four hours  

before infection per oral with 1 x 10^6 PFUs of MNV-1. 24 and 48 hours after 

infection, mice were administered an equal dose of WP1130 or vehicle control. 

72 hours after infection, mice were harvested and viral titers determined for the 

entire gastrointestinal tract as previously described (13). A significant decrease in  

viral titers was observed in the jejunum/duodenum of mice treated with WP1130 

compared to vehicle control treated mice. However, no other significant 

differences were observed in the gastrointestinal tract. We hypothesize that 

these results suggest that the poor solubility and bioavailability of WP1130 could 

be limiting its effect to the location of the drug delivery, where the drug is at its 

highest concentration. Dilution of the drug through the gastrointestinal tract most 

likely reduces its ability to inhibit viral infection. Further modification of WP1130 

to increase its solubility and bioavailability, are essential to properly develop this 

compound into a more suitable candidate for animal studies, as well as future 

clinical trials. 

 

4.5 Discussion 

 The roles of DUBs required for virus replication are poorly understood, 

and there are currently no DUBs reported to regulate norovirus replication. Using 

a small molecule inhibitor of a subset of cellular DUBs, WP1130, we 

demonstrated that MNV requires DUBs during viral replication. Specifically,  
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Figure 4.10 WP1130 treatment or MNV-1 infection do not activate PERK or 
ATF6 in RAW cells. RAW cells were treated with DMSO (D), 5 μM WP1130 
(WP), or 3 μM thapsigargin (T) for 30 min prior to MNV-1 infection (MNV-1) or 
mock (Mock) infection for one hour on ice. Inoculums were washed off and media 
containing DMSO, 5 μM WP1130, or 3 μM thapsigargin added back to cells. 
Cells were lysed in SDS Page sample buffer 1 and 8 hours post-infection and 
separated on a 10% SDS-PAGE gel. Immunoblots were performed to determine 
phosho-PERK levels (pPERK), total PERK levels (PERK) or cleavage of ATF6  
(ATF6 p90, ATF6 p50). Images are a representation of two experiments. 
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USP14 was identified as a direct target of WP1130 in murine macrophages. Of 

the two known functions of USP14, i.e. regulation of proteasomal degradation or 

modulation of the UPR, changes in proteasome activity were not detected during  

WP1130 treatment. Instead, activation of the UPR as indicated by XBP-1 splicing 

was induced by WP1130. The anti-MNV-1 activity of WP1130 was in part 

mediated by the UPR sensor IRE1 as treatment with Irestatin, a specific inhibitor 

of the IRE1 endonuclease activity, partially rescued MNV-1 infection in the 

presence of WP1130. Similar findings were made with other RNA viruses 

including, La Crosse virus, EMCV, and Sindbis virus. In addition, activation of the 

UPR with thapsigargin, a widely used UPR activator, also exhibited broad 

spectrum anti-viral activity. These data are consistent with a model whereby 

induction of the UPR through inhibition of cellular DUBs blocks infection. The 

activity of cellular DUBs during norovirus infection has not been addressed 

previously. Our work demonstrates for the first time that a cellular DUB, the 

proteasome- associated USP14, is required for optimal MNV-1 infection of 

murine macrophages. The mechanism by which USP14 inhibits MNV-1 infection 

remains to be defined. We hypothesize that one mechanism involves its 

interaction with IRE1 and activation of downstream UPR targets. Alternatively, 

USP14 interactions with viral or host proteins essential during norovirus infection 

may also play a role. Additional DUBs remain to be identified as antiviral 

effectors since specific inhibition or knockdown of USP14 was unable to 

recapitulate the entire anti-MNV-1 activity of WP1130 (see Fig. 4.2 and 4.4). To 

date, we have tested two previously identified targets of WP1130, USP5 and  
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Figure 4.11 Irestatin inhibits XBP1 splicing in RAW cells. RAW cells were treated 
for eight hours with 3 μM thapsigargin (Thapsi), 2.5 μM Irestatin (Ires), and both 
2.5 μM Irestatin and 5 μM WP1130 (Ires & T), or 2.5 μM Irestatin (Ires), 5 μM 
WP1130 (WP1130), or both (Ires & WP). RNA was isolated and XBP-1 message 
amplified. Activation of XBP-1 results in a faster migrating spliced form (s) of the 
unspliced XBP-1 (u). As previously observed [47], a hybrid PCR product was 
also detected (*). 
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USP9x [33], using siRNA knockdown. However, no changes in MNV-1 titers were 

observed (data not shown). This suggested only some of the DUBs targeted by  

WP1130 exhibit antiviral activity, enabling the development of more specific small 

molecule DUB inhibitors with anti-norovirus activity.  

 Our work also demonstrates that induction of the UPR with thapsigargin or 

WP1130 inhibits MNV-1 infection in murine macrophages (see Fig. 4.6). The 

antiviral effect of WP1130 was partially reversed by inhibition of the IRE1 

endonuclease activity through Irestatin. This suggests that the IRE1/XBP-1 arm 

of the UPR can limit MNV-1 infection. To examine the role of the other two arms 

of the UPR response, PERK and ATF6, immunoblots were performed to 

determine activation of PERK, by examining phosphorylation of PERK, and 

ATF6, examining the cleavage of ATF6 into an activate p50 protein from the 

inactivate p90 precursor. Immunobloting with a phospho specific PERK antibody 

showed that PERK was not activated during virus infection or WP1130 treatment 

up to 8 hours post infection, but was activate during thapsigargin treatment. 

Cleavage of inactivate ATF6 (ATF6 p90) into the active subunit (ATF6 p50) was 

not observed during WP1130 treatment or viral infection. However, WP1130 

treatment and MNV-1 infection had a small activation of ATF6, while thapsigargin 

had a robust activation of ATF6 (Fig. 4.10). Furthermore, the downstream 

effectors of the UPR that mediate viral inhibition remain to be defined. One 

attractive hypothesis is the link between the UPR and lipid metabolism, whereby 

ER stress results in the XBP-1-dependent activation of phospholipid biosynthesis 

pathways [52]. The recruitment of host membranes to viral replication sites or  
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Figure 4.12 Irestatin inhibits thapsigargin’s anti-MNV-1 effect in RAW cells. RAW 
cells were treated with DMSO (DMSO), 3 μM thapsigargin (Thapsi), 2.5 μM 
Irestatin (Ires), or a combination of both inhibitors (Ires & Thapsi) for 30 min prior 
to MNV-1 infection for one hour on ice. Inoculums were washed off with 3 
washes of ice cold PBS, and media containing inhibitors added back to cells for 8 
hours. Viral titers were determined by plaque assay. Data from three 
independent experiments with two experimental replicates per condition are 
presented as means +/- S.E.M. *** P < 0.001. 
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virus factories is a common requirement for positive strand RNA viruses, such as 

MNV-1 and EMCV [53]. Therefore, we speculate that activation of the UPR prior  

to MNV-1 infection might limit the amount of membrane available for the virus to 

recruit to its replication sites. Interestingly, a slight activation of XBP-1 splicing is 

observed later during MNV-1 infection. This suggests that timing of UPR 

induction may be critical during infection, whereby UPR induction prior to or early 

during MNV-1 infection inhibits infection while UPR induction late in the viral life 

cycle has no effect or promotes infection. Indeed, WP1130 post-treatment of 

murine macrophages does not inhibit MNV-1 infection (see Fig. 4.2). This is 

similar to findings with infection by West Nile virus, strain Kunjun, which is also  

sensitive to thapsigargin treatment early but not late  in infection [54]. 

Interestingly, inhibition of Norwalk virus replication by WP1130 was not as strong 

as MNV-1 replication (see Fig. 4.2). This may suggest differences in the ability of 

both viruses to directly modulate the UPR. Another explanation may be that in 

the replicon system the virus has already established replication factories and 

may need less membrane synthesis. It is further conceivable that inhibition of 

membrane synthesis may not be the only mechanism by which WP1130 inhibits 

norovirus infections and that signaling from other branches of the UPR, or 

signaling through other IRE1 adaptors, such as JNK [55], play a role. Further 

characterizing the role of the UPR during norovirus infection could lead to novel 

insights into norovirus biology and identification of new anti-noroviral drug 

targets. 
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 In addition to MNV-1, induction of the UPR also had anti-viral effects 

against the RNA viruses ECMV, La Crosse virus, and Sindbis virus, but not VSV 

(see Fig. 4.7). Protein synthesis during viral infection in general is thought to 

induce the UPR, and experimental evidence demonstrates Sindbis virus and 

VSV infections induce ER stress [56,57]. However, the consequences of UPR 

induction for individual virus infections are less well understood. For other RNA 

viruses such as HCV or rotavirus, induction of the UPR can lead to inhibition of 

viral infection, while modulation of the UPR by viral proteins can facilitate 

infection [58,59,60,61,62,63]. For HCV, the IRE1/XBP-1 arm of the UPR is 

suppressed in HCV replicon-containing cells resulting in decreased ER 

associated protein degradation [58]. Since WP1130 inhibits viral infection in part 

in an IRE1-dependent manner, active suppression of this pathway by HCV would 

make HCV insensitive to WP1130. Consistent with our hypothesis, we observed 

no inhibition of HCV replication by WP1130 in HCV replicon-containing cells 

(data not shown). We speculate that viruses would only be sensitive to WP1130 

treatment if activation of the UPR inhibits viral replication.  

 The mechanism by which UPR activation or DUB inhibition could inhibit 

enveloped virus infection remains unclear. Induction of the degradative capacity 

of the UPR could reduce the stability of viral glycoproteins that are required for 

virion formation, since these proteins traffic through the ER. Degradation of HCV 

glycoproteins via the UPR has been observed in infected cells [59]. Other 

mechanisms of inhibition may be mediated through modulation of membrane 

synthesis [52], since virus budding and viral replication factories rely on cellular 
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membranes. Investigations into the role of the UPR and DUBs during Sindbis 

and La Crosse virus infections will help elucidate these cell-intrinsic anti-viral 

mechanisms. 

 In summary, we demonstrate that blocking DUB activities and induction of 

UPR has inhibitory effects on infection with the non-enveloped viruses MNV-1 

and EMCV, and the enveloped viruses Sindbis virus and La Crosse virus. 

Therefore, targeting DUBs and/or the UPR with small molecules may provide a 

unique pathway for broad spectrum antiviral therapies. 
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Chapter 5: 

 

Discussion and Future Directions 

 

5.1 Overview 

 The main focus of this thesis was to elucidate the entry mechanism of 

murine norovirus (MNV) into permissive cells. By transfecting MNV genome 

directly into non-permissive cells, virus progeny is produced as observed by 

increased viral titers determined by viral plaque assay (unpublished data). This 

evidence suggests that the entry process, the only steps of the viral life cycle 

circumvented during the transfection, dictates permissiveness to MNV. 

Interestingly, human norovirus (HuNoV) genomes transfected into non-

permissive cells can also produce virus progeny, although their infectivity has not 

been tested (20). Therefore, the entry process of noroviruses determines cell 

infectability. Chapter 2 describes efforts to characterize the internalization of 

MNV into murine macrophages (Macs). The role of endosome acidification during 

MNV infection of both murine dendritic cells (DCs) and Macs is examined in 

Chapter 3.  MNV must travel to the proper place and time within the cell to initiate 

infection, or else the virus is rendered non-infectious. By determining how MNV 

makes it to this place and time, we may gain insight into how this virus is 

restricted to infection of Macs and DCs. Using this insight, we can develop 
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strategies that intervene during virus trafficking in the cell to prevent it from 

getting to the right place and time for productive infection. This knowledge may 

allow for understanding of how HuNoV infects cells, and possibly aid in the 

development of a HuNoV culture system and antiviral therapies. 

 Another focus of this thesis work was to characterize the mechanism by 

which the small molecule WP1130 inhibits viral infection. The broad spectrum 

antiviral capabilities of WP1130 suggested that a conserved cellular function was 

being modulated during treatment with the compound. In Chapter 4, the 

characterization of WP1130 involving both modulation of the ubiquitin (Ub) cycle 

and the unfolded protein response (UPR) is outlined. Further investigation into 

how WP1130 affects cells and viral infection may lead to more effective 

derivatives and possibly a new antiviral compound to be tested clinically. 

    

5.2 Endocytosis of murine norovirus 1 into murine macrophages is 

dependent on dynamin II and cholesterol 

A critical first step of viral infection is the entry step. For noroviruses, this 

step is the determinant of host cell tropism, i.e. whether a cell can be infected or 

not (unpublished data, (20)). To determine the mechanism of internalization by 

MNV into murine Macs, I used various pharmacological inhibitors, dominant 

negative constructs, siRNA knockdown, and embryonic genetic knockouts. In 

addition to these traditional experiments to determine viral entry, I developed an 

assay that specifically addressed viral uncoating adapted from a published 

protocol for poliovirus (4). Using the small vital dye neutral red, a virus that was 
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light-sensitive, but only until the virus uncoated, was generated. Using the 

inhibitors of the various endocytic processes, we were able to determine their 

requirement in MNV uncoating, and therefore productive infection (Chapter 2, 

Figure 2). I demonstrated that MNV requires both host dynamin II and cholesterol 

to productively infect murine Macs (Chapter 2, Figure 4 & 7). This entry process 

was independent of clathrin, caveolin, flotillin, GRAF1, phagocytosis and 

macropinocytosis (Chapter 2, Figure 5, 6 & 8). In addition, I determined that MNV 

attaches to, internalizes into, and uncoats Macs with a half life of 33 minutes 

(Chapter 2, Figure 2). This rapid infection process is logical for a RNA genome 

virus that causes an acute infection, because it allows the virus to start protein 

translation immediately upon infection. Newly translated proteins may then alter 

the immune response of the infected cell possibly through inactivation of 

cytosolic immune surveillance pathways and allow progeny production more 

quickly. In unpublished data, I have also examined additional requirements of 

MNV infection in murine Macs, including the requirement of the GTPases rab-

protein (Rab) 5 and 7. Rab 5 facilitates the fusion of endosomes to early 

endosomes, while Rab 7 facilitates the fusion of early to late endosomes 

(reviewed in (36)). Neither Rab 5 nor 7 dominant negative constructs inhibited 

MNV infection of murine Macs (unpublished data). This suggests that MNV 

internalizes into Macs quickly, and uncoats before trafficking of the newly formed 

endosome to the early or late endosome occurs. This rapid entry may highlight 

the race the virus must win against the immune system to complete the infection 

and produce progeny. 
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MNV infects murine Macs and DCs, two professional phagocytes, raising 

the question whether phagocytosis is hijacked by the virus to infect these cells. 

However, under conditions that inhibit phagocytosis, we observed a significant 

increase in the ability of the virus to infect Macs. This suggests that MNV is 

degraded by phagocytosis, or that inhibition of phagocytosis possibly up-

regulates an endocytic process that is beneficial for MNV infection. Since 

phagocytosis is not a productive route of infection, my thesis work suggests that 

the phagocytic nature of these cells is not the shared critical characteristic that 

allows MNV to infect phagocytes. I have demonstrated that MNV requires a 

protein on the cell surface required for infection of Macs, by inhibiting MNV 

infection with protease K treatment (unpublished data). This suggests that 

permissiveness is determined by a specific surface protein, and not the process 

of phagocytosis.     

The characterization of dynamin II- and cholesterol-dependent 

endocytosis is still in its infancy. Many poorly characterized endocytic pathways 

requiring these two components may be broadly categorized as dynamin II- and 

cholesterol-dependent endocytosis, but may be independent processes 

(reviewed in (40)). Two mechanisms of endocytosis, requiring flotillin 1 (2, 18, 32) 

and GRAF1 (13, 30), may be categorized into dynamin II- and cholesterol-

dependent endocytosis although the requirement of dynamin II in these 

processes have not been directly tested. To determine the role of flotillin 1 and 

GRAF1 during MNV infection, I used siRNA knockdowns of these proteins and 

measured MNV nonstructural gene expression by immunofluorescence 
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microscopy. We observed no significant reduction in MNV infection with 

knockdown of flotillin 1 or GRAF1 compared to the non-targeting control. These 

results suggest that flotillin 1 and GRAF1 do not play a major role in MNV 

infection. Further characterization of dynamin II- and cholesterol-dependent 

endocytosis may reveal separate processes including proper cellular markers to 

differentiate the various processes.   

In addition to MNV, several other viruses enter cells using dynamin II- and 

cholesterol-dependent endocytosis. Feline infectious peritonitis virus (FIPV) 

infects monocytes, a Mac progenitor cell, in a dynamin II- and cholesterol-

dependent manner (44). Since the cell types infected by FIPV and MNV are from 

the same lineage, these viruses may use a conserved mechanism for infection of 

Macs and monocytes. In addition to FIPV, Group B coxsackievirus 3 infection of 

HeLa cells (37), and rotavirus infection of MA104 cells (41) occurs in a dynamin 

II- and cholesterol-dependent manner. Recently, the dynamin II- and cholesterol-

dependent entry of herpes simplex virus type 1 (HSV-1) into keratinocytes (38) or 

Chinese hamster ovarian cells and HEK 293Ts over-expressing alpha V beta 3 

integrin, an entry receptor for HSV-1 (16, 17), has also been documented. The 

mounting evidence including the number of viruses entering a variety of cell 

types by dynamin II- and cholesterol-dependent endocytosis suggests that this 

process may be more common than previously believed. However, whether 

these viruses enter cells by the same conserved mechanism remains to be 

elucidated. Using these viruses, including MNV, as tools to probe the cell may 
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elucidate unique endocytic processes vital in other cellular functions and 

contribute to a greater understanding of cell biology. 

Some viruses can enter cells by more than one endocytic mechanism 

including infuenza A (10) and SV40 (12). We determined the requirements of 

various endocytic processes on minor routes of productive infection for MNV 

using combinations of pharmacological inhibitors in the context of the neutral red 

assay (Chapter 2 Figure 9). No combination of inhibitors revealed other minor 

productive routes of entry for MNV. This suggests that MNV does not 

productively infect cells by phagocytosis, clathrin-, or caveolin-mediated 

endocytosis even as a minor entry route. However, inhibition of cholesterol-

dependent mechanisms and clathrin-mediated endocytosis significantly 

increased MNV infection, even when combinations of inhibitors significantly 

decreased cell viability to about 60% of untreated controls (Chapter 2 Table 1 & 

Figure 9). Why the loss of clathrin-mediated and cholesterol-dependent 

endocytosis in Macs increased the ability of MNV to infect these cells is still an 

unanswered question. Did this combination of inhibitors up-regulate a productive 

pathway for MNV infection, or is this observation due to an off-target effect? 

Further characterization of the entry mechanism of MNV will help solve this 

puzzle. 

The future direction of this project is to further characterize the mechanism 

of entry by MNV. Recent attempts at using siRNA libraries as an approach to 

systematically test all the host proteins required for viral infection have been 

promising. Using this approach, a novel requirement for actin remodeling has 
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been shown for Hepatitis C virus (HCV) (11). I have developed a high-throughput 

screen of MNV infection using an automated fluorescent microscope and labeling 

infected Macs with an antibody raised against the MNV nonstructural gene, VPg. 

In combination with a siRNA library, this assay could determine host 

requirements of MNV infection. However, as this assay tests for nonstructural 

gene expression and not entry directly, any potential requirements for infection 

would need to be further tested in the neutral red assay to determine its role in 

viral entry. In addition, low transfection efficiencies in Macs could result in a 

technically challenging screen, although fluorescently-labeled transfected cells 

would be one approach at overcoming this issue. Another approach would be to 

identify the entry receptor of MNV, and use that receptor as a tool to determine 

the trafficking of MNV.  Based on the observation that protease K treatment 

inhibits MNV infection, our laboratory is now trying to elucidate the identity of this 

viral receptor. Once the receptor has been identified, it will provide further insight 

into the mechanism of MNV entry. Determining cellular markers of dynamin II- 

and cholesterol-dependent endocytosis may help to elucidate not only how MNV 

enters Macs, but also unravel a unique mechanism for endocytosis into the cell.  

  

5.3 Murine Norovirus 1 entry into permissive macrophages and dendritic 

cells is pH-independent. 

 After internalization of a virus particle into the cell, the virus must traffic to 

the current site to begin the uncoating process. A crucial step in the uncoating 

process is for the virus particle to react to a cue in the environment that signifies 
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to the virus that it is in the proper time and place to infect its host. This signal 

may be a combination of factors such as interaction with an entry receptor, 

acidification, and/or proteolytic cleavage. I determined the role of endosome 

acidification during MNV infection of murine Macs and DCs. Using endosome 

acidification inhibitors; I demonstrated that viral infection does not require 

endosome acidification to occur in murine Macs (Chapter 3, Figure 1 & 2) or DCs 

(Chapter 3, Figure 3).  

 MNV is not the only virus to infect cells by a pH-independent mechanism. 

In fact, most enteric viruses do not rely on acidification of endosomes alone. This 

is most likely due to the route of infection of these viruses. Since enteric viruses 

travel through the gastrointestinal tract, including the extremely acidic stomach, 

particles reacting with a low pH environment, would improperly trigger the virus to 

uncoat in the stomach. Both MNV and HuNoV are extremely stable at very low 

pH for extended amounts of time (5, 14). Other enteric viruses, including 

reoviruses, rotaviruses, and coronaviruses, indirectly use the acidification of 

endosomes as a trigger for viral uncoating, but only in the context of host 

proteases activated by acidic pH. Using host proteases, these viruses distinguish 

between an intracellular acidic environment from an extracellular acidic 

environment of the stomach (19, 29, 39).  

MNV uncoating is triggered in a pH-independent manner. This leaves two 

other known triggers for uncoating, cleavage by a protease, for instance 

cathepsins, or direct receptor-virus interactions. For example, cathepsin S 

cleavage of reovirus is required for viral infection (19).  To date, there is no 
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evidence suggesting the MNV capsid is cleaved by a protease, including 

cathepsins. I have performed MNV infections of murine Macs with several 

pharmacologic inhibitors of host proteases, including the broad cathepsin 

inhibitor, E64, and caspase inhibitors targeting caspase 3, 7, and 9, without 

successfully showing a decrease in viral infection (unpublished data). In addition, 

I have performed immunoblots for MNV capsid during infection of murine Macs 

and not detected a cleaved capsid protein (unpublished data). Although, this 

evidence is not definitive proof that the MNV capsid does not become cleaved, it 

supports the hypothesis that MNV may require direct interactions with the entry 

receptor as a trigger for uncoating. Another calicivirus, feline calicivirus (FCV) 

interacts with its receptor the feline junctional adhesion molecule 1 (fJAM 1) to 

facilitate conformational changes in the capsid that have been observed using 

cryo-electron microscopy (3). In addition, poliovirus, a closely related non-

enveloped virus with a positive-strand RNA genome, requires direct interactions 

of the poliovirus receptor (PVR) to initiate non-reversible conformational changes 

in the virus particle (15). Studies looking at direct virus-receptor interactions 

would help to determine the process of MNV uncoating. Unfortunately, the 

identity of the entry receptor has yet to be elucidated, making such studies not 

yet possible. 

 

5.4 Antiviral activity of a small molecule deubiquitinase inhibitor occurs via 

induction of the unfolded protein response. 
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 Once the virus has internalized and uncoated within a permissive cell, the 

virus genome traffics to the site of viral replication. Whether the cell provides the 

proper place and time for the virus to infect is controlled by many cellular 

regulatory mechanisms. I discovered the antiviral effect of the small molecule, 

WP1130, which significantly inhibits MNV infection of murine Macs, and also the 

HuNoV replicon system, through a mechanism that involves the Ub cycle 

(Chapter 4, Figure 2). WP1130 can directly interact with and inhibit a subset of 

cysteine proteases that specifically cleave Ub from poly-Ub target proteins, called 

deubiquitinases (DUBs). Using biotinylated WP1130, I identified the host DUB 

Ub-specific protease (USP) 14 as one protein that bound to the compound 

(Chapter 5, Figure 3). Next, I determined that USP14 knockdown significantly 

inhibited MNV infection of murine Macs (Chapter 5, Figure 4). USP14 has two 

characterized functions in the cell: regulation of the proteasome (21), and 

regulation of the UPR through interactions with IRE1 alpha (34). Although 

WP1130 treatment did not modulate proteasome activity (Chapter 5, Figure 5), it 

did activate the UPR (Chapter 5, Figure 6). Specifically, I was able to show that 

the antiviral effect of WP1130 was partially dependent on the endonuclease 

activity of IRE1, and inhibition of this part of the IRE1 pathway with irestatin, 

rescued part of the viral infection (Chapter 5, Figure 7). I also demonstrated that 

induction of the UPR by other pharmacologic triggers (i.e. thapsigargin, 

tunicamycin) inhibited MNV infection as well (Chapter 5, Figure 7 & unpublished 

data). Interestingly, I repeated these observations in several cell types (i.e. 

primary bone marrow-derived Macs, green monkey kidney epithelial cells (Vero 
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cells), and neuronal progenitor cells (Be2-c cells)), and with several viruses (i.e. 

encephalomyocarditis virus, La Crosse virus, and Sindbis virus) (Chapter 5, 

Figure 8). The inhibition of viral infection was not universal as vesicular stomatitis 

virus could productively infect cells during WP1130 treatment or an active UPR 

(Chapter 5, Figure 8). These results suggest that WP1130 can be developed into 

a broad spectrum antiviral compound.      

The requirement of cellular Ub-modifying proteins including DUBs during 

viral infection is poorly understood for RNA viruses. USP 11 is an antagonist for 

influenza A infection. It facilitates the removal of a monoubiquitin from the viral 

nucleoprotein (N) protein, thereby inhibiting N's interaction with influenza’s 

replication machinery (27). This suggests that DUBs can function as a restriction 

factor in cells during RNA virus infection.  In contrast, my work has shown that 

DUBs can also promote RNA virus infection.  In fact, the requirement of USP14 

for optimal infection of MNV is the first evidence that RNA viruses can require 

host DUBs for infection. Further characterization of the Ub cycle during viral 

infection will determine novel interactions between viruses and the host and may 

identify novel antiviral targets. 

The mechanism by which USP14 regulates MNV infection is not 

understood. One study has suggested that USP14 can inhibit the activation of 

the UPR by interacting with IRE1 (34). Therefore, loss of USP14 by siRNA, or 

loss of USP14 activity by WP1130 treatment, may activate the UPR. A working 

model to explain these observations includes that the UPR inhibits MNV 

infection, that the antiviral activity of WP1130 is dependent in part on the 
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IRE1UPR pathway, and that WP1130 inhibition of USP14 activates the IRE1- 

dependent arm of the UPR pathway. This model clarifies the role of USP14 

during MNV inhibition by WP1130, how WP1130 establishes an antiviral 

environment in the cell, and, lastly, gives a broad mechanism for the inhibition of 

other viruses through activation of the UPR. However, direct involvement of 

USP14 during WP1130 treatment and activation of the UPR still needs to be 

elucidated. USP14 may also have other roles in the life cycle of MNV, and could 

directly interact with viral proteins, including the viral protease. We observed 

activation of the UPR late in viral infection in the absence of WP1130 (Chapter 5, 

Figure 7). One mechanism to explain activation of the UPR could be through 

removal of USP14 by viral protease cleavage. Indeed, norovirus proteases have 

been shown to cleave host proteins (24), and loss of USP14 has been shown to 

activate the UPR (34). Another mechanism by which MNV could activate the 

UPR involves the recruitment of ER membrane to the membranous web, which 

would reduce the ER’s capacity to properly fold proteins, thereby activating the 

UPR. Further investigation into whether viral proteins interact with USP14 directly 

or indirectly may reveal how USP14 promotes MNV infection. 

We have also identified additional host DUBs that bind to WP1130 in a 

similar method used to identify USP14 (Chapter 4, Figure 3). Using mass 

spectrometry analysis, we have identified USP5, USP13, USP17, USP30, 

USP47, and OTUD1. We have used siRNA to knock down each individual DUB, 

and determined the level of MNV infection in these Macs. Although USP5, 

USP13, USP47, and OTUD1 did not alter viral titers, USP17 and USP30 both 
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significantly inhibited MNV infection in RAW cells, by 90 % or 50 % of controls, 

respectively. USP17 may play a role in regulating RIG I signaling through 

removing Ub from RIG I and inhibiting its activation (8). How this interaction of 

antiviral signaling would support MNV infection is unclear at this point, but may 

be facilitated by undefined functions of USP17. Less is known about USP30 as it 

is a transmembrane protein located on the outer membrane of the mitochondria, 

the only mitochondrial-targeted DUB known currently (35). Since innate antiviral 

signaling, including RIG I signaling, is mediated by signaling complexes 

anchored to the mitochondria (reviewed in (28)), further investigation into USP30 

may lead to a novel regulation of innate immune signaling. By characterization of 

USP17 and USP30 during MNV infection of Macs, we may elucidate 

mechanisms by which MNV can modulate the innate immune response and 

elucidate mechanisms by which DUBs promote noroviral infections.    

The role of the UPR during viral infection is currently a topic of great 

interest. A role of the UPR during viral infection has been documented for 

Hepatitis B virus (9, 25), HCV (6, 7, 26, 41, 46), West Nile virus (1, 31), influenza 

A (13), several herpesviruses (33, 42) and rotavirus (43, 45). In general, the 

activation of the UPR before or early during infection is detrimental to enveloped 

virus infection. This could be due to the inhibition of protein translation by PERK, 

or an increase in endoplasmic reticulum- associated degradation (ERAD) that 

can degrade viral glycoproteins (reviewed in (23)). Clearly, viruses have evolved 

mechanisms to supress the UPR to ensure virus replication and progeny 

production. Further investigation into encephalomyocarditis virus, La Crosse 
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virus, and Sindbis virus infections may elucidate mechanisms by which the UPR 

regulates enveloped virus infections. 

The mechanism of inhibition of non-enveloped viruses by the UPR is not 

currently understood. Since the non-enveloped viruses tested do not traffic 

through the ER , we hypothesize that the requirement of these viruses for host 

membranes, including ER, links viral infection to the regulation of ER synthesis 

by the UPR. Specifically, UPR-induced ER synthesis could inhibit or sequester 

ER membrane from the membranous web required for viral replication.  For 

MNV, ER-derived membranes are trafficked to sites of viral replication (22) and 

provide a potential explanation on how induction of the UPR inhibits MNV 

infection. One explanation of how UPR- induced ER synthesis inhibits MNV 

replication may be that MNV actively recruits host membranes, including ER, to 

sites of replication with different affinities. By increasing the amount of ER in the 

host cell, MNV may no longer recruit the sufficient membranes required for 

replication. Another potential mechanism by which the UPR can inhibit non-

enveloped virus infection includes activation of PERK and inhibition of host 

translation. However, I observed no activation of PERK during WP1130 

treatment (Chapter 4, Figure 11), suggesting that at least in case of MNV UPR-

mediated inhibition of infection is independent of PERK. Further elucidation into 

the role of the UPR during the life cycle of non-enveloped viruses in general, and 

MNV in particular, may reveal how the host inhibits viral infection.  

Currently, there is no therapeutics available to treat HuNoV infections, and 

only strict hygienic measures can restrict the spread of outbreaks. There is also a 
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need for broader spectrum antiviral compounds that can inhibit multiple human 

pathogens, including noroviruses. In addition, my thesis work on WP1130 has 

shown one avenue to develop a broad-spectrum antiviral that also targets 

noroviruses. Specifically, I have demonstrated that WP1130 treatment inhibits 

MNV infection in culture (Chapter 4, Figure 2), in mice (Chapter 4, Figure 9) and 

HuNoV replication in a replicon system (Chapter 4, Figure 2). Furthermore, 

WP1130 treatment has antiviral capabilities in several RNA virus infections 

(Chapter 4, Figure 8). Although the compounds efficacy was restricted spatially 

to the site of inoculation in a mouse model of infection, WP1130 significantly 

reduced MNV infection in the jejunum and duodenum. Chemical modifications of 

WP1130 have yielded derivatives that are more soluble and less cytotoxic, at 

least in culture. Using these derivatives in the future, we will be able to add 

higher concentrations of compound to increase antiviral efficacy in a mouse 

model of viral infection. Hopefully, these derivatives will exhibit better inhibition of 

MNV infection and in regions of the intestine more distal to the administration 

site. In the future, additional research and development could help determine 

whether or not derivatives of WP1130 would make effective antiviral drugs. 

 

5.5 Conclusion 

The entry process of a virus into the cell is an early preventable step of a 

viral infection. To disrupt this process, one must know how a virus enters a cell. 

Thus, understanding the mechanism of norovirus entry is essential in 

development of antiviral compounds. This work has shown for the first time that 
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MNV enters cells by a dynamin II- and cholesterol-dependent mechanism. This 

process is independent of clathrin, caveolin, flotillin, GRAF1, phagocytosis, 

macropinocytosis, and endosome acidification. Although further characterization 

is necessary to specifically inhibit the MNV entry process, this thesis work 

provides an important scaffold to build upon with additional discoveries. 

Additionally, I have determined that the UPR can significantly inhibit a diverse set 

of RNA viruses, including MNV, encephalomyocarditis virus, La Crosse virus, 

and Sindbis virus. Further investigation into how the UPR regulates viral infection 

could bring greater insight into how these viruses modulate the UPR. Further 

investigation into MNV entry and the role of the UPR during viral infections may 

reveal chinks in their armor necessary to developing antiviral therapies. 

 

5.6 Future Directions 

 Identification of cellular markers associated with MNV entry 

 Characterization of the mechanism by which the UPR can inhibit 

non-enveloped and/or enveloped virus infection 

 Elucidation of host DUBs that are activated during or required for 

MNV infection 

 Identification of the mechanisms by which USP14 regulates MNV 

infection 

 Determination of the DUBs activated or inactivated during MNV 

infection of murine Macs 

 



217 
 

5.7 References 

1.  Ambrose, R. L., and J. M. Mackenzie. 2011. West Nile Virus Differentially 
Modulates the Unfolded Protein Response To Facilitate Replication and Immune 
Evasion. The Journal of Virology 85:2723-2732. 

2. Babuke, T., and R. Tikkanen. 2007. Dissecting the molecular function of 
reggie/flotillin proteins. European Journal of Cell Biology 86:525-532. 

3. Bhella, D., and I. G. Goodfellow. 2011. The Cryo-Electron Microscopy 
Structure of Feline Calicivirus Bound to Junctional Adhesion Molecule A at 9-
Angstrom Resolution Reveals Receptor-Induced Flexibility and Two Distinct 
Conformational Changes in the Capsid Protein VP1. J Virol 85:11381-11390. 

4. Brandenburg, B., L. Y. Lee, M. Lakadamyali, M. J. Rust, X. Zhuang, and J. 
M. Hogle. 2007. Imaging Poliovirus Entry in Live Cells. PLoS Biol 5:e183. 

5. Cannon, J. L., E. Papafragkou, G. W. Park, J. Osborne, L. A. Jaykus, and J. 
Vinje. 2006. Surrogates for the study of norovirus stability and inactivation in the 
environment: aA comparison of murine norovirus and feline calicivirus. J Food 
Prot 69:2761-5. 

6. Chan, S.-W., and P. Egan. 2009. Effects of hepatitis C virus envelope 
glycoprotein unfolded protein response activation on translation and transcription. 
Arch Virol 154:1631-1640. 

7. Chan, S.-W., and P. A. Egan. 2005. Hepatitis C virus envelope proteins regulate 
CHOP via induction of the unfolded protein response. The FASEB Journal. 

8. Chen, R., L. Zhang, B. Zhong, B. Tan, Y. Liu, and H.-B. Shu. 2010. The 
ubiquitin-specific protease 17 is involved in virus-triggered type I IFN signaling. 
Cell Res 20:802-811. 

9. Cho, H. K., K. J. Cheong, H. Y. Kim, and J. Cheong. 2011. Endoplasmic 
reticulum stress induced by hepatitis B virus X protein enhances cyclo-oxygenase 
2 expression via activating transcription factor 4. Biochemical Journal 435:431-
439. 

10. Coburn, B., B. Wagner, and S. Blower. 2009. Modeling influenza epidemics 
and pandemics: insights into the future of swine flu (H1N1). BMC Medicine 7:30. 

11. Coller, K. E., K. L. Berger, N. S. Heaton, J. D. Cooper, R. Yoon, and G. 
Randall. 2009. RNA Interference and Single Particle Tracking Analysis of 
Hepatitis C Virus Endocytosis. PLoS Pathog 5:e1000702. 

12. Dietz, V. J. 1994. Potential impact on vaccination coverage levels by 
administering vaccines simultaneously and reducing dropout rates. Archives of 
pediatrics & adolescent medicine 148:943-9. 

13. Doherty, G. J., M. K. Åhlund, M. T. Howes, B. Morén, R. G. Parton, H. T. 
McMahon, and R. Lundmark. 2011. The endocytic protein GRAF1 is directed 
to cell-matrix adhesion sites and regulates cell spreading. Mol Biol Cell 22:4380-
4389. 

14. Dolin, R., N. R. Blacklow, H. DuPont, S. Formal, R. F. Buscho, J. A. Kasel, 
R. P. Chames, R. Hornick, and R. M. Chanock. 1971. Transmission of acute 
infectious nonbacterial gastroenteritis to volunteers by oral administration of stool 
filtrates. J Infect Dis 123:307-12. 

15. Fricks, C. E., and J. M. Hogle. 1990. Cell-induced conformational change in 



218 
 

poliovirus: externalization of the amino terminus of VP1 is responsible for 
liposome binding. J Virol 64:1934-1945. 

16. Gianni, T., and G. Campadelli-Fiume. 2012. αVβ3-Integrin Relocalizes nectin1 
and Routes Herpes Simplex Virus to Lipid Rafts. J Virol 86:2850-2855. 

17. Gianni, T., V. Gatta, and G. Campadelli-Fiume. 2010. αVβ3-integrin routes 
herpes simplex virus to an entry pathway dependent on cholesterol-rich lipid rafts 
and dynamin2. Proceedings of the National Academy of Sciences 107:22260-
22265. 

18. Glebov, O. O., N. A. Bright, and B. J. Nichols. 2006. Flotillin-1 defines a 
clathrin-independent endocytic pathway in mammalian cells. Nat Cell Biol 8:46-
54. 

19. Golden, J. W., J. A. Bahe, W. T. Lucas, M. L. Nibert, and L. A. Schiff. 2004. 
Cathepsin S supports acid-independent infection by some reoviruses. J Biol Chem 
279:8547-57. 

20. Guix, S., M. Asanaka, K. Katayama, S. E. Crawford, F. H. Neill, R. L. 
Atmar, and M. K. Estes. 2007. Norwalk virus RNA is infectious in mammalian 
cells. J Virol 81:12238-48. 

21. Hu, M., P. Li, L. Song, P. D. Jeffrey, T. A. Chernova, K. D. Wilkinson, R. E. 
Cohen, and Y. Shi. 2005. Structure and mechanisms of the proteasome-
associated deubiquitinating enzyme USP14. Embo J 24:3747-3756. 

22. Hyde, J. L., S. V. Sosnovtsev, K. Y. Green, C. Wobus, H. W. Virgin, and J. 
M. Mackenzie. 2009. Mouse Norovirus Replication Is Associated with Virus-
Induced Vesicle Clusters Originating from Membranes Derived from the 
Secretory Pathway. The Journal of Virology 83:9709-9719. 

23. Kaufman, R. J., S. H. Back, B. Song, J. Han, and J. Hassler. 2010. The 
unfolded protein response is required to maintain the integrity of the endoplasmic 
reticulum, prevent oxidative stress and preserve differentiation in β-cells. 
Diabetes, Obesity and Metabolism 12:99-107. 

24. Kuyumcu-Martinez, M., G. Belliot, S. V. Sosnovtsev, K.-O. Chang, K. Y. 
Green, and R. E. Lloyd. 2004. Calicivirus 3C-Like Proteinase Inhibits Cellular 
Translation by Cleavage of Poly(A)-Binding Protein. J Virol 78:8172-8182. 

25. Li, B., B. Gao, L. Ye, X. Han, W. Wang, L. Kong, X. Fang, Y. Zeng, H. 
Zheng, S. Li, Z. Wu, and L. Ye. 2007. Hepatitis B virus X protein (HBx) 
activates ATF6 and IRE1-XBP1 pathways of unfolded protein response. Virus 
Res 124:44-49. 

26. Li, S., L. Ye, X. Yu, B. Xu, K. Li, X. Zhu, H. Liu, X. Wu, and L. Kong. 2009. 
Hepatitis C virus NS4B induces unfolded protein response and endoplasmic 
reticulum overload response-dependent NF-[kappa]B activation. Virology 
391:257-264. 

27. Liao, T.-L., C.-Y. Wu, W.-C. Su, K.-S. Jeng, and M. M. C. Lai. 2010. 
Ubiquitination and deubiquitination of NP protein regulates influenza A virus 
RNA replication. Embo J 29:3879-3890. 

28. Loo, Y.-M., and M. Gale Jr. 2011. Immune Signaling by RIG-I-like Receptors. 
Immunity 34:680-692. 

29. Lopez, S., and C. F. Arias. 2006. Early steps in rotavirus cell entry. Curr Top 
Microbiol Immunol 309:39-66. 



219 
 

30. Lundmark, R., G. J. Doherty, M. T. Howes, K. Cortese, Y. Vallis, R. G. 
Parton, and H. T. McMahon. 2008. The GTPase-Activating Protein GRAF1 
Regulates the CLIC/GEEC Endocytic Pathway. Current Biology 18:1802-1808. 

31. Medigeshi, G. R., A. M. Lancaster, A. J. Hirsch, T. Briese, W. I. Lipkin, V. 
DeFilippis, K. Fruh, P. W. Mason, J. Nikolich-Zugich, and J. A. Nelson. 
2007. West Nile Virus Infection Activates the Unfolded Protein Response, 
Leading to CHOP Induction and Apoptosis. The Journal of Virology 81:10849-
10860. 

32. Morrow, I. C., S. Rea, S. Martin, I. A. Prior, R. Prohaska, J. F. Hancock, D. 
E. James, and R. G. Parton. 2002. Flotillin-1/Reggie-2 Traffics to Surface Raft 
Domains via a Novel Golgi-independent Pathway. Journal of Biological 
Chemistry 277:48834-48841. 

33. Mulvey, M., C. Arias, and I. Mohr. 2007. Maintenance of Endoplasmic 
Reticulum (ER) Homeostasis in Herpes Simplex Virus Type 1-Infected Cells 
through the Association of a Viral Glycoprotein with PERK, a Cellular ER Stress 
Sensor. J Virol 81:3377-3390. 

34. Nagai, A., H. Kadowaki, T. Maruyama, K. Takeda, H. Nishitoh, and H. 
Ichijo. 2009. USP14 inhibits ER-associated degradation via interaction with 
IRE1[alpha]. Biochem Biophys Res Commun 379:995-1000. 

35. Nakamura, N., and S. Hirose. 2008. Regulation of Mitochondrial Morphology 
by USP30, a Deubiquitinating Enzyme Present in the Mitochondrial Outer 
Membrane. Mol Biol Cell 19:1903-1911. 

36. Ng, E. L., and B. L. Tang. 2008. Rab GTPases and their roles in brain neurons 
and glia. Brain Research Reviews 58:236-246. 

37. Patel, K. P., C. B. Coyne, and J. M. Bergelson. 2009. Dynamin- and Lipid Raft-
Dependent Entry of Decay-Accelerating Factor (DAF)- Binding and Non-DAF-
Binding Coxsackieviruses into Nonpolarized Cells. Journal of Virology 
83:11064-11077. 

38. Rahn, E., P. Petermann, M.-J. Hsu, F. J. Rixon, and D. Knebel-Mörsdorf. 
2011. Entry Pathways of Herpes Simplex Virus Type 1 into Human Keratinocytes 
Are Dynamin- and Cholesterol-Dependent. PLoS ONE 6:e25464. 

39. Regan, A. D., R. Shraybman, R. D. Cohen, and G. R. Whittaker. 2008. 
Differential role for low pH and cathepsin-mediated cleavage of the viral spike 
protein during entry of serotype II feline coronaviruses. Vet Microbiol. 

40. Sandvig, K., S. Pust, T. Skotland, and B. van Deurs. 2011. Clathrin-
independent endocytosis: mechanisms and function. Curr Opin Cell Biol 23:413-
420. 

41. Tardif, K. D., K. Mori, R. J. Kaufman, and A. Siddiqui. 2004. Hepatitis C 
Virus Suppresses the IRE1-XBP1 Pathway of the Unfolded Protein Response. 
Journal of Biological Chemistry 279:17158-17164. 

42. Tirosh, B., N. N. Iwakoshi, B. N. Lilley, A.-H. Lee, L. H. Glimcher, and H. L. 
Ploegh. 2005. Human Cytomegalovirus Protein US11 Provokes an Unfolded 
Protein Response That May Facilitate the Degradation of Class I Major 
Histocompatibility Complex Products. J Virol 79:2768-2779. 

43. Trujillo-Alonso, V., L. Maruri-Avidal, C. F. Arias, and S. López. 2011. 
Rotavirus Infection Induces the Unfolded Protein Response of the Cell and 



220 
 

Controls It through the Nonstructural Protein NSP3. J Virol 85:12594-12604. 
44. Van Hamme, E., H. L. Dewerchin, E. Cornelissen, B. Verhasselt, and H. J. 

Nauwynck. 2008. Clathrin- and caveolae-independent entry of feline infectious 
peritonitis virus in monocytes depends on dynamin. Journal of General Virology 
89:2147-2156. 

45. Zambrano, J., K. Ettayebi, W. Maaty, N. Faunce, B. Bothner, and M. Hardy. 
2011. Rotavirus infection activates the UPR but modulates its activity. Virol J 
8:359. 

46. Zheng, Y. 2005. Hepatitis C virus non-structural protein NS4B can modulate an 
unfolded protein response. The journal of microbiology 43:529-36. 

  


