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Abstract 

 Efficient entry is a critical determinant of reovirus oncolysis. While a model 

for the entry of reovirus virions has been described, the method by which partially 

uncoated intermediate subviral particles (ISVPs) enter host cells remains 

unknown. Biochemical studies have suggested that ISVPs can directly penetrate 

the plasma membrane since these particles can cause membrane damage and 

hemolysis at high multiplicities of infection. We used a combination of techniques 

to show that these particles can use endocytosis to enter and productively infect 

host cells. We found that uptake of reovirus virions and ISVPs was inhibited in 

cells treated with a small molecule inhibitor of dynasore. Analysis of reovirus 

replication in cells treated with genistein and in cells expressing dominant-

negative caveolin-1 revealed that ISVPs use dynamin-dependent caveolar 

endocytosis to enter host cells. These studies also showed that reovirus virions 

were able to take advantage of caveolar endocytosis to infect cells. Because 

many viruses have recently been found to enter cells through dynamin-

dependent and –independent endocytic pathways, we also assessed the role of 

cholesterol in reovirus infection. The growth of reovirus virions, but not ISVPs, 

was inhibited in cells treated with methyl-β-cyclodextrin, which extracts 

membrane cholesterol. We also wanted to learn whether reovirus entry had cell 

type-specific differences. Analysis of reovirus infection in a rat embryo fibroblast 

(CREF) and Ras-transformed CREF cell line suggested that reovirus particles 

lose the ability to use clathrin-mediated endocytosis in CREF cells following Ras 
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transformation. Reovirus can also infect cells that lack caveolae. To assess 

whether reovirus used different endocytic pathways to infect cells devoid of 

caveolae, we analyzed reovirus entry and infection in polarized Caco-2 cells. 

While reovirus infection of these cells was dynamin-independent, particle 

internalization occurred through both dynamin-dependent and –independent 

pathways. Visualization of particle uptake showed that particles internalized 

through dynamin-dependent endocytosis were transcytosed to the basolateral 

surface. These findings have demonstrated that reovirus can use a diverse set of 

endocytic pathways to enter and infect cells. The data presented in this thesis 

show that reovirus entry is a complex process that can vary in different cell types. 

In addition, it has revealed that particles internalized into various endocytic 

pathways are trafficked to different destinations in polarized epithelial cells.  
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CHAPTER 1 

Background and Literature Review 

 

I. Introduction to viral entry and endocytosis 

 

 Viruses are obligate, intracellular microbes that carry only a fraction of the 

genes and proteins needed for replication. Viruses require a complex set of 

interactions with cellular proteins to successfully enter the host cell, replicate, and 

release progeny virions. A critical step in infection is gaining access to the 

cytoplasm, where viral components can take advantage of host cell replication 

machinery. While the cellular membrane presents a barrier to viral entry, viruses 

have evolved to take advantage of cellular endocytic and sorting machinery to 

access the cell interior. Although viral particles vary significantly in their structure, 

nearly all have been found to activate and undergo receptor-mediated 

endocytosis, including enveloped viruses that could fuse at the cellular 

membrane. Several endocytic pathways have been described and each of these 

pathways can be exploited for the internalization of viral particles (Figure 1.1) 

(97). These pathways can be grouped based on their dependence on the 

GTPase dynamin, which regulates scission of endocytic vesicles from the plasma 

membrane (92). Two well-described, dynamin-dependent pathways exist: 

clathrin-mediated and caveolar endocytosis (92). In addition, several dynamin-
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Figure 1.1. Cellular endocytic pathways. This diagram illustrates many of the 

known endocytic pathways that can be used for viral entry. Vesicles and common 

sorting pathways are also indicated. 

  



Figure 1.1 
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independent pathways, which are less well understood, can also be used for viral 

internalization and infection (86, 128, 149). 

 

Clathrin-mediated endocytosis 

 Clathrin-mediated endocytosis (Figure 1.1A), is used for the uptake of 

intracellular microbes, bacterial toxins, and cellular metabolites (91). Clathrin-

mediated endocytosis is characterized by the formation of a clathrin lattice that 

leads to an invagination of the plasma membrane (91). Interactions between 

clathrin and adaptor proteins, specifically AP-2, continue to deform the 

membrane until dynamin-mediated scission frees the vesicle from the surface 

(18).  From the time of receptor activation, vesicles can be freed to the cytoplasm 

within one minute, making this one of the most active endocytic pathways within 

the cell (123). After scission, the GTPase Rab5 facilitates trafficking and fusion of 

clathrin-coated vesicles with the early endosome, a process that takes 

approximately five minutes and leads to acidification of the vesicle (132, 134). 

Cargo is sorted to the late endosome and lysosome within ten to fifteen minutes 

by a process that is mediated by the Rab7 GTPase (132, 134). Cargo can also 

be trafficked to other intracellular locations by clathrin-dependent endocytosis, 

including the trans-Golgi network through Rab9-positive vesicles, or the cell 

surface through Rab11-positive recycling endosomes (132, 134).   
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Caveolar endocytosis 

A second dynamin-dependent pathway, caveolar endocytosis (Figure 

1.1B), was discovered by Palade and Yamada in the 1950s (74, 163). Caveolae 

were first found to play a role in transcytosis in endothelial cells; however, they 

were later shown to have a more complex function in signal transduction and 

viral entry (109, 111). While the scission of caveolar vesicles from the plasma 

membrane requires dynamin, these vesicles lack the underlying scaffolding that 

can be seen as an electron-dense layer in high-resolution images of clathrin-

coated pits (111). Following vesicle scission, caveolae can fuse to form a pH-

neutral caveosome, from which cargo are trafficked to multiple intracellular 

locations (93, 109, 134). For example, SV40 is trafficked to the endoplasmic 

reticulum after internalization (93), and Brucella can be trafficked to a vesicle 

derived from ER components for replication and long-term survival within the 

host cell (93). Unlike vesicles internalized by clathrin-mediated endocytosis, 

many of these compartments remain pH-neutral, which allows pathogens to 

avoid degradation within the lysosome. However, some cargo can also be 

trafficked from caveolae to the endo/lysosomal pathway, which becomes 

acidified as the vesicles mature (86, 115). Interaction between endocytic 

pathways is common, as evidenced by the fact that cargo internalized by 

different pathways can end in the same intracellular compartment (86, 134).  
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Dynamin-independent endocytic pathways 

More recently, many dynamin-independent pathways have also been 

identified. While the molecular details of these pathways are not as well 

understood, research has shown that they are important for the entry of many 

intracellular pathogens (86, 128). One such pathway is lipid raft-dependent 

endocytosis (86). This pathway results in trafficking to a pH-neutral caveosome 

(Figure 1.1C) and is used by adenovirus and coxsackievirus for cell entry (68, 

86). A second dynamin-independent pathway that requires cholesterol and 

delivers cargo to pH-neutral vesicles is macropinocytosis (Figure 1.1D) (97, 134). 

It is not known if macropinocytosis requires the activation of receptors on the cell 

surface or if internalization of cargo occurs randomly after attachment to the cell 

surface, but inhibition of macropinocytosis can inhibit infection by influenza and 

adenovirus (5, 32). Finally, a clathrin- and dynamin-independent mechanism that 

delivers cargo to acidic compartments along the endo/lysosomal pathway has 

been described (Figure 1.1E) (86, 123, 134). This mechanism plays a role in the 

entry of influenza virus, which requires an acidic environment for successful 

fusion with the host cell membrane (86, 123). While the details of these pathways 

are still emerging, the study of viral entry has been vital for understanding the 

often subtle differences that define and regulate endocytic processes within the 

cell.  
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II. Viral penetration of the limiting membrane 

 

 Recent studies have shown that viruses can take advantage of many 

mechanisms to bypass the limiting membrane, which can be the plasma 

membrane at the cell surface, an endosomal or lysosomal membrane, the 

endoplasmic reticulum, or membrane components of the Golgi apparatus (52, 

134). For example, influenza virus was first shown to enter cells through clathrin-

mediated endocytosis, one of the most studied endocytic pathways (89). Once 

inside the endosomal pathway, acidification activates the viral fusion protein 

hemagglutinin (HA) and results in delivery of the nucleocapsid to the cytoplasm 

(55). However, later work based on single particle tracking showed that only 60% 

of influenza viral particles underwent clathrin-mediated endocytosis, while the 

remaining 40% took advantage of clathrin-independent pathways that deliver 

cargo to the endo/lysosomal pathway (123). This result not only showed that 

viruses can take advantage of multiple endocytic pathways for entry, but that 

multiple pathways can be responsible for entry within a single cell. 

 

Entry of enveloped viruses 

 Enveloped viruses fuse with limiting membranes at various locations 

within the cell. While some enveloped viruses, such as HIV, were initially thought 

to fuse only at the cell surface, more recent studies have shown that these 

particles also take advantage of endocytosis to enter host cells (55, 113). Uptake 
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through these pathways can offer many benefits to viral infection. For example, 

viral particles within a vesicle can take advantage of cellular machinery for 

transport to distant sites of replication, avoid detection by the immune system, 

and take advantage of cellular cues, such as decreased pH and changes in 

calcium concentration, for initiating post-internalization steps of viral entry (86). 

 

Entry of nonenveloped viruses 

 Nonenveloped viruses cannot breach cellular membranes by fusion. 

Instead, these viruses must either disrupt the integrity of cell membranes or form 

pores within membranes to gain cytoplasmic access (86, 150). This is typically 

achieved through one or more hydrophobic viral proteins that are exposed as the 

viral capsid is uncoated. Since large-scale disruption of cellular membranes 

would lead to cell death, penetration of the membrane is typically a regulated 

process and occurs after the virus is exposed to specific intracellular triggers (69, 

150). For example, SV40 bypasses the ER membrane only after interacting with 

chaperone proteins within the ER lumen (103, 112), and adenovirus requires 

endosomal acidification to gain access to the cytosol (95). While details of 

nonenveloped viral entry are emerging, relatively little is known about the 

molecular signatures that enable viruses to traffic through specific intracellular 

compartments. 

 For my dissertation research, I investigated the mechanisms used by 

reovirus, a nonenveloped virus, to enter and infect host cells. This was 
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accomplished by using multiple approaches to inhibit endocytosis, including 

treatment with chemical inhibitors and the expression of dominant negative 

proteins. With these methods, I was able to identify a number of endocytic 

pathways that can be used by reovirus virions and uncoated viral particles to 

enter cells. During this process, I characterized the mechanisms used to 

productively infect several different cell types, including transformed and 

polarized cells. I also identified the endocytic pathway used to transport reovirus 

across polarized epithelial cells. 

 

III. Reovirus biology 

 

 Reovirus is a nonenveloped, double-stranded (ds) RNA virus in the family 

Reoviridae. First isolated in 1951, reovirus has been recovered from both 

symptomatic and asymptomatic patients (125, 129). Because infection in humans 

is typically limited and is not associated with serious disease, these viruses were 

named respiratory enteric orphan (reo) viruses (125, 129). However, reovirus can 

cause severe neurologic infection in neonatal mice and acute respiratory disease 

has been reported in humans (129, 166). Reovirus consists of 10 dsRNA 

segments within two concentric protein shells. The genome is classified by size 

into three large (L1, L2, L3), three medium (M1, M2, M3), and four small (S1, S2, 

S3, S4) segments, which code for eight structural and four nonstructural viral 

proteins. While viral proteins are also classified by size as large (λ), medium (μ), 
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or small (σ), the viral protein and gene names do not always correlate—for 

example, the reovirus σ3 protein is encoded by the S4 gene (129). Viral proteins 

relevant to this thesis work include the σ3 protein, the outermost capsid protein 

which is removed during particle uncoating, the σ1 protein, which functions as 

the viral attachment protein, λ2, an inner capsid protein, and the membrane 

penetration protein μ1 (41, 45, 129, 168). 

 Four distinct reovirus particle types have been identified during infection, 

termed virions, intermediate subviral particles (ISVPs), ISVP*s, and core particles 

(129, 139, 168). The reovirus virion is environmentally stable and contains all 

eight structural proteins. The outermost capsid protein, σ3, prevents early 

exposure of the underlying protein, μ1, which can disrupt membranes (25, 168). 

During infection, proteases remove the σ3 protein and lead to extension of the 

attachment protein, σ1, to form an ISVP (45). Additional processing removes the 

σ1 protein and releases the amino-terminal myristoylated μ1 fragment, μ1N to 

form a particle known as the ISVP* (168, 169). This particle is believed to 

mediate membrane penetration which leads to the release of transcriptionally-

active core particles into the cytoplasm (168, 169). 

 While reovirus is typically nonpathogenic in adults, it was found to 

preferentially replicate in and lyse transformed cells. This finding has led to 

ongoing studies of reovirus as an oncolytic therapy for several human cancers, 

including breast, colon, prostate, and lung cancer (58, 63, 104, 146, 147). Early 

studies linked reovirus oncolysis to Ras activation in transformed cells, as 
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otherwise nonpermissive cells transformed with the Ras oncogene could be 

infected with reovirus (29, 76, 133). While it was believed that Ras activation 

prevented the antiviral protein kinase R (PKR) response and promoted reovirus 

replication within cells, work from our lab and others demonstrated that reovirus 

can replicate in cells lacking constitutively active Ras (138). Additional work 

showed that reovirus could also productively infect NIH3T3 cells if viral particles 

were first uncoated to generate ISVPs in vitro (2). These findings led to a new 

hypothesis, that the oncolytic properties of reovirus are linked to efficient viral 

uncoating and entry (2). 

 

IV.  Reovirus attachment and entry 

 

 The molecular details of reovirus attachment and entry have been best 

studied in L929 murine fibroblasts. Based on relative affinities between cell 

surface receptors and viral attachment proteins, it has been proposed that 

reovirus infection begins when the cell attachment protein σ1 interacts with cell 

surface carbohydrates (Figure 1.2A) (9, 10). Carbohydrate binding occurs 

through the tail portion of the σ1 protein and these interactions vary depending 

on the viral strain (9, 27). The carbohydrate receptor for type 3 reovirus is sialic 

acid (9). While type 1 reovirus strains also contain a carbohydrate binding region 

in the σ1 tail, the receptor for this motif has not yet been identified (26, 59). 

Further, all strains have been found to bind to the proteinaceous receptor 
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Figure 1.2. Reovirus cell entry. This figure shows the pathways that may be 

used for entry by reovirus virions and ISVPs. A) Internalization of virions by 

clathrin-mediated endocytosis. Inset represents early steps of viral binding that 

lead to the activation of this pathway. B) Entry of reovirus ISVPs by two 

hypothesized pathways: endocytosis and direct membrane penetration. 

 



Figure 1.2 
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junctional adhesion molecule A (JAM-A) through sequences that lie within the 

distal head region of σ1 (10, 64). The σ1 protein is responsible for a number of 

viral properties, including tissue tropism, apoptosis, and pathogenesis (14, 152). 

 After attachment, reovirus virions interact with β1 integrins. This 

interaction leads to the internalization of virions through clathrin-mediated 

endocytosis (34, 81). Once inside the endosomal pathway, proteases form ISVPs 

by removing the outermost capsid protein σ3, which exposes the membrane 

penetration protein µ1 (143). Several proteases have been implicated in reovirus 

uncoating. In murine L929 cells, the acid-dependent cysteine proteases 

cathepsin L and B can both mediate reovirus uncoating to form ISVPs (38). 

During infection of the gastrointestinal tract, pancreatic serine proteases such as 

trypsin and chymotrypsin can uncoat viral particles extracellularly (11, 41). A 

variety of other acid-dependent and –independent proteases also mediate 

infection of respiratory and immune cells (15, 47, 49). The molecular triggers that 

cause the uncoated particle to form membrane pores are not yet known. 

However, a series of biochemical experiments have revealed that increased 

particle concentration, higher temperatures, and the presence of K+ and Cs+ lead 

to the loss of the outer capsid protein σ1 and release of the µ1 cleavage products 

in vitro (16, 17, 99, 169). Interestingly, the µ1 cleavage product, µ1N, is capable 

of forming size-selective pores in a model membrane. The modified ISVPs, which 

have lost σ1 and the µ1 cleavage fragments, have been referred to as ISVP*s 

(129). These particles are believed to be similar to infection intermediates that 
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mediate membrane penetration. Once the endo/lysosomal membrane has been 

perforated, reovirus particles are thought to gain access to the cytoplasm and 

undergo a final conversion to become transcriptionally-active core particles (129).  

 While the mechanism by which reovirus virions attach to and enter 

cultured cells has been well studied, less is known about how extracellularly 

uncoated particles enter cells. Infection of the intestinal and respiratory tracts 

results in the extracellular uncoating of reovirus particles (11, 41). As the tumor 

microenvironment is also enriched in proteases (137, 159), ISVPs are likely the 

particles that enter transformed cells when used as an oncolytic therapy. Studies 

from several laboratories have demonstrated that ISVPs and the μ1N protein 

cause membrane damage, chromium release, and hemolysis (71, 79). These 

particles can also infect host cells in the presence of bafilomycin A1, which 

inhibits endosomal acidification, and chlorpromazine, which blocks clathrin-

mediated endocytosis (47, 81). Together, these findings led to the hypothesis 

that ISVPs could gain cytoplasmic access directly from the plasma membrane 

(Figure 1.2B). However, EM analysis revealed that ISVPs could be found within 

endocytic vesicles (4, 143); leaving open the possibility that endocytic uptake 

might be important for reovirus infection.   
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V. Reovirus infection of intestinal epithelial cells 

 

 Reovirus infection of the gastrointestinal tract in vivo is significantly 

different from infection in non-polarized cell culture. During intestinal infection, 

reovirus virions are uncoated extracellularly by pancreatic serine proteases (11, 

41). While reovirus virions can attach to cells grown in culture, conversion to 

ISVPs and extension of the σ1 protein is required for efficient binding and 

infection of the intestinal epithelium in vivo (13, 162). Even in cultured cells, 

polarization affects the binding of reovirus virions (3, 11). This suggests that 

studies using nonpolarized cells in culture may not always reflect infection in 

vivo. 

 In a mouse model of reovirus infection, ISVPs attach to microfold (M) cells 

of the mucosa-associated lymphatic tissue (MALT) (162). Since the cellular 

receptor JAM-A is isolated to tight junctions and localized to the sub-apical 

membrane of polarized epithelial cells, uptake through adjacent M cells is 

required for the transport of viral particles to the basolateral membrane (59, 162). 

While type 3 reovirus strains are able to bind to the apical surface of polarized 

enterocytes of the murine intestinal mucosa, type 1 strains can only bind to M 

cells in this model (155). Since reovirus type 3 can bind to sialic acid while type 1 

strains cannot (9, 155), this suggests that σ1 interactions with sialic acid mediate 

attachment to polarized enterocytes. Later work showed that reovirus binding in 

the human intestinal tract may differ from the murine model described above. 
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Research by Ambler and Mackay demonstrated that reovirus type 1 could bind to 

polarized Caco-2 cells grown in culture (3). When polarized, these cells express 

a well-developed brush border and form tight junctions, resembling mature distal 

ileal cells (3). They also have many functional processes which resemble the 

human intestinal mucosa, such as receptor-mediated transcytosis of cobalamin 

and transport of low molecular weight compounds across the membrane (7, 36). 

Additional studies by Helander and colleagues found that reovirus type 1 could 

adhere to Caco-2 cells through α2,3-linked sialic acid (59). However, it was 

unknown whether reovirus could productively infect polarized human enterocytes 

or use them as a pathway for penetration of the intestinal mucosa following 

attachment at the apical surface. 

 

VI.  Goals 

 

 An ongoing area of research in the Schiff laboratory is to learn how 

reovirus enters host cells and bypasses the limiting membrane to initiate 

infection. Prior to the work described within this thesis, it was understood that 

virions entered cells through clathrin-mediated endocytosis (34, 81), and 

uncoated reovirus particles (ISVPs) were hypothesized to directly penetrate the 

plasma membrane at the cell surface (129). The main focus of this thesis was to 

determine if other endocytic pathways play a role in the entry of reovirus virions 

and whether ISVPs also take advantage of endocytosis to establish productive 
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infection. Since entry is critical for reovirus oncolysis (2), we also assessed 

whether reovirus uses different mechanisms to enter transformed and polarized 

cell lines. Our studies have revealed that ISVPs use endocytosis to establish 

productive infection, and that reovirus virions use a diverse set of cellular 

mechanisms to enter host cells. Finally, we showed that reovirus can enter and 

infect polarized human enterocytes from the apical surface and that reovirus may 

use these cells as a pathway for penetration of the intestinal mucosa. These 

findings have implications for ongoing clinical trials, as reovirus may be a less 

effective therapy in transformed cells that downregulate these endocytic 

pathways.  
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CHAPTER 2 

Materials and Methods 

 

Mammalian cells. Murine L929 fibroblasts were maintained as 

suspension cultures in SMEM supplemented to contain 5% heat-inactivated fetal 

calf serum (FCS) (Sigma-Aldrich, St. Louis, MO), 2 mM glutamine, 50 units/ml 

penicillin G, and 50 µg/ml streptomycin sulfate. Suspension cultures were grown 

in flasks kept in a non-humidified and non-CO2 enriched 37°C incubator. Human 

A549 respiratory epithelial cells, 293 human embryonic kidney (HEK-293) cells 

and HEK-293T cells were maintained as monolayer cultures in RPMI 

supplemented to contain 10% heat-inactivated FCS, 2 mM glutamine, 50 units/ml 

penicillin G, and 50 µg/ml streptomycin sulfate. Caco-2 intestinal epithelial cells 

and Calu-3 respiratory epithelial cells were maintained as monolayer cultures in 

DMEM supplemented to contain 15% heat-inactivated FCS, 2 mM glutamine, 50 

units/ml penicillin G, and 50 µg/ml streptomycin sulfate. 

 

Viruses. Reovirus strain Lang (T1L) is a prototypic laboratory strain. Viral 

stocks were generated as described below and titers were determined by plaque 

assay on L929 cells.  

 

Chemical inhibitors of endocytosis. Chlorpromazine (CPZ, Sigma-

Aldrich, St. Louis, MO) was diluted in water at a stock concentration of 5 mg/mL 
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and used at a working concentration of 5 µg/mL to inhibit clathrin-mediated 

endocytosis. Dynasore (Dyn, Sigma-Aldrich, St. Louis, MO), a small molecule 

inhibitor of dynamin, was diluted to a stock concentration of 100 mM in dimethyl 

sulfoxide (DMSO), stored at -20°C, and was used at a working concentration of 

100 µM. Genistein (Gen, Sigma-Aldrich, St. Louis, MO), a receptor tyrosine 

kinase inhibitor used to inhibit caveolar endocytosis, was kept at a stock 

concentration of 200 mM in DMSO, used at a working concentration of 200 µM, 

and stored at -20°C. Methyl-β-cyclodextrin (MβCD, Sigma-Aldrich, St. Louis, 

MO), which was used to extract membrane cholesterol, was kept at a stock 

concentration of 250 mM in water and used at a working concentration of 5 mM. 

Stock solutions of CPZ and MβCD were stored at room temperature. 

 

Passage and generation of reovirus stocks. Reovirus stocks were 

prepared in L929 cells. Generally, 0.5 ml of passage 1 stock was used to infect 

L929 cells plated the previous day. Samples were incubated at 37oC for 1 h with 

gentle agitation every 15 min to allow particles to adsorb. Warm SMEM medium 

was then added and samples were incubated at 37oC until > 90% of the cells 

demonstrated cytopathic effect (CPE). The samples were subjected to three 

cycles of freeze-thawing and the lysates were placed into sterile dram vials and 

stored at 4oC. Second passage stocks were titered by standard plaque assay to 

quantify the number of plaque forming units (PFU)/ml. Passage 3 stocks were 

generated by infecting L929 cells with a sufficient quantity of passage 2 stock to 
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result in a multiplicity of infection (MOI) of 0.5 PFU/cell. Virus was adsorbed and 

collected as described above. Third passage stocks were titered by standard 

plaque assay and the genotype was confirmed by sodium dodecyl sulfate (SDS)-

polyacrylamide gel electrophoresis (PAGE) and silver staining of the double 

stranded (ds) RNA. 

 

Purification of reovirus virions. Purified virions were generated by 

pelleting 2 x 108 L929 cells by low speed centrifugation (145 g for 10 min). Cells 

were infected at a MOI of 2 PFU/cell in a final volume of 10 ml with third passage 

cell-lysate stocks. The samples were incubated in a 35oC H2O bath for 1.5 h with 

gentle swirling every 15 min to allow particles to adsorb. After adsorption, warm 

SMEM was added to bring the cells to a final concentration of 5 x 105 cells/ml. 

The infected cells were then incubated in a 35oC H2O bath with constant agitation 

until viability dropped to 70% – determined by 0.4% trypan blue exclusion. Cells 

were pelleted by low speed centrifugation and frozen overnight at -80oC. Pellets 

were resuspended in 7 ml HO buffer (250 mM NaCl, 10 mM Tris [pH 7.4]) and 

then transferred to a 30 ml Corex tube. Two 30 second sonication pulses at 30% 

power with a Sonifier cell disrupter were used to disrupt cells on ice, followed by 

the addition of 1/100th the volume of 10% deoxycholic acid. The mixture was 

incubated on ice for 30 min, with gentle swirling every 10 min. One half of the 

total volume of trichlorotrifluoroethane (Freon) was added to the sample and it 

was sonicated until emulsified. Another half volume of Freon was added and the 
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sonication step was repeated. The sample was centrifuged at 7,000 x g for 25 

min at 4oC. The aqueous phase, which contains the virions, was removed with a 

sterile plastic pipet and placed in a sterile corex tube. The Freon emulsification 

and centrifugation steps were repeated.  The second aqueous phase was 

layered onto a 1.25-1.45 g/cc CsCl gradient and centrifuged overnight at 88700 x 

g and 4oC using a SW41 rotor (Beckman, Fullerton, CA). After centrifugation, the 

centrifugation tube was punctured and the drops corresponding to the visible 

band of virions was collected in a sterile dram vial. Purified virions were dialyzed 

at 4oC for 2 days in 2 L of 1x virion dialysis buffer (VDB) (0.15 M NaCl, 10 mM 

MgCl2, 10 mM Tris at a pH of 7.5) in Spectra/Por molecularporous membrane 

tubing with a molecular weight cut off of 12,000-14,000 daltons (Spectrum 

Laboratories, Inc., Rancho Dominguez, CA). Purified virions were tittered by 

standard plaque assay and particle concentration was determined using a 

spectrophotometer on the assumption that 1 OD260 = 2.1 x 1012 particles/ml. 

 

Generation of intermediate subviral particles. Intermediate subviral 

particles (ISVPs) were prepared by diluting purified virions in 1x VDB to a 

concentration of 1 x 1013 particles/ml and treating with 200 µg/ml chymotrypsin 

(CHT). T1L virions were incubated in a 32oC H2O bath for 30 min. Tubes were 

removed from the H2O bath, placed on ice and phenylmethanesulfonyl fluoride 

(PMSF) was added to a final concentration of 1 mM. ISVPS were stored at 4oC. 

Titers were determined by standard reovirus plaque assay and particles were 
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analyzed by SDS-PAGE and coomassie blue staining (gel fix [1:3:6 glacial acetic 

acid:isopropanol:H2O] containing 0.5% coomassie blue) to ensure that ISVPs 

had been generated. 

 

Standard reovirus plaque assay. L929 cells were plated in 6-well plates 

at a concentration of 1 x 106 cells/well in 3 ml total volume of SMEM and 

incubated overnight at 37oC. The following day, medium was removed from the 

wells and cells were infected with 0.1 ml dilutions of virus in cold gel saline. 

Plates were rocked every 15 min for 1.5 h at room temperature or 1 h at 37oC, 

after which a 3 ml overlay (1% agar, 1X199, 2.5% heat-inactivated fetal calf 

serum, 2 mM glutamine, 100 units/ml penicillin G sodium, 100 µg/ml streptomycin 

sulfate, 0.25 µg/ml amphotericin B) was added to each well. The overlay was 

allowed to solidify for approximately 15 min at room temperature and plates were 

returned to a 37oC incubator. Four days postinfection, 2 ml of overlay was added 

to each well as described above. Seven days postinfection, 2 ml of overlay was 

added to each well, except that 2.5% fetal calf serum was omitted from the 

overlay and neutral red was included at a final concentration of 0.05%. Plaques 

were counted the following day and viral titers determined. 

 

Chymotrypsin reovirus plaque assay. Chymotrypsin plaque assays 

were occasionally used to determine viral titer prior to an experiment. Day 1 of 

the CHT plaque assay is identical to the standard plaque assay described above. 
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After medium was removed from the wells on day 2, each well was rinsed with 2 

ml phosphate buffered saline (PBS) + 2 mM MgCl2 and cells were infected as 

described above. After adsorption, the inoculum was removed by aspiration and 

cells were overlaid with 3 ml of 1% agar, 1X199, 2 mM glutamine, 100 units/ml 

penicillin G sodium, 100 µg/ml streptomycin sulfate, 0.25 µg/ml amphotericin B 

and 10 µg/ml CHT. The plates were incubated at 37oC for 2 to 5 days until 

plaques were visible. At that time, 2 ml of overlay was added to each well, except 

that 2.5% fetal calf serum was omitted from the overlay and neutral red was 

included at a final concentration of 0.05%. Plaques were counted the same day 

and viral titers determined. 

 

Flow cytometric analysis of reovirus binding. L929 cells were 

incubated at a concentration of 2 x 106 cells/ml with vehicle (DMSO) or 100 µM 

dynasore in SMEM for 1 hour at 37°C. Reovirus particles were adsorbed at a 

concentration of 1 x 105 particles/cell at 4°C. Unbound viral particles were 

removed by centrifugation and the cells were fixed in 1.6% formaldehyde for 

thirty minutes then washed twice with PBS. Cells were stained with rabbit 

antiserum raised against reovirus T1L and diluted 1:5,000 (Dr. Barbara Sherry, 

North Carolina State University, Raleigh, NC) for 90 minutes, washed twice with 

PBS, and counterstained with allophycocyanin (APC)-conjugated anti-rabbit 

antibodies diluted 1:200 (Jackson ImmunoResearch, West Grove, PA) for 90 

minutes. Cells were washed and resuspended in 1 mL of PBS and viral binding 
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was assessed by flow cytometry using an LSR II flow cytometer (BD 

Biosciences, San Jose, CA). Data were analyzed with the FlowJo analysis 

software (Treestar, Ashland, OR). 

 

Visualization of reovirus uptake and infection. A549 cells were plated 

at a density of 7 x 104 cells/well in 8-well CultureSlides (BD Falcon, Bedford, 

MA). Twenty-four hours after plating, the cells were treated with vehicle or 

inhibitor for 1.5 hours then equilibrated at 4°C for 30 minutes. Reovirus virions or 

ISVPs were diluted in gel saline to a concentration of 1.0 x 105 particles/cell and 

allowed to adsorb at 4°C for 1 hour. Cells were washed with ice cold PBS to 

remove unbound particles and warm medium with or without inhibitor was added 

back and the cultures were allowed to incubate at 37°C. At 10 minutes 

postinfection (mpi), cells were fixed in ice cold 1.6% formaldehyde at 4°C for 30 

minutes then washed three times with PBS. Cells were then permeabilized with 

0.2% Triton X-100 at room temperature for 3 minutes and washed once with 

PBS. Texas Red-labeled phalloidin (Life Technologies, Grand Island, NY) in 

0.1% Triton X-100 was added for 20 minutes at room temperature to label actin. 

The cells were washed three times with PBS followed by staining with either anti-

T1L (1:5,000) or a combination of anti-T1L (1:5,000) and anti-T3D (1:5,000) 

antibody in 0.1% Triton X-100 for 90 minutes at 37°C, then washed three times 

with PBS. DyLight 488-labelled donkey anti-rabbit antibody diluted 1:200 

(Jackson ImmunoResearch, West Grove, PA) was added and allowed to 
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incubate for 90 minutes at 37°C. Slides were washed three times in PBS and 

coverslips mounted using VECTASHIELD® HardSet with DAPI (Vector 

Laboratories, Burlingame, CA). Cells were imaged with an Olympus FluoView 

1000 upright confocal microscope and images processed with the Olympus 

FV10-ASW software. 

 

 Visualization of pathway-specific ligand uptake. A549 cells were 

plated and treated with inhibitor as described above. Alexa Fluor® 488-labelled 

transferrin (10 µg/ml, Life Technologies, Grand Island, NY) or FITC-labeled 

cholera toxin subunit B (10 µg/ml, Sigma-Aldrich, St. Louis, MO) in gelatin saline 

were adsorbed to cells at 4°C. After 1 hour, cells were washed with PBS, warm 

medium with vehicle or inhibitor was added to the cells, and cultures were placed 

in a 37°C incubator. Cells were fixed 30 minutes later with 1.6% formaldehyde 

then washed three times with PBS. Coverslips were mounted using 

VECTASHIELD® HardSet with DAPI. Cells were imaged with an Olympus 

FluoView 1000 upright confocal microscope and images processed with the 

Olympus FV10-ASW software. 

 

Transfection of 293 cells with dominant negative expression 

plasmids. A plasmid expressing dominant negative caveolin-1 (DN-cav1) 

containing the Y14F mutation and an empty control vector (pEGFP-N1) were 

obtained from Dr. Mark McNiven (Mayo Institute, Rochester, MN). 293 cells were 
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plated in 6 well trays and transfected with pEGFP-N1 control vector or DN-cav1 

using Lipofectamine™ 2000 (Invitrogen) at a DNA (µg) to Lipofectamine™ 2000 

(µl) ratio of 1:2.5. Twenty four hours post-transfection, cells were infected with 

reovirus T1L at an MOI of 20. Infection was quantified by flow cytometry at 24 

hpi. 

 

 Flow cytometric analysis of reovirus infection. Monolayers were 

detached with Cellstripper (cellgro, Manassas, VA) at 24 hours postinfection (hpi) 

and cell suspensions were fixed with 1.6% formaldehyde. Fixed cells were 

washed twice with PBS, permeabilized with 0.2% Triton X-100 at room 

temperature for 3 minutes, then washed again with PBS. Cells were stained with 

rabbit antibody to the reovirus non-structural protein µNS diluted 1:2,500 (Dr. 

Max Nibert, Harvard, Boston, MA) for 90 minutes with constant agitation at 37°C 

followed by two washes with PBS. Cells were then counterstained with APC-

conjugated secondary antibody (diluted 1:200) for 90 minutes at 37°C. Cells were 

then washed and resuspended in 1 mL PBS. Reovirus-infected cells were 

quantified by flow cytometry on an LSR II flow cytometer and analyzed with the 

FlowJo analysis software. 

 

Immunoblot analysis of reovirus infection. Cells were harvested from 6 

well trays with manual disruption then collected by low speed centrifugation. 

Medium was discarded and cells resuspended in 150 µL of Tris lysis buffer (10 
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mM Tris pH 7.5, 2.5 mM MgCl2 100 mM NaCl, 0.5% Triton X-100) for 30 minutes 

at 4°C. Cell debris was removed by centrifugation and the supernatant sheared 

using a 1 mL syringe. Supernatant was diluted 1:1 in 2X sample buffer (0.6 M 

sucrose, 250 mM Tris pH 8, 2% SDS, 10% 2-mercaptoethanol) and samples 

were boiled for 4 minutes. Proteins were separated on a 10% SDS-

polyacrylamide gel then transferred to a nitrocellulose membrane. The 

membrane was washed in TBST then cut below the Kaleidoscope (Bio-Rad) 

band representing 79 kDa. The larger molecular weight proteins were probed 

with rabbit antibody for the reovirus non-structural protein µNS (diluted 1:12,500) 

for 1 hour at room temperature, while the smaller molecular weight proteins were 

probed for the β-actin housekeeping gene with a mouse anti-β-actin antibody 

(Abcam, Cambridge, MA). The membrane was washed three times in TBST and 

the larger molecular weight portion stained with horseradish peroxidase (HRP) 

conjugated anti-rabbit antibody diluted 1:7,500 (GE Healthcare, Waukesha, WI) 

and the smaller molecular weight portion stained with HRP conjugated anti-

mouse antibody diluted 1:5,000 (GE Healthcare, Waukesha, WI) at room 

temperature for 1 hour. The membranes were washed three times with TBST 

and secondary antibodies reacted with Amersham ECL Western Blotting 

Reagent (GE Healthcare, Waukesha, WI) for 1 minute at room temperature. 

Autoradiograph film was exposed to the membrane for 20 seconds and 3 

minutes and developed with a Konica Minolta SRX-101A developing system. 
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Assessment of cell viability. L929 cells were seeded in six well trays at 

a density of 2 x 106 cells/well. Four hours after plating, inhibitors were added at 

various concentrations and the cultures were incubated at 37°C for twenty-four 

hours. Cells were removed from the plates with Cellstripper, pelleted by 

centrifugation, and stained with the TACS Annexin V-FITC kit (Trevigen, 

Gaithersburg, MD) per the manufacturer’s protocol. Briefly, the samples were 

then washed with PBS and stained in 100 µL incubation reagent (1X binding 

buffer, 10% propidium iodide, 10% Annexin V-FITC) at room temperature for 15 

minutes. Single stain and unstained controls were generated using 1X binding 

buffer to replace propidium iodide or Annexin V-FITC. After staining, 400 µL of 

1X binding buffer was added and the samples placed on ice. Viability was 

assessed using an LSR II flow cytometer and data were analyzed with the 

FlowJo analysis software. 

 

Growth and polarization of cells on transwell plates. Caco-2 cells were 

plated at a density of 2 x 104 cells/well into 6.5 mM diameter, 0.4 μM pore, clear 

polyester transwell supports (Corning, Manassas, VA). Medium was changed 

every 3 days and resistance readings were taken at twenty-one days after plating 

to assure that cells were polarized by finding a transepithelial resistance greater 

than 650 Ω with a MilliCell-ERS (Millipore). 
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Analysis of horseradish peroxidase transcytosis. Transcytosis of 

horseradish peroxidase (HRP) was analyzed by adding 200 μL of HRP (25 

μg/mL, Life Technologies) to polarized Caco-2 cells that had been treated with 

100 μM dynasore for 1 hour at 37°C. Sterile PBS (500 μL) was placed into the 

basolateral chamber of the transwell culture and cells were incubated at 37°C for 

30 minutes. Transwells were removed from the tray and 100 μL of the basolateral 

medium was removed for analysis in triplicate. An HRP standard (0.025 ng) and 

experimental samples were serially diluted and 100 μL 3,3’, 5,5”-

tetramethylbenzidine (TMB) substrate (Cell Signaling Technology) was added to 

the apical surface. Reactions were incubated at room temperature for 5 minutes 

then terminated by the addition of 250 mM hydrochloric acid. The analyte level 

was then quantified by obtaining absorbance readings (450 nm) within 5 minutes 

of reaction termination. 

 

Generation of shRNA expressing plasmids. Escherichia coli containing 

shRNA plasmids were obtained from the University of Minnesota shRNA core 

facility. Bacteria were streaked on LB agar plates containing 0.05 mg/ml 

carbenicillin and incubated at 37°C for 18 hours. Single colonies were used to 

inoculate 150 mL LB agar cultures containing 0.05 mg/ml carbenicillin that were 

grown at 37°C for 18 hours. Plasmids were collected with a Plasmid MiniPrep kit 

(Qiagen) or PureYield Midiprep kit (Promega, Madison, WI). 
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Generation of shRNA lentiviral stocks. 293T cells were seeded in a 10 

cm plate at a density of 5.5 x 106 cells/plate and incubated at 37°C for 24 hours. 

DNA/Arrest-In complexes were formed by diluting 37.5 μg of DNA (9 μg transfer 

vector containing shRNA, 28.5 μg packaging mix, Fisher Scientific, Chicago, IL) 

into 1 ml of serum-free medium. Separately, 187.5 μL of Arrest-In (Fisher 

Scientific, Chicago, IL) was diluted to a total volume of 1 ml in serum-free 

medium. Diluted DNA and Arrest-In were combined and incubated for 20 minutes 

at room temperature. Three milliliters of serum-free medium was added to the 

reaction and then overlaid to 293T cultures for 4 hours at 37°C. The transfection 

mixture was then aspirated and replaced with 12 ml completed culture medium. 

Cells were returned to 37°C and incubated for 48 hours followed by collection of 

virus-containing supernatant into 1 ml aliquots which were stored at -80°C. Titers 

were determined as described below. 

 

Determination of lentivirus titers. 293T cells were seeded in a 24-well 

plate at a density of 2 x 105 cells/well. Twenty-four hours after plating, cells were 

infected with serial 5-fold dilutions of shRNA-expressing lentivirus at 37°C for five 

hours. Fresh medium was added and the cells were incubated for 48 hours at 

37°C. For constructs in the pGIPZ library, the number of GFP-expressing 

colonies was counted in each well to determine the initial titer. For constructs in 

the pLKO.1 library, 1 μg/ml puromycin was added and the cultures incubated 
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until all cells in the negative control were lysed. Viable colonies in each well were 

counted to determine the viral titer. 

 

Transduction of 293 cells with shRNA expressing lentivirus. 293 cells 

were seeded in 6 well trays at a density of 1 x 106 cells/well. Twenty-four hours 

after plating, cells were infected with lentivirus at an MOI of 3 and incubated at 

37°C for 1 hour. The inoculum was then removed and fresh medium added. 

Cultures were incubated at 37°C for 48 hours followed by the addition of medium 

containing 1 mg/ml puromycin for selection of shRNA-expressing colonies. 

 

Transduction of 293 cells with pooled shRNA expressing lentivirus. 

293 cells were seeded in 10 cm dishes at a density of 1 x 106 cells/well. Twenty-

four hours after plating, cells were infected with lentivirus at an MOI of 0.3 and 

incubated at 37°C for 1 hour. The inoculum was then removed and fresh medium 

added. Cultures were incubated at 37°C for 48 hours followed by the addition of 

medium containing 1 mg/ml puromycin. 

 

Statistical analysis. Mean values for triplicate samples are shown from 

representative growth experiments; error bars indicate the standard error of the 

mean. For ligand uptake and dominant negative caveolin-1 experiments, mean 

values for at least triplicate samples were compared using a paired (normalized) 
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or unpaired (non-normalized) Student’s t tests. P values < 0.05 were considered 

statistically significant.  
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CHAPTER 3 

Reovirus Uses Multiple Endocytic Pathways for Cell Entry 

 

I. Introduction 

  

To establish infection, viruses must bypass the limiting membrane either 

at the cell surface or through an intracellular compartment, such as the 

endosome. Enveloped viruses achieve this through membrane fusion, mediated 

by envelope glycoproteins (51). Viral membrane fusion can be triggered by 

receptor interactions at the plasma membrane or specific conditions within the 

endosome (55). For example, the fusogenic activity of some envelope 

glycoproteins, such as the dengue virus glycoprotein E and the influenza 

hemagglutinin (HA) protein, is triggered by acid-dependent conformational 

changes (55). Nonenveloped viruses are unable to take advantage of membrane 

fusion to enter cells and instead must disrupt or form pores in the limiting 

membrane. These processes may also be triggered by exposure to specific 

stimuli such as low vesicular pH, proteases, or receptor interactions (150).  

Reovirus is a nonenveloped, double-stranded RNA virus in the family 

Reoviridae that commonly infects humans but is rarely pathogenic in adults 

(145). The observation that reovirus replicates preferentially in transformed cells 

has led to its development as a human cancer therapy (2, 29). It is likely that a 

number of virus and host determinants contribute to reovirus’ oncolytic potential. 
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Early studies proposed a model in which mutations in Ras inhibit antiviral PKR 

signaling and activate other signal transduction pathways to promote viral protein 

synthesis and apoptosis in reovirus-infected transformed cells (142). More recent 

work from our laboratory and others revealed that efficient cell entry of reovirus 

particles into transformed cells is a major determinant of its oncolytic potential (2, 

84, 133).  

The molecular details of reovirus entry have been best characterized in 

L929 mouse fibroblasts. In this cell line, entry is initiated by interactions between 

virions and the cellular receptor junctional adhesion molecule-A (JAM-A), 

followed by the activation of β1 integrins and uptake of viral particles through 

clathrin-mediated endocytosis (8, 34, 75, 81). Within vesicles of the endocytic 

compartment, the outermost capsid protein, σ3, is removed by proteolysis and 

the membrane penetration protein µ1 is exposed, generating an intermediate 

subviral particle (ISVP) (15, 72, 144). During intestinal infection in vivo, secreted 

pancreatic serine proteases in the intestinal tract remove σ3 extracellularly to 

form ISVPs (11, 13). ISVPs may also be formed extracellularly during oncolytic 

therapy, as tumor microenvironments are often characterized by a high 

concentration of secreted proteases (88, 137, 164).  

Virions and ISVPs have distinct protein compositions and structures that 

may impact the mechanism used to enter host cells. Although clathrin-mediated 

endocytosis plays a role during infection by virions, studies have shown that this 

pathway is dispensable for infection by ISVPs (81). In addition, µ1, which is 
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exposed on ISVPs, can cause membrane damage and chromium release when 

cells are infected at high multiplicities of infection (MOIs) (79, 169). This has led 

to the suggestion that ISVPs may enter cells by direct membrane penetration. 

However, ISVPs have been detected within endocytic vesicles of infected cells 

(4, 144), leaving open the possibility that ISVPs require endocytosis to establish 

productive infection. In addition, many viruses are now known to take advantage 

of multiple endocytic pathways to enter cells (30, 86, 110). While it has been 

established that reovirus virions use clathrin-mediated endocytosis for cell entry 

(81), the importance of other pathways, such as caveolar and lipid raft-mediated 

endocytosis, is currently unknown (23, 35, 44, 94, 121). This led us to investigate 

the role of clathrin-independent endocytosis during infection by reovirus virions 

and ISVPs. 

We found that two different chemical agents which disrupt caveolar 

endocytosis inhibited particle uptake and replication of both virions and ISVPs. 

Experiments using dominant negative caveolin-1 confirmed the role of caveolar 

endocytosis in infection by virions and ISVPs, and delayed-addition experiments 

revealed that inhibition of this pathway impacted an early step of the viral life 

cycle. We also discovered that infection by virions was inhibited when cells were 

depleted of membrane cholesterol, but this effect was not observed when 

infections were initiated with ISVPs. These results provide some of the first 

evidence that reovirus ISVPs use endocytosis to productively infect host cells 
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and that virions take advantage of multiple endocytic pathways to initiate 

infection.  

 

II. Results 

 

Reovirus ISVPs are internalized by dynamin-dependent endocytosis. 

While it is well established that reovirus virions take advantage of clathrin-

mediated endocytosis to enter cells, ISVPs do not appear to use this pathway 

(81). Clathrin-independent endocytic pathways have been described, including 

caveolar endocytosis and macropinocytosis, and these are now known to play a 

role in the entry of some viruses (86, 134). To investigate the possibility that 

reovirus ISVPs enter cells through clathrin-independent endocytosis, we first 

examined the role of dynamin during internalization of reovirus virions and 

ISVPs. Dynamin, which is involved in the scission of clathrin-coated vesicles and 

caveolae from the plasma membrane, can be inhibited with the small-molecule 

inhibitor dynasore (42, 80, 148, 165). We used confocal microscopy to visualize 

reovirus particle uptake in A549 respiratory epithelial cells that had been 

pretreated with either vehicle (DMSO) or 100 µM dynasore and then 

synchronously infected with either T1L virions or ISVPs. A549 cells were 

selected because it is permissive to infection by both virions and ISVPs (48) and 

it has properties in adherent cell culture that made it easy to visualize particle 

uptake. Whereas vehicle-treated cells showed significant uptake of virions and 
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ISVPs into the cytoplasm at 10 mpi, we found that particles were concentrated at 

the periphery of dynasore-treated cells (Figure 3.1). The effect of dynasore on 

virion uptake is consistent with the role of dynamin in clathrin-mediated 

endocytosis, but the effect on ISVP internalization suggested that these uncoated 

particles also use a dynamin-dependent endocytic pathway to gain access to the 

cytoplasm.  

 

Dynasore inhibits infection by ISVPs. The imaging experiments 

described above suggest that dynamin is required for the entry of ISVPs. 

However this approach does not distinguish between infectious and non-

infectious particles. To determine if dynamin is important for productive infection, 

we assessed the growth of ISVPs in the presence of dynasore. L929 cells treated 

with either vehicle (DMSO) or dynasore were infected with virions or ISVPs at an 

MOI of 3. Infections were terminated at various times and viral yields were 

quantified by plaque assay on L929 cells. We found that dynasore treatment 

inhibited the growth of both virions (Figure 3.2A) and ISVPs (Figure 3.2B). 

Similar results were obtained in human A549 respiratory epithelial cells (Figure 

3.2C) and human embryonic kidney (HEK) 293 cells (Figure 3.2D). These data 

suggest that ISVPs take advantage of a dynamin-dependent endocytic pathway 

to infect L929 mouse fibroblasts and transformed human cell lines. 

The results of our imaging experiments suggest that dynasore inhibits replication 

by inhibiting viral uptake; however, they do not rule out another effect on later 
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Figure 3.1. Virions and ISVPs are internalized by dynamin-mediated 

endocytosis. Reovirus virions and ISVPs undergo dynamin-mediated 

endocytosis. Reovirus T1L virions or ISVPs were adsorbed at a concentration of 

1 x 105 particles/cell to adherent A549 cells that had been pre-treated with 

vehicle (DMSO) or dynasore. The monolayers were fixed at 10 minutes post-

infection and labeled with anti-reovirus T1L antiserum (green), phalloidin (red), 

and DAPI (blue). Scale bars represent 20 µM. 
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Figure 3.2. Reovirus infection is dynamin-dependent. A-B) L929 cells were 

pre-treated with vehicle (DMSO) or dynasore and infected with reovirus T1L 

virions (A) or ISVPs (B) at an MOI of 3. After adsorption, fresh medium with 

vehicle or inhibitor was added to the cultures and samples were collected at the 

indicated times post-infection. Viral yields were quantified by plaque assay on 

L929 cells. A549 (C) and 293 cells (D) were pre-treated with DMSO or dynasore 

and infected at an MOI of 3. Samples were harvested at 24 hpi and viral yields 

were quantified by plaque assay on L929 cells. 
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steps in the replication cycle. To address this possibility, we performed a 

delayed-addition experiment in which dynasore was added at various times prior 

to or after adsorption. Cells were harvested at 24 hpi and infection was analyzed 

by immunoblotting for the reovirus non-structural protein µNS. In cultures 

pretreated with dynasore, infection was inhibited by 90% (Figure 3.3). In contrast, 

addition of dynasore after adsorption had a minimal effect on viral replication. 

This finding supports the conclusion drawn from our imaging studies—that 

dynasore inhibits reovirus replication at an early step of the viral life cycle. 

Agents that disrupt vesicular transport can alter receptor recycling to the 

cell surface (37). To determine if the inhibitory effect of dynasore on reovirus 

infection was due to effects on virion attachment, we directly assessed the 

consequences of treatment on reovirus binding to L929 cells. Cells were 

pretreated with DMSO or dynasore, and virions were adsorbed for one hour. The 

samples were then fixed, stained for reovirus, and binding was analyzed by flow 

cytometry. We found that vehicle- and dynasore-treated cells had similar 

fluorescence profiles after reovirus adsorption (Figure 3.4), demonstrating that 

dynasore treatment does not result in reduced viral binding at the cell surface. 

Our results suggested that, like virions, ISVPs enter cells through a dynamin-

dependent pathway. To confirm that our working concentration of dynasore 

inhibited both of the known dynamin-dependent pathways, we used the pathway-

specific ligands transferrin and cholera toxin subunit B (CTB), which are taken up 

by clathrin-mediated and caveolar endocytosis, respectively (61, 118). Following 
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Figure 3.3. Dynamin inhibits reovirus infection early in the viral lifecycle. 

Dynasore was added to L929 cells at the indicated times prior to or after 

adsorption with reovirus virions. Infected cell lysates were analyzed at 24 hpi for 

µNS expression by immunoblotting. Band intensities of µNS and β-actin were 

quantified to determine the relative µNS expression level of each sample. The 

top panel is a representative immunoblot and the bottom panel is a quantification 

of band intensities. Values in the graph represent the relative µNS expression 

level compared to vehicle-treated cells from a representative experiment. 
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Figure 3.4. Dynamin inhibition does not decrease reovirus binding. L929 

cells in suspension culture were pre-treated with vehicle (DMSO) or dynasore 

and adsorbed with reovirus virions at a concentration of 1 x 105 particles/cell 

(white peaks) or an equivalent volume of gel saline (gray peaks). After 

adsorption, cells were fixed and stained with an anti-reovirus T1L antibody. 

Reovirus binding was quantified by flow cytometry. 
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dynasore treatment, A549 cells were incubated with pre-labeled ligands, fixed at 

10 mpi, and the transferrin- and CTB-positive cells were quantified by 

immunofluorescence. We found that the number of transferrin and CTB-positive 

cells was significantly reduced in treated samples (Figure 3.5A), demonstrating 

that dynasore effectively inhibits both clathrin-mediated and caveolar 

endocytosis. To confirm that dynasore did not affect reovirus growth as a 

consequence of cytotoxicity, we determined viral yields in cells that were treated 

with increasing concentrations of the inhibitor. This analysis revealed that 

dynasore inhibition of reovirus infection was dose-dependent, with a maximum 

effect that plateaued at a concentration of 100 µM, our working concentration for 

particle uptake and growth experiments (Figure 3.5B). Annexin V and propidium 

iodide staining revealed that dynasore had only minimal effects on cell viability, 

with cells remaining over 80% viable at all concentrations tested (Figure 3.5B). 

Together, these results argue that the effect of dynasore on reovirus replication is 

a consequence of the inhibition of dynamin-dependent pathways rather than a 

non-specific, cytotoxic effect of the inhibitor. 

 

Virions and ISVPs can utilize caveolar endocytosis for cell entry. 

While ISVPs had reduced viral yields in dynasore-treated cells, they can infect 

cells treated with chlorpromazine, which inhibits clathrin-mediated endocytosis 

(81). These results led us to predict that ISVPs would enter cells through 

dynamin-dependent, caveolar endocytosis, which has recently been implicated in 
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Figure 3.5. Dynasore inhibits dynamin-dependent endocytosis without 

affecting cell viability. A) A549 cells were pre-treated as described above and 

then incubated with Alexa 488-transferrin or FITC-CTB. After 1 h at 4°C, warm 

medium was added to the cultures and the cells were fixed after 10 minutes. The 

percentage of transferrin- or CTB-positive cells was determined by counting three 

similarly confluent fields in three independent experiments. Between 450 and 750 

cells were counted in each experiment. Error bars represent standard error of the 

mean for the three independent experiments. B) L929 cells were treated with 

dynasore at the indicated concentrations and incubated for 24 hours at 37°C. 

Cells were stained with annexin V/PI and viability was assessed by flow 

cytometry. A parallel set of samples was pre-treated with dynasore, infected with 

T1L virions or ISVPs at an MOI of 3 and assayed for viral yield at 24 hpi. 
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the entry of avian reovirus (66). To investigate this possibility, we treated L929 

cells with 200 µM genistein to inhibit the caveolar pathway and assessed the 

effect on viral growth. Consistent with our hypothesis, replication of ISVPs was 

inhibited by genistein (Figure 3.6A). This agent also inhibited the growth of 

reovirus virions (Figure 3.6B), suggesting that these particles are capable of 

accessing multiple endocytic pathways. Genistein inhibited the replication of both 

virions and ISVPs in A549 and HEK-293 cells (Figure 3.6C), and 

immunofluorescence analysis revealed that it inhibited particle uptake in A549 

cells (W.S. Schulz and L.A. Schiff, unpublished observations). Consistent with 

published data (82), it inhibited infection by virions, but not ISVPs in HeLa cells 

(Figure 3.7).  

Genistein blocks caveolar endocytosis by inhibiting the Src kinase-

dependent phosphorylation of caveolin-1, preventing vesicle fusion (6, 107). 

However, this tyrosine kinase inhibitor can impact other intracellular signal 

transduction pathways, including those involved in cell cycle progression and 

apoptosis (70, 106, 117). We assessed the viability of genistein-treated L929 

cells to determine if cell death was a factor in reducing viral yields. We found that 

after 24 h of treatment, genistein did not significantly affect L929 cell viability at 

any of the concentrations tested, but did significantly reduce viral yield (Figure 

3.8A), arguing against an apoptotic mechanism. We also confirmed that genistein 

selectively inhibited caveolar endocytosis by analyzing transferrin and CTB 

uptake in A549 cells. Whereas genistein inhibited CTB internalization, which is 
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Figure 3.6. Reovirus virions and ISVPs use caveolar endocytosis in 

multiple cell lines. A-B) L929 cells were pre-treated with vehicle (DMSO) or 200 

µM genistein and infected with reovirus T1L ISVPs (A) or virions (B) at an MOI of 

3. Viral yields were determined at the indicated times post-infection by plaque 

assay on L929 cells. C) A549 and 293 cells were pre-treated and infected as 

described above and viral yields were determined at 24 hpi. 
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Figure 3.7. Genistein does not inhibit reovirus infection in HeLa cells. HeLa 

cells seeded in 8-well CultureSlides were pre-treated as described above and 

infected at an MOI of 15. At 24 hpi, cultures were fixed and stained with 

antiserum specific for reovirus T1L. Infection was analyzed by indirect 

immunofluorescence and the percentage of infected cells was determined from 

three equally confluent fields of view. 
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caveolin-dependent, it had no effect on the clathrin-dependent uptake of 

transferrin (Figure 3.8B). To determine whether genistein targets an early stage 

in infection, we performed a delayed-addition experiment. In infected cells that 

were pretreated with genistein, µNS expression was decreased by over 60% 

(Figure 3.9). However, when genistein was added at or after adsorption, this 

effect was greatly diminished. This result is consistent with findings in HeLa cells 

(82) and suggests that genistein inhibits reovirus infection at an early step of the 

viral life cycle, most likely cell entry. 

 

Caveolin-1 is important for infection by reovirus virions and ISVPs. 

Because genistein is a broad-spectrum receptor tyrosine kinase inhibitor, we 

used an independent approach to determine if reovirus particles enter cells 

through the caveolar pathway. Caveolin-1 is a scaffolding protein involved in 

caveolar morphogenesis (37). Expression of a dominant negative form of the 

protein with a Y14F mutation has been shown to inhibit caveolar endocytosis (6, 

50, 111). We transfected HEK-293 cells with either empty vector (pEGFP-N1) or 

vector expressing dominant negative caveolin-1 (DN-cav1). Twenty-four hours 

after transfection, the cultures were infected with either virions or ISVPs. At 24 

hpi, infected cultures were fixed and stained with an antiserum directed against 

the reovirus non-structural protein µNS, and reovirus-positive cells were 

quantified by flow cytometry. The percentage of GFP-positive (transfected) cells 

that were also µNS-positive (infected) was calculated for both DN-cav1 and 
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Figure 3.8. Genistein inhibits caveolar endocytosis without affecting cell 

viability. A) L929 cells were pre-treated with the indicated concentrations of 

genistein and viability was assessed by annexin V/PI staining at 24 hpi. A parallel 

set of samples was infected with T1L virions or ISVPs and assayed for viral yield 

at 24 hpi. B) A549 cells were pre-treated as described above and incubated with 

Alexa 488-transferrin or FITC-CTB. After 1 h at 4°C, warm medium was added to 

the cultures and the cells were fixed after 30 minutes. The percentage of 

transferrin- or CTB-positive cells was determined by counting three similarly 

confluent fields. Error bars represent the standard deviation for each sample. 
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Figure 3.9. Genistein inhibits reovirus infection early in the viral lifecycle. 

Genistein was added to L929 cells at the indicated times prior to or after 

adsorption with reovirus virions. Infected cell lysates were analyzed at 24 hpi for 

µNS expression by immunoblotting. The immunoblot (top panel) is from a 

representative experiment. Band intensities of µNS and β-actin were quantified to 

determine the relative µNS expression level of each sample. The values in the 

graph are derived from three independent experiments, and represent the 

relative µNS expression level compared to that in vehicle-treated cells (bottom 

panel). 
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pEGFP-N1-transfected samples in three independent experiments (Figure 3.10). 

This analysis revealed that expression of DN-cav1 significantly reduced infection 

by reovirus virions and ISVPs relative to the vector-only control. This level of 

inhibition was similar to that seen with dominant negative Rab proteins (83). 

Together, these results support a role for caveolin-1 and caveolar endocytosis 

during infection by both virions and ISVPs. 

 

Cholesterol is important for infection by reovirus virions. Recent work 

reveals that many viruses enter cells through specialized, detergent-resistant 

microdomains of the cell membrane, called lipid rafts (24, 44, 68, 94). To 

determine if lipid rafts play a role in reovirus infection, we used MβCD to extract 

membrane cholesterol, which is enriched in lipid rafts. Since MβCD can often be 

cytotoxic, we first assessed viability and viral growth in L929 cells treated with 

various concentrations of inhibitor. We found that MβCD was cytotoxic at 

concentrations above 5 mM (Figure 3.11A). While the growth of reovirus virions 

was inhibited at this concentration, the replication of ISVPs was unaffected 

(Figure 3.11A). To determine if the replication of ISVPs was inhibited at later 

times of infection in MβCD-treated cells, we performed a kinetic analysis. We 

found that the growth of ISVPs was similar in MβCD- and vehicle-treated cells at 

each time point tested, while the growth of virions was inhibited (Figure 3.11B, 

Figure 3.11C). We examined reovirus binding in the presence of MβCD to 

determine if cholesterol depletion had a differential effect on the capacity of 
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Figure 3.10. Caveolar endocytosis is important for reovirus infection. 

Caveolin-1 is important for infection by virions and ISVPs. 293 cells were 

transfected with empty vector or vector expressing dominant negative caveolin-1. 

Cells were infected with T1L virions or ISVPs 24 hours after transfection and then 

fixed and stained for µNS at 24hpi. The number of transfected cells that were 

also µNS-positive (infected) was determined by flow cytometry. The relative 

percentage of infected cell compared to empty vector (pEGFP-N1) transfected 

controls is displayed. Error bars represent the standard error of the mean for 

three independent experiments. 
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Figure 3.11. Cholesterol is important for infection by reovirus virions but 

not ISVPs. A) L929 cells were pre-treated with the indicated concentrations of 

MβCD and viability was assessed at 24 hpi. A parallel set of samples was 

infected with T1L virions or ISVPs at an MOI of 3 and assayed for viral yield at 24 

hpi. B-C) L929 cells were pre-treated with vehicle (water) or 5mM MβCD, and 

infected with reovirus T1L virions (B) or ISVPs (C) at an MOI of 3. Viral yields 

were determined at the indicated times post-infection by plaque assay on L929 

cells. 
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virions and ISVPs to interact with cells. Reovirus virions or ISVPs were adsorbed 

to L929 cells that had been pretreated with either vehicle (water) or MβCD, to 

deplete cholesterol. After adsorption, the samples were fixed and stained with 

anti-reovirus antiserum and binding was analyzed by flow cytometry. We found 

no difference in the capacity of virions or ISVPs to bind to MβCD-treated samples 

(Figure 3.12A). This finding argues that the growth defect seen after infection 

with virions is not due to decreased binding by these particles. 

Cholesterol can play a critical role in viral assembly as well as viral entry 

(57). To determine if MβCD impacts an early or late event in reovirus infection, 

we took advantage of the fact that its effect can be reversed by replenishing 

cholesterol after extraction (105). L929 cells were pretreated with vehicle or 

MβCD for 1.5 h prior to virus adsorption and cholesterol was added to selected 

samples, either at the time of adsorption or 30 minutes prior to adsorption. Viral 

protein expression was assessed at 24 hpi (Figure 3.12B). As expected, viral 

protein expression was significantly inhibited in MβCD-treated cells that did not 

receive additional cholesterol. When cholesterol was added to the cultures at the 

time of virus adsorption, we saw a similarly low level of viral gene expression, but 

the inhibitory effect of MβCD was diminished when cholesterol was added to the 

cultures 30 minutes prior to adsorption, consistent with an effect on early events 

of infection. Cholesterol depletion has been reported to affect multiple endocytic 

pathways (90, 120). To better understand the role of cholesterol in reovirus 

replication, we tested whether MβCD inhibited either of the classical dynamin-
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Figure 3.12. Cholesterol is important for an early, post-binding step of 

reovirus infection. A) L929 cells in suspension culture were pre-treated with 

vehicle (water) or MβCD and adsorbed with reovirus virions (gray lines) or ISVPs 

(black lines) at a concentration of 1 x 105 particles/cell or an equivalent volume of 

gel saline (shaded peaks). After adsorption, cells were fixed and stained with an 

anti-reovirus T1L antibody. Reovirus binding was quantified by flow cytometry. B) 

Cells were treated with MβCD for one hour and 0.1 mM water-soluble cholesterol 

was added prior to or at the time of adsorption. Infection was analyzed by 

immunoblotting for µNS at 24 hpi. The top panel shows band intensities relative 

to β-actin and the bottom panel is a representative immunoblot. 
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dependent pathways under our infection conditions. We found that MβCD 

treatment did not affect the uptake of either transferrin or CTB (Figure 3.13) in 

A549 cells, suggesting that it inhibits the replication of reovirus virions by 

affecting a cholesterol-dependent, dynamin-independent pathway.  

 We considered the possibility that cholesterol might be more important for 

infections by virions than ISVPs because it plays a direct role in the conversion of 

virions to ISVPs. To determine if cholesterol promotes ISVP formation, reovirus 

virions were incubated with cholesterol, chymotrypsin, or both at 32°C. At the 

indicated times, PMSF was added to inhibit chymotrypsin and particles were 

visualized by SDS-PAGE. We found that cholesterol had no impact on the 

formation of ISVPs in vitro, as proteolytic cleavage of the µ1c protein to the δ 

fragment was not altered in the presence of cholesterol, and cholesterol alone 

did not promote ISVP formation (Figure 3.14). Together these results are 

consistent with a model in which cholesterol is important for an early, post-

binding step in the reovirus life cycle. 

 

III. Discussion 

 

Early work on reovirus cell entry showed that virion uncoating by 

endosomal proteases is an essential step of the viral life cycle (144). This same 

study demonstrated the presence of both virions and ISVPs within endocytic 

vesicles at early times of infection. Although these particles appeared to be taken 
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Figure 3.13. MβCD inhibits reovirus infection independent of clathrin and 

caveolin. A549 cells were pre-treated with vehicle (water) or MβCD for 1 hour. 

Treated cells were incubated with pre-labeled transferrin or CTB. Warm medium 

was added to the cultures and after 15 minutes, cells were fixed and ligand 

uptake was visualized by confocal microscopy. Scale bars represent 50 µM. 
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Figure 3.14. Cholesterol does not promote ISVP formation in vitro. 5 x 1010 

reovirus virions were incubated with chymotrypsin, cholesterol, or both in virion 

dialysis buffer at 32°C. At the indicated times, digestions were terminated with 

PMSF and the particles were visualized by SDS-PAGE and Coomassie blue 

staining. 
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up by endocytosis with equivalent efficiency, it was not clear if endocytosis was a 

productive pathway for infection by ISVPs. Later studies showed that infection by 

reovirus virions, but not ISVPs, occurred by uptake through clathrin-mediated 

endocytosis (81) and that ISVPs could cause direct membrane damage (25, 79). 

These data suggested that ISVPs may be capable of entering the cytoplasm 

directly at the cell membrane. In this study, we used two independent chemical 

inhibitors of caveolar endocytosis as well as dominant-negative caveolin to show 

that inhibition of the dynamin-dependent caveolar pathway significantly reduces 

yields when infections are initiated with ISVPs. 

We found that genistein treatment, which inhibits caveolar endocytosis by 

preventing vesicle fusion (6, 107), inhibited infection by ISVPs in a number of 

different cell lines, including L929 mouse fibroblasts, A549 human lung epithelial 

cells and 293 human embryonic kidney cells. Dynasore, which inhibits the 

scission of caveolae, also inhibited ISVP infection in these cells. However, we 

and others (82) have found that ISVPs are not sensitive to genistein treatment in 

HeLa cells. Since HeLa cells express very low levels of caveolin (136), this result 

is not surprising. Reovirus can clearly infect cells that are devoid of caveolae, 

such as polarized intestinal epithelial cells (10, 102). Because virions are 

converted to ISVPs in the intestinal tract (11, 13), these data suggest that ISVPs 

enter intestinal tissue and cells with low levels of caveolar endocytosis through 

one or more alternative pathways such as direct membrane penetration or 
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dynamin-independent macropinocytosis, described recently as an entry pathway 

for Ebola virus (126).  

While we have not ruled out direct membrane penetration as an entry 

mechanism for ISVPs, we have demonstrated that caveolar endocytosis is a 

route for productive infection by these particles. The function of endocytosis 

during infection by virions is clear, as uncoating, an essential step in the reovirus 

life cycle, occurs within the endocytic compartment (144). However, endocytic 

transport may provide other advantages to reovirus particles during infection, 

including transport to specific intracellular locations and removal of particles from 

the cell surface to avoid activation of the immune system (60, 85, 86). Reovirus 

replication takes place within viral factories located in the perinuclear region of 

the infected cell (19, 100, 101). Transport of ISVPs to this region is likely 

important, whether the infection is initiated by uncoated particles or virions that 

become uncoated in the endocytic pathway. Recent work has shown that 

reovirus virions need to traffic to late endosomes and that some particles are 

eventually delivered to lysosomes (83). We detected particles in lysosomes when 

infections were initiated with either virions or ISVPs (Figure 3.15). This result is 

consistent with data showing that both clathrin-mediated and caveolar pathways 

can traffic cargo to lysosomes (51, 56, 108).  

Our work suggests that reovirus virions, like adenovirus (5, 156) and 

influenza virus (33, 121, 135), can enter cells by both dynamin-dependent and 

dynamin-independent endocytic pathways. Our experiments with pathway-
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Figure 3.15. Reovirus virions and ISVPs can traffic to the lysosome. Virions 

or ISVPs were allowed to adsorb to adherent A549 cells at a concentration of 1 x 

105 particles/cell for 1 hour at 4°C. Warm medium was added and cells were 

incubated at 37°C for 15 minutes. The infected monolayers were fixed and 

stained with an anti-T1L antiserum (green), an anti-LAMP1 antibody (red) and 

DAPI (blue), and cells were visualized by confocal microscopy. The boxed region 

is magnified in the inset. Arrows indicate colocalization between reovirus and 

LAMP1. 
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specific ligands argue that multiple dynamin-dependent endocytic pathways and 

a dynamin-independent pathway function to promote reovirus infection in L929 

and A549 cells. In these cell lines, one can demonstrate an effect on viral 

replication by inhibiting a single pathway; similar results have been reported in 

other viral systems (46, 78). We showed that MβCD, which extracts membrane 

cholesterol, inhibits the growth of reovirus virions. Because cholesterol has been 

implicated in caveolar endocytosis and agents such as MβCD can also affect 

clathrin-mediated endocytosis at high concentrations (120), we analyzed the 

uptake of transferrin and cholera toxin subunit B, which depend on the clathrin- 

and caveolar dynamin-dependent endocytic pathways, respectively. Uptake of 

these ligands was unaffected by MβCD, which demonstrates that both clathrin-

mediated and caveolar pathways are functional and that the requirement for 

cholesterol in virion entry is not due to effects on clathrin-mediated or caveolar 

endocytosis. We also found that MβCD treatment had no effect on the binding of 

reovirus virions or ISVPs to cells and that cholesterol did not promote ISVP 

formation in vitro. These results argue that differences in binding are not 

responsible for the growth defect seen after virion infection of MβCD-treated cells 

and that cholesterol is not required for the conversion of virions to ISVPs. 

Together, these findings suggest that reovirus virions can access a lipid-

dependent, dynamin-independent endocytic pathway to establish productive 

infection. Several such pathways have been described, including 
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macropinocytosis (96) and the clathrin-independent carrier/GPI-anchored-

protein-enriched endosomal compartment (CLIC/GEEC) pathway (73, 124).  

Our data demonstrate that reovirus virions and ISVPs use different 

endocytic pathways for entry. ISVPs enter cells through the caveolar pathway, 

whereas virions can access clathrin-dependent, caveolar- and dynamin-

independent/lipid raft-dependent pathways. These differences may be the 

consequence of differential exposure of protein motifs on the surface of the two 

particle types. It has been suggested that exposed Arg-Gly-Asp (RGD) and Lys-

Gly-Glu (KGE) motifs on the λ2 protein may enable reovirus to recognize β1 

integrins (34). Because they are found on a vertex-associated core protein, these 

motifs would be present on both virions and ISVPs and their presence cannot 

explain the differences we found in the entry of virions and ISVPs. Rotavirus, 

another member of the family Reoviridae, engages several integrins for 

attachment and internalization, including α2β1 and α4β1 (62). We analyzed 

reovirus capsid sequences for the presence of other potential integrin binding 

motifs. Our analysis revealed the presence of one such motif (IDSS) in the σ3 

protein, which matches the α4β1 binding consensus L/I-D/E-V/S/T-P/S (67, 122). 

Virion uncoating would lead to the removal of σ3 and the loss of this motif from 

incoming particles, explaining how virions might activate the clathrin-dependent 

pathway through integrin binding, while ISVPs would not. 

Reovirus is currently undergoing clinical trials as an oncolytic therapy (84, 

142, 146, 147, 157). Many recent trials have examined the efficacy of reovirus as 
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a combination therapy with radiation and chemotherapeutic agents (147). 

Understanding the cellular pathways used by virions and ISVPs for cell entry is 

critical to the rational design of combination therapies, because agents that affect 

critical entry pathways may reduce the efficiency of reovirus as an oncolytic 

agent. For example, the epidermal growth factor receptor (EGFR) is a target of 

several chemotherapeutics (114). Inhibition of this receptor reduces caveolin-1 

expression (1) and, interestingly, EGFR inhibition can also negatively impact 

reovirus replication in cell culture (141). Thus, chemotherapeutic agents that 

target the EGFR might inhibit reovirus entry and infection in patients undergoing 

combination therapy. As entry is a critical determinant of reovirus oncolysis (2), 

learning how virions and ISVPs gain access to the cytoplasm is important for the 

continued development of reovirus as a human cancer treatment.  
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CHAPTER 4 

Cellular Determinants of Reovirus Entry and Infection 

 

I. Introduction 

 

Many viruses, including poxvirus, adenovirus, measles, and reovirus, are 

being investigated as potential oncolytic therapies (12, 28, 147, 167). To be a 

safe and effective oncolytic therapy, a virus must preferentially kill tumor cells 

without affecting normal cells. In several oncolytic models, this is achieved by 

engineering viral particles that lack genes or proteins needed for replication in 

primary cells (167) or by integrating chemotherapeutic agents into the viral 

particle (159). While many viruses have been shown to be effective oncolytic 

therapies, the use of otherwise pathogenic viruses can cause significant safety 

concerns, especially in immunocompromised individuals (154). Reovirus is 

therefore an attractive oncolytic agent, as it has a natural preference for 

replication in transformed cells and does not cause significant human disease 

(133, 145, 147). 

Early studies linked reovirus infection efficiency and Ras activation (29, 

76, 133). However, many cell lines highly susceptible to reovirus infection 

express low levels of activated Ras (2). It was therefore hypothesized that other 

mechanisms may play a role in the selectivity of reovirus infection. Later 

evidence showed that reovirus uncoating and entry was a critical determinant of 



82 
 

infection (2). These studies demonstrated that uncoated reovirus particles could 

readily infect restrictive cell lines and led to the development of a new model for 

reovirus oncolysis, in which transformed cells with increased levels of protease 

expression lead to more efficient reovirus uncoating and infection (2). 

While entry is recognized to be a critical step of reovirus infection and a 

major determinant of oncolysis, many of the cellular proteins that regulate this 

process remain unknown. Host factors known to regulate reovirus infection have 

been identified through the use of various chemical inhibitors, knockout cell lines, 

and dominant negative proteins. However, the interactions between host and 

viral components are often complex and identifying proteins that impact viral 

replication with a single gene approach is difficult and time consuming. Several 

high-throughput methods, including yeast two-hybrid assays and RNA 

interference (RNAi) screens, have been developed to identify genes involved in 

virus-host protein interactions. In this chapter, we describe the use of an shRNA 

screen for high-throughput identification of cellular genes that are involved in lytic 

reovirus infection. With this method, we identified several host genes that may be 

involved in reovirus infection and confirmed the importance of one of them, 

RhoA. This chapter also describes experiments aimed at exploring the role of 

transformation and other cell type-specific differences in reovirus cell entry.  

 

II. Results 
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RNAi screening can identify host genes involved in reovirus 

infection. Since reovirus is being investigated as an oncolytic therapy, we 

sought to identify cellular determinants that confer susceptibility to reovirus 

infection. RNAi screening is one approach to identify host determinants that 

regulate infection, and it has been performed in several viral systems, including 

influenza and HIV (20, 116, 130). To identify cellular genes that promote reovirus 

infection, we used a lentiviral shRNA library to knock down cellular gene 

expression, and we then infected the transduced cells with reovirus. By 

sequencing the shRNA construct in surviving cells we hoped to identify genes 

that are normally required for lytic infection by reovirus. To perform this assay 

(Figure 4.1), 293 cells were infected at an MOI of 0.3 to ensure that each cell 

was transduced with a single shRNA construct that also expressed a puromycin 

resistance gene. Forty-eight hours after transduction, cultures were treated with 

puromycin and surviving cells were infected with reovirus. Individual colonies 

were cloned after ten days and total cellular DNA was harvested and sequenced 

to identify the shRNA construct that was expressed. 

Since this screen looks for transduced cells that survive lytic reovirus infection, 

we first determined the amount of reovirus needed to lyse 293 cells in culture. To 

assess reovirus-induced lysis, 293 cells were transduced with a non-silencing 

shRNA construct and cells expressing this construct were selected with 

puromycin. Cultures were infected with reovirus T1L virions at various MOIs and 

lysis was assessed at various days postinfection. We found that an MOI of 
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Figure 4.1. Strategy for shRNA screen to identify genes involved in lytic 

reovirus infection. This figure illustrates the approach to identify shRNA 

constructs that inhibit reovirus infection. Briefly, 293 cells grown to 30% 

confluency were infected with lentivirus at a low MOI (0.3) to ensure that each 

cell was not transduced with more than a single shRNA construct. After 

transduction, shRNA-expressing cells were selected with puromycin and infected 

with reovirus T1L virions at an MOI of 10. Surviving colonies were cloned and 

total DNA was harvested and sequenced to determine which shRNA construct 

was expressed. 
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greater than 5 could successfully lyse all cells in the culture, with the rate of lysis 

plateauing at an MOI of 10 (Table 4.1A). This result shows that reovirus can 

successfully lyse lentivirus-transduced cells for use in screening. 

We next wanted to use this screen to identify a set of host genes involved 

in reovirus infection. We transduced 293 cells with pooled lentiviral stock 

containing approximately 6,000 gene targets per pool. After puromycin selection, 

shRNA-expressing cells were infected with reovirus T1L virions at an MOI of 10. 

Colonies that survived infection were cloned and total DNA was harvested and 

sequenced to identify the shRNA that was expressed in the surviving 293 cells. 

In this preliminary screen, we screened approximately 2,400 different genes and 

identified six shRNA constructs that inhibited reovirus-induced lysis (Table 4.1B). 

Four of these genes are known to be involved in cellular transformation 

(MCF2L2, EP300, TOM1, CCND1) and one gene is involved in cell metabolism 

and antiviral drug resistance (DCK) based on their descriptions in the GeneCards 

database (127). The final gene identified in the screen, RhoA, is known to be 

important for endocytosis (39). Because cell entry is only one step of the viral life 

cycle, it is likely that this screen identifies a larger number of genes involved in 

other steps of viral replication. However, the identification of a gene involved in 

endocytosis in this preliminary assay suggests that shRNA-based screening can 

also identify host genes that promote reovirus entry. 

RhoA is important for infection by reovirus virions and ISVPs. 

Because of our interest in viral entry, we performed additional experiments to 
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Table 4.1. Reovirus T1L can lyse 293 cells in culture. 293 cells seeded in 10 

cm culture trays were infected with reovirus T1L virions at the indicated MOIs. 

Cultures were checked daily for the indication of cytopathic effects and medium 

was changed every three days. The table indicates the number of days post-

infection that no viable cells were noted. 

 

 

Table 4.2. shRNA constructs that inhibit reovirus infection. 293 cells were 

transduced with pooled shRNA-expressing lentivirus. Transduced cells were 

selected with puromycin and infected with reovirus T1L virions at an MOI of 10. 

Colonies that survived infection were cloned and total DNA was harvested and 

sequenced. shRNA constructs identified by sequencing along with their function 

as indicated by the GeneCards database are listed. 
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confirm the role of RhoA in reovirus infection. RhoA is a GTPase that interacts 

with Rac1 and Cdc42 to promote clathrin-independent endocytosis (39). Studies 

have shown that RhoA is important for infection by avian reovirus (66), but its 

role in mammalian reovirus infection is unknown. To assess the effect of RhoA 

on reovirus infection, 293 cells were transduced with one of several shRNA 

constructs directed against RhoA. After puromycin selection, transduced cells 

were infected with reovirus T1L virions at an MOI of 15 and infection was 

analyzed by immunoblotting for the reovirus non-structural protein µNS. At 24 hpi 

(96 hours post-transduction), we found that both RhoA expression and reovirus 

viral protein expression were reduced in hairpin-expressing cells relative to cells 

expressing a nonsilencing control plasmid (Figure 4.2). These data confirm that 

RhoA is important for reovirus infection and are consistent with findings 

described in Chapter 3, which reveal that that reovirus virions and ISVPs can use 

clathrin-independent endocytosis for infection. 

Reovirus uses different endocytic pathways to infect transformed 

cells. Since viral entry is an important determinant of reovirus oncolysis, we 

asked if specific endocytic pathways promote reovirus infection in transformed 

cell lines. To explore this question, we analyzed reovirus infection in rat embryo 

fibroblasts (CREF) and a paired cell line that expresses constitutively-activated 

Ras (Ras-CREF). Cells were treated with various inhibitors of endocytosis and 

infected with reovirus T1L virions. At 18 hpi, the cells were fixed and stained with 

antiserum specific for reovirus and infection was quantified by indirect 
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Figure 4.2. RhoA is important for reovirus infection. 293 cells were 

transduced with lentivirus containing shRNA constructs specific for human RhoA. 

Forty-eight hours after transduction, cells expressing shRNA constructs were 

selected with puromycin and forty-eight hours later were infected with reovirus 

T1L virions at an MOI of 15. Infected cell lysates were analyzed at 24 hpi for µNS 

and RhoA expression by immunoblotting. Band intensities of µNS, RhoA and β-

actin were quantified to determine the relative µNS expression level of each 

sample. The values in the graph represent the relative µNS or RhoA expression 

level compared to vehicle-treated cells. The shRNA 2 sample is the construct 

initially identified by the shRNA screen. 
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immunofluorescence. Our results revealed that chlorpromazine, which inhibits 

clathrin-mediated endocytosis, and genistein, which inhibits caveolar 

endocytosis, both decreased viral infectivity in the non-transformed cell line 

(Figure 4.3). As expected, dynasore, which inhibits both of these pathways, also 

reduced viral infection in the non-transformed CREF cells. We also analyzed the 

effect of MβCD, which inhibits lipid-dependent entry pathways, and found that 

this agent inhibited infection by reovirus virions in non-transformed CREF cells. 

These results parallel those in murine L929 cells. Interestingly, chlorpromazine 

had no effect on reovirus infection in transformed Ras-CREF cells and the effect 

of dynasore was reduced (Figure 4.3). Taken together, these data suggest that 

reovirus does not use clathrin-mediated endocytosis to infect transformed CREF 

cells, but can take advantage of caveolar and lipid raft-mediated endocytosis to 

infect these cells. 

Many transformed cells are known to express high levels of proteases, 

some of which can be secreted and lead to extracellular virion uncoating (137). 

Since ISVPs are not internalized by clathrin-mediated endocytosis, extracellular 

conversion of virions to ISVPs would result in a chlorpromazine-resistant 

phenotype. To determine if ISVPs are generated extracellularly in Ras-CREF 

cells, reovirus virions were adsorbed to CREF and Ras-CREF cells, the 

infections were incubated at 37°C for 10 minutes, and the cultures were then 

subjected to three freeze/thaw cycles to release virus. Total virus was used as 

inoculum in a single cycle growth experiment in L929 cells treated with the 
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Figure 4.3. Reovirus infects transformed and non-transformed rat embryo 

fibroblasts through different endocytic pathways. CREF and Ras-CREF cells 

seeded in 8-well CultureSlides were treated with dynasore, chlorpromazine, 

genistein, or MβCD for 1 h and then incubated at 4°C for 20 m. Reovirus T1L 

virions were adsorbed at an MOI of 20 and fresh medium with or without inhibitor 

was added back to the cultures. After 24 hours, cells were fixed and stained with 

an antiserum specific for the reovirus non-structural protein µNS and infected 

cells enumerated by indirect immunofluorescence. The graph represents the 

percentage of infected cells compared to an untreated control in three similarly 

confluent fields of view. 
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cysteine protease inhibitor E-64 which blocks uncoating and inhibits the growth of 

reovirus virions (Figure 4.4). If ISVPs were generated extracellularly in Ras-

CREF cells, we would expect these particles to replicate in E-64-treated L929 

cells. When we analyzed viral yields at 24 hpi, we found that the growth of 

reovirus particles adsorbed to CREF and Ras-CREF cells was equivalent in E-

64-treated and untreated cells (Figure 4.5). This demonstrates that ISVPs are not 

generated in the Ras-transformed CREF cells and supports our hypothesis that 

reovirus enters transformed and nontransformed cells through different endocytic 

pathways. 

Reovirus infection of transformed colorectal cells is dynamin-

independent. Reovirus is currently being investigated as a therapy for several 

human cancers, including those of the colon, breast, lung, and prostate (58, 63, 

104). While our work demonstrates that reovirus virions and ISVPs can both 

infect murine L929 cells through dynamin-dependent endocytosis, we wanted to 

investigate whether reovirus is internalized by dynamin-dependent pathways in a 

more clinically relevant human cell line. For these experiments, we chose Caco-

2, a polarizable cell line isolated from human colorectal cancer (43). To assess 

the importance of dynamin-dependent endocytosis, Caco-2 cells were grown on 

glass CultureSlides, treated with dynasore, and infected with reovirus T1L ISVPs 

at an MOI of 100. At 20 hpi, cells were fixed and stained with antiserum specific 

for reovirus T1L and infection was quantified by indirect immunofluorescence. 

We found that dynasore had no effect on reovirus infection in Caco-2 cells 
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Figure 4.4. Experimental approach used to determine if Ras-CREF cells 

generate ISVPs extracellularly. Reovirus T1L virions were adsorbed to CREF 

or Ras-CREF cells seeded in a 60mm dish for 1 hr at 4°C. The cultures were 

washed to remove unbound virus, warm medium was added back, and the 

cultures were incubated at 37°C for 10 min. Cultures were subjected to three 

freeze/thaw cycles, total virus was collected, and used as inoculum for a growth 

experiment in L929 cells pre-treated with E64. Viral yields were quantified by 

plaque assay in L929 cells. 
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Figure 4.5. Reovirus binding to Ras-CREF cells does not convert virions to 

E-64-resistant particles. L929 cells pre-treated with E-64 were infected with 

inoculum collected from CREF and Ras-CREF cells adsorbed with reovirus 

virions as described previously. At 24 hpi, total virus was collected and viral 

yields determined by plaque assay on L929 cells. 
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(Figure 4.6). This finding suggests that reovirus infection of cells derived from 

human colorectal adenocarcinoma is dynamin-independent.  

 

III. Discussion 

 

Unlike many other oncolytic viruses, reovirus is naturally oncolytic, requires 

no engineering to target tumor cells, and is otherwise nonpathogenic (147). 

Therefore, determining which host factors promote reovirus replication in 

transformed cells is important for maximizing the potential of reovirus therapy. 

For example, tumor tissue could be screened for the upregulation of genes that 

promote reovirus infection to select cancers that are most susceptible to reovirus 

infection. While single-gene approaches have traditionally been used to learn 

about virus-host interactions, these methods are unable to quickly identify a large 

number of target genes. Our pilot study suggests that shRNA-based screening 

can be used to identify host genes that are important for lytic infection by 

reovirus. While this method is not specific for any particular stage of the viral life 

cycle, we identified genes that encode proteins predicted to affect several steps 

of the viral life cycle, including entry and protein synthesis. Follow-up 

experiments were done to confirm that RhoA promotes reovirus infection. RhoA 

regulates signal transduction related to clathrin-independent endocytosis (39) 

and a recent report has shown that it is involved in the redistribution of the 

reovirus cellular receptor JAM-A from tight junctions (140). RhoA silencing 
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Figure 4.6. Dynasore does not inhibit reovirus infection of Caco-2 cells. 

Caco-2 cells seeded in 8-well CultureSlides were treated with vehicle (DMSO) or 

dynasore for 1 h and then incubated at 4°C for 20 m. Reovirus T1L virions were 

adsorbed at an MOI of 20 and fresh medium with or without inhibitor was added 

back to the cultures. After 24 hours, cells were fixed and stained with an 

antiserum specific for the reovirus non-structural protein µNS and infected cells 

enumerated by indirect immunofluorescence. The graph represents the number 

of infected cells compared to an untreated control in three similarly confluent 

fields of view. 
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inhibited infection by both virions and ISVPs. This result is consistent with our 

finding that both intact virions and ISVPS particles are internalized by clathrin-

independent endocytosis. In the future, our laboratory intends to use this shRNA 

screening approach to identify other genes involved in reovirus infection. 

We were interested in the effects of transformation on reovirus cell entry, 

and over the course of our studies, analyzed the importance of particular 

endocytic pathways in a variety of cell lines. In experiments described in Chapter 

3, we demonstrated that reovirus ISVPs can use caveolar endocytosis, which is 

dynamin-dependent, to enter and infect host cells. Previous studies 

demonstrated that reovirus can infect Caco-2 cells, which are derived from 

human adenocarcinoma and express low levels of caveolin (43, 102). We 

therefore wanted to learn whether ISVPs used a different mechanism to enter 

these cells. We found that ISVPs could infect Caco-2 cells through a dynamin-

independent mechanism. Our results do not distinguish between the possibility 

that ISVPs infect by a dynamin-independent endocytic pathway such as 

macropinocytosis or instead enter Caco-2 cells by direct membrane penetration.   

Transformation is known to alter the activity of endocytic pathways within cells. 

Single changes in endocytic activity may alter the effectiveness of reovirus 

oncolysis, we also assessed whether reovirus entry into non-transformed and 

Ras-transformed cells differed. We found that reovirus uses different endocytic 

pathways to infect Ras-transformed CREF and non-transformed CREF cells. 

Clathrin-mediated endocytosis is important for the infection of non-transformed 
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CREF cells, but inhibition of this pathway had no effect on reovirus infection in 

the Ras-transformed cell line. Due to the diversity of cell types that can be 

infected by reovirus (48), it is likely that different pathways are used to enter and 

infect cells in different tissues. These findings highlight the importance of using 

multiple cell types in the study of reovirus infection. 
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CHAPTER 5 

Reovirus Infection and Transcytosis from the Apical Membrane of 

Polarized Epithelial Cells 

 

I. Introduction 

 

Reovirus is a nonenveloped, double-stranded RNA virus that commonly 

infects humans, but is rarely pathogenic in adults (145). In cell culture, infection is 

initiated by interactions between the cell attachment protein σ1 and the cellular 

receptor, junctional adhesion molecule A (JAM-A) (10, 75). Virions then interact 

with β-integrins and are internalized by dynamin-dependent and –independent 

endocytic pathways (34, 81). Once inside the endosomal compartment, 

proteases remove the outer capsid protein σ3 to form intermediate subviral 

particles (ISVPs), which gain access to the cytoplasm (15, 72, 144). When 

reovirus infects hosts through the enteric tract, secreted pancreatic serine 

proteases form ISVPs extracellularly (11, 13). 

Experiments in mouse and rabbit models of reovirus infection have shown 

that within the intestinal epithelium, reovirus binds to microfold (M) cells, which 

endocytose reovirus particles from the luminal surface and deliver them to the 

basolateral membrane (59, 160, 162). However, studies using polarized human 

Caco-2 cells, which resemble distal ileal enterocytes, revealed that reovirus T1L 

particles bind and are internalized at the apical surface of human absorptive 
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enterocytes (3). Attachment of ISVPs to polarized intestinal epithelial cells is 

believed to involve recognition of α2-3-linked sialic acids, as JAM-A is localized 

to tight junctions (59). In addition, neuraminidase treatment of these cells, which 

cleaves sialic acid, inhibits reovirus attachment (59). While it was previously 

known that reovirus could attach to polarized human enterocytes, it was unknown 

whether these cells could be productively infected from the apical surface. In this 

study, we investigated whether absorptive enterocytes can be productively 

infected as a pathway for penetration of the mucosal membrane. 

 

II. Results 

 

Reovirus infection of polarized Caco-2 cells does not require JAM-A. 

To understand the molecular mechanisms that promote reovirus infection of 

intestinal tissue, we used polarized Caco-2 cells grown on transwell supports. 

Although reovirus T1L can bind to the apical surface of polarized Caco-2 cells 

(3), the reovirus receptor JAM-A is believed to be inaccessible from the apical 

surface of polarized epithelial cells (40, 59). To determine if JAM-A is important 

for reovirus infection of polarized enterocytes, we first asked whether it co-

localizes with reovirus during attachment. Polarized Caco-2 cells were adsorbed 

with reovirus virions at the apical surface for 1 hour (h) and the cultures were 

immediately fixed and stained with an antibody directed against JAM-A and anti-

reovirus antiserum to detect reovirus particles. When viewed from the top (Figure 
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5.1A, left panel), JAM-A could be found localized to the intracellular junctions, 

while viral particles were localized on the cell surface. Single image slices from 

the vertical and transverse planes (Figure 5.1A, right panel) revealed that JAM-A 

is primarily distributed to the sub-apical membrane and intracellular junctions in 

the polarized Caco-2 cultures. While a small amount of JAM-A was found at the 

apical surface of the cultures, there was little colocalization of JAM-A and 

reovirus immediately after adsorption. 

To determine if JAM-A is functionally important for reovirus infection of 

enterocytes, polarized Caco-2 cells were incubated with the JAM-A antibody for 

45 minutes prior to infection. At 18 hours postinfection (hpi), we stained the 

cultures with an antiserum directed against the reovirus non-structural protein 

µNS and quantified infection by indirect immunofluorescence.  This analysis 

revealed that reovirus was capable of productively infecting polarized Caco-2 

cells when adsorbed to the apical membrane; however, pretreatment of the 

polarized culture with JAM-A antibody had no effect on the number of infected 

cells in each field (p > 0.66) (Figure 5.1B). Consistent with published work (10), 

pretreatment of non-polarized Caco-2 cells with anti-JAM-A antibody significantly 

reduced the number of reovirus-infected cells in the culture (p < 0.015) (Figure 

5.1C). These data suggest that reovirus engages a receptor other than JAM-A for 

attachment and infection of polarized Caco-2 cell cultures. 

 Reovirus infection of polarized intestinal epithelial cells is dynamin-

independent. Recent work from our lab revealed that both intact virions and 
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Figure 5.1. Reovirus does not bind to JAM-A in polarized Caco-2 cells. A) 

Polarized Caco-2 cells grown on transwell supports were adsorbed with reovirus 

T1L at a concentration of 1 x 105 particles/cell 21 days after seeding. Cells were 

fixed immediately after adsorption, stained with T1L-specific antiserum (green) 

and anti-JAM-A antibody (red), and imaged by confocal microscopy. The left 

panel represents an axial, maximum intensity projection. The right panel is an 

axial and transverse slice from the same set of confocal images. Scale bars 

represent 10 µM (left) and 15 µM (right). B) Polarized Caco-2 cells were pre-

incubated with a JAM-A specific antibody on the apical membrane for 45 min at 

room temperature and infected with reovirus T1L at an MOI of 100. At 24 hpi, the 

cells were stained with antiserum directed against the reovirus nonstructural 

protein μNS and visualized by indirect immunofluorescence. Infection was scored 

by counting the number of infected cells in three similarly confluent fields of view. 

C) Non-polarized Caco-2 cells were treated with a JAM-A specific antibody, 

infected, and stained as described above. The graph represents the percentage 

of infected cells in three independent fields of view.  
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uncoated particles (ISVPs) can enter cultured cells through dynamin-dependent 

endocytic pathways (131). To assess whether reovirus infection of polarized 

epithelium is dynamin-dependent, Caco-2 cells were grown on transwell supports 

and treated apically with 100 μM dynasore to inhibit dynamin-dependent 

endocytosis (80, 148). Analysis of transferrin uptake revealed that the inhibitor 

effectively reduces clathrin-dependent endocytosis at this concentration (Figure 

5.2A). Since reovirus virions are uncoated extracellularly within the lumen of the 

intestinal tract, dynasore-treated and control cultures were infected with T1L 

ISVPs at an MOI of 100. At 18 hpi, cultures were fixed and stained with anti-

reovirus antiserum and visualized by confocal microscopy. Axial and transverse 

maximum intensity projections showed a similar number of cells with diffuse 

cytoplasmic staining localized to the apical surface of the culture in untreated and 

dynasore-treated cells (Figure 5.2B). Since these cells did not have contact with 

the transwell support, these data suggest that cells are infected from virus 

applied at the apical surface. We also assessed viral titers after infection of 

polarized Caco-2 cultures with either virions (Figure 5.3A) or ISVPs (Figure 

5.3B), and observed similar titers in dynasore- and vehicle-treated cells. 

Together, these results reveal that reovirus can infect polarized enterocytes from 

the apical surface but that dynamin-dependent mechanisms are not required. 

Reovirus is transported from the apical to basolateral membrane of 

Caco-2 cells. Evidence suggests that reovirus is transported across the 

intestinal epithelium by M cells in murine models of infection (161, 162), but 
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Figure 5.2. Reovirus infects apical cells in polarized cultures. A) Polarized 

Caco-2 cells were treated with vehicle or dynasore for 1 h and then incubated at 

4°C for 20 m. Transferrin (green) was adsorbed to the apical membrane for 1 h 

and the cultures washed with ice cold PBS. Warm medium with or without 

inhibitor was added and the cultures were incubated at 37°C for 10 minutes. 

Cells were fixed, stained with Texas Red-conjugated phalloidin (red) to label 

actin and uptake was visualized by confocal microscopy. Scale bars represent 10 

µM. B) Polarized Caco-2 cells were treated as described above and adsorbed 

with reovirus T1L ISVPs at an MOI of 100. Eighteen hpi, cells were fixed and 

stained with Texas Red-conjugated phalloidin (red) and antiserum specific for 

reovirus T1L (green), and infection was visualized by confocal microscopy. Scale 

bars represent 20 µM. 
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Figure 5.3. Reovirus infection of polarized Caco-2 cells is dynamin-

independent. Polarized Caco-2 cells were treated and infected with T1L virions 

(A) or ISVPs (B) as described above, using an MOI of 100. At 18 hpi, cells were 

subjected to three cycles of freezing and thawing, and viral titers were 

determined by plaque assay on L929 cells. Values represent the mean (± SE) of 

triplicate samples. 
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absorptive enterocytes are also capable of transcytosis (21, 87, 151). To 

determine if reovirus can be transcytosed by absorptive enterocytes, reovirus 

particles were adsorbed to the apical surface of polarized Caco-2 cultures for 1 

hour at 4°C.  Warm medium was added to the cultures, and they were incubated 

at 37°C for 30 minutes before being fixed, stained with anti-reovirus antiserum, 

and visualized by confocal microscopy. Shortly after adsorption with ISVPs, 

reovirus particles could be found from the apical plane to the basolateral plane of 

the cultures (Figure 5.4A). To determine if transcytosis delivers infectious 

particles to the basolateral surface of the epithelial cultures, we collected medium 

from the basolateral compartment of the transwells at various times postinfection, 

and determined the viral titer. As expected, no virus was recovered from the 

basolateral compartment immediately following adsorption, but infectious 

particles were recovered at 4, 8, 12 and 18 hpi (Figure 5.4B). To confirm that 

tight junctions remained intact in our cultures, we measured transepithelial 

resistance (TER) when the cultures were being established, and also after 

infection. The TER remained above 500Ω throughout the experiment (18 h) in the 

presence of reovirus particles (Figure 5.5), arguing that infection did not disrupt 

tight junctions. Together, these findings demonstrate that while reovirus can 

infect cells at the apical surface, infectious reovirus particles can also be 

transcytosed across polarized human intestinal epithelial cultures. 

 Reovirus transcytosis across polarized absorptive enterocytes is 

dynamin-dependent. Although our results indicate that the apical infection of 
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Figure 5.4. Caco-2 cells transcytose reovirus particles. A) Polarized Caco-2 

cells were adsorbed with reovirus ISVPs at a concentration of 1 x 105 

particles/cell at 4°C for 1 hour. Warm medium was added and the cultures were 

incubated at 37°C. At 30 min, cells were fixed and stained with Texas Red-

conjugated phalloidin (red) and anti-reovirus antiserum (green). Uptake of 

reovirus particles was visualized by confocal microscopy. Scale bar represents 5 

µM. B) Polarized Caco-2 cells were adsorbed with reovirus ISVPs as described 

above. At the indicated times following adsorption, transwell supports were 

removed and medium from the basolateral compartment was collected. Viral 

titers were determined by plaque assay on L929 cells. 
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Figure 5.5. Reovirus binding and infection do not disrupt tight junction 

integrity. Caco-2 cells were seeded on transwell supports at a density of 2 x 104 

cells/well. At the indicated times after seeding, the TER was measured from two 

separate samples. After 21 days, the cultures were infected with reovirus ISVPs 

at a concentration of 1 x 105 particles/cell and TER measurements were taken 

from cultures harvested at 1 hpi (solid line) or 18 hpi (dashed line). 
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polarized Caco-2 cells is dynamin-independent, dynamin is known to play an 

important role in transcytosis. We confirmed that our Caco-2 cultures were 

capable of dynamin-dependent transcytosis by analyzing the transport of HRP 

(22). In Caco-2 cells pretreated with dynasore, the basolateral transport of HRP 

was reduced by approximately 50% (Figure 5.6). This result is consistent with 

published work using dominant-negative dynamin (22). To determine if dynamin-

dependent uptake is responsible for the transcytosis of reovirus particles in 

polarized cultures we pretreated polarized Caco-2 cells with 100 μM dynasore 

and adsorbed them with reovirus virions or ISVPs for 1 h at 4°C.  Warm medium 

with or without inhibitor was added to the cultures and the cells were incubated at 

37°C. At 1 hpi, the cultures were fixed and stained with antiserum specific for 

reovirus. In vehicle-treated samples, confocal imaging revealed a large 

percentage of reovirus particles at the basolateral surface of the transwell 

support. In contrast, in the dynasore-treated cultures, most particles remained 

localized at the apical membrane (Figure 5.7). Thus, while reovirus infection of 

polarized Caco-2 cultures is dynamin-independent, these data show that 

dynamin-dependent uptake delivers reovirus particles to the basolateral 

membrane of the cultures. 

 

III. Discussion 
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Figure 5.6. Dynasore effectively blocks transcytosis in Caco-2 cells. 

Polarized Caco-2 cells were treated with vehicle (DMSO) or dynasore for 1 hour 

at 37°C. Fresh medium containing horseradish peroxidase (HRP) and either 

vehicle or dynasore was added to the cells and the cultures were incubated at 

37°C. After 30 minutes, transwell supports were removed and the medium from 

the basolateral compartment was serially diluted. The amount of HRP in the 

basolateral chamber was calculated by adding the substrate 3,3’,5,5’-

tetramethylbezidine (TMB) and measuring absorbance at 450 nm. 
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Figure 5.7. Transcytosis of reovirus virions and ISVPs is dynamin-

dependent. Polarized Caco-2 cells were treated as described above and then 

equilibrated at 4°C. Cultures were adsorbed with reovirus virions or ISVPs at a 

concentration of 1 x 105 particles/cell. After 1 h, warm medium with vehicle or 

inhibitor was added and the cultures were incubated at 37°C. At 1 hpi, cells were 

fixed and stained with Texas Red-conjugated phalloidin (red) and anti-reovirus 

antiserum (green). Transcytosis was visualized by confocal microscopy. Scale 

bars represent 10 µM. 
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In this study, we have demonstrated that reovirus can infect polarized 

Caco-2 cells from the apical membrane independent of JAM-A. This finding 

extends prior work on reovirus interactions with intestinal epithelial cells which 

showed that although reovirus T1L is unable to bind to the apical surface of 

murine enterocytes, it can interact with the apical surface of human enterocytes 

(3, 155). Consistent with other reports (10), we found that treatment of non-

polarized Caco-2 cells with an antibody specific for JAM-A inhibits infection. 

However, our results reveal that JAM-A blockade does not inhibit reovirus 

infection in polarized Caco-2 cells. In these cultures, we demonstrated that JAM-

A localizes to sub-apical surfaces. Together, these findings suggest that human 

enterocytes express a receptor other than JAM-A on the apical surface that is not 

found on murine enterocytes and can promote T1L reovirus infection. Other 

studies in Caco-2 cells suggest that this receptor may be a glycoconjugate 

containing α2,3-linked sialic acid, as neuraminidase treatment has been reported 

to inhibit reovirus binding to the apical membrane (40). Prior reports using type 3 

reovirus in a model of polarized airway epithelium showed that this strain of 

reovirus preferentially infects cells from the basolateral membrane, where JAM-A 

is thought to localize in polarized cells (40). In this respiratory model, removal of 

α2,3-linked sialic acid enhanced apical infection. In contrast, in our model of 

intestinal epithelium, reovirus T1L did not appear to efficiently infect the 

basolateral surface of Caco-2 cultures (W.L. Schulz and L.A. Schiff, unpublished 

observations). In addition, while JAM-A may be preferentially expressed at the 
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basolateral surface of polarized respiratory cells (40), our data show that it is 

distributed throughout the sub-apical membrane of polarized Caco-2 cells. 

 Penetration of the intestinal mucosa is necessary for reovirus to spread 

systemically from the intestinal tract. In the murine model of infection, evidence 

suggests that reovirus spreads by transcytosis through M cells (161). Ligands 

destined for transcytosis are taken up by one of several endocytic pathways, 

including clathrin-mediated and caveolar endocytosis (151). We have recently 

shown that reovirus can use both dynamin-dependent and –independent 

endocytic pathways to infect non-polarized cells (131). In this study, we have 

determined that dynamin is not required for apical infection of polarized Caco-2 

cells, which suggests that one of the previously identified pathways, such as lipid 

raft-dependent endocytosis, is used for infection. In contrast, our data indicate 

that a dynamin-dependent pathway is required for transport of reovirus across 

the polarized Caco-2 cultures, and TER measurements argue that apical to 

basolateral transport is not due to passive diffusion of particles through 

intracellular junctions. These results are consistent with a model in which 

reovirus particles can undergo transcytosis through intestinal epithelial cells. 

 Our data show that reovirus can enter polarized and non-polarized cells 

through both dynamin-dependent and –independent endocytic pathways. 

However, in polarized enterocytes, particles internalized by dynamin-dependent 

endocytosis are trafficked to the basolateral surface, whereas particles that lead 

to infection use a dynamin-independent mechanism. These results underscore 
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the importance of using multiple cell lines in the study of reovirus entry and 

infection, as reovirus uses a different set of endocytic pathways to infect 

polarized cells. Further work is needed to address how reovirus enters primary 

cells and whether current models of infection accurately reflect reovirus entry in 

vivo.  
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CHAPTER 6 

Major Conclusions and Outstanding Questions 

 

 When I started my thesis research, it was unknown whether uncoated 

reovirus particles entered cells by direct penetration of the plasma membrane or 

through endocytosis. Early studies supported a model in which reovirus could 

enter cells by directly penetrating the membrane. This was based on evidence 

which demonstrated that ISVPs cause hemolysis and membrane damage at high 

MOIs (25, 79). Additional studies also showed that clathrin-mediated endocytosis 

is dispensable for infection by these particles (34). However, high-resolution 

imaging revealed that ISVPs can be localized within endocytic vesicles, 

suggesting that endocytosis is important for infection (4, 143). In addition, ISVPs 

are transcytosed across the mucosa during intestinal infection, a process that 

requires endocytosis (4, 162). In the preceding chapters, I present evidence that 

shows ISVPs do use endocytosis as a mechanism for cell entry and, ultimately, 

productive infection. During these studies of reovirus entry, we also discovered 

that this process is far more complex than initially thought. Reovirus virions were 

previously known to use clathrin-mediated endocytosis for internalization. In this 

thesis, I demonstrate that they can also undergo caveolar and dynamin-

independent endocytosis to enter cells.  My work revealed that reovirus can use 

both of these pathways to enter a number of tissue culture cell lines; however, I 

showed that transformed rat embryo fibroblasts and polarized epithelial cells may 
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be infected through different mechanisms. These findings significantly advance 

our understanding of reovirus entry (Figure 6.1) and highlight the need for 

additional studies in primary and polarized cell lines, since entry pathways used 

to enter these cells may differ from those in traditional cell culture. More work is 

also needed to identify the molecular determinants that result in virions and 

ISVPs accessing different endocytic pathways for cell entry. 

 

I. Reovirus ISVPs can use endocytosis to enter and infect host cells. 

 

 In Chapter 3 and (131), we showed that reovirus ISVPs can use 

endocytosis as a mechanism to enter cells and establish infection. We used two 

independent chemical inhibitors and dominant negative caveolin-1 to assess the 

role of caveolar endocytosis during reovirus entry and infection. These 

experiments demonstrated that ISVP internalization and growth are dependent 

on caveolar endocytosis. This is the first data that shows reovirus ISVPs use 

endocytosis to infect host cells. More efficient entry into transformed cells has 

been linked to reovirus oncolysis (2). Therefore, understanding how reovirus 

particles enter the cell is important for ongoing clinical trials of reovirus as a 

cancer therapy.  

 There are several reasons why endocytosis may be needed for viral 

infection. While the cytoplasm is typically thought of as fluid, it consists of a 

dense cytoskeletal matrix (53). Without molecular motors and trafficking proteins, 



130 
 

Figure 6.1. Revised model of reovirus entry. This figure illustrates the known 

pathways of reovirus entry. The shaded box represents prior literature that 

showed reovirus virions can take advantage of clathrin-mediated endocytosis. In 

this thesis, we have shown that reovirus ISVPs can use caveolar endocytosis 

during entry. We also demonstrated that reovirus virions can use multiple 

endocytic pathways to enter host cells. 

  



Figure 6.1 
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it is unlikely that viral particles would localize to important intracellular locations 

where viral replication occurs, such as the perinuclear region. Localization to 

these regions is likely promoted by cellular trafficking machinery (53, 86). 

Reovirus virions are known to traffic through the endocytic pathway, where they 

are exposed to acid-dependent proteases (34, 81, 143). These proteases 

mediate the essential step of virion uncoating (49, 143). To efficiently infect cells 

in culture, virions must be transported through Rab5-positive early endosomes 

and Rab7-positive late endosomes (83). However, it remains unknown in which 

vesicle these particles are uncoated and from which vesicle they penetrate to the 

cytoplasm. While ISVPs have already lost the outermost capsid protein σ3 and 

have exposed the membrane penetration protein μ1, these particles are believed 

to require additional processing prior to membrane penetration and 

transcriptional activation (71, 129). This processing includes cleavage events that 

release μ1-related peptides that are thought to form pores within the membrane 

and other cleavage events that dissociate the capsid from the cellular receptor 

(168). Our work was the first to show that reovirus ISVPs undergo endocytosis 

during infection. We have not yet begun to characterize post-internalization steps 

needed for infection by ISVPs, but we are currently working to identify signaling 

motifs on the viral capsid that are important for intracellular trafficking. 

 While reovirus oncolysis was initially thought to be based on cellular Ras 

activation (76, 133), work from our laboratory and others has shown that viral 

uncoating and entry is critical for oncolysis (2). Tumor microenvironments are 
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often enriched in proteases (137, 159). Since these proteases may form ISVPs 

extracellularly, it is likely that ISVPs are the particle type entering transformed 

cells. Transformed cells are also known to upregulate or downregulate endocytic 

pathways (158). Therefore, learning how ISVPs enter cells is important for 

pairing reovirus therapy with the most susceptible tumors. In addition, many 

chemotherapeutic agents, such as the EGFR inhibitors gefitinib and cetuximab, 

inhibit the activity of some endocytic pathways within the cell (1). Because 

reovirus is being used as a combination therapy with radiation or chemotherapy, 

understanding the molecular details of reovirus entry is particularly important for 

ongoing clinical studies. We also found that different endocytic pathways may be 

involved in the infection of Ras transformed and non-transformed cells. 

Therefore, additional research with primary and clinically relevant cell lines will be 

important for learning which chemotherapeutic agents can be safely and 

effectively used with reovirus therapy in human subjects. 

 

II. Reovirus virions use multiple endocytic pathways for entry and 

infection. 

 

 This work makes it clear that the entry of reovirus particles is far more 

complex than initially hypothesized. Early studies of reovirus entry found that 

reovirus virions can enter and infect cells through clathrin-mediated endocytosis. 

Surprisingly, I found that two other pathways, caveolar and lipid-raft dependent 
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endocytosis, are important for infection by reovirus virions (81). This shows that 

like several other viruses, including adenovirus (5, 35, 77), reovirus can take 

advantage of clathrin-dependent and –independent endocytosis. The ability to 

access such a diverse set of entry pathways has likely evolved as a mechanism 

to more efficiently infect a wider range host cells. A murine model of 

pathogenesis demonstrates that a number of organs, such as the nervous 

system and spleen, can be impacted by reovirus infection. In the context of 

oncolytic therapy, cell transformation can result in either upregulation or 

downregulation of endocytic pathways (158). During the infection of cells with 

dysregulated endocytic pathways, being able to use multiple pathways may 

improve the efficiency of viral entry. 

 My work showed that reovirus virions are sensitive to cholesterol depletion 

early in the infectious process. This block to infection is independent of dynamin, 

as the internalization of ligands that use dynamin-dependent endocytosis was 

unaffected by cholesterol depletion. This inhibition was specific to virions, as the 

growth of reovirus ISVPs was unaffected by cholesterol extraction. This finding 

suggests that virions, but not ISVPs, can undergo lipid raft-mediated endocytosis. 

Since virions require exposure to proteases to infect cells, this pathway likely 

delivers cargo to an acidic compartment within the cell. One alternative 

explanation is that cholesterol promotes the conversion of virions to ISVPs. 

However, we found that cholesterol did not affect the kinetics of reovirus 

uncoating by chymotrypsin in vitro, and that it did not directly mediate uncoating. 
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While we cannot rule out other early events, such as a requirement for 

cholesterol for the activation of clathrin-mediated endocytosis of reovirus 

particles, our results suggest that one of several cholesterol-dependent, but 

dynamin-independent pathways is important for reovirus infection. Several such 

pathways exist, such as macropinocytosis, which can be used during the entry of 

ebolavirus, influenza virus and several others, as well as a caveolin- and 

dynamin-independent pathway that is used by SV40 (31, 97, 112, 126). 

As continued research reveals more about viral entry, it is becoming 

common to find that viruses take advantage of multiple pathways to enter cells. 

This is especially true in cultured cells, as viruses can adapt to use new 

receptors and endocytic pathways during passaging (119). In addition, it is likely 

that viruses capable of infecting a variety of cells need to access multiple 

endocytic pathways, as not all pathways are active in each cell type (31, 95). 

Since viral entry is a complex process, a better understanding of how viruses 

initiate this vital step of the infectious process is important for a better 

understanding of infection and the development of possible therapies for 

pathogenic viruses. 

 

III. Reovirus can infect and be transcytosed from the apical membrane of 

polarized intestinal epithelial cells. 
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Since the natural route of reovirus infection in the host is through the 

intestinal tract, I was also interested in learning whether similar entry pathways 

were used to infect human intestinal cells. My work in Chapter 5 demonstrated 

that reovirus can infect polarized intestinal epithelial cells from the apical surface. 

While previous work showed that reovirus could attach to these cells (3), this was 

the first data showing that human enterocytes can also be infected from the 

apical membrane. Polarized enterocytes are known to express sialic acid and 

other carbohydrates on the apical membrane (3, 59). Prior studies showed that 

reovirus T1L can bind to a glycoconjugate containing α2,3-linked sialic acid on 

the apical surface of these cells (59). Since reovirus T1L is unable to bind to the 

apical surface of murine enterocytes (155), it is possible that reovirus binds to a 

carbohydrate receptor present on the apical surface of polarized human 

enterocytes that is not present or is inaccessible on murine cells. Because 

reovirus can infect human enterocytes from the apical membrane, these findings 

are relevant for ongoing trials of reovirus oncolysis. Current oncolytic therapy is 

administered intravenously (54), but intestinal adenocarcinoma may also be 

susceptible to oral administration since my work shows that these cells can be 

productively infected from the luminal surface of the intestinal tract.  

I showed that reovirus can use multiple endocytic pathways to enter host 

cells. Polarized Caco-2 cells were no exception, as my work revealed that both 

dynamin-dependent and –independent mechanisms could be used for viral entry. 

However, the fate of particles entering through these pathways differed in 
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polarized epithelial cells. Unlike infection in L929 mouse fibroblasts, reovirus 

infection of Caco-2 cells did not rely on dynamin. This suggests that an alternate 

mechanism, such as dynamin-independent endocytosis or direct membrane 

penetration, is used for infection. Because of these differences in entry, it will be 

important to learn which endocytic pathways are used during the infection of 

primary cell lines, as combination drug therapies that affect these endocytic 

pathways may decrease the effectiveness of reovirus treatment.  

Reovirus is known to spread from the intestinal lumen through specialized 

M cells in mouse models of infection (162). In this thesis, I have presented the 

first evidence that reovirus can also be transcytosed from the apical membrane 

of polarized human epithelial cells. My experiments showed that infectious 

reovirus particles added at the apical surface of a transwell culture could be 

recovered from the basolateral compartment by a dynamin-dependent process. 

Thus, while reovirus can enter polarized Caco-2 cells by dynamin-dependent and 

–independent pathways, internalization through these pathways results in 

different fates for reovirus particles. The eventual fate of reovirus particles may 

depend on interactions between reovirus and cellular receptors. Since reovirus 

could infect nonpolarized Caco-2 cells through a dynamin-dependent pathway, 

but did not use this pathway after polarization, binding to the receptor JAM-A 

may result in entry through clathrin-mediated endocytosis. In polarized cells that 

lack JAM-A at the apical membrane, other receptor interactions may target 

particles for transcytosis through dynamin-dependent pathways. Identification of 
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the molecular interactions that are important for trafficking could provide us with 

the ability to create a more efficient oncolytic therapy, as targeting viral particles 

to an endocytic pathway that results in infection would likely increase the 

effectiveness of reovirus treatment. 

 

IV. Why do virions and ISVPs use different pathways to enter and infect 

host cells? 

  

My work has shown that reovirus can access both dynamin-dependent 

and dynamin-independent pathways for cell entry. While virions can take 

advantage of both clathrin-mediated and caveolar endocytosis, ISVPs were only 

found to use caveolar endocytosis during infection. The molecular basis for this 

difference is not yet known. For many endocytic cargoes, the activation of cellular 

receptors leads to the internalization of both the receptor and ligand (65, 153). 

Other researchers have hypothesized that the conserved integrin binding motifs 

RGD (Figure 6.2A) and KGE (Figure 6.2B) may be responsible for the activation 

of β1 integrin and subsequent uptake of reovirus through clathrin-mediated 

endocytosis (34). However, this motif is present on the inner capsid protein λ2, 

which is found on both virions and ISVPs. Therefore, ISVPs would still be 

expected to activate β1 integrins since the λ2 protein is not removed during 

uncoating (129). Since ISVPs do not use clathrin-mediated endocytosis to enter 

cells, other signaling sequences are likely important for uptake. We identified an 



139 
 

Figure 6.2. Putative integrin binding sequences in reovirus capsid proteins. 

This figure shows a sequence alignment of reovirus type 1, type 2, and type 3 

strains. (A) Sequence alignment of the inner capsid protein λ2 with the putative 

β1 integrin binding domain RGD highlighted. (B) Sequence alignment of the inner 

capsid protein λ2 with the putative β1 integrin binding domain KGE highlighted. 

(C) Sequence alignment of the outer capsid protein σ3 with the putative α4β1 

binding domain highlighted. Type 1 and type 2 strains contain the four amino acid 

IDSS domain, while reovirus type 3 contains the three amino acid IDS domain. 



Figure 6.2 
A 
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alternate integrin binding motif, IDS, that is known to interact with α4β1 integrin 

and is present on the outer capsid protein σ3 (67, 122). This sequence is 

conserved among reovirus strains (Figure 6.2C) and might explain why ISVPs 

are unable to access clathrin-mediated endocytosis, as σ3 removal would abolish 

signaling through β integrins. Ongoing work in our lab using the reovirus reverse 

genetics system aims to learn whether this sequence is important the activation 

of clathrin-mediated endocytosis. We are also assessing the role of other capsid 

sequences to determine if they play a role in the sorting of reovirus particles. 

 

V. What other cellular genes are important for reovirus infection? 

  

Our preliminary study to assess the feasibility of a genome-wide shRNA 

screen to identify host genes that promote reovirus infection was successful. 

While I did not complete a comprehensive screen of the entire genome as part of 

my thesis work, we identified several host genes that may be involved in reovirus 

infection and confirmed one of these through a follow-up study. The confirmed 

gene, RhoA, is known to function in clathrin-independent endocytosis (39). This 

supports our new finding that reovirus virions and ISVPs can use clathrin-

independent endocytosis during infection. While no screen can positively identify 

every cellular protein that is important for viral replication, we had an 

approximately 0.3% hit rate in our study. This suggests that a comprehensive 

screen of the entire human genome, which contains approximately 21,000 
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protein-coding genes, could identify 63 virus-cell interactions. While this may 

seem like a modest success rate, increased coverage with each potential shRNA 

construct will likely increase the number of identified target genes. Future work 

using this approach will provide a number of novel host genes that are important 

for reovirus infection and oncolysis. 

 

 In conclusion, my work has revealed that reovirus ISVPs use endocytosis 

to infect host cells. In addition, I demonstrated that virions can use multiple 

endocytic pathways to infect cells and that the pathways used for infection differ 

in various cell types. While we do not yet know why virions can access more 

endocytic pathways than ISVPs, this thesis forms the foundation for ongoing 

studies of reovirus entry. This work is also important for clinical studies of 

reovirus oncolysis, as tumors with highly active endocytic pathways may be most 

susceptible to reovirus infection.    
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