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ABSTRACT 

 

Many viruses enter hosts by invading mucosal surfaces. Mammalian 

reoviruses gain access to the host by the gastrointestinal and respiratory tracts. 

Determinants of reovirus infection of the gastrointestinal tract are well-

understood, however the host and viral determinants of respiratory reovirus 

infection are unknown. The work within this thesis characterizes the host and 

viral determinants of respiratory reovirus infection and systemic dissemination. 

To accomplish this, we developed a murine model of respiratory reovirus 

infection. Using this model, we showed that endogenous respiratory and 

inflammatory proteases can promote reovirus infection in vitro and that pre-

existing inflammation augments in vivo infection in the murine respiratory tract. 

Through this work, we identified two laboratory isolates of T3D, T3DC and T3DF, 

that differ in their capacity to replicate in the respiratory tract and spread 

systemically, and we used these viruses to describe genetic polymorphisms that 

regulate reovirus replication and dissemination. The data presented in this thesis 

illustrate that reovirus infection of the respiratory tract and systemic 

dissemination are influenced by multiple factors including virion composition, 

resistance or sensitivity to protease-mediated inactivation and respiratory 

inflammation. 
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CHAPTER 1 

Introduction 

 

I. Introduction to mammalian reovirus 

Mammalian orthoreoviruses (reoviruses) are the prototypic members of 

the Reoviridae family that includes the pathogenic rotaviruses. Reovirus was first 

isolated from a child in 1951; in subsequent years, reovirus has been isolated 

from both healthy children and children with respiratory and gastrointestinal 

illnesses. In 1959, Sabin suggested these viruses be classified as reoviruses 

(respiratory enteric orphan viruses) based on the routes of transmission and the 

generally asymptomatic nature of infection (191, 195). While reovirus infections 

are generally asymptomatic or result in mild upper respiratory or gastrointestinal 

disease, there have been cases of reovirus-associated acute respiratory disease 

and necrotizing encephalitis in humans (43, 44, 170).  

 

The generally nonpathogenic nature of reoviruses in human infection, 

coupled with their preferential replication in transformed cells has led to their 

development as an oncolytic agent. An isolate of type 3 Dearing (T3D) is 

currently undergoing stage III clinical trials to treat prostate, breast and small cell 

lung cancers (92, 111, 114, 133, 182). The oncolytic potential of reovirus was 

initially linked to activation of the Ras oncogene; NIH3T3 cells were susceptible 

to reovirus infection only after transformation with activated Ras (143, 203, 211). 
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The hypothesis that Ras transformation conferred cellular susceptibility to 

reovirus infection (211) assumed that active cellular PKR, and the resulting host 

shut-off, was detrimental to reovirus infection. However, work from our lab 

revealed that reovirus replicates to higher titers in cells that express and can 

activate PKR (209). Alain and colleagues further challenged the model in which 

Ras transformation mediated reovirus susceptibility, reporting that untransformed 

NIH3T3 cells are permissive to infection with in vitro uncoated particles (1). Their 

results demonstrated that NIH3T3 cells restrict reovirus infection at the step of 

uncoating, not protein synthesis (1). These studies, together with work by Golden 

et al. which demonstrated that many cell types are permissive to reovirus 

infection when infection is initiated by uncoated particles, suggest that protease-

mediated virion disassembly is a critical step for reovirus oncolysis (85). 

Understanding the role of specific proteases in reovirus oncolysis could positively 

affect human health because it would allow oncolytic reoviruses to be paired with 

tumor targets based on the tumor protease profile.  

 

Studies of reovirus biology have contributed to the fundamental 

understanding of both molecular biology and virology. Early studies in reovirus 

biology and RNA synthesis (25, 208) led to the discovery of the 5’cap on mRNAs 

(156) and consensus sequences for translation initiation (122). Animal models of 

reovirus infection were among the first to examine the genetic basis for viral 

pathogenesis and led to the identification of specific gene products that regulate 
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tropism, pathogenicity and dissemination (98, 219, 228, 229). The importance of 

understanding reovirus pathogenesis is twofold. By identifying viral determinants 

that regulate dissemination, one could improve the safety and efficacy of reovirus 

as a cancer therapeutic. In addition, new knowledge about the tissue-specific 

activity of proteases in the host may lead to development of therapeutic agents 

that will target other (more pathogenic) viruses that require proteolytic activation. 

For example, clinical studies suggest that influenza virus symptoms may be 

lessened after aerosolized treatment with protease inhibitors such as aprotinin 

(171, 243-245). 

 

In my dissertation research, I investigated the host and viral determinants 

of respiratory reovirus infection and systemic dissemination. To accomplish this, I 

developed a murine model of respiratory reovirus infection. Using this model, I 

identified respiratory proteases that can mediate reovirus disassembly and 

promote infection in cell culture. I also characterized the impact of an 

inflammatory state on respiratory reovirus infection. Using the recently developed 

reovirus reverse genetics system, I identified viral determinants that regulate 

reovirus pathogenesis in the respiratory tract.  

 

II. Reovirus biology  

Reoviruses are classified by serotype and strain. There are three reovirus 

serotypes, which can be differentiated by anti-reovirus antisera that recognize the 



 4 

viral cell attachment protein, !1. The three serotypes are each represented by a 

prototype strain isolated from a human host: T1 Lang (T1L), type 2 Jones (T2J), 

and type 3 Dearing (T3D). Studies in this thesis take advantage of two different 

laboratory isolates of reovirus T3D – Dearing-Fields (T3DF) and Dearing-

Cashdollar (T3DC). Reovirus strains can differ significantly in viral replication and 

pathology. The earliest studies examining reovirus pathogenesis exploited the 

segmented nature of the reovirus genome and generated reassortant viruses, 

which allowed viral gene segments that segregate with various biological and 

biochemical phenotypes to be identified. (69, 71). Recently, Kobayashi et al. 

developed a plasmid-based reverse genetics system for reovirus (119, 120). This 

system has enabled investigators to specifically test hypotheses about the 

genetic regulation of reovirus replication, systemic dissemination and pathology.  

 

 Reoviruses are nonenveloped, icosahedral viruses that contain a genome 

of 10 double-stranded (ds) RNA gene segments encased in two concentric 

protein shells. The 10 reovirus genome segments, three large (L1, L2, L3), three 

medium (M1, M2, M3), and four small (S1, S2, S3, S4), encode 12 viral proteins. 

The reovirus proteins are also categorized by size: large ("), medium (µ) and 

small (!), although the protein and gene numbers do not always correlate. Eight 

of the 12 proteins are structural ("1, "2, "3, µ1, µ2, !1, !2 and !3) and the 

remaining four (µNS, µNSC, !NS and !1s) are nonstructural (reviewed in (195). 

Important for my thesis work are the reovirus S1 gene, which encodes the cell 
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attachment protein !1 and non-structural protein !1s, the S4 gene, which 

encodes the outermost capsid protein !3, and the M2 gene, which encodes the 

penetration protein µ1 (reviewed in 195).  

 

Four distinct particle types have been identified during reovirus infection: 

the virion, the ISVP, the ISVP* and the core (60, 210). The environmentally 

stable virion contains all eight structural proteins surrounding the 10 segments of 

genomic dsRNA (195). The defining feature of virions is the presence of an intact 

outer capsid consisting of the !3 and µ1 proteins (60, 210). The !3 protein forms 

a heterohexamer with µ1, the viral protein responsible for membrane penetration 

(129). The interaction of !3 with µ1 prevents the premature exposure of 

hydrophobic residues within µ1 and therefore aids in the proper timing of 

membrane penetration (164, 197, 241). Trimers of the viral attachment protein, 

!1, protrude from the pentamers of "2 at the icosahedral vertices (124). 

 

In cell culture, reovirus initiates infection when the cell attachment protein, 

!1 binds to widely expressed cellular receptors, sialic acid and/or junctional 

adhesion molecule A (JAM-A) (31, 74, 81, 88). Upon attachment, #1 integrin 

mediates particle uptake into endocytic vesicles (139). Virions are associated 

with clathrin- and caveolin- coated endocytic vesicles (26, 64). In endosomes, 

particles undergo protease-mediated disassembly (63). However, after 

gastrointestinal infection, virion uncoating occurs extracellularly by pancreatic 
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serine proteases (3, 10). Either extracellular or intracellular proteolysis of reovirus 

virions renders them capable of membrane penetration (136, 217). It was 

hypothesized that ISVPs (because they are uncoated) bypassed the requirement 

for receptor-mediated endocytosis and could penetrate the cell membrane 

directly, but recent work from our lab demonstrates that ISVPs utilize caveolar 

endocytosis to enter cells (unpublished observation). 

 

The conversion from virion to ISVP is characterized by proteolytic removal 

of the outer capsid protein !3. !3 proteolysis exposes and primes µ1 for 

membrane penetration and enables the cell attachment protein !1 to extend from 

the particle surface (24, 109). An important characteristic of ISVPs is the capacity 

to infect cells in the absence of active cellular proteases (26, 85). ISVPs undergo 

further conformational changes, generating a particle type referred to as an 

ISVP*, which is believed to mediate membrane penetration (35, 241). In the 

ISVP*, conformational changes in µ1 and "2 result in the loss of the cell 

attachment protein !1 (34). Autocatalytic N-terminal cleavage in µ1 releases a 

small myristoylated fragment, µ1N, from the viral particle (35, 103, 241). Free-

myristoylated µ1N is sufficient to cause membrane pore formation (35, 103, 241). 

Once an ISVP* penetrates the cellular membrane, it is converted into a core 

particle through a process that is not well understood.  
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Core particles are differentiated from ISVP*s by the absence of the 

membrane penetration protein µ1 and further conformational changes in "2 

(149). "1 and !2 form the shell of the core particle with 12 turret-like structures of 

"2 that provide capping functions and create a channel to pass viral mRNA 

synthesized by "3, the RNA-dependent RNA polymerase (42, 76-78). The core 

synthesizes mRNAs that are released from the particle interior into the 

cytoplasm.  

 

III: Proteases that mediate reovirus disassembly  

In vitro: 

A wide range of proteases can mediate reovirus disassembly in vitro. 

Rates of virion disassembly differ depending upon treatment conditions and the 

type of protease. Within minutes of treatment, chymotrypsin (CHT) cleaves the 

reovirus outer capsid proteins !3 and µ1 (24). After 1 h of treatment with 

cathepsin (Cat) L or neutrophil elastase (NE), no virion-associated !3 is present 

and µ1 is cleaved into its characteristic µ1C and $ fragments (63, 86). The 

inflammatory protease Cat S mediates virion disassembly by 6 h of treatment, 

while the majority of !3 remains virion associated after 4 h of treatment with the 

endosomal cysteine protease Cat B (63, 84). The aspartyl protease, Cat D, has 

been reported not to mediate reovirus disassembly, however, this failure to 

mediate cleavage is reovirus strain specific (121). Recent work from our lab and 
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others has shown that some reovirus strains can utilize Cat D for virion 

disassembly (unpublished observation) (233).    

 

Cell culture: 

In tissue culture, a variety of host proteases can also mediate the 

conversion of virions to ISVPs (4, 10, 55, 63, 108, 197, 212, 231). Proteases 

involved in reovirus disassembly in murine L929 fibroblasts have been 

extensively studied. Inhibition of the acid-dependent cysteine proteases, Cats L 

and B, completely abrogates viral growth in L929 cells. While active Cat L and B 

are required for reovirus to reach peak titers in L929 cells (63), these proteases 

do not promote replication equally. Infection of Cat L-deficient L929 cells or L929 

cells treated with Cat L inhibitor resulted in inefficient virion disassembly and low 

viral yields (63). Viral growth was only modestly inhibited in L cells treated with 

an inhibitor of Cat B (63).  

 

Early studies suggested that reovirus disassembly in cells required 

cysteine proteases and low pH (4, 212). However, it was unclear if the low pH 

was required to activate the acid-dependent cysteine proteases required for 

infection in L929 cells or if the low pH was essential for conformational change in 

virion proteins. More recent work from our lab reveals that virion disassembly can 

be mediated at neutral pH (84, 86). Two acid-independent proteases, Cat S and 

neutrophil elastase (NE), promote reovirus disassembly and infection in cell 
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culture (84, 86). These results demonstrate that acidic pH is not required for 

reovirus disassembly. 

 

Gastrointestinal infection: 

In reovirus infections of the gastrointestinal tract, uncoating occurs 

extracellularly and is mediated by pancreatic serine proteases CHT and trypsin 

(20). The importance of extracellular uncoating was revealed in a study that 

demonstrated that pretreatment of mice with the serine protease inhibitors 

aprotinin and chymostatin blocked infection by reovirus virions, but not infection 

by ISVPs (10). Extracellular uncoating in the gastrointestinal tract occurs within 5 

minutes of peroral inoculation and is thought to be critical because virion 

disassembly promotes the extension of the cell attachment protein, !1, which is 

necessary for attachment to intestinal M cells (3, 237). It is believed that after !1 

binds to the cellular receptors JAM-A and/or sialic acid (31, 38, 74, 81, 88, 172), 

virions are transported basolaterally where they access adjoining epithelial cells 

(237). Prior to my thesis work, the role of specific proteases in respiratory 

infection had yet to be examined. 

 

 While virion disassembly occurs extracellularly to establish reovirus 

infection in the gastrointestinal tract (10, 20), progeny virions are believed to be 

uncoated by endosomal Cats in secondary sites of infection (108). Endosomal 

Cats L and B are expressed in all major organs and mediate tissue-specific 
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activities (6, 7, 94, 158, 169, 189). In contrast, expression of Cat S is largely 

limited to cells and tissues of the immune system (61, 117, 131, 132, 176-178, 

187, 200, 201).  

 

 The role of specific proteases in systemic reovirus dissemination from the 

enteric tract has been examined using both genetic and pharmacological 

approaches (108). Studies of gastrointestinal reovirus infection in single protease 

knockout (KO) mice demonstrated that each endosomal Cats L, B and S impact 

reovirus replication and dissemination (108). Peak organ titers were decreased in 

Cat L KO, Cat B KO or Cat S KO mice. Interestingly, the presence or absence of 

endosomal Cats did not significantly impact reovirus viremia, as infectious virus 

could be recovered in the blood of all mice at all times investigated. This 

suggests that viral replication in the intestine does not significantly impact 

reovirus access to the blood.  

 

IV: Viral infection of the respiratory tract  

Numerous animal models have been developed to study acute respiratory 

distress syndrome (ARDS), however few duplicate all phases of disease 

progression (147). ARDS involves three phases: acute (days 1-7), 

fibroproliferative (days 7-21) and resolution (days >21) (54, 101, 215, 224). 

London and colleagues developed a murine model of ARDS that recapitulates 

each phase (135). In this model, 4 – 5 week-old CBA/J mice were inoculated 
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intranasally with 107 PFU of T1L reovirus virions. This resulted in 60% of the 

animals dying between days 6-10. By 5 dpi, patchy pneumonia developed with 

infiltration of PMNs and a significant increase of protein concentration in 

bronchial alveolar lavage fluid (BALF). By day 9, hyaline membranes began to 

form and fibrotic lesions continued to develop through day 14; resolution began 

around day 14 (135). 

 

Morin et al. established a reovirus-induced pneumonia model in the rat 

(153). After intratracheal inoculation of reovirus T1L, rats exhibit notable 

respiratory distress (153). Reovirus T1L-induced pneumonia in the rat is 

characterized by extensive epithelial damage, type II alveolar epithelial cell 

hyperplasia and an influx of leukocytes (153). Reovirus replication occurs in type 

1 alveolar cells and reovirus particles are also detected in alvelolar macrophages 

(153). One might predict that access to alveolar macrophages would promote 

hematogenous dissemination, however, Morin and colleagues did not examine 

dissemination from the respiratory tract.  

 

These studies in the murine and rat models of respiratory infection largely 

focused on the host response and resolution of lung injury and did not consider 

the role of host proteases in respiratory reovirus infection. Unlike the enteric tract, 

which contains abundant active proteases, the respiratory tract retains a balance 

of proteases and protease inhibitors to support an optimal environment for 
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oxygen exchange (80, 151). Upon insult or injury, the balance between proteases 

and their inhibitors can be tipped due to the inflammatory response (79, 80, 151). 

Although the role of the inflammatory response is to provide protection to the 

tissue, uncontrolled inflammation can result in significant injury and lead to 

pulmonary dysfunction (49, 57, 127, 137, 184, 225). Disruption in the 

protease:antiprotease balance in the respiratory tract contributes to chronic 

obstructive pulmonary disease (COPD) and asthma (51, 107, 173, 184, 242). In 

adult asthmatics, 76% of patients requiring hospitalization for acute asthma had 

evidence of an ongoing viral respiratory infection (226). The specific role of viral 

infection in the exacerbation of COPD is currently unknown (107, 173). With an 

estimated 64 million people with COPD worldwide, a well-developed model to 

examine the impact of viral infection, inflammation and airway remodeling could 

have significant clinical benefits. 

 

Proteases clearly play an important role in many pathogenic viral 

infections, including those of the respiratory tract (14, 16, 27-29, 83, 99, 204, 

206, 207). For example, most influenza virus infections remain localized to the 

respiratory tract, despite the fact that the virus interacts with broadly-expressed 

cellular receptors (48). One factor that limits influenza virus infection is the 

requirement for host proteases that activate the fusion protein, hemagglutinin 

(HA), for membrane penetration (96, 227). Host proteases that are resident in the 

respiratory tract, including tryptase clara, human airway trypsin-like protease 
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(HAT) and TMPRSS2, can cleave influenza’s HA protein enabling it to initiate 

membrane fusion (15, 17, 28, 29, 33, 165, 243). Whereas most influenza viruses 

are activated by secreted or membrane-associated proteases in the respiratory 

tract, highly pathogenic strains, such as the avian H5N1, express HA molecules 

that can be cleaved by furin during virion maturation (112). These viruses have 

the potential to disseminate systemically in chickens (40, 96, 227). Similarly, the 

SARS coronavirus fusion protein requires activation by host proteases. Activation 

of SARS coronavirus has been linked to both membrane associated and 

endosomal proteases: Cat L, HAT, TMPRSS2 and TMPRSS4 (14, 16, 83, 99, 

204, 206, 207). These studies helped to focus our research on respiratory 

proteases that might mediate reovirus disassembly in the respiratory tract.  

 

V: Host response to reovirus infection 

Mice deficient in components of the immune system have been used to 

understand the roles of humoral and cellular immunity in reovirus pathogenesis. 

While both the innate and the adaptive immunity are involved in reovirus 

clearance, studies in severe combined immunodeficiency (SCID) mice revealed 

that antigen-specific lymphocytes are important for viral clearance after oral 

inoculation (214). Reovirus infection dramatically increases CD4+, CD8+ and 

CD4/CD8 double-positive T-cell populations in the respiratory and 

gastrointestinal tracts (18, 66). The cytokine profile of reovirus specific CD4+ T-

cells revealed a predominantly TH1 response (66). Neonatal mice treated with 
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anti-CD4 or anti-CD8 antibodies developed severe hepatobiliary pathology and 

increased reovirus titers, but adoptive transfer of preimmune CD4+ or CD8+ T-

cells protects against lethal infection (223). These results suggest that both CD4+ 

and CD8+ T cells contribute to reovirus clearance in murine infection models. In 

addition, humoral immunity is also an important component in host clearance of 

reovirus infection. Secretory IgA, directed against the cell attachment protein !1, 

is protective in vivo through inhibition of viral entry (100, 205). These results 

show that the host depends on many aspects of the immune response to 

mediate efficient reovirus clearance.  

 

VI: Systemic reovirus dissemination 

Systemic dissemination of reovirus infection after peroral inoculation has 

been extensively studied in the murine model (3, 10, 20, 22, 73, 152, 155). 

Inoculation of adult mice results in a limited local infection, however inoculation of 

SCID or neonatal mice results in systemic disease (82, 126), indicating that a 

mature immune system can efficiently limit systemic dissemination and 

pathogenesis. Studies in neonatal mice reveal differences in the capacity of 

different reovirus strains to replicate in and spread from the enteric tract. In 

newborn mice, one type 3 strain (clone 9) spread from the intestinal tract into 

mononuclear cells and through neurons to the brainstem (155). In contrast, 

reovirus T1L followed a hematogenous pathway to spread to secondary sites 

(155). After transport across M cells, T1L was sequentially detected in Peyer’s 
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patches, mesenteric lymph nodes, blood and the spleen (110). After reovirus 

spreads to secondary sites from the enteric tract, apoptotic cell death is induced 

in both the central nervous system (CNS) (12, 46, 97, 186) and heart (53, 97, 

150, 168). In my thesis work, I sought to characterize reovirus dissemination from 

the respiratory tract. 

 

VII: Role of the reovirus S1 gene in strain specific differences in reovirus 

infection of the gastrointestinal tract 

As discussed above, reovirus strains differ in capacity to replicate in vivo. 

After intragastric inoculation of 108 PFU, titers of some type 3 strains rapidly 

decrease while titers of type 1 strains increase in the gastrointestinal tract (110). 

The difference in capacity to replicate in the intestine was associated with the 

reovirus S1 gene. After intragastric inoculation of S1 gene reassortant viruses 

1HA3 (a T1L virus with a T3D S1 gene) or 3HA1 (a T3D virus with a T1L S1 

gene), titers in the gastrointestinal tract were equivalent at 6 and 24 h post-

inoculation, however, by 48 hours, titers of 3HA1 decreased while the titer of 

1HA3 increased (110). This result revealed that the S1 gene is a major 

determinant for viral replication in the gastrointestinal tract.  

 

The S1 gene encodes two proteins: the cell attachment protein !1 and a 

nonstructural protein, !1s, in overlapping reading frames. Biochemical studies 

have correlated protease sensitivity of the cell attachment protein, !1, with the 
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failure of some reovirus strains to replicate in the gastrointestinal tract (55, 160). 

Since some type 3 strains do not replicate to high titers in the gastrointestinal 

tract (19, 110), Nibert et al. proposed that the cell attachment protein may be 

cleaved by the abundant pancreatic serine proteases present in the 

gastrointestinal tract (160).  In support of this model, some type 3 reovirus strains 

lost infectivity in the presence of the proteases CHT and trypsin in vitro (160). 

The loss of infectivity after protease treatment was correlated with a degradation 

of the cell attachment protein, !1 (37, 160). Protease-mediated instability of the 

!1 protein was associated with a polymorphism in the neck of the protein at 

amino acid 249 (37). Interesting recent work has revealed that the S1 gene 

encoded non-structural protein, !1s, while not required for replication in cell 

culture, modestly enhances viral replication in the gastrointestinal tract, through 

mechanisms that are not understood (22). 

 

Reovirus strains also differ in capacity to disseminate systemically after 

oral inoculation and this has been linked to the S1 gene as well. T1L spreads 

efficiently to secondary sites while T3D does not (110). However, failure to reach 

high viral loads in the gastrointestinal tract may impact capacity of T3D to spread 

to the spleen. Kauffman et al. examined the genetic determinants that impact the 

capacity of reovirus to spread to the spleen (110). After oral inoculation with 

reassortant viruses 3HA1 and 1HA3, titers in the draining lymph nodes were 

similar, but only 3HA1 spread to the spleen (110). These results indicate that the 
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reovirus S1 gene is the primary determinant of the capacity to disseminate 

systemically after oral inoculation.  

 

VII: Strain specific differences in reovirus infection of the respiratory tract 

Prior to my thesis work, there was some evidence to suggest that reovirus 

strains also differ in capacity to replicate in the respiratory tract. Morin and 

colleagues compared T1L and T3D infection in rat lungs (67, 153). After 

intratracheal inoculation, reovirus strain T1L replicated to higher titers than strain 

T3D (153). T3D infection induced pneumonia that differed slightly compared to 

T1L induced pneumonia, as T3D infection and resulting pneumonia included a 

greater infiltration of PMNs (67, 153). BALF from T1L infected rats contained 

24% PMNs while BALF from T3D infected rats consisted of 66% PMNs (67). 

Serotype specific induction of pulmonary PMN infiltration correlates with 

significant differences in cytokine induction. After respiratory infection, T3D has 

been reported to induce more IFN, TNF-% and MIP-2 than T1L (67).  

 

Morin et al. also examined the genetic basis for the serotype specific 

differences in reovirus replication in the respiratory tract and determined that they 

segregate with the S1 gene (153). Viral load after inoculation with the reassortant 

virus 3HA1 reached levels similar to titers recovered after T1L inoculation, while 

inoculation with 1HA3 resulted in lung titers similar to T3D (153). The S1 gene 

also appears to contribute to the difference in PMN recruitment, as reassortant 
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virus 3HA1 recruited 46% PMNs whereas 1HA3-infected animals had more 

PMNs in the BALF (58%) (153). These results argue that the S1 gene is the 

primary determinant for replication in the respiratory tract and induction of 

pulmonary neutropenia.  

 

VIII. The goals of this study 

One of the research goals of the Schiff laboratory was to gain insight into 

the host and viral determinants for respiratory reovirus infection and systemic 

dissemination. Prior to the work in this thesis, nothing was known about the 

proteases that mediate virion uncoating when infection is initiated in the 

respiratory tract. I set out to investigate the role of endogenous respiratory 

proteases in reovirus infection. Through this work, I discovered that reovirus titers 

were enhanced upon respiratory inflammation, and this observation led us to 

investigate the role of inflammation in reovirus replication and systemic 

dissemination. In the course of these studies, I identified strain specific 

differences in reovirus pathogenesis after respiratory inoculation. I used a 

reverse genetic approach to identify genetic determinants of reovirus replication 

in the respiratory tract and systemic dissemination from the lungs. Preliminary 

biochemical experiments suggest a molecular mechanism that might contribute 

to this difference in pathogenesis.  
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CHAPTER 2 

Materials and Methods 

 

Mammalian cells. Murine L929 cells were maintained as suspension cultures in 

SMEM supplemented to contain 5% heat-inactivated fetal calf serum (Hyclone 

Laboratories, Logan, UT), 2 mM glutamine, 50 units/ml penicillin G, and 50 µg/ml 

streptomycin sulfate. Vero cells were maintained in DMEM supplemented to 

contain 5% heat-inactivated fetal calf serum (Hyclone Laboratories, Logan, UT), 

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

Baby hamster kidney cells expressing T7 RNA polymerase (BHK-T7 cells) (30) 

were maintained as monolayer cultures in GMEM supplemented to contain 10% 

heat-inactivated fetal calf serum (Hyclone Laboratories, Logan, UT), 2 mM L-

glutamine, 2% MEM amino acids solution 50x (Invitrogen), 50 units/ml penicillin 

G, and 50 µg/ml streptomycin sulfate. Alternating passages of BHK-T7 cells were 

made using medium supplemented to contain 1 mg/ml geneticin (Gibco).  

 

Viruses. Reovirus strains Dearing (T3D) and Lang (T1L) are prototypic 

laboratory strains. Two isolates of strain Dearing, Dearing-Cashdollar (T3DC) and 

Dearing-Fields (T3DF) were used in these studies. Dr. B. Fields provided the 

Schiff laboratory with T3DF and T1L reassortant viruses (3HA1 and 1HA3) that 

had been isolated from L929 cells coinfected with strains T3DF and T1L (229). 

Dr. J. Parker graciously provided us with third passage lysate stocks of T3DC. 
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Viral titers were determined by plaque assay on L929 cells (222). The 

elecrophoretic mobility of viral dsRNA gene segments was verified on 10% 

polyacrylamide gels and detected by silver staining (8).  

 

Generation of recombinant viruses. Baby hamster kidney cells that stably 

express T7 RNA polymerase (BHK-T7) (30) were cotransfected with nine 

plasmid constructs representing cloned gene segments from the T3DF genome 

(23, 119): pT7-L1T3D (2 µg), pT7-L2T3D (2 µg), pT7-L3T3D (2 µg), pT7-M1T3D 

(1.75 µg), pT7-M2T3D (1.75 µg), pT7-M3T3D (1.75 µg), pT7-S2T3D (1.5 µg), 

pT7-S3T3D (1.5 µg), pT7-S4T3D (1.5 µg) (119, 120) in combination with 2 µg of 

pT7-S1T3DF, pT7- S1T3DF/T3DCS1-77, pT7- S1T3DF/T3DCS1-1234, or pT7-

S1T3DF/T3DCS1. The S1 gene recombinant plasmids (pT7- S1T3DF/T3DCS1-77, 

pT7- S1T3DF/T3DCS1-1234, or pT7-S1T3DF/T3DCS1) were generated by altering 

pT7-S1T3DF using the Quickchange site-directed mutagenesis system 

(Stratagene) and forward primers: 5’-

cgagtgataatggagcgtcactgtcaaaagggcttgaatcaaggg-3’ (rsT3DF/T3DCS1-77), 5’-

agggttgtcgtcgggtggtgcccctcagtatatgagtaagaa-3’ (rsT3DF/T3DCS1-1234); reverse 

primers:  5’-cccttgattcaagcccttttgacagtgacgctccattatcactcg-3’ (rsT3DF/T3DCS1-

77), 5’-ttcttactcatatactgaggggcaccacccgacgacaaccct-3’ (rsT3DF/T3DCS1-1234). 

The pT7-S1T3DF/T3DCS1 plasmid was altered by Quickchange site-directed 

mutagenesis to generate pT7-S1T3DF/T3DCS1 !1s-null. The S1 gene 

recombinant plasmids (pT7- S1rsT3DF/T3DCS1-77, pT7- S1rsT3DF/T3DCS1-
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1234, or pT7-S1rsT3DF/T3DCS1) were generated by altering pT7-S1T3D using 

Quickchange (Stratagene) site-directed mutagenesis and forward primers: 5'- 

Attaacgagtgataacggagcgtcactgtcaaaaggg-3' (rsT3DF/T3DCS1-77 !1S-null and 

rsT3DF/T3DCS1 !1S-null), 5’- Attaacgagtgataacggagtatcactgtcaaaaggg-3’ 

(rsT3DF !1S-null and rsT3DF/T3DCS1-1234 !1S-null); reverse primers: 5'- 

cccttttgacagtgacgctccgttatcactcgttaat -3' (rsT3DF/T3DCS1-77 !1S-null and 

rsT3DF/T3DCS1 !1S-null), 5’- cccttttgacagtgatactccgttatcactcgttaat-3’ (rsT3DF 

!1S-null and rsT3DF/T3DCS1-1234 !1S-null). S1 and L1 gene sequences of 

viruses recovered by reverse genetics were confirmed using viral RNA extracted 

from purified virions and Onestep RT-PCR (Qiagen) with S1 or L1 specific 

primers (119). 

 

Generation of third passage reovirus stocks. Reovirus stocks were prepared 

in L929 cells. Well-isolated viral plaques were picked and disrupted in gel saline 

(0.14 M NaCl2, 0.27 mM CaCl2-2H2O, 0.84 mM MgCl2-6H2O, 0.2 M H3BO3, 0.13 

mM Na2B4O7-10H2O, and 3 g/L gelatin at a pH of 7.4). L929 cells that had been 

plated the previous day were infected with the virus/agar/gel saline mixture. 

Samples were incubated at 37oC for with gentle agitation to allow particles to 

adsorb, and SMEM medium was added after 1 h. Samples were incubated at 

37oC until > 90% of the cells demonstrated cytopathic effect (CPE). The plates 

were subjected to three cycles of freeze-thawing and the resulting lysates were 

placed into sterile dram vials and stored at 4oC. Generally 0.5 ml of this passage 
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1 stock was used to generate passage 2 stocks following the adsorption and 

incubation protocol described above. Second passage stocks were titered by 

standard plaque assay to quantify plaque forming units (PFU)/ml and a sufficient 

quantity of passage 2 stock to result in a multiplicity of infection (MOI) of 0.5 

PFU/cell was used to generate passage 3 stocks. The 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 dsRNA gene segments and genetic sequencing of specific genes. 

 

 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 or 

high titer second passage cell-lysate stocks. The samples were incubated in a 

35oC H2O bath for 1.5 to 2 h with gentle swirling every 15 min to allow particles to 

adsorb. After adsorption, medium was added so that the cells were at a final 

concentration of 5 x 105 cells/ml. The infected cells were then stirred in a 35oC 

H2O bath until 25-35% of the cells were dead – determined by failure to exclude 

0.4% trypan blue. Infected cells were pelleted by low speed centrifugation and 

frozen for 2 h to overnight at -80oC. Pellets were resuspended in 7 ml HO buffer 

(250 mM NaCl, 10 mM Tris [pH 7.4]), and transferred to a 30 ml Corex tube. 

Cells were disrupted by two 30-second sonication pulses at 30% power with a 

Sonifier cell disrupter. The disrupted cells were placed on ice and 1/100th of the 
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volume of 10% deoxycholic acid was added. 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 it emulsified. Another half volume of freon was added and the sample was 

sonicated again. The sample was centrifuged at 7000 g for 25 min at 4oC. The 

aqueous phase, which contains the virions, was removed with sterile plastic pipet 

and placed in a sterile corex tube and the freon/centrifugation step was repeated.  

The second aqueous phase was layered onto a 1.25-1.45 g/cc CsCl gradient and 

centrifuged overnight at 88700 g and 4oC using a SW41 rotor (Beckman, 

Fullerton, CA). After centrifugation, the visible band of virions was collected by 

puncturing the bottom of the centrifugation tube and collecting the drops 

corresponding to the band 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). The titer of the purified virions was 

determined by standard plaque assay, particle concentration was determined 

using a spectrophotometer and the assumption that 1 OD260 = 2.1 x 1012 

particles/ml and the genotype was confirmed by SDS-PAGE and silver staining 

and/or sequencing. 
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Generation of intermediate subvirion particles. Intermediate subvirion 

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

concentration of 1 x 1012 particles/ml and treating with 200 mg/ml chymotrypsin 

(CHT). Virions of T3D were incubated in a 27oC H20 bath for 7.5 min, whereas 

virions of the other strains were incubated at 32oC 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.  

 

Protease treatment of reovirus virions. Purified virions (5 x1010 particles/ml) 

with 50 µg/mL purified chymase (Calbiochem), 25 µg/mL purified Cat G, 21 

µg/mL of purified HAT (R&D Systems), 200 µg/ml chymotrypsin (Sigma) or 25 

µg/ml neutrophil elastase (Calbiochem) in 20µL VDB at 37°C. Mock-treated 

samples were incubated in VDB for the longest time point. Digestions were 

terminated with PMSF (Sigma) at a final concentration of 2mM, benzamidine at a 

final concentration of 5 mM, or PMSF (2mM) and neutrophil elastase inhibitor 

(Calbiochem) (200 µM). Protein sample buffer (0.125 M Tris [pH 8.0], 1% SDS, 

0.01% bromphenol blue, 10% sucrose and 5% #-mercaptoethanol) was added to 

each reaction mixture and samples were resolved on SDS-12% polyacrylamide 

gels. The protein gels were stained with Coomassie Brilliant Blue in order to 

visualize viral proteins. 
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Isolating reovirus dsRNA gene segments. To isolate virion dsRNA, L929 cells 

were plated at a density of 2 x 106 cells in 60-mm tissue culture plates to result in 

confluent monolayers after overnight incubation at 37oC. Medium was removed 

and cells were infected with 100 ul of virus stock. After 1 h of adsorption at 37oC, 

5 ml of SMEM was added to each plate and cells were placed in a 37oC 

incubator. Cells were monitored daily and frozen at –80oC when > 90% of the 

monolayer displayed cytopathic effects. The monolayers were then thawed and 

each infected cell lysate was transferred into a 13-ml Sarstedt tube (Sarstedt 

Aktiengesellschaft & Co., Germany). 0.3 ml of 5% ethylphenyl-polyethylene 

glycol (Nonidet P40, NP-40) (USB, Cleveland, OH) in NP-40 buffer (10 mM Tris 

[pH 7.4], 0.14 M NaCl, 3.15 mM MgCl2.6H2O) was added to each tube, gently 

vortexed and incubated on ice for 30 min. The samples were centrifuged at 600 g 

for 10 min at 4oC. The supernatant was gently poured to a new Sarstedt tube that 

contained 0.3 ml 10% SDS and proteinase K was added so that its final 

concentration was 100 mg/ml. The samples were gently vortexed and incubated 

in a 37oC water bath for 1 h. After the incubation, 2 ml equilabrated phenol and 2 

ml chloroform was added to each sample. Samples were vigorously vortexed for 

30-60 sec until a stable emulsion formed and then centrifuged at 1500 g for 15 

min at room temperature. The aqueous phase was transferred to a new Sarstedt 

tube and 0.1 aqueous volume of 3 M sodium acetate and 2.5 volumes of cold 

100% EtOH were added. After mixing, samples were incubated overnight at –

20oC or for 1-2 h at –80oC. To collect the precipitated nucleic acid, samples were 
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centrifuged at 9700 g for 10 min at 4oC and the supernatant was discarded.  

Pellets were flash frozen in a dry ice/EtOH bath and dried under vacuum. The 

pellets were resuspended in 0.1 ml H2O or TE and stored at –20oC.   

 

Standard reovirus plaque assay. On day 1, L929 cells were plated in 6-well 

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

overnight at 37oC. On day 2, 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 1-1.5 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 and 100 mg/ml streptomycin sulfate) was added to 

each well. The overlay was allowed to solidify for ~15 min at room temperature 

and plates were returned to a 37oC incubator. On day 5, 2 ml of overlay was 

added to each well as described for day 2. On day 8, 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%. On day 9, plaques 

were counted and viral titers determined. 

 

Chymotrypsin reovirus plaque assay. Rapid 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. 

After medium was removed from the wells on day 2, each well was rinsed with 2 
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ml PBS + 2 mM MgCl2. Cells were infected as described above. After adsorption, 

the inoculum was removed by aspiration and cells were overlaid with 5 ml of 1% 

agar, 1X199, 2 mM glutamine, 100 units/ml penicillin G sodium, 100 mg/ml 

streptomycin sulfate, 0.25 mg/ml amphotericin B and 10 mg/ml CHT. The plates 

were incubated at 37oC for 2 to 5 days until plaques could be counted and viral 

titers determined. 

 

Viral replication assays. Virus was adsorbed to cells at 4oC for 1.5 h. For all 

experiments shown in this thesis, cells were infected at an MOI of 5. In some 

experiments, cells were pretreated for 3 h with protease inhibitor E-64. After 

adsorption, cells were pelleted by low-speed centrifugation and resuspended in 

fresh medium (with or without E-64). Virus and cells were added to dram vials (2 

x 105 cells/vial) containing 1 ml of chilled medium. Triplicate samples were 

prepared for each time point. Time zero samples were frozen immediately at -

70oC. The remaining samples were incubated at 37oC for various intervals and 

subjected to three cycles of freezing and thawing. Viral titers were determined by 

plaque assay using L929 cells (75). Viral yields were calculated according to the 

following formula: log10 yield at tx = log10(PFU/ml)tx - log10(PFU/ml)t0, where tx is 

the time post-infection and t0 is the time immediately post-adsorption. 
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Transfection of vero cells with protease expression plasmids. Vero cell 

cultures were plated in 1 mL of DMEM medium onto 1mm coverslips in the wells 

of a 12-well plate. The cells were allowed to adhear overnight. Medium was 

removed 1 h prior to transfection and replaced with incomplete DMEM. 30 h prior 

to infection, cells were transfected with FLAG-tagged protease-expression 

plasmids (pCAGGS-HAT, pCAGGS-TMPRSS2, or pcDNA22) (11, 28) by 

Lipofectamine 2000 reagent (Invitrogen) according to product instructions. HAT 

and TMPRSS2 expression plasmids were generous gifts of Dr. Mikhail 

Matrosovich and ICP22 expression plasmid was a generous gift of Dr. Steve 

Rice. Transfected cells were infected with reovirus strain T1L virions or CHT-

ISVPs (MOI 10 PFU/cell). At 18 h post-infection, cells were fixed with 4% 

parafromaldehyde for 20 min and permeabilized with 0.5% Triton X100 for 10 

min. After permeablization, cells were washed in PBS 2 x 10 min. Cells were 

then incubated with diluted antibody, anti-!NS or anti-FLAG (Sigma-Aldrich), for 

1 h at 37°C. The polyclonal antibody to reovirus nonstructural protein !NS was a 

generous gift of Dr. Terry Dermody. After incubation with primary antibody, cells 

were washed 3 x 5 min each in PBS, incubated with secondary antibody (Sigma-

Aldrich) for 30 min, washed 3 x 5 min and counterstained with Hoechst 

(Invitrogen). Slides were mounted with mounting medium (Sigma-Aldrich) and 

placed at 4oC overnight.   
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Animals and inoculation protocol. Four to five week-old female CBA/J mice 

were lightly anesthetized with isoflurane and inoculated with 30 µl onto the nares 

(approximately 15 µl each nare) and depressing the diaphragm (134). Three 

week-old CBA/J mice were lightly anesthetized with isoflurane and infected by 

peroral inoculation. Organs were resected at various intervals post-inoculation, 

and viral titers in organ homogenates were determined by plaque assay using 

L929 cells (222). BALF was obtained by intubating mice with small-gauge needle 

with 1cc syringe with 0.9cc sterile saline. Saline was carefully injected into 

animal’s lungs and then aspirated slowly. Animal housing and infection and 

euthanasia procedures were performed in accordance with and approved by 

University of Minnesota Institutional Animal Care and Use Committee. 

 

Titration of infectious virions from animal organs. Freshly harvested lungs, 

spleens, gut, and lymph nodes (mediastinal, cervical and thoracic) were resected 

and suspended in 1 ml gel saline. Blood was obtained by heart puncture and 

suspended in 1 ml gel saline. Lungs, spleen and gut were homogenized with a 

high shear tissue homogenizer (Omni) for 30 seconds using a soft tissue 

microprobe tip (Omni). Lymph nodes and blood were sonicated for two 30 s 

pulses. Homogenized samples underwent 3 freeze-thaw cycles, and the amount 

of infectious virus in each organ was determined by standard plaque assay on 

L929 cells.  
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Serine protease inhibitor treatment in vivo. Four week-old CBA/J mice were 

treated intranasally with 20 µl of saline or aprotinin (250 U) (Sigma-Aldrich) in 20 

µl total volume one day, 20 min prior and 1 day post-inoculation. Mice were 

inoculated with 1 x 107 PFU of T1L. Organs were resected and blood was 

obtained by heart puncture. Organ titers were detected by plaque assay on L929 

cells. 

 

Induction of a respiratory inflammatory response. Four week-old CBA/J mice 

were untreated or treated intranasally with 1.5 mg LPS, 1.7 x 109 UV-inactivated 

T3D virions or saline 24 h prior to intranasal infection with 1 x 107 PFU reovirus 

strain T1L virions. Eight hours post-inoculation, BALF was harvested from 

infected mice.  

 

Cytospin analysis of BALF. BALF was obtained from mice as described above. 

Slides and filters were placed in slots with the filters facing the center of the 

cytospin. 100ul of sample was added to the wells of the cytospin. Slides were 

spun at 450 g for 20 min and filters were removed. Slides were dried overnight 

prior to staining. Neutrophils and monocytes in the BALF were quantified after 

hemotoxylin and eosin staining.  

 

Cytokine expression profile. Four week-old CBA/J mice were treated 

intranasally with virions, ISVPs, UV-inactivated ISVPs or saline. Two days post-
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treatment, lungs were resected and cytokine expression was detected using the 

Proteome Profiler Array panel A (R&D Systems) according to the published 

protocol and Image J analysis. 

 

Histology. Lungs were inflated in situ with 4% paraformaldehyde by intratracheal 

intubation using a tuburculin syringe. After insertion of the syringe and fluid, the 

trachea was clamped and the lungs were removed. The lungs were suspended in 

4% paraformaldehyde for four h. The 4% paraformaldehyde was changed at 

least 1 x to remove excess blood, and lungs were placed in tissue cassettes and 

stored in 70% ethanol prior to processing and embedding in paraffin. 5 µm 

sections of embedded tissues were mounted on glass slides.  

 

Slide staining. Slides were warmed in a 60oC oven for 1 h before being passed 

through a series of xylene (2 x 5 min), graded ethanols (2 x 5 min absolute 

ethanol, 1 min each 90%, 80%, 70% and 60% ethanol) and water (2 x 5 min) to 

remove paraffin and hydrate the tissue sections. Slides were kept wet to ensure 

that tissues did not dehydrate. Moist slides were placed in a 1x Rodent 

Decloaker (BIOCare) at 90-95oC for 30 min and then allowed to cool at room 

temperature for 30 min. Slides were transferred to glass rack and rinsed under 

running DI water until soap was removed. Tissue samples were encircled with a 

PAP pen and peroxidaze solution was added to each tissue sample for 2 min. 

Slides were then washed in DI water and blocked for 30 min with Tris-NaCl-
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blocking buffer (TNB) (0.1M Tris-Cl, 150 mM NaCL, pH 7.5) and 10% Sniper 

(BIOCare) or Rodent Block M (BIOCare) to limit nonspecific binding. Dilutions of 

primary antibody diluted in TNB were added to samples and slides were 

incubated at either room temperature for 1-2 h or 4oC overnight. After primary 

antibody, slides were washed in PBS or TBST (2 x 5 min). Viral antigen was 

detected using a horseradish peroxidase linked secondary antibody. After 

secondary antibody, slides were washed in DI water for 5 min and Vector DAB 

(BIOCare) was added for approximately 5 min. Slides were then counterstained 

with hematoxcylin (time varied by age of stain) or hemotoxylin and eosin and 

washed in warm water 2 x 5 min. Slides were then dehydrated (1 x 1 min 70%, 

80%, 90% ethanol and 2 x 5 min absolute ethanol), cleared (2 x 5 min xylene) 

and mounted (Permount). Mounted slides were placed at 4oC overnight and 

stored at room temperature.  

 

Statistical Analysis. For those experiments in which viral titers were determined 

in an organ or blood, the Mann-Whitney test was used to calculate two-tailed P 

values. This test is appropriate for experimental data that display a non-Gaussian 

distribution. When all values are less than the limit of detection, a Mann-Whitney 

test P value cannot be calculated. Student T test was applied to experiments in 

cell culture. ANOVA test was used to calculate P values in cytokine profile 

experiment. Statistical analyses were performed using Prism software 

(GraphPad Software, Inc.). 
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CHAPTER 3 
Development and Characterization of a Murine Model of Respiratory 

Infection 
 

I. Introduction 

 Mammalian reoviruses have been used as a model system to characterize 

viral pathogenesis (70, 72, 110, 152, 154, 163, 237). Establishment of reovirus 

infection in the gastrointestinal tract depends upon host proteases CHT and 

trypsin (10, 20), which cleave the outer capsid proteins !3 and µ1. Particle 

disassembly promotes the extension of the cell attachment protein !1 (3, 75, 

230, 236, 237), which is required to enable reovirus attachment to intestinal M 

cells for entry (3, 10, 228). The murine model of gastrointestinal infection in 

newborn mice was used to identify viral determinants that regulate local and 

systemic reovirus infection (22, 55, 89, 108, 110, 190, 228, 237). Reovirus strains 

differ in their capacity to establish local infection (110), a characteristic that 

segregates with the S1 gene. The S1 gene encodes two proteins: the cell 

attachment protein !1 and a non-structural protein, !1s, in overlapping reading 

frames. The !1 protein has been implicated as a major determinant of serotype-

specific differences in reovirus replication in the gastrointestinal tract (37, 72, 

110, 229). These differences are linked to a sequence polymorphism in the T3DF 

!1 protein that increases sensitivity to cleavage by pancreatic serine proteases 

(37, 160). Interesting recent work has revealed that the S1 gene encoded non-

structural protein, !1s, while not required for replication in cell culture, plays a 
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role in hematogenous dissemination after peroral or intramuscular inoculation 

(21, 22).  

  

Reoviruses also infect by the respiratory tract and have been used as a 

murine model to characterize ARDS (134, 135). However, studies examining the 

viral determinants and mechanisms that regulate reovirus replication and 

systemic dissemination after respiratory infection are limited. Reovirus strains 

differ in their capacity to replicate in rat lungs and studies using reassortant 

viruses show that the S1 gene regulates this difference (67, 153). The S1 gene 

also impacts the recruitment of neutrophils into the lungs. In the lungs, type 1 

reoviruses (T1L) replicate to higher titers but recruit fewer neutrophils than type 3 

reoviruses (T3DF) (67, 153). Compared to the gastrointestinal tract, the 

respiratory tract is relatively protease neutral in the absence of infection or 

pathology. It is unknown if the limited replication of T3DF in the lungs is due to 

cleavage of !1 by respiratory proteases. This chapter presents the results of 

studies designed to develop and characterize a murine model of respiratory 

infection and investigate the role of the S1 gene in viral replication in the lungs 

and systemic dissemination. 

 

II. Results 

Prior to my thesis work, our lab had no experience with animal models of 

reovirus pathogenesis. During the course of my work, I established a murine 
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model of respiratory reovirus infection based upon the ARDS model of 

respiratory reovirus infection. To determine if there were differences between our 

murine model of reovirus infection and the established ARDS model (135), we 

compared viral replication and gross pathology after intranasal inoculation to 

results obtained in the published ARDS model of respiratory reovirus infection. 

We infected 4-week old CBA/J mice with 107 PFU of T1L virus by intranasal 

inoculation and analyzed viral titers in resected organs at various times post-

inoculation (Fig. 3.1A). We recovered between 105 and 107 PFU of virus in the 

lungs between 0.1 and 1 day post-inoculation. By day 2, we recovered 

approximately 1010 PFU of T1L, which reflects 3 logs of growth over the 

inoculating dose. While titers recovered at early times post-inoculation were more 

than 2 logs lower than titers in the ARDS model at similar times post-inoculation, 

peak titers were similar. In our infected animals, peak titers in the lungs were 

achieved at day 2 post-inoculation and clearance began by day 3 post-

inoculation, indicating that viral clearance occurs much earlier in our model. 

Together, these results reveal that there are some differences between our 

model of respiratory reovirus infection and the published ARDS model.  

 

Experimental animals were also monitored for signs of clinical disease. 

The ARDS model is characterized by a significant morbidity and mortality, with 

greater than 60% of mice moribund by day 10 post-inoculation (135). In sharp 

contrast, mice in our model were as physically active as sham-infected (saline  
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Fig. 3.1. Characterization of a murine model reovirus infection. CBA/J mice 

(4 weeks-old) were inoculated intranasally with 1 x 107 PFU T1L virions. Organs 

were resected at indicated times post-inoculation. (A) Viral titers in the lungs 

were determined by plaque assay on L929 cells. Results are expressed as a 

mean of viral titers for 6 to 12 mice per time point. Error bars indicate standard 

errors of the means (SEM). (B-K) Four week-old CBA/J mice were infected as 

described for panel A. (B-H) Gross pathology of lungs (B) 0.5, (C) 1, (D) 2, (E) 5, 

(F) 7, (G) 14 days post-inoculation or (H) 2 days post-inoculation of saline 

control. (I-K) At (I) 0.5, (J) 1, and (K) 2 days post-inoculation with T1L virions, 

lungs were isolated, sectioned and stained with antiserum directed against the 

reovirus nonstructural protein µNS. Viral antigen was detected using a 

horseradish peroxidase-linked secondary antibody and diaminobenzidine, and 

slides were counterstained with hematoxylin. Representative sections are shown. 

Specificity of the staining was determined from control slides, which included 

infected lung sections incubated with pre-immune serum and uninfected lung 

sections incubated with µNS-specific antiserum (data not shown). 
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control) animals, and no net loss of weight was noted. We observed animals out 

to 14 days post-inoculation and never observed either morbidity or mortality. 

While we did not detect overt signs of clinical disease in our model of respiratory 

infection, gross observation of the lungs of reovirus-infected mice demonstrated 

dramatic increased areas of hemorrhage compared to saline controls (Fig. 3.1H). 

Gross pathology revealed spotty areas of hemorrhage at 0.5 and 1 day post-

inoculation (Fig. 3.1B, C); lungs contained numerous hemorrhages by days 2-7 

(Fig. 3.1D-F). At 14 days post-inoculation, we observed fewer lung hemorrhages, 

suggesting the tissues were undergoing repair (Fig. 3.1G). We observed viral 

replication in type 1 alvelolar cells and alveolar monocytes (Fig. 3.1I-K). 

Immunohistochemistry revealed evidence of new viral replication (µNS staining) 

by day 2 post-inoculation in reovirus-infected mice (Fig. 3.1K). Although the 

pathological consequences of infection were similar in our model of reovirus 

infection and the rat model (153), our murine model of respiratory reovirus 

infection results in significantly less viral induced pathology than the murine 

ARDS model of infection.  

 

Studies in the rat model suggested that the S1 gene is a major 

determinant of viral replication in the respiratory tract (153). We sought to 

determine if the S1 gene also regulates replication in the lungs in our murine 

model of respiratory infection. We infected mice intranasally with the single-gene 

reassortant viruses, 1HA3 and 3HA1. Reassortant virus 1HA3, which has a T1L  
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Fig. 3.2. Role of reovirus S1 gene in respiratory replication and 

dissemination in a murine model. CBA/J mice (4 weeks-old) were inoculated 

intranasally with 1 x 107 PFU 3HA1 or 1HA3 virions. Organs were resected at 

indicated times post-inoculation. Viral titers in the (A) lungs and (B) spleen were 

determined by plaque assay on L929 cells. Results are expressed as viral titer 

for each mouse examined. 
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 background with the S1 gene of T3D, replicated to similar titers in the lungs as 

reassortant virus 3HA1, which has a T3D background with the S1 gene of T1L 

(Fig. 3.2A). We recovered over 108 PFU of virus at day 1 and almost 1010 PFU by 

day 4 after inoculation with either virus (Fig. 3.2A). The rate of viral clearance 

after inoculation with either 3HA1 or 1HA3 also appeared to be equivalent at day 

7 post-inoculation. Although Morin et al. did not examine reovirus spread after 

respiratory viral infection in the rat model, we quantified viral dissemination after 

inoculation with 3HA1 and 1HA3 and found no significant difference between 

viral loads in the spleen (Fig. 3.2B). Both 1HA3 and 3HA1 were recovered in the 

spleen at days 1 and 4 post-inoculation (Fig. 3.2B). Virus appeared to clear by 

day 7 post-inoculation in all mice inoculated with 1HA3 and in 2 of 3 mice 

inoculated with 3HA1 (Fig. 3.2B). These results suggest that the S1 genes in 

reassortant viruses 1HA3 and 3HA1 do not regulate reovirus replication in or 

dissemination from the murine respiratory tract.  

 

Given that these same reassortant viruses had been used to associate the 

S1 gene with pathogenesis in the murine gastrointestinal tract and the respiratory 

tract of rats (110, 153), we considered that our failure to detect an S1 gene effect 

on respiratory replication could be due to other genetic changes that had 

occurred in our stocks (110, 153). To confirm our findings, we used plasmid-

based reverse genetics (119, 120) to engineer a recombinant virus with 9 gene 

segments from T3DF and the S1 gene from T1L (Fig. 3.3A). We first asked  
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Fig. 3.3. Analysis of viral replication in the gastrointestinal tract and 

systemic dissemination of murine reoviruses generated by reverse 

genetics. (A) Reverse genetics system adapted from Kobayashi and colleagues 

(119). Cloned cDNAs representing each of the 10 full-length reovirus RNA gene 

segments are flanked by the bacteriophage T7 RNA polymerase promoter (T7P) 

and hepatitis delta virus (HDV) ribozyme (Rib). The ten reovirus cDNA constructs 

are transfected into BHK cells expressing T7 RNA polymerase. Transfected cells 

are incubated for up to 5 days and lysed by freeze-thaw. Viable viruses rescued 

from cloned cDNAs were isolated, purified, and titered on murine L929 cells. 

(B,C) CBA/J mice (3 weeks-old) were inoculated intragastrically with 1 x 108 PFU 

of T1L, T3DF or rs3HA1 virions. Organs were resected at indicated times post-

inoculation. Viral titers in the (B) intestine and (C) spleen were determined by 

plaque assay on L929 cells. Results are expressed as viral titer for each mouse 

examined.  
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whether this virus (rs3HA1), like T1L and the reassortant 3HA1, had the capacity 

to replicate in the gastrointestinal tract. We inoculated young mice intragastrically 

with 108 PFU of T1L, T3DF or rs3HA1 and quantified viral load in the 

gastrointestinal tract and spleen. As expected, we recovered high titers of T1L at 

day 2 and 4 post-inoculation, but T3DF was not recovered in the gastrointestinal 

tract (Fig. 3.3B). Inoculation with rs3HA1 resulted in 5 logs of growth by 2 days 

post-inoculation (Fig. 3.3B). Titers of rs3HA1 in the gastrointestinal tract were 

modestly lower than T1L titers at day 4 post-inoculation and both viruses were 

cleared from the gastrointestinal tract by day 8 post-inoculation (Fig. 3.3B). We 

also quantified systemic dissemination after intragastric inoculation. We found 

that reovirus strain T3DF failed to spread systemically while T1L and rs3HA1 

spread efficiently (Fig. 3.3C). We recovered more than 102 PFU of virus in the 

spleen after inoculation with either T1L or rs3HA1 (Fig. 3.3C). These results 

demonstrate that the engineered rs3HA1 has phenotypes that are similar to the 

well-characterized reassortant virus 3HA1 after intragastric inoculation.  

 

We then used this engineered virus to determine if the T1L S1 gene 

contributes to viral replication in our model of respiratory reovirus infection. We 

inoculated mice intranasally with T1L, T3DF or rs3HA1 and assessed viral loads 

in the lungs. At 1 day post-inoculation, mice inoculated with reovirus strain T1L 

had viral loads a log greater than mice inoculated with T3DF (Fig. 3.4A). The 

engineered virus rs3HA1 was recovered at titers similar to T3DF at 1 day post- 
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Fig. 3.4. Analysis of strain specific differences in reovirus capacity to 

replicate and disseminate after respiratory infection. CBA/J mice (4 weeks-

old) were inoculated intranasally with 1 x 107 PFU of T1L, T3DF or rs3HA1 virions. 

Organs were resected at indicated times post-inoculation. Viral titers in the (A) 

lungs and (B) spleen were determined by plaque assay on L929 cells. Results 

are expressed as viral titer for each mouse examined. 
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inoculation, however by day 3, rs3HA1 was recovered at modestly higher titers 

than T3DF in the lungs (Fig. 3.4A). Peak titers in the lungs also differed between 

the strains, T1L reached 109 PFU while both T3DF and rs3HA1 peak titers were 2 

logs lower than T1L (Fig. 3.4A). While this result contrasts with findings from the 

rat model (153), it is consistent with our earlier finding (Fig. 3.2) that the S1 gene 

does not significantly impact viral replication in the murine respiratory tract.  

 

Prior to my thesis work, no one had examined the genetic regulation of 

systemic dissemination after respiratory reovirus infection. Using S1 gene mono-

reassortant viruses, we found no significant difference in systemic dissemination 

after intranasal inoculation. To confirm that the T1L S1 gene does not 

significantly enhance systemic reovirus dissemination, we assessed the capacity 

of reovirus strains T1L, T3DF and rs3HA1 to spread from the murine respiratory 

tract. One day post-inoculation, we recovered infectious virus in the spleen from 

mice inoculated with T1L and by day 3 post-inoculation T1L titers in the spleen 

reached a peak titer of 103 PFU (Fig. 3.4B). Virus was not recovered in the 

spleen at any time point after intranasal inoculation with T3DF (Fig. 3.4B). These 

results indicate that, while T1L efficiently disseminates systemically after 

intranasal inoculation, T3DF does not gain access to routes for systemic 

dissemination. We recovered rs3HA1 in 2 out of 3 mice at day 3 post-inoculation 

and 3 out of 3 mice at day 5 post-inoculation (Fig. 3.4B). However, the titers of 

rs3HA1 in the spleen were significantly lower than titers of T1L. These results 
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indicate that the S1 gene enhances reovirus dissemination from the respiratory 

tract, but that other genes contribute to dissemination and replication in 

secondary organs. 

 

III. Discussion 

Experiments described in this chapter characterize the murine respiratory 

model of reovirus infection developed during my thesis work. This model differs 

in several ways from the published ARDS model of respiratory reovirus infection. 

In our model, we observe neither mortality nor significant morbidity after 

intranasal inoculation with 107 PFU of T1L. The rate of viral replication is less 

rapid and virus is cleared from the lungs more rapidly. We did observe significant 

gross pathology (Fig. 3.1B-H) and histological evidence (Fig. 3.1I-K) of patchy 

edema, characteristic of viral pneumonia and cellular infiltration. These 

differences may stem from slight modifications in the inoculation protocol and/or 

sequence polymorphisms in viral stocks. In addition, our anesthesia protocol 

differs from the protocol utilized by London and colleagues (REF). We 

anesthetized mice by isoflurane treatment, which is a more shallow form of 

anesthesia than intraperitoneal injection of ketamine/acepromazine , but results 

in recovery that is more rapid. This may cause more swallowing of inoculum, 

which would result in a decrease in the inoculating dose in the lungs. Sequence 

polymorphisms can also result in significant differences in reovirus-mediated 

pathology. While it is known that the sequences of a number of the genes of 
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reovirus stocks differ between laboratories, we do not know if any of these 

changes contribute to differences observed in our model of respiratory reovirus 

infection.  

 

 The role of the S1 gene in viral replication and systemic dissemination is 

well-established from studies of reovirus infection of the gastrointestinal tract in 

mice (19, 21, 22, 110). We sought to characterize the role of the S1 gene in 

replication and systemic dissemination in our murine model of respiratory 

reovirus infection. In a pilot study, we found no difference in viral load in the lungs 

or spleens in mice inoculated with reassortant viruses, 3HA1 and 1HA3 (Fig. 

3.2A). Since reassortant viruses 3HA1 and 1HA3 were generated with 

temperature-sensitive mutagenized stocks, and have significant genetic 

polymorphisms compared to the T3D and T1L viruses being used today, we used 

the reverse genetics system to engineer a virus with 9 T3DF gene segments and 

a T1L S1 gene, rs3HA1 (119) (Fig. 3.3A). As a control, we inoculated mice 

intragastrically and quantified titers of this engineered virus in the intestine and 

spleen. Consistent with studies that demonstrated that the reassortant virus 

3HA1, like T1L, is resistant to protease-mediated inactivation and can replicate in 

and spread systemically from the gastrointestinal tract (110, 160). We found that 

rs3HA1 replicated to similar high titers as T1L in the gastrointestinal tract and 

disseminates systemically (Fig. 3.3B,C). This confirms that the T1L S1 gene 
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promotes replication and dissemination after peroral inoculation of newly weaned 

mice.  

 

 After intranasal inoculation in our murine model, we found that reovirus 

strains T1L and T3DF differ in their capacity to replicate in the murine respiratory 

tract (Fig. 3.4A). By immunohistochemistry we found evidence that both T3DF 

and T1L replicate in alveolar cells in the murine lungs, although expression of the 

nonstructural protein, µNS, was more abundant after inoculation with T1L (data 

not shown).  Viral loads in the lungs after rs3HA1 inoculation were more similar 

to viral loads after T3DF infection (Fig. 3.4A). Thus, the T1L S1 gene does not 

appear to enhance viral titers in the murine lungs as significantly as in the rat 

lungs or murine gastrointestinal tract. This suggests that other reovirus genes 

may significantly influence viral replication in the murine respiratory tract. 

Interesting recent work revealed that the T1L M1 gene (µ2 protein) inhibits IFN-# 

signaling and significantly enhances viral replication of a recombinant T3D virus 

in cardiac myocytes and fibroblasts (102). In future studies, it would be 

interesting to investigate a possible contribution of the M1 gene to replication in 

the respiratory tract.  

 

Our results demonstrate that T3DF cannot disseminate systemically after 

replication in the respiratory tract (Fig. 3.4B). A T3DF virus with a T1L S1 gene, 

rs3HA1, was capable of systemic dissemination as it was recovered in the spleen 
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in 5 of 9 mice examined after intranasal inoculation (Fig. 3.4B). However, titers 

recovered in the spleen after rs3HA1 inoculation was significantly lower than 

titers recovered after intranasal inoculation of T1L. This result suggests that the 

T1L S1 gene promotes viral dissemination, but other genes may play a 

significant role in reovirus capacity to disseminate or replicate at secondary sites. 

Results from studies described in this chapter form the foundation for more in 

depth studies in Chapters 4 and 5 of my thesis that characterize the molecular 

and genetic determinants of reovirus infection and systemic dissemination.  
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CHAPTER 4 

Impact of Host Proteases on Reovirus Infection in the Respiratory Tract 

 

I. Introduction 

Mammalian orthoreovirus (reovirus) entry into cells is characterized by the 

step-wise disassembly of virions into two functional subvirion particles, a 

membrane penetration competent infectious subvirion particle (ISVP) and a 

transcriptionally active core (36). In cell culture, entry is initiated by attachment of 

the viral protein !1 (123) to a cell surface carbohydrate (8, 38, 81) and junctional 

adhesion molecule A (9). Virions are then internalized by #1 integrin-mediated 

endocytosis (26, 64, 139, 140). Within the endocytic compartment, host 

proteases remove the outer capsid protein !3, exposing the membrane 

penetration protein, µ1 (4, 56, 212). In murine fibroblasts, virion disassembly is 

mediated by the acid-dependent cysteine proteases, cathepsins (Cats) L and B 

(4, 5, 63). In immune cells, acid-independent proteases, including Cat S and 

neutrophil elastase, can promote virion uncoating (84, 86). 

 

After oral inoculation of newborn mice, reovirus virions are rapidly uncoated in 

the enteric tract by the secreted pancreatic serine proteases chymotrypsin (CHT) 

and trypsin (10, 20). Extracellular uncoating is required for reovirus adherence to 

Peyer’s patch M cells and subsequent entry into intestinal tissue (3). In humans 

and animals, reoviruses are also associated with pulmonary infections (13, 43, 
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135, 153), but little is known about the proteases that mediate virion uncoating 

when infection is initiated by this route. This chapter presents the results of 

studies designed to investigate the role of inflammatory and endogenous 

respiratory proteases in reovirus infection.  

 

II. Results 

 Type II transmembrane serine proteases (TTSPs) expressed in the human 

airway have been shown to activate membrane fusion and promote cell entry of a 

number of respiratory pathogens, including influenza virus, human 

metapneumovirus and SARS coronavirus (15, 16, 28, 29, 33, 83, 202, 204, 206). 

To assess the capacity of a respiratory TTSP to promote reovirus uncoating, we 

incubated purified reovirus T1L virions with human airway trypsin-like protease 

(HAT) and analyzed the products by SDS-PAGE (Fig. 4.1A). After 6 hours (h) of 

treatment, only 2% of the outer capsid protein !3 remained associated with 

virions, as determined by NIH Image J quantitation. The particles resembled 

ISVPs generated by pancreatic serine proteases (24) although HAT-treatment 

did not lead to significant cleavage of the underlying capsid protein µ1C, as does 

treatment with CHT. To assess the infectivity of the HAT-treated subviral 

particles (HAT-SVPs) and determine if they require additional intracellular 

proteolysis, we measured viral yields in cultures of L929 mouse fibroblasts that 

were untreated or treated with the broad-spectrum cysteine protease inhibitor E-

64 for 3 h prior to infection. E-64 inhibits Cats L and B, which mediate virion  
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Fig. 4.1. Effect of type II transmembrane serine proteases on reovirus 

virions and infectivity.  (A) Reovirus T1L virions (5 x 1010) in VDB (150 mM 

NaCl, 10mM MgCl2, 10 mM Tris [pH 7.5]) were incubated with 21 µg/mL of 

purified HAT (R&D Systems) for the indicated time. Reactions were stopped with 

5 mM benzamidine. The mock sample (M) consisted of virions held in reaction 

buffer in the absence of protease for 23 h. Treated particles were analyzed by 

SDS-12% polyacrylamide gels and proteins were visualized by Coomassie 

staining. The positions of reovirus capsid proteins are labeled. (B) L929 cells 

were untreated (white bars) or pretreated for 3 h with 300 µM E-64 (black bars) 

and infected with T1L virions, CHT-ISVPs, or HAT-SVPs at a multiplicity of 

infection (MOI) of 5 plaque forming units (PFU)/cell. Infections were carried out in 

the presence or absence of E-64 and terminated at 1 day post-infection. Viral 

yields were determined by plaque assay on L929 cells. Values represent the 

mean (+/- SE) of triplicate samples. (C) Vero cell cultures were transfected with 

HAT, TMPRSS2, or HSV ICP22 expression plasmids 30 h prior to infection with 

reovirus T1L virions or CHT-ISVPs (MOI 10 PFU/cell). At 18 h post-infection, 

cells were fixed and permeabilized with 4% paraformaldehyde. Indirect 

immunofluorescence was used to detect expression of the reovirus nonstructural 

protein !NS and the presence of the FLAG-tagged protease or control protein. 

Cells were counterstained with Hoechst to facilitate quantification. Reovirus-

infected and transfected cells were quantified by counting fluorescent cells in a 

minimum of three fields in each of 3 independent experiments. Between 85 and 
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150 cells were counted per field. Data are presented as the percent of cells 

expressing !NS relative to the number of FLAG-positive cells in the field. 

  



Data 1

HAT TMP control plasmid ISVP
0

5

10

15

20

25

30

35

40

45

P
er

ce
nt

 in
fe

ct
ed

ï»¿1. Kauffman R, Wolf J, Finberg R, Trier JS, Fields B. The sigma 1 protein determines the extent of spread of reovirus from the gastrointestinal tract of mice. Virology. 1983;124(2):403-410.

! 

µ1C 

" 

h M 0 2 4 6 23 
A 

B 

HAT-SVP CHT-ISVP Virion 

-0.5 

0.5 

1.5 

2.5 

C 

Vi
ra

l y
ie

ld
 (l

og
10

 P
FU

/m
l) 

HSV  
ICP22 

TMPRSS2 HAT 

5 
10 
15 
20 
25 
30 

35 
40 
45 

P
er

ce
nt

 #
N

S
 p

os
iti

ve
 c

el
ls

 

E-64 

Particle type 

- - - + + +

#3 
#2 

!
!

Particle type 

Transfection None 

Virion CHT-
ISVP 

!

Fig. 4.1 

56 

0 



 57 

 
disassembly in L929 cells. As expected, E-64 treatment inhibited virion infection 

in L929 cells, whereas CHT-generated ISVPs (CHT-ISVPs), which lack the 

capsid protein !3, replicated to high yields (Fig. 4.1B). Like CHT-ISVPs, HAT-

generated subviral particles replicated to high yields in the presence and 

absence of the protease inhibitor. These results indicate that the respiratory 

protease HAT can productively uncoat reovirus virions.  

 

We used an additional approach to test whether HAT and a second TTSP, 

TMPRSS2, could promote reovirus infection. Vero cells, which are permissive for 

reovirus infection but do not support efficient virion disassembly (85), were 

transfected with FLAG-tagged protease expression plasmids (28) or a similarly 

tagged control plasmid (11). Thirty h after transfection, the cultures were infected 

with reovirus virions. At 18 h post-infection, cells were fixed and analyzed for 

evidence of viral replication and expression of the FLAG antigen (Fig. 4.1C). In 

the transfected cultures, expression of either HAT or TMPRSS2 led to a 

significant increase in the number of reovirus-infected cells, whereas expression 

of the FLAG-tagged herpes simplex virus protein ICP22 from the control plasmid 

did not. In protease gene-transfected cultures, levels of infection were 

comparable to those in mock-transfected cultures that had been infected with 

CHT-ISVPs (Fig. 4.1C). When we compared infection by CHT-ISVPs in cultures 

expressing TTSPs and in control-transfected cultures, we found no significant 

difference in !NS expression in these samples (data not shown). Together, our 
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results reveal that endogenous respiratory TTSPs are capable of productively 

uncoating reovirus virions in vitro and of promoting infection in cell culture.  

 

 In vivo, HAT and TMPRSS2 are expressed on the membrane of 

bronchiolar epithelial cells (16, 41, 58, 145, 213) and have murine homologues, 

MAT and epitheliasin (90, 105). However the activity of these and other 

respiratory proteases is balanced by the presence of locally produced protease 

inhibitors (80). To assess the efficiency of reovirus uncoating in the respiratory 

tract, we used a murine respiratory model (135) to compare viral loads after 

infection with virions or ISVPs. Four week-old CBA/J mice were inoculated 

intranasally (13, 153) with T1L virions or ISVPs. Organs were harvested at 

various times post-inoculation, and viral titers were determined by plaque assay 

on L929 cells. We observed equivalent lung titers at early times (12 h) following 

infection with virions or ISVPs (Fig. 4.2A), likely reflecting the inoculum. However, 

by 24 h post-inoculation, we recovered significantly higher titers in the lungs of 

ISVP-infected animals. Titers from the lungs of virion-infected animals increased 

more slowly. Peak lung titers in ISVP-infected animals were over a log greater 

than peak lung titers in virion-infected animals. Immunohistochemistry of lung 

samples taken at 24 h post-inoculation from both virion- and ISVP-infected 

animals revealed type-1 alveolar pneumocytes and monocytes expressing the 

reovirus nonstructural protein µNS (evidence of viral replication), although we 

observed many more µNS positive cells in the lungs of ISVP-infected animals  
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Fig. 4.2. Comparative analysis of reovirus infection in the respiratory tract 

after intranasal inoculation with virions or ISVPs. CBA/J mice (4 weeks-old) 

were inoculated intranasally with 1 x 107 PFU T1L virions or CHT-ISVPs. Organs 

were resected at indicated times post-inoculation, and viral titers in the lungs (A) 

and spleen (C) were determined by plaque assay on L929 cells. Results are 

expressed as a mean of viral titers for 6 to 12 mice per time point. Error bars 

indicate standard errors of the means (SEM). *, P < 0.05 (as determined by the 

Mann Whitney test). (B) At 24 h post-inoculation, lungs were isolated, sectioned 

and stained with antiserum directed against the reovirus nonstructural protein 

µNS. Viral antigen was detected using a horseradish peroxidase linked 

secondary antibody and diaminobenzidine, and slides were counterstained with 

hematoxcylin. Representative sections are shown and arrows point to some of 

the antigen-positive cells in the virion infected sample. Specificity of the staining 

was determined from control slides, which included infected lung sections 

incubated with pre-immune serum and uninfected lung sections incubated with 

µNS-specific antiserum (data not shown). 
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(Fig. 4.2B). These data suggest that while endogenous respiratory proteases can 

productively uncoat reovirus virions in vitro, they do not do so efficiently in the 

murine respiratory tract.  

 

To determine how the kinetics of replication in the respiratory tract impact 

dissemination, we analyzed viral titers in spleen after intranasal infection with 

virions or ISVPs (Fig. 4.2C). Virus was detected as early as 12 h post-inoculation 

in spleen samples from the ISVP-infected animals. At 24 h post-inoculation, 

virion-infected animals began to show evidence of viral spread and by 36 h post-

inoculation there was no significant difference between the samples. We 

considered the possibility that early spread in the ISVP-infected animals reflected 

more rapid drainage of the inoculum, but the virus recovered in the spleen 

samples was E-64 sensitive, arguing that it represents progeny virions (data not 

shown). Because mice infected intranasally can swallow some of the inoculum, 

we measured virus in the intestines at early time points. Recovered titers varied 

broadly between animals (data not shown). While this virus could contribute to 

the observed spread in our intranasally infected animals, Kauffman and 

colleagues detected less than half a log of spread to the spleen 24 h after direct 

intragastric inoculation of 108 PFU T1L virions in similarly aged mice (110). 

Together, these data suggest that efficient replication of ISVPs in the lung leads 

to more rapid dissemination.  
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 While studies in the murine enteric tract have shown that reovirus virions 

are converted to ISVPs within minutes after oral inoculation (20), our data 

suggest that the endogenous respiratory proteases in the lung do not rapidly 

convert virions to ISVPs. However, the balance of proteases and protease 

inhibitors in the respiratory tract can be impacted by inflammation (2, 52, 151, 

174, 184, 238). Inflammatory cells, recruited to sites of infection or pathology, 

release a variety of microbicidal products (51, 57, 127). Serine proteases are 

expressed as components of this response (80), and our laboratory has 

previously shown that one such protease, NE, can promote reovirus infection in 

cell culture (86). Using the in vitro uncoating assay, we investigated the capacity 

of two other inflammatory proteases, Cat G (expressed by neutrophils) and mast 

cell chymase, to uncoat reovirus virions. We found that chymase mediated rapid 

virion disassembly, with almost all !3 disappearing after 0.5 h (Fig. 4.3A). The 

kinetics of !3 removal from virions treated with Cat G (Fig. 4.3B) was not as 

rapid, but by 5 h, particles had lost 70% of !3, and the underlying µ1C protein 

had been cleaved to the characteristic $ fragment. When we used the chymase- 

and Cat G-SVPs particles in single cycle growth experiments in E-64-treated 

L929 cells, we found that they were infectious in the absence of cysteine 

protease activity (Fig. 4.3C). The finding that HAT- and chymase-SVPs with 

uncleaved µ1C replicate to high yields in E-64-treated cells supports other 

published work which suggests that cleavage of µ1C to yield the $ and ! 

fragments is not essential for reovirus infection in cell culture (36).     
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Fig. 4.3. Analysis of the effects of inflammatory proteases on reovirus 

virions and pathogenesis in the murine respiratory model. (A, B, and C) 

Reovirus T1L virions (5 x 1010) were incubated with 50 µg/mL purified (A) 

chymase (Calbiochem) or 25 µg/mL purified (B) Cat G (Calbiochem) in VDB for 

the indicated times. Reactions were stopped with 5 mM benzamidine. The mock 

sample (M) consisted of virions held in reaction buffer in the absence of protease 

for 5 h. Treated particles were analyzed by SDS-12% polyacrylamide gels and 

proteins were visualized by Coomassie staining. The positions of reovirus capsid 

proteins are labeled. (C) L929 cells were untreated (white bars) or pretreated for 

3 h with 300 µM E-64 (black bars) and infected with T1L virions, CHT-ISVPs, Cat 

G-SVPs or chymase-SVPs at an MOI of 5 PFU/cell. Infections were carried out in 

the presence or absence of E-64 and terminated at 1 day post-infection. Viral 

yields were determined by plaque assay on L929 cells. Values represent the 

mean (+/- SE) of triplicate samples. 
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 Since our results demonstrated that inflammatory proteases NE (86), Cat 

G and chymase mediated productive reovirus uncoating, we hypothesized that 

lung injury or induction of inflammation would potentiate reovirus infection in the 

lungs by promoting virion uncoating. To test this we pretreated mice intranasally 

with lipopolysaccharide (LPS) or UV-inactivated T3D reovirus for 24 h to induce 

inflammation (68, 115, 118, 192). Treated and control mice were then inoculated 

with T1L reovirus virions and virus was quantified from lung tissue 24 h after 

infection. In animals pretreated with UV-inactivated virus and LPS, we recovered 

significantly more virus at 24 h post-inoculation than we did from untreated 

animals (Fig. 4.4A). To determine if pre-existing inflammation promoted 

extracellular conversion of virions to ISVPs, we harvested bronchoalveolar 

lavage fluid (BALF) from untreated or pretreated and infected animals and used 

these as inocula in single cycle yield experiments in E64-treated and untreated 

L929 cells. In mice that had been pretreated with LPS or UV-inactivated virus, 

the BALF samples contained significantly more E-64-resistant (uncoated) virus 

(Fig. 4.4B), consistent with our hypothesis. To determine the extent to which the 

pretreatments caused infiltration of inflammatory cells that might also serve as 

target cells, we quantified the influx of neutrophils and monocytes using Cytospin 

preparations of the BALF collected 8 h after treatment (Fig. 4.4C). Pretreatment 

with LPS resulted in the greatest increase in neutrophils; significant numbers of 

monocytes were recruited to the lungs after treatment with either LPS or UV-

inactivated virus. It was notable that the control treatment (saline) also resulted in  
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Fig. 4.4. Analysis of the effects of pre-existing inflammation on reovirus 

virions and pathogenesis in the murine respiratory model. (A) Four week-old 

CBA/J mice were untreated or treated intranasally with 1.5 mg LPS, 1.7 x 109 

UV-inactivated T3D virions or saline 24 h prior to intranasal infection with 1 x 107 

PFU reovirus T1L virions. One day post-inoculation, lungs were harvested and 

viral titers determined by plaque assay on L929 cells. (B and C) Four week-old 

CBA/J mice were untreated or treated and infected as described for panel D. 

Eight h post-inoculation, BALF was harvested from infected mice. (B) Virus was 

released from half of the BALF sample by three cycles of freezing and thawing. 

The presence of uncoated particles and the relative levels of virus were 

assessed by using the BALF in single cycle growth experiments. L929 cells were 

pretreated or not with E-64 for 3 h and then infected with 100 µl of BALF. Viral 

yields were determined by plaque assay on L929 cells 1 day post-infection. (C) 

Neutrophils and monocytes in the BALF were quantified by cytospin analysis and 

hemotoxylin and eosin staining. Error bars indicate SEM. *, P < 0.05; ** P < 0.01; 

*** P < 0.001 (as determined by the Mann Whitney test). 
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an influx of inflammatory cells relative to untreated animals, however levels were 

significantly lower than in mice pretreated with LPS or UV-inactivated virus, and 

they did not correlate with a significant increase in ISVPs in the BALF. Together, 

our findings reveal that pre-existing inflammation in the lungs promotes reovirus 

uncoating in the respiratory lumen and results in the infiltration of potential target 

cells. These factors likely contribute to the increases in viral load in mice with 

pre-existing inflammation.  

 

III. Discussion 

The results of experiments described in this chapter reveal that TTSPs 

can uncoat reovirus virions and promote infection in cell culture (Fig. 4.1). 

Whether reovirus uncoating in HAT or TMPRSS2 transfected cells occurs 

extracellularly, at the cell membrane or intracellularly remains unknown. 

Böttcher-Friebertshäuser and colleagues demonstrated that influenza HA 

cleavage occurs at the cell membrane in HAT-expressing MDCK cells, and in 

intracellular compartments in TMPRSS2-expressing cells (29). Interestingly, 

TMPRSS2 overexpression has been associated with prostate cancer (216). 

Since protease-mediated uncoating is a major determinant of reovirus oncolysis 

(1), our results suggest that reovirus might selectively target prostate tumors that 

overexpress and secrete TMPRSS2.   
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In enteric reovirus infections, pancreatic serine proteases in the intestinal 

lumen rapidly convert virions to ISVPs (8). In contrast, in healthy lungs, there are 

few active proteases in the extracellular environment of the respiratory tract and 

this may impact reovirus infection. Consistent with this, we found that inoculation 

with uncoated particles resulted in more rapid viral replication in the lungs and 

systemic dissemination. We explored the capacity of inflammatory serine 

proteases to promote infection and found that, in addition to NE (86), Cat G and 

chymase were capable of mediating productive reovirus disassembly in vitro (Fig. 

4.3).  

 

To probe the role of specific proteases in vivo, we attempted to inhibit 

protease activity in the respiratory tract by prior intranasal inoculation of protease 

inhibitors (Text S4.1, Fig. S4.1). Preliminary studies suggested that the 

pretreatment protocol itself induced gross inflammation and slightly increased 

viral titers from the lung. Analysis of the cytokine response in the lungs confirmed 

that virions, ISVPs and UV-inactivated ISVPs induce inflammation upon 

inoculation in the respiratory tract (Text S4.2, Table S4.1). When we modified the 

model of respiratory infection to specifically induce inflammation prior to reovirus 

infection (by inoculation with LPS or UV-inactivated virus), we recovered a higher 

percentage of ISVPs in the BALF, as well as a significant infiltration of monocytes 

(Fig. 4.4). These animals also had significantly higher viral yields in the lungs. In 

contrast, prior inflammation did not promote infection when animals were 
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inoculated with ISVPs (data not shown). Together, these results are consistent 

with a model in which inflammation promotes reovirus infection through multiple 

mechanisms, including increased access to target cells and the presence of 

inflammatory proteases. Our findings may have broader implications for chronic 

pulmonary disease. Inflammation induced by a variety of chronic conditions, 

including asthma, emphysema, chronic obstructive pulmonary disease and acute 

respiratory distress syndrome (107, 113) may further compromise human health 

by providing an environment that is conducive to viral infection. Further work will 

be needed to address the possibility that other respiratory viruses (including 

influenza virus and SARS coronavirus) can also be activated by inflammatory 

proteases.  

 

IV. Supplementary text 

Text S4.1 

Several studies in the literature report that the aerosolized pretreatment of 

mice with the protease inhibitor aprotinin can decrease viral titers of influenza 

infection (244, 245). We adapted this model and used it to try to understand the 

role of serine proteases in respiratory reovirus infection. We quantified viral titers 

after T1L inoculation of mice that had been pre-treated with aprotinin or saline 

intranasally (Fig. S4.1). Mice were treated at -1, 0 and +1 days relative to 

inoculation. As a control, we infected mice with two particle types, virions and  
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Fig. S4.1. Effect of serine protease inhibitor aprotinin on reovirus 

replication and systemic dissemination. Four week-old CBA/J mice were 

treated intranasally with 20 µl of saline or aprotinin (250 U) (Sigma-Aldrich) in 20 

µl total volume -1 day, -20 min and +1 day post-infection. Mice were inoculated 

with 1 x 107 PFU of T1L. (A) Lungs, (B) MLN and (C) spleen were resected and 

organ titers were determined by plaque assay on L929 cells. Graphs represent 

data from a pilot experiment with 3 mice per treatment per time point. 
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ISVPs; ISVPs do not require active proteases for replication, and therefore we 

predicted that their primary replication would not be impacted by protease 

inhibitor treatment. As expected, treatment with aprotinin or saline resulted in 

little difference in viral loads in the lungs after control ISVP infection (data not 

shown). At early times, saline and aprotinin treatment did not significantly impact 

viral growth in the lungs compared to virion infection (S4.1A). Interestingly, titers 

recovered after virion infection in treated mice (S4.1A) were more than 5 logs 

greater than virion infection in untreated mice (Fig. 4.2A) at early times post-

inoculation. These unexpected results suggested to us that the pretreatment 

protocol itself might induce inflammation that could increase extracellular 

conversion of virions to ISVPs and contribute to increased viral loads observed in 

the lungs. 

 

 We next assessed the impact of protease inhibitor treatment on viral 

dissemination after intranasal inoculation with reovirus virions. Protease inhibitor 

treatment did not significantly impact viral load in the draining lymph nodes (Fig. 

S4.1B), however titers in the MLN of treated mice were significantly higher than 

MLN titers in untreated mice (unpublished results). The increased viral load in the 

MLN likely reflects increased drainage due to higher viral loads in the lungs of 

treated mice. Viral loads in the spleen were modestly higher in mice treated with 

aprotinin at 1 and 3 days post-inoculation (Fig. S4.1C). Viral titers recovered in 

the spleen of treated mice (Fig. 4.1C) were more than a log greater than titers 
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recovered after virion inoculation of untreated mice at all time points examined 

(Fig. 4.2A). The enhanced viral load the spleen may be a result of increased 

access to hematogenous routes for systemic dissemination, as titers in the blood 

were significantly higher after infection of treated mice compared to blood titers in 

untreated mice (data not shown). These results are consistent with a model in 

which intranasal treatment with saline or aprotinin induces respiratory 

inflammation that promotes systemic viral dissemination.  

 

Text S4.2 

We observed significant differences in gross pathology after infection with 

different particle types. Gross observation of the lungs of mice inoculated with 

virions, ISVPs and UV-inactivated ISVPs showed dramatically increased areas of 

hemorrhage compared to saline control (Fig. S4.2A). Infection with replication-

competent virions and ISVPs (Fig. S4.2B,C) elicited an abundance of 

hemorrhage while infection with replication-deficient UV-inactivated ISVPs (Fig. 

S4.2D) resulted in spotty hemorrhage. These results indicate that although 

infection with replication-competent particles induces the most severe pathology, 

viral replication is not required to induce hemorrhage in the lungs.  

 

Since mice infected with virions, ISVPs and UV-inactivated ISVPs differed 

in gross pathology, we assessed the types of cytokines induced in our intranasal 

model of infection. We inoculated mice with T1L virions, ISVPs, UV-inactivated  
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Fig. S4.2. Analysis of gross pathology induced after intranasal inoculation 

of reovirus particles. Gross pathology of murine lungs 2 days after inoculation 

with (A) saline, (B) T1L virions, (C) T1L ISVPs, or (D) T1L UV-inactivated ISVPs. 
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ISVPs or saline and harvested lungs at 2 days post-inoculation. Lung samples 

from treated mice were homogenized in gel saline and R&D systems murine 

proteome profiler kit was used to determine cytokine concentrations in lung 

samples. Inoculation with virion, ISVP or UV-inactivated ISVPs resulted in 

significant increases in expression of a majority of cytokines tested [IL-1ra, IL-4, 

IL-6, IL-7, IL-13, IL-16, IFN-gamma, M-CSF, GM-CSF, TNF-alpha, CCL1-5, 

CCL12, CXCL9-11, CXCL13, MIP-2, KC, C5a, TIMP-1, sICAM-1 (CD54) and 

TREM-1] when compared to saline treated controls (Table S4.1). These same 

treatments had no significant impact on the expression of IL-2, IL-3, IL-5, IL-10, 

IL-12, CCL11 (eotaxin) or CXCL12 (SDF-1), which are involved in activation of 

the adaptive immune response and may be induced at a later time point (Table 

S4.1). These results indicate that inoculation with virions, ISVPs or UV-

inactivated ISVPs induces inflammation in the murine lungs.  

 

Our results reveal that the structure of the infecting reovirus particle and 

its replication capacity influence the cytokine expression profile in the lungs after 

intranasal inoculation. Overall, inoculation with ISVPs resulted in the induction of 

a higher level of cytokines than inoculation with either virions or UV-inactivated 

ISVPs (data not shown). Levels of IL-1#, IL-17, IL-23 and IL-27 in the lungs were 

significantly increased after inoculation with ISVPs and UV-inactivated ISVPs but 

not when mice were inoculated with virions (Table S4.1). These cytokines are 

involved in the highly inflammatory Th17 response and recruitment of PMNs  



 78 

Table S4.1. Effect of intranasal inoculation of reovirus particles on cytokine 

expression profile. Four week-old CBA/J mice were treated intranasally with 1 x 

107 PFU T1L virions, 1 x 107 PFU T1L ISVPs or 1.7 x 109 UV-inactivated T1L 

ISVP particles in 20 µl total volume or 20 µl of saline. Two days post-treatment, 

lungs were resected and cytokine expression was detected using the Proteome 

Profiler Array panel A (R&D Systems) according to published protocol. Cytokine 

expression was quantified by Image J analysis. (A) Table represents statistical 

significance of cytokine induction compared to saline inoculated control. *, P < 

0.05; ** P < 0.01; *** P < 0.001 (as determined by two-way ANOVA).   



  Virion ISVP 
UV-inactivated 

ISVP 
IL-1ra *** *** *** 
IL-4 * *** ** 
IL-6 *** *** * 
IL-7 *** *** *** 

IL-13 *** *** *** 
IL-16 *** *** *** 
IFN-y *** *** *** 

M-CSF *** *** *** 
GM-CSF *** *** *** 
TNF-a *** *** *** 
CCL1 *** *** *** 

CCL2/MCP-1 *** *** *** 
MIP-1a (CCL3) *** *** *** 
MIP-1b (CCL4) *** *** *** 

RANTES (CCL5) *** *** *** 
MCP-5 (CCL12 *** *** *** 
MIG (CXCL9) *** *** *** 

CXCL10 *** *** *** 
CXCL11 *** *** *** 
CXCL13 *** *** *** 

MIP-2 *** *** *** 
KC *** *** *** 
C5a *** *** *** 

TIMP-1 *** *** *** 
sICAM-1 (CD54) *** *** *** 

TREM-1 *** *** *** 
IL-2 ns ns ns 
IL-3 ns ns ns 
IL-5 ns ns ns 

IL-10 ns ns ns 
IL-12 p70 ns ns ns 

CCL11 (eotaxin) ns ns ns 
CXCL12 (SDF-1) ns ns ns 

IL-1b ns *** ** 
IL-17 ns *** * 
IL-23 ns *** *** 
IL-27 ns *** *** 

CCL17 (TARC) ** ns ns 
G-CSF *** *** ns 
IL-1a *** *** ns 

Table S4.1 

79 
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(175). Virion inoculation resulted in significant induction of CCL17, while 

inoculation with ISVPs or UV-inactivated ISVPs did not induce significant levels 

of CCL17 in the lungs (Table S4.1). Interestingly, two cytokines (G-CSF and IL-

1%), which are secreted by activated macrophages and PMNS (138), were only 

induced to significant levels when mice were inoculated with replication-

competent virus (Table S4.1). This, coupled with lower overall induction of 

cytokines after treatment with UV-inactivated ISVPs, suggests that viral 

replication must occur to induce peak cytokine levels in the respiratory model of 

reovirus infection.  
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CHAPTER 5 

Genetic Determinants of Reovirus Pathogenesis in a Murine Model of 

Respiratory Infection 

 

I. Introduction 

Many viruses enter host organisms by invading mucosal surfaces, 

including those that line the respiratory tract. Infection by some pneumotropic 

viruses is restricted to the respiratory tract, whereas others replicate in the lung 

and then disseminate to sites of secondary infection. Most influenza virus 

infections remain localized to the respiratory tract, despite the capacity of the 

virus to bind broadly-expressed cellular receptors (48). One factor that limits 

influenza virus infection is the requirement for host proteases to activate the 

hemagglutinin (HA) protein to allow membrane penetration (96, 227). While most 

influenza viruses are activated by secreted or membrane-associated proteases in 

the respiratory tract, highly pathogenic strains, such as avian H5N1 influenza 

virus, express HA molecules that can be cleaved by furin during virion maturation 

(112). These viruses have the potential to disseminate systemically (40, 96, 227). 

 

 Mammalian orthoreoviruses (reoviruses) naturally infect both the 

respiratory and gastrointestinal tracts (191). Like influenza virus, reovirus strains 

differ in the capacity to replicate at mucosal sites and disseminate systemically. 

Studies of strain-specific differences in reovirus mucosal infection and systemic 
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dissemination have enhanced an understanding of viral determinants and 

molecular mechanisms that regulate reovirus pathogenesis. For example, after 

peroral or intratracheal inoculation, reovirus serotype 1 Lang (T1L) replicates to 

higher titers than does serotype 3 Dearing (T3D) (153). This difference in 

replication efficiency at the site of primary replication segregates with the reovirus 

S1 gene segment (67, 153). Reassortant viruses with nine gene segments from 

T3D and an S1 gene from T1L (3HA1) replicate to high titers, similar to T1L 

(153). In contrast, reassortant viruses with nine gene segments from T1L and an 

S1 gene from T3D (1HA3) fail to replicate to high titers, similar to T3D (153). 

Genetic determinants of viral systemic dissemination from the murine lung are 

not known. However, the S1 gene is associated with the capacity of reovirus to 

spread systemically from the enteric tract (22, 110). After gastrointestinal 

infection, 3HA1, like T1L, spreads to sites of secondary replication, whereas 

1HA3, like T3D, does not (110). 

 

The S1 gene encodes two proteins, viral attachment protein !1 and 

nonstructural protein, !1s. The !1 protein forms filamentous trimers with tail, 

body, and head domains (185). Genetic studies link !1 to serotype-specific 

differences in reovirus replication in the gastrointestinal tract (37, 72, 110, 229). 

These differences are influenced by the sensitivity of some !1 proteins (including 

that of strain T3D) to cleavage by pancreatic serine proteases (37, 160). 

Differences in sensitivity to protease-mediated cleavage are determined by a 
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single amino acid polymorphism (isoleucine or threonine at position 249) in the 

body domain of !1 (37). Proteolysis of sensitive strains by CHT or trypsin leads 

to cleavage of !1 and diminished infectivity in cultured cells. In contrast to the 

gastrointestinal tract, protease expression in the respiratory tract is limited in the 

absence of inflammation. It is not known if the limited replication of T3D in the 

murine lung is due to cleavage of !1 by respiratory proteases. 

 

Nonstructural protein !1s also influences reovirus dissemination from sites 

of primary replication to visceral tissues in the host. Protein !1s is a 14 kDa 

nonstructural protein encoded in an open-reading frame (ORF) that completely 

overlaps the !1 coding sequence (65, 104, 193). Other than a cluster of 

positively charged amino acids near the amino terminus, little amino acid 

sequence identity exists in the !1s proteins from different reovirus serotypes 

(32). The !1s protein of strain T3D is implicated in reovirus-induced cell cycle 

arrest at the G2/M boundary (179, 181). Viruses in which either the T1L (22) or 

T3D (21) !1s ORF has been ablated produce yields of viral progeny comparable 

to the corresponding wildtype viruses following replication in cell culture. 

However, !1s-null viruses dissemination by hematogenous routes is limited in 

mice following either peroral (22) or intramuscular (21) inoculation. However, !1s 

does not impact dissemination from the CNS (21). It is not known whether !1s 

influences viral dissemination following infection in the murine lung. 
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In this study, we defined genetic and molecular determinants that regulate 

reovirus-induced pathology after respiratory inoculation. We report that two 

laboratory isolates of T3D, T3D-Cashdollar (T3DC) and T3D-Fields (T3DF), differ 

in their capacity to replicate in the respiratory tract and spread systemically. Two 

nucleotide polymorphisms in the S1 gene regulate these differences, and both 

S1 gene products are involved. Amino acid polymorphisms in both the tail and 

head domains of !1 protein influence the sensitivity of virions to protease-

mediated loss of infectivity and the polymorphism in the tail enhances the 

capacity of reovirus to disseminate in the host. Recombinant viruses that express 

the T3DC !1 protein are less sensitive to proteolysis and disseminate 

systemically from the respiratory tract. Additionally, a recombinant virus that fails 

to express the !1s protein produces lower titers in the lung and disseminates 

less efficiently to sites of secondary replication. These findings provide new 

insights into mechanisms underlying reovirus replication in the respiratory tract 

and systemic spread from the lung.  

 

II. RESULTS 

 Strain-specific differences in reovirus infection in the murine 

respiratory tract. To determine whether serotype 1 and serotype 3 reovirus 

strains differ in the capacity to replicate in the murine respiratory tract, we 

inoculated CBA/J mice intranasally with 107 PFU of T1L, T3DF, and T3DC and 

quantified viral titers in the lungs at days 1, 3, and 5 post-inoculation. Since the 
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T3DF and T3DC isolates of prototype reovirus strain T3D display a variety of 

distinct in vitro phenotypes (47, 234, 239), both isolates were used in our study. 

We found that T1L produced significantly higher titers in the lungs than did T3DF 

(Fig. 5.1A), similar to results obtained in previous experiments using a rat model 

(154). Interestingly, unlike T3DF, the T3DC isolate produced high titers in the 

lungs, similar to those achieved by T1L (Fig. 5.1A). At days 3 and 5 post-

inoculation, titers of T1L and T3DC reached 107 PFU or greater in the lungs of 

infected mice. These titers were 10- to 100-fold higher than those in the lungs of 

animals inoculated with T3DF. Therefore, different laboratory isolates of T3D vary 

in the capacity to replicate in the murine lung. 

 

Isolates of T3D differ in the capacity to disseminate from the 

respiratory tract. To determine whether the two T3D isolates also differ in the 

capacity to spread systemically from the respiratory tract, we quantified viral titers 

at sites of secondary replication following intranasal inoculation. Within a few 

hours of inoculation, we recovered similar titers of T1L, T3DC, and T3DF in the 

draining mediastinal lymph nodes (MLN) (data not shown). However, by day 1 

post-inoculation, titers of T3DC in the MLN were significantly higher than those of 

T3DF (Fig. 5.1B). By day 3, both T1L and T3DC reached titers 30- to 100-fold 

higher than those of T3DF and, by day 5, T3DF was not detected in the MLN, but 

titers of T1L and T3DC remained high. Differences in titers produced by these 

strains in the spleen were even more striking. T1L and T3DC were recovered  
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Fig. 5.1. Reovirus strains differ in the capacity to replicate in the respiratory 

tract and spread systemically. CBA/J mice were inoculated intranasally with 

107 PFU of reovirus strains T1L, T3DC, or T3DF. Organs were resected at the 

indicated times post-inoculation, and viral titers in the (A) lungs, (B) MLN, and (C) 

spleen were quantified by plaque assay using L929 cells. Results are expressed 

as mean viral titers for 6 to 9 mice per time point. Error bars indicate SEM. *, P < 

0.05; **, P < 0.01 and ***, P < 0.001 (Mann-Whitney test) relative to T3DF. 
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from the spleen at days 1, 3, and 5 post-inoculation, but T3DF was not (Fig. 

5.1C). Thus, reovirus strains that differ in replication in the murine lung also differ 

in the capacity to disseminate systemically. 

 

We considered the possibility that T3DF might not spread efficiently to the 

spleen because it fails to reach a threshold titer in the lungs. To test this 

hypothesis, we inoculated mice with 30 times more T3DF than used in the 

experiments shown in Fig. 1 and quantified viral titers in the lungs and spleen. 

The higher inoculum of T3DF resulted in titers in the lung approaching 108 PFU at 

days 1 and 3 post-inoculation, which were slightly higher than titers in the lung of 

mice inoculated with T3DC (Fig. 5.2A). However, despite producing high titers in 

lung tissue, T3DF did not spread efficiently to the spleen (Fig. 5.2B). Titers of 

T3DC in the spleen were in excess of 100-fold higher than those in mice 

inoculated with the higher dose of T3DF. These results indicate that the T3DC and 

T3DF laboratory isolates of T3D differ in the capacity to disseminate from the 

respiratory tract, even when titers in the lung are equivalent. 

 

After peroral inoculation, reovirus is thought to spread from Peyer patches 

through lymphatics to regional lymph nodes and the bloodstream (110, 219, 

232). From the bloodstream, virus gains access to sites of secondary replication 

(155). To determine whether reovirus disseminates from the respiratory tract by 

the hematogenous route, we quantified virus in the blood on days 1, 2, 3, and 5  
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Fig. 5.2. Reovirus systemic dissemination is not dependent on respiratory 

viral load. CBA/J mice (4 weeks-old) were inoculated intranasally with 107 PFU 

T3DC, 107 PFU T3DF, or 3 x 108 PFU T3DF. Organs were resected at the 

indicated times post-inoculation, and viral titers in the (A) lungs and (B) spleen 

were determined by plaque assay using L929 cells. Results are shown from a 

representative experiment of two performed with 3 mice per time point. Error bars 

indicate SEM. *, P < 0.05 (Student’s t-test) relative to T3DF. 
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after intranasal inoculation with 107 PFU of T1L, T3DC, or T3DF. In this 

experiment, we recovered infectious virus from animals inoculated with either 

strain at 3 of 4 time points tested (Table 5.1). At those time points, over 40% of 

the animals were viremic, as determined by plaque assay. In contrast, infectious 

virus was not detected in the blood of mice inoculated with T3DF. These results 

suggest that the capacity of strains T1L and T3DC to disseminate systemically 

from the respiratory tract is attributable to enhanced access to the bloodstream. 

 

Construction and characterization of recombinant viruses containing 

T3DC S1 gene sequences. The S1 gene is a major determinant of reovirus 

dissemination from the gastrointestinal tract (21, 23, 219, 232). To determine 

whether the T3DC S1 gene contributed to the differences in dissemination 

efficiency displayed by T3D laboratory isolates, we used plasmid-based reverse 

genetics (119, 120) to engineer a recombinant T3DF virus with the T3DC coding 

sequences in the S1 gene (Fig. 5.3A). To determine whether the T3DC S1 gene 

influence viral growth in cell culture, we conducted single-cycle replication 

experiments with the recombinant viruses using mouse L929 fibroblasts. Cells 

were adsorbed with T3DF or rsT3DF/T3DCS1 at a MOI of 5 PFU per cell, and viral 

titers were determined by plaque assay over a 48 h time course. The 

recombinant virus with T3DC S1 gene produced yields comparable to T3DF and 

did so with similar kinetics (Fig. 5.3B). Thus, the T3DC S1 gene does not appear 

to alter the replication of T3DF in cell culture. 
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Table 5.1. Reovirus strains differ in the capacity to establish viremia after 

intranasal inoculation. CBA/J mice were inoculated intranasally with 107 PFU of 

T1L, T3DC, or T3DF. Blood was collected by heart puncture at the indicated times 

post-inoculation, and viral titers were determined by plaque assay using L929 

cells. 

  



Viral strain Time post-infection 
(days) 

Viremia  
(positive mice/total mice) 

T1L 1 0/3 
  2 2/6 
  3 1/3 
  5 2/3 

T3DC 1 1/3 
  2 1/3 
  3 2/3 
  5 0/3 

T3DF 1 0/3 
  2 0/3 
  3 0/3 
  5 0/3 

Table 5.1 
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Fig. 5.3. Construction and characterization of T3DF viruses with T3DC 

sequences in the S1 gene. (A) Schematic of the reovirus rsT3DF/T3DC S1 gene 

segment. The !1 ORF is shown in gray, the !1s ORF is shown in black, and the 

5’ and 3’ UTRs are represented by white rectangles. Each T3DC nucleotide 

change in T3DF S1 is represented by a light gray bar. (B) Replication of 

recombinant viruses. L929 cells were adsorbed with T3DF or rsT3DF/T3DCS1 at 

an MOI of 5 PFU/cell. Viral titers were determined at the indicated times post-

adsorption by plaque assay using L929 cells. The results are expressed as viral 

yields for triplicate samples. Error bars indicate SD.  
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 The role of T3DC S1 gene sequences in reovirus respiratory infection. 

To determine whether the T3DC S1 gene sequences promote reovirus replication 

in the murine lung, we inoculated mice intranasally with 107 PFU of T3DF or 

recombinant T3DF with the S1 gene coding sequences of T3DC 

(rsT3DF/T3DCS1). We recovered similar titers (~ 107 PFU) in the lungs of mice 

inoculated with T3DF or rsT3DF/T3DCS1 at day 1 post-inoculation (Fig. 5.4A). 

However, at days 2 and 4, titers of rsT3DF/T3DCS1 in the lungs were ~ 10-fold 

higher than those in animals infected with T3DF. We observed similar trends in 

viral titers in the MLN, suggesting that viruses in the respiratory tract efficiently 

gained access to the lymphatic system (Fig. 5.4B). In contrast, we recovered 

rsT3DF/T3DCS1 but not T3DF in the spleens of infected mice (Fig. 5.4C). These 

results suggest that coding sequences in the T3DC S1 gene influences systemic 

dissemination from the lungs.  

 

Role of T3DC S1 gene products in reovirus replication and 

dissemination. The reovirus S1 gene encodes viral attachment protein !1 and 

nonstructural protein !1s. Both !1 and !1s proteins have been found to influence 

reovirus pathogenesis in vivo (21, 22, 110, 219, 220), however none of the 

studies to date involved the T3Dc isolate, and none of them used a respiratory 

model of pathogenesis. To determine whether the !1s protein influences viral 

replication and dissemination from the murine respiratory tract, we used plasmid-

based reverse genetics (119, 120) to engineer a recombinant rsT3DF/T3DCS1  
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Fig. 5.4. The T3DC S1 gene enhances respiratory infection and systemic 

dissemination. CBA/J mice were inoculated intranasally with 107 PFU of T3DF or 

rsT3DF/T3DCS1. Organs were harvested at the indicated times post-inoculation, 

and viral titers in the (A) lungs, (B) MLN, and (C) spleen were determined by 

plaque assay using L929 cells. Results are expressed as mean viral titers for 6 

mice per time point. Error bars indicate SEM. 
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!1s-null virus (Fig. 5.5A). We confirmed that the !1s-null virus does not express 

!1s by infecting L929 cells with rsT3DF/T3DCS1 !1s-null and probing cell lysates 

with a !1s-specific antibody (data not shown). We also assessed the capacity of 

rsT3DF/T3DCS1 !1s-null to replicate in cell culture. As anticipated (22, 188), 

rsT3DF/T3DCS1 !1s-null produced yields of viral progeny comparable to T3DF 

and rsT3DF/T3DCS1 following replication in L929 cells (Fig. 5.5B). 

 

The role of the T3DC !1s protein in reovirus replication in the murine 

lungs and systemic dissemination. To determine whether the !1s protein 

functions in reovirus infection in the lung and dissemination from that site, we 

inoculated mice intranasally with 107 PFU of rsT3DF/T3DCS1 or rsT3DF/T3DCS1 

!1s-null, resected organs at days 1, 2, and 4 post-inoculation, and determined 

viral titers by plaque assay. We found that titers of T3DF, rsT3DF/T3DCS1, and 

rsT3DF/T3DCS1 !1s-null were equivalent in the lungs at day 1 post-inoculation 

and, as expected, titers of rsT3DF/T3DCS1 were significantly higher than those of 

T3DF in the lungs at day 2 post-inoculation (Fig. 5.6A). In contrast, titers of 

rsT3DF/T3DCS1 !1s-null were significantly lower in the lung than those of either 

T3DF or rsT3DF/T3DCS1 at days 2 and 4 post-inoculation. All viruses gained 

access to the draining lymph and reached similar titers in the MLN (Fig. 5.6B). 

These results suggest that the !1s protein contributes to reovirus replication in 

the respiratory tract but is dispensable for access to draining lymph nodes. 
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Fig. 5.5. Construction and characterization of !1s-null viruses. (A) 

Schematic of the reovirus rsT3DF/T3DC S1 gene segment. The !1 ORF is shown 

in gray, the !1s ORF is shown in black, and the 5’ and 3’ UTRs are represented 

by white rectangles. Each T3DC nucleotide change in T3DF S1 is represented by 

a light gray bar. (B) Replication of recombinant viruses. L929 cells were 

adsorbed with T3DF, rsT3DF/T3DCS1, or rsT3DF/T3DCS1 !1s-null at an MOI of 5 

PFU/cell. Viral titers were determined at the indicated times post-adsorption by 

plaque assay using L929 cells. The results are expressed as viral yields for 

triplicate samples. Error bars indicate SD.  
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Fig. 5.6. The T3DC !1s protein promotes viral replication in the respiratory 

tract and enhances systemic dissemination. CBA/J mice were inoculated 

intranasally with 107 PFU of T3DF, rsT3DF/T3DCS1, or rsT3DF/T3DCS1 !1s-null. 

Organs were harvested at the indicated times post-inoculation, and viral titers in 

the (A) lungs, (B) MLN, and (C) spleen were determined by plaque assay using 

L929 cells. Results are expressed as mean viral titers for 5-6 mice per time point. 

Error bars indicate SEM. **, P < 0.01 (Mann-Whitney test) relative to T3DF. 
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To determine whether !1s is required for hematogenous dissemination of 

reovirus from the respiratory tract, we quantified virus in the blood and spleen 

after intranasal inoculation with T3DF, rsT3DF/T3DCS1, or rsT3DF/T3DCS1 !1s-

null viruses. We recovered virus in the blood in the majority of mice inoculated 

with rsT3DF/T3DCS1, but viremia was detected in only a single animal inoculated 

with T3DF (Table 5.2). Fewer mice inoculated with the rsT3DF/T3DCS1 !1s-null 

virus developed viremia, suggesting that !1s enhances rsT3DF/T3DCS1 access 

to the bloodstream. Interestingly, titers of rsT3DF/T3DCS1 !1s-null in the spleen 

were only slightly lower than those in animals inoculated with rsT3DF/T3DCS1 

(Fig. 5.6C). These results suggest that the T3DC !1s protein enhances reovirus 

access to the bloodstream but is not absolutely required for systemic spread. 

  

Effect of T3DC S1 gene coding changes on T3D lung replication and 

systemic dissemination. The T3DC and T3DF S1 genes differ at two 

nucleotides that result in amino acid changes, nucleotide 77 and nucleotide 

1234. Nucleotide 77 alters amino acid 22 from valine to alanine in the !1 tail and 

amino acid 3 from glutamine to histidine near the amino-terminus of nonstructural 

protein !1s, whereas nucleotide 1234 alters amino acid 408 from threonine to 

alanine in the !1 head. To determine how the individual sequence 

polymorphisms in the S1 gene contribute to the differences in dissemination 

efficiency displayed by T3D laboratory isolates, we engineered T3DF viruses that 

contain each of the individual T3DC coding changes in the S1 gene  
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Table 5.2. Role of rsT3DF/T3DC S1 gene products in reovirus-induced 

viremia. CBA/J mice were inoculated intranasally with 107 PFU T3DF, 

rsT3DF/T3DCS1, or rsT3DF/T3DCS1 !1s-null. Blood was collected by heart 

puncture at the indicated times post-inoculation, and viral titers were determined 

by plaque assay using L929 cells. Results are expressed as the number of mice 

with detectable virus in the blood (limit of detection 1 PFU/ml).  

 
  



Viral strain Time post-infection 
(days) 

Viremia  
positive mice/

total mice 
% mice 
positive 

T3DF 1 1/5 20 
  2 0/5 0 
  4 0/5 0 

rsT3DF/T3DCS1  1 7/8 88 
  2 6/8 75 
  4 4/8 50 

rsT3DF/T3DCS1 1 3/5 60 
 #1s-null  2 3/5 60 

  4 1/5 20 

Table 5.2 
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(rsT3DF/T3DCS1-77 and rsT3DF/T3DCS1-1234) (Fig. 5.7A). Both of the 

recombinant viruses with single T3DC S1 gene sequences produced yields in 

L929 cells comparable to T3DF and did so with similar kinetics (Fig. 5.7B). Thus, 

the two changes in in the S1 gene at nucleotide 77 (!1: valine to alanine at 

22/!1s: glutamine to histidine at 3) and nucleotide 1234 (!1: threonine to alanine 

at 408) do not appear to alter the replication of T3DF in cell culture. 

  

 To identify the T3DC S1 gene coding polymorphisms that promote viral 

replication in the lung and dissemination from that site, we infected mice 

intranasally with T3DF, rsT3DF/T3DCS1-77, or rsT3DF/T3DCS1-1234, resected 

organs at various times post-inoculation, and determined viral titers by plaque 

assay. We found that animals inoculated with T3DF had titers in the lungs of 

approximately 106 PFU over the time course, whereas titers in the lungs of 

animals inoculated with rsT3DF/T3DCS1-1234 were significantly lower (Fig. 5.8A). 

In contrast, strain rsT3DF/T3DCS1-77, which contains amino acid polymorphisms 

in both the !1 and !1s proteins, replicated to higher titers than did either T3DF or 

rsT3DF/T3DCS1-1234 at all times analyzed (Fig. 5.8A). 

  

To determine whether one or both of the T3DC S1 gene coding 

polymorphisms contribute to the capacity of T3DC to disseminate systemically 

from the respiratory tract, we quantified viral titers in the spleen following  
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FIG 5.7 Construction and characterization of T3DF viruses with single T3DC 

sequences in the S1 gene. (A) Schematic of the reovirus S1 gene segment. 

The !1 ORF is shown in gray, the !1s ORF is shown in black, and the 5’ and 3’ 

UTRs are represented by white rectangles. Each T3DC nucleotide change in 

T3DF S1 is represented by a light gray bar. (B) Replication of recombinant 

viruses. L929 cells were adsorbed with T3DF, rsT3DF/T3DCS1-77, or 

rsT3DF/T3DCS1-1234 at an MOI of 5 PFU/cell. Viral titers were determined at the 

indicated times post-adsorption by plaque assay using L929 cells. The results 

are expressed as viral yields for triplicate samples. Error bars indicate SD. 
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intranasal inoculation (Fig. 5.8B). While both recombinant viruses with T3DC S1 

gene sequences were capable of disseminating to the spleen, a greater number 

of animals inoculated with rsT3DF/T3DCS1-77 had evidence of viral spread, and 

the viral loads in these animals were higher than those in animals inoculated with 

rsT3DF/T3DCS1-1234. These results suggest that each of the T3DC coding 

polymorphisms in the S1 gene contributes to systemic viral dissemination from 

the respiratory tract, with the change at nucleotide 77, which impacts both the !1 

and the !1s proteins, being the more influential of the two.   

 

Effect of T3DC S1 gene coding changes on protease-mediated loss of 

infectivity. The S1 gene is the primary determinant of the capacity of reovirus to 

replicate in and spread from the gastrointestinal tract. T3DF does not replicate to 

high titers in the small intestine and it fails to spread after peroral inoculation 

(110). This phenotype has been associated with the susceptibility of the T3DF S1 

gene-encoded !1 protein to cleavage by the pancreatic serine proteases 

chymotrypsin and trypsin (37, 160). Although the respiratory tract contains 

comparably less protease activity than that in the gastrointestinal tract in the 

absence of infection or pathology (80), inflammation in the respiratory tract may 

promote infection through recruitment of leukocytes and increased expression of 

inflammatory proteases capable of mediating extracellular reovirus disassembly 

(167).  
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Fig 5.8. Each of the polymorphic coding sequences in the T3D S1 gene 

affects respiratory infection and dissemination. CBA/J mice were inoculated 

intranasally with 107 PFU of T3DF, rsT3DF/T3DCS1-77, or rsT3DF/T3DCS1-1234. 

Organs were harvested at the indicated times post-inoculation, and viral titers in 

the (A) lungs, (B) MLN, and (C) spleen were determined by plaque assay using 

L929 cells. Results are expressed as mean viral titers for 6-8 mice per time point. 

Error bars indicate SEM. *, P < 0.05; **, P < 0.01 and ***, P < 0.001 (Mann-

Whitney test) relative to T3DF. 
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To explore the possibility that differences in protease sensitivity contribute 

to differences in the capacity of the two T3D isolates to spread from the 

respiratory tract, we first compared the effects of CHT on the infectivity of T3DF 

and the recombinant viruses with the individual and both T3DC S1 gene coding 

polymorphisms (Fig. 5.9A). We assessed changes in infectivity over time by 

comparing the titer of protease-treated samples and mock-treated samples. As 

anticipated (160), T3DF virions lost infectivity after 30 min of incubation with 

chymotrypsin. In contrast, recombinant virions with T3DC S1 gene coding 

changes retained infectivity after 30 and 60 min of chymotrypsin treatment. To 

test whether the T3DC S1 gene coding changes also affect sensitivity to an 

inflammatory protease, we performed similar experiments using neutrophil 

elastase. While T3DF virions lost infectivity within 5 min of treatment with 

neutrophil elastase (Fig. 5.9B), recombinant viruses with T3DC S1 gene coding 

changes retained infectivity through 15 min of protease treatment. Because T3DC 

and T3DF share sequences in the known protease-sensitive region of !1, these 

results indicate that sequences outside of this region affect the sensitivity of 

virions to inactivation by serine proteases. 

  

III. DISCUSSION 

In this chapter, we present results of experiments that revealed strain 

specific differences in reovirus pathogenesis after respiratory inoculation. Prior to 

my thesis work, nothing was known about the genetic determinants that regulate  
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Fig. 5.9. T3DC S1 coding sequences segregate with resistance to protease-

mediated loss of infectivity. Purified virions of T3DF, rsT3DF/T3DCS1-77, 

rsT3DF/T3DCS1-1234, and rsT3DF/T3DCS1 at a concentration of 5 x 1010 

particles were treated with either (A) chymotrypsin or (B) neutrophil elastase at 

37°C. Viral titers before and after treatment were determined by plaque assay 

using L929 cells. Changes in viral infectivity are expressed as the ratio of log10 

viral titer at each treatment time relative to mock treatment. Results are shown 

from representative experiment of 3 performed. 
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reovirus replication and dissemination in a murine model of respiratory infection. 

We used a reverse genetic approach to identify determinants of reovirus 

replication in the respiratory tract and systemic dissemination from the respiratory 

tract. By identifying viral determinants that regulate dissemination, one could 

improve the safety and efficacy of reovirus as a cancer therapeutic. 

 

As discussed in more detail in chapter 3, we found that reovirus T3DF 

replicated to lower titers in the respiratory tract and fail to disseminate 

systemically. Interestingly, another isolate of strain Dearing, T3DC, replicated to 

high titers in the lungs and spread systemically, similar to T1L (Fig. 1). Since 

T3DC shows a variety of distinct phenotypes in vitro, including enhanced virion 

disassembly, we examined the role of genes that encode outer capsid proteins 

(M2, S4 and S1) in reovirus replication in the lungs and dissemination from the 

respiratory tract. We found that the T3DC S4 and M2 genes did not increase 

either reovirus titers in the lungs or systemic dissemination (Fig. S5.1), however 

the T3DC S1 gene significantly increased both replication in the lungs and 

systemic dissemination (Fig. 5.4).  

 

The T3DC S1 gene has two nucleotide changes relative to the T3DF S1 

gene that affect protein coding. The T3DC change at nucleotide 77 alters an 

amino acid in the !1 tail and an amino acid near the amino-terminus of !1s, 

whereas nucleotide 1234 alters an amino acid in the !1 head. These residues 
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are not associated with any known epitope recognition, receptor binding or 

protease sensitive region (31, 37, 38, 88, 91, 116, 123, 157, 159, 161, 185, 221, 

240). However, our data demonstrates that both T3DC sequences decrease 

protease-mediated inactivation (Fig. 5.8), but only the T3DC change at nucleotide 

77 increases viral titers in the lungs and systemic dissemination (Fig. 5.7). Based 

on this, we conclude that the alanine 22 alteration in !1, the glutamine 3 

alteration in !1s or a combination of the two may be responsible for T3DC 

replication and spread phenotype.  

 

Exciting preliminary studies suggest that T3DF particles contain fewer 

virion-associated !1 and this may lead to more rapid loss of infectivity in the 

presence of proteases. Some type 3 reovirus strains, including T3DF, rapidly lose 

infectivity in the gastrointestinal tract due to a polymorphism in the neck of the !1 

protein (160). T3DF and T3DC share the polymorphism in !1 at amino acid 249 

that confers susceptibility to protease-mediated cleavage (37). Yet, our results 

reveal that T3DC virions and particles with the T3DC S1 gene do not lose 

infectivity in the presence of serine proteases like the T3DF virions do. In addition, 

preliminary work reveals that T3DC, unlike T3DF, is recovered at high titers in the 

spleen after peroral inoculation (Fig. S5.2). This suggests that T3DC may not lose 

infectivity as rapidly as T3DF in vivo. Early results also suggest that T3DC and 

T3DF virions treated with the respiratory serine protease HAT have similar rates 

of !1 cleavage, but differ significantly in the amount of virion-associated !1 
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trimers before treatment with protease (Fig. S5.3). This suggests that the T3DC 

change associated with the extreme N-terminus may stabilizes !1 in the virion. 

The role of each T3DC coding polymorphism on the quantity of encapsidated !1 

and stability of !1 trimers is the subject of current studies.  

 

Until recently, the cell attachment protein !1 was considered the primary 

determinant of reovirus pathogenesis (110, 219, 228, 229, 232). It is clear, 

however, that the !1s protein is required for peak growth in the gastrointestinal 

tract (22) and hematogenous spread after peroral (22) or intramuscular (21) 

inoculation. Consistent with a role for !1s in viral replication at mucosal sites, our 

results demonstrate that the T3DC !1s protein significantly increases viral 

replication in the respiratory tract and hematogenous dissemination (Fig. 5.5, 

Table 5.2). Interestingly, the T3DC !1s protein did not significantly impact viral 

titers in the spleen (Fig 5.5C). This suggests that the T3DC !1s protein enhances 

access to the blood but is not required for replication at secondary sites of 

infection. The importance of !1s for pathogenesis was highlighted when it was 

determined that, after intramuscular or peroral inoculation, the majority of 

disseminated !1s-null virus had reverted to wildtype expression of !1s (21, 22). 

We have analyzed the S1 gene sequences of 5 virus isolates from organs 

resected from mice inoculated intranasally with rsT3DF/T3DCS1 !1s-null virus. 

Our results revealed that over half had reverted to wildtype !1s expression, 
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which emphasizes the importance of the T3DC !1s protein in dissemination from 

the respiratory tract.  

 

The mechanisms by which !1s promotes reovirus dissemination are 

currently unknown. One possible mechanism behind this is the role of !1s in 

reovirus-induced apoptosis (97). Type 1 !1s is not required for induction of 

apoptosis in cell culture (22), however type 3 !1s is required for reovirus-induced 

apoptosis in cells of the heart and CNS (97). The process of reovirus release 

from target cells is not well understood, however some viruses, including some 

orthoreoviruses, induce apoptosis for efficient reovirus release (143). Our lab has 

recently found that T3DC induces higher levels of apoptosis in cell culture than 

T3DF (data not shown). Failure to induce apoptosis and inefficient release from 

cells may explain the lower viral yields in the lungs of mice inoculated with type 3 

!1s-null viruses. Due to time constraints, we were not able to dissect the 

individual roles of the !1 and !1s proteins in a rsT3DF/T3DCS1-77 virus, and this 

will be a future goal for the lab. 

 

IV. Supplementary text 

Text S5.1 

As discussed in more detail in chapter 3, we found that reovirus T3DF and 

T1L differ in capacity to replicate in the murine respiratory tract. T1L replicated to  
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Fig. S5.1. The T3DC S4 and M2 genes do not enhance viral replication or 

dissemination after intranasal reovirus inoculation. CBA/J mice were 

inoculated intranasally with 107 PFU of T3DC, T3DF, rsT3DF/T3DCS4M2 or 

rsT3DF/T3DCS4. Organs were harvested 2 days post-inoculation, and viral titers 

in the (A) lungs, (B) MLN, and (C) spleen were determined by plaque assay 

using L929 cells. Results are expressed as viral titer per mouse. 
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significantly higher titers than T3D (Fig. 1A). Interestingly, another T3D isolate, 

T3DC, replicated to similar titers as T1L in the lungs (Fig. 1A). T3DC also shows a 

variety of distinct phenotypes in vitro, including enhanced virion disassembly. 

The S4 gene encodes the outer capsid protein !3 and the M2 gene encodes the 

membrane penetration protein µ1, both proteins are involved in virion 

disassembly (95, 162, 194, 197). We considered that the reovirus S4 or M2 

genes may promote reovirus replication in the respiratory tract. To test this, we 

generated recombinant T3DF viruses with T3DC S4 (rsT3DF/T3DCS4) or T3DC S4 

and M2 (rsT3DF/T3DCS4M2) genes. Both recombinant viruses display enhanced 

uncoating in vitro similar to wildtype T3DC (data not shown). Intranasal 

inoculation of rsT3DF/T3DCS4 or rsT3DF/T3DCS4M2 did not result in increased 

replication in the respiratory tract (Fig. S5.1A). Titers of recombinant viruses in 

the lungs were nearly a log lower than wildtype T3DF. In addition, intranasal 

inoculation of viruses with enhanced uncoating phenotypes did not result in 

increased titers in the MLN or spleen (Fig. S5.1B,C). These preliminary results 

suggest that viruses that enhanced uncoating does not promote reovirus 

replication in the respiratory tract or access to secondary sites of replication. 

 

Text S5.2 

 T3DF fails to replicate in the gastrointestinal tract due to a polymorphism 

that confers susceptibility to protease-mediated cleavage of !1. The !1 

polymorphism at amino acid 249 is shared by both isolates of T3D. However, 
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T3DC is more resistant to protease-mediated cleavage (Fig. 5.8), replicates to 

high titers in the respiratory tract, and disseminates systemically after intranasal 

inoculation (Fig. 5.1). There are no reports examining T3DC capacity to replicate 

in or disseminate from the gastrointestinal tract. To determine if T3DC can 

replicate in the gastrointestinal tract, we inoculated newly weaned mice with 108 

PFU of T1L, T3DF or T3DC and quantified viral titers by plaque assay on L929 

cells (Fig. S5.2). As expected (110), T1L replicated to high titers, while T3DF was 

not recovered in the gastrointestinal tract (Fig. S5.2A). In addition, T3DC was not 

recovered in the gastrointestinal tract at any time point examined (Fig. S5.2A). 

These results suggest that T3DC, like T3DF, fails to replicate in the 

gastrointestinal tract, which is likely due to protease-mediated cleavage of the 

cell attachment protein !1. 

 

 While T3DC is not recovered in the gastrointestinal tract after peroral 

inoculation, virus may enter cells and access secondary sites for replication. 

T3DC and T3DF gained access the mesenteric lymph nodes, although at lower 

titers and less frequency compared to titers in the lymph nodes after T1L 

inoculation (Fig. S5.2B). Our results also demonstrate that both T3DF and T3DC 

gain access to the spleen, although at varying titers (Fig. S5.2C). Interestingly, 

titers of T3DC in the spleen are even higher than titers of T1L in the spleen. 

These results imply that capacity to disseminate from the gastrointestinal tract is  
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Fig. S5.2. Analysis of viral replication in the gastrointestinal tract and 

systemic dissemination of murine reoviruses T1L, T3DF and T3DC. CBA/J 

mice (3 weeks-old) were inoculated intragastrically with 1 x 108 PFU of T1L, T3DF 

or T3DC virions. Organs were resected at indicated times post-inoculation. Viral 

titers in the (A) intestine, (B) MLN, and (C) spleen were determined by plaque 

assay on L929 cells. Results are expressed as viral titer for each mouse 

examined. 
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not solely based upon sensitivity of the cell attachment protein to cleavage as 

previously thought. This is consistent with our respiratory infection model in that 

T3DC polymorphisms in S1 lesson protease-mediated cleavage of !1 and 

promote systemic dissemination.  

 

Text S5.3 

 To determine if polymorphisms in T3DC altered protease mediated 

cleavage of !1, virions of T3DF and T3DC were digested in vitro with a serine 

protease HAT. Digestion was stopped and viral proteins were resolved by SDS-

PAGE and visualized by Coomassie blue staining (Fig. S4.3A).  There is no 

significant difference in " band intensity, which demonstrates that equivalent 

numbers of T3DF and T3DC particles were analyzed in each treatment group. 

Prior to staining, gels were transferred to a nitrocellulose filter and probed with a 

polyclonal anti-reovirus antibody. Consistent with our previous results, we 

observed that HAT cleaves !3, as demonstrated by decreased !3 band intensity 

after protease treatment (Fig. S5.3B). The polymorphism in !1 at amino acid 249 

results in trypsin and CHT (serine protease) cleavage products with a molecular 

weight of around 25 kDa (37). A band at the expected weight is resolved after 

HAT (32.5 ng/ml) treatment of T3DF and T3DC (Fig. S53B, arrow). These results 

demonstrate that HAT treatment of T3DF and T3DC results in cleavage of the cell 

attachment protein !1. 
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To further characterize T3DF and T3DC !1 after treatment with HAT, the 

membrane was reprobed with a polyclonal anti-reovirus antibody directed against 

the head portion of !1 (22). We observed 3 distinct forms of !1 after HAT 

treatment of T3DC virions, but only 2 of 3 forms in HAT treated T3DF particles 

(Fig. S5.3C). HAT (32.5 ng/ml) treatment of T3DF and T3DC virions resulted in 

near equivalent ratios of cleaved to intact !1. This suggests that T3DF and T3DC 

do not significantly differ in their sensitivity to protease-mediated cleavage of !1 

after treatment with HAT. Interestingly, we observed significantly higher intensity 

of !1 monomers and trimers associated with T3DC particles. Regions in the N-

terminal portion of !1 are known to be responsible for !1 encapsidation (141). 

Interestingly, the T3DC S1 sequence at nucleotide 77 is within this region. These 

preliminary results suggest that T3DC sequences in S1 may promote σ1 

encapsidation and trimerization. 
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Fig. S5.3. Digestion of reovirus strains T3DF and T3DC with the endogenous 

respiratory protease HAT. Purified virions were untreated or treated with 

indicated concentrations of HAT for 2 h. Reactions were stopped with PMSF 

(1mM). Treated virus was loaded into wells of 4-20% gradient polyacrylamide 

gels. After electrophoresis, the gels were transferred to a nitrocellulose filter and 

the gel was stained with (A) Coomassie blue. The filter was incubated with 

polyclonal antibodies directed against (B) reovirus particles or the (C) !1 head 

(22). (A and B) Viral proteins ", µ1C, $, !1, !2, and !3 are labeled at the right. 

An arrow marks the expected !1 cleavage product (37). (C) !1 trimer, monomer 

and fragment are labeled at the right. We quantified the !1 fragment and 

monomer bands by Image J analysis and found that the monomer to fragment 

ratio of T3DC was 1:1.5 while T3DF was 1:1.2. The experiments shown are 

preliminary results.   
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CHAPTER 6 

Major Conclusions and Outstanding Questions 

 

Viral and host determinants that regulate reovirus infection of the intestine, 

CNS and heart are well established (110, 144, 199, 218, 219, 229, 232). 

However prior to the work described in this thesis, relatively little was known 

about reovirus infection in the respiratory tract. We sought to characterize 

reovirus pathogenesis after respiratory infection. To accomplish this goal, we 

developed a murine model of respiratory reovirus infection and our results 

suggest that reovirus disassembly in the respiratory tract was not as efficient or 

rapid as virion disassembly after gastrointestinal infection (20). In addition, we 

discovered that respiratory inflammation promotes viral replication in the 

respiratory tract (167). Through the course of this work, we found that two 

isolates of the prototypic strain T3D differed significantly in their capacity to 

replicate and disseminate after respiratory infection. Using the recently 

developed reovirus reverse genetics system (119, 120), we found that the T3DC 

S1 coding polymorphism at nucleotide 77 increased viral growth and 

dissemination. The work presented in this thesis has significantly contributed to 

the understanding of reovirus induced pathology, replication and dissemination 

after respiratory infection. It also raises many questions that remain to be 

answered and will be discussed in this chapter. 

 



 131 

I. Endogenous and inflammatory respiratory proteases promote 

reovirus disassembly in vitro. 

Results discussed in Chapter 4 demonstrate that both endogenous 

respiratory and inflammatory proteases can mediate reovirus disassembly (167). 

We examined two endogenous respiratory proteases, HAT and TMPRSS2, 

which have been shown to activate influenza and SARS coronavirus membrane 

fusion (15, 16, 27, 28, 83, 196, 204), for their capacity to initiate reovirus 

disassembly. Both HAT and TMPRSS2 promoted reovirus infection in a 

restrictive cell line (85) and in vitro treatment with HAT triggered reovirus 

uncoating and generated ISVPs. These are the first known respiratory proteases 

that have been shown to mediate productive reovirus disassembly. As mentioned 

in Chapter 4, although we were not able to identify conditions that promoted 

TMPRSS2-mediated reovirus disassembly in vitro, we did show that TMPRSS2 

promotes reovirus infection in cell culture. TMPRSS2 overexpression is common 

in prostate cancers (130, 216). Since reovirus uncoating is key to reovirus’ 

oncolytic potential (1), identifying proteases and the mechanisms of reovirus 

disassembly is critical to optimally generate oncolytic reoviruses that match a 

specific tumor protease profile.  

 

Prior work from our laboratory had established that the inflammatory 

proteases NE and Cat S can mediate reovirus uncoating (84, 86). We assessed 

reovirus uncoating in the presence of mast cell chymase and another PMN-
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associated protease, Cat G. Both of these inflammatory proteases promoted 

reovirus disassembly and generation of ISVPs. Thus, the experiments described 

in Chapter 4 led to the identification of four new proteases that can initiate 

reovirus disassembly, however the efficiency of in vitro virion disassembly 

differed, depending on the protease. This may be an artifact of suboptimal 

treatment conditions, but could be related to differences in protease specificity. A 

wide range of proteases can cleave the protease sensitive region of !3, however 

the capacity of different proteases to initiate !3 cleavage varies between reovirus 

strains and can be influenced by residues near the protease sensitive region on 

!3 (62, 106, 148, 197, 233).  

 

The apparent universal and, possibly, redundant nature of host proteases 

that can mediate !3 cleavage suggests that, in order to optimize reovirus use as 

an oncolytic agent, a library of !3 sequences paired with optimal protease 

cleavage partners should be generated. Specific residues that influence CHT-

mediated reovirus uncoating, including those that slow disassembly kinetics, 

have recently been identified (59). These can function as a starting point for 

further study into host proteases that mediate reovirus disassembly. Studies 

should begin with proteases discussed in Chapter 4 and include proteases 

(MMP9, MMP2, and TMPRSS4) which are associated with increased expression 

in tumors (183, 235). Once protease - !3 sequence pairs have been identified 



 133 

and tested in tumor cell culture lines, murine xenograft models could be used to 

test reovirus oncolytic efficacy in vivo.  

 

II. Respiratory inflammation promotes reovirus replication in the 

respiratory tract. 

Viral and bacterial infections often exacerbate chronic inflammatory 

respiratory diseases (173). Inflammation, in turn, can influence viral infection. For 

example, influenza virus replicates to higher titers and infection is resolved more 

slowly in chronically inflamed lungs (87). One possible mechanism for this effect 

involves changes in protease expression in inflamed tissue. Inflammation 

increases protease expression that can promote viral infection of respiratory 

viruses that require host protease activity to establish infection (173). The 

inflammatory protease NE has been shown to promote SARS coronavirus and 

reovirus infection in cell culture (14, 86, 146). In Chapter 4, we presented 

evidence that respiratory inflammation promotes reovirus infection in murine 

lungs. The mechanism behind the increased viral loads observed in inflamed 

lungs is unknown. However, we found that inflammation led to a significant influx 

of inflammatory cells and significantly increased reovirus uncoating in the 

respiratory lumen. Enhanced protease expression and an increase in target cells 

may account for the increased titers observed in the murine respiratory tract.  
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With the emergence of new respiratory viruses and drug-resistant 

influenza viruses, there is a critical need to develop new therapies to combat viral 

respiratory infections. Host proteases that are critical for infection represent 

potential targets for antiviral development (244). Protease inhibitor treatment has 

shown promise against RSV (166) and influenza (171, 245) in mouse models. 

This approach could be pursued in the reovirus infection models, which are more 

tractable than models of more pathogenic viruses. An aerosolized delivery 

mechanism for protease inhibitor studies in the murine model of respiratory 

infection would be ideal to characterize the efficacy of specific protease inhibitors 

on viral replication.  

 

III. The T3DC !1 polymorphisms impact reovirus capacity to replicate 

and disseminate after respiratory tract infection. 

In the course of our studies, we discovered that two isolates of type 3 

strain Dearing differ in their capacity to replicate in the respiratory tract and 

disseminate systemically. Results of our genetic analysis reveal that the T3DC S1 

gene promotes viral replication and systemic dissemination. The T3DC and T3DF 

S1 genes differ in two nucleotides that result in amino acid polymorphisms. Each 

T3DC polymorphism influences viral replication in the lungs. The polymorphism at 

nucleotide 77 enhances viral replication in the lungs while the T3DC 

polymorphism at nucleotide 1234 dampens viral replication relative to wildtype 
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T3DF. Several questions regarding the role of T3DC polymorphisms in !1 have 

arisen from the studies detailed in Chapter 5 and will be outlined here. 

 

Our studies reveal that reovirus uncoating in the respiratory tract is less 

efficient than uncoating in the gastrointestinal tract, where uncoating occurs 

within 5 min (20). While the proteases that mediate reovirus uncoating in the 

respiratory tract are unknown, the lungs maintain a protease:antiprotease 

balance in the absence of pathology (52, 151, 238). In this environment, reovirus 

strains that rapidly disassemble or can utilize a wider range of proteases for 

disassembly would have an advantage in establishing respiratory tract infection. 

A number of different studies demonstrate that reovirus strains can differ in 

capacity be uncoated by host proteases (4, 45, 233). Unpublished work from our 

lab reveals that a wider range of cellular proteases can mediate T3DC uncoating 

compared to T3DF. The capacity to use a wider range of cellular proteases may 

increase host cell range and replication, which may account for T3DC’s enhanced 

replication and dissemination compared to T3DF in the respiratory model. Recent 

work demonstrates that mutations in the S4 protein show enhanced 

pathogenesis (unpublished). Our lab is currently working to characterize 

differences in protease-mediated disassembly of T3D isolates. 

 

The failure of T3D to replicate in the gastrointestinal tract is due to 

protease-mediated cleavage of the cell attachment protein. Both T3DF and T3DC 
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share the sequence at amino acid 249, which confers this sensitivity to protease-

mediated cleavage of !1. However, the T3DC !1 protein contains two alanine 

substitutions at amino acids 22 and 408 that promote resistance to protease-

mediated cleavage. This result indicates that sequences outside the known 

protease sensitive site in !1 function to stabilize !1 in the presence of protease. 

We analyzed the published sequences of the !1 protein of isolates resistant to 

cleavage, and while they all share the polymorphism at amino acid 249, we found 

that they all contain an additional polymorphism at amino acid 22 and a majority 

of the clones also contained polymorphisms at amino acid 408 (Table 6.1) (37, 

55, 160). These amino acids coincide with the changes in the T3DC S1 gene that 

reduce protease-mediated inactivity. Thus, while amino acid 249 may be the 

primary determinant for CHT-mediated cleavage of !1, T3DC residues at amino 

acids 22 and 408 likely contribute to !1 stability. We are currently examining the 

impact of T3DC residues in S1 on the rate of !1 cleavage.  

 

Interestingly, our preliminary results suggest that the T3D isolates do not 

differ in sensitivity to protease-mediated cleavage of !1. Protease treatment of 

T3DC or T3DF virions results in near equivalent ratios of full-length !1 to the !1 

fragment. Interestingly, we noticed that T3DC virions have significantly more 

virion-associated !1 than T3DF virions even prior to protease treatment. This 

suggests that the increased rate at which T3DF loses infectivity in the presence of 

protease, relative to T3DC, may not be due to the sensitivity of !1 to cleavage but  
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Table 6.1. Comparison of !1 polymorphisms in type 3 reovirus clones. 

Sequences and sensitivity to protease-mediated cleavage were obtained from 

published reports and confirmed experimentally in the case of T3DF (37). 

*Preliminary results suggest that T3DC is susceptible to protease-mediated 

cleavage. 

 
  



Virus Sensitive to protease-
mediated cleavage 

Amino acid 

249 22 408 

T3DF Y T V T 

T3DC Y* T A A 

T3C9 N I A T 

T3C18 N I A T 

T3C43 N I I A 

T3C44 N I I A 

T3C45 N I I A 

T3C84 N I I A 

T3C93 N I I A 

Table 6.1 
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in the quantity of encapsidated !1. Mechanisms of !1 trimerization and 

encapsidation are not well understood. However, the structure between amino 

acids 3 and 34 is known to be important for virion anchoring (125, 142). The 

T3DC alanine change at amino acid 22 in !1 is within this region (50, 62). This 

suggests that T3DC alanine 22 may increase !1 encapsidation. 

 

Our results show that both T3DC sequences in !1 have a stabilizing effect 

on virion infectivity in the presence of protease, however these changes have 

distinct effects on viral replication in vivo. The T3DC sequence at amino acid 22 

promotes dissemination while the sequence at amino acid 408 appears to 

promote viral clearance. However, these residues are not associated with any 

known epitope recognition, receptor binding or protease sensitive region (31, 37, 

38, 88, 91, 116, 123, 157, 159, 161, 185, 221, 240). Hydrophobic residues in the 

tail and base of the head are thought to be responsible for !1 trimer stabilization 

(39, 185), however numerous acid residues in the head of !1 are proposed to 

increase !1 trimer instability (39). The T3DC 408 polymorphism impacts the head 

of !1. We currently do not understand how this change leads to lower viral titers 

in the lungs of animals inoculated with rsT3DF/T3DCS1-1234. We are currently 

collaborating with Dr. Terry Dermody to characterize the impact of alanine 22 and 

alanine 408 on the quantity of virion-associated !1, changes in protease-

mediated cleavage patterns, and changes in !1 trimer stability. It will be 
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important to also determine how or if these polymorphisms impact !1 association 

cellular receptors. 

 

IV. The T3DC !1s protein enhances viral replication in the lungs and 

hematogenous dissemination. 

 

My work revealed that T3D isolates differ in capacity to replicate in the 

lungs and spread systemically. The T3DC S1 polymorphism at nucleotide 77 

significantly enhanced viral replication and dissemination after intranasal 

inoculation. As discussed above, the T3DC polymorphism at nucleotide 77 

impacts the cell attachment protein !1. As the S1 gene expresses two viral 

proteins in overlapping reading frames, the T3DC change at nucleotide 77 also 

creates a glutamine to histidine change at amino acid 3 in the nonstructural 

protein !1s. The importance of !1s in viral replication and dissemination has 

recently been established (21, 22). The !1s protein is required to reach peak 

titers in the gastrointestinal tract after oral inoculation and promotes 

hematogenous reovirus dissemination after peroral and muscular inoculation (21, 

22). Our results demonstrate that T3DC !1s promotes reovirus replication in the 

respiratory tract and hematogenous dissemination. Several questions regarding 

the role of the T3DC polymorphism in !1s have arisen from the studies detailed in 

Chapter 5 and will be outlined here. 
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The mechanism by which !1s promotes replication in vivo remains 

unknown. The !1s protein is required to induce apoptosis in vivo and reovirus-

induced apoptosis increases progeny release from infected cells (97, 143). One 

possible mechanism by which !1s may promote viral replication is by inducing 

cellular apoptosis, which, in turn, could increase release of reovirus progeny. 

Recent work from our lab demonstrates that T3DC induces significantly higher 

levels of apoptosis than T3DF in cell culture. In addition, progeny release is 

significantly more efficient after T3DC infection compared to T3DF infection in cell 

culture (unpublished observation). Decreased progeny release may explain the 

lower viral yields in lungs we observed after inoculation with T3DC !1s-null 

viruses. Future experiments will be aimed at characterizing the role of !1s in 

reovirus induced apoptosis and release. 

 

Many viruses encode nonstructural proteins that disrupt innate and 

adaptive immune response mechanisms to evade detection and delay viral 

clearance. For example, rotavirus NSP1 antagonizes innate immune responses 

by mediating degradation of IFN-regulatory factors (198). It is possible that !1s 

disrupts innate or adaptive immune mechanisms and the absence of !1s leads to 

more rapid reovirus clearance. A rsT3DF/T3DCS1 virus lacking !1s does not 

replicate to high titers and appears to clear more rapidly from the lungs. Future 

studies should characterize the host immune response to the panel of viruses we 
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generated and described in Chapter 5, this will help identify any role of !1s in 

immune disruption. 

 

After peroral or intramuscular inoculation of !1s-null viruses, viral 

replication in secondary sites is delayed but peak titers do not significantly differ 

(21, 22). This delay is due to a block in access to hematogenous routes for 

dissemination. Our results also show that !1s promotes hematogenous access 

after intranasal inoculation, but does not significantly influence dissemination to 

the spleen. However, the majority of !1s-null viruses recovered after systemic 

dissemination were revertant viruses which express T3DC !1s. This suggests 

that the T3DC !1s protein is important for access to and replication at secondary 

sites. The mechanisms by which !1s promotes reovirus dissemination are 

currently unknown. As discussed above, the reovirus !1s protein may influence 

reovirus replication by mediating apoptosis or immune modulation (97, 180, 181). 

These same mechanisms may be important for hematogenous dissemination. 

Histological studies following inoculation with !1s-null viruses will help 

characterize the role of !1s in reovirus infection of the respiratory tract and if it is 

required for replication in specific cell types. To determine if reovirus spreads 

through hematogenous routes by cell-free, cell-associated or a combination, 

blood components could be separated and reovirus positive cells could be 

detected by flow cytometry. In addition, virus present in the serum could be 
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quantified by plaque assay. These experiments will help determine the 

mechanism by which T3DC !1s protein promotes reovirus dissemination.  

 

V. What other genetic polymorphisms contribute to T3DC enhanced 

replication and dissemination in vivo? 

Virion disassembly is an important determinant for reovirus-mediated 

apoptosis and viral replication in vivo (1, 20). We considered that virion 

disassembly, which are regulated by the reovirus S4 and M2 genes, may 

influence viral replication in the respiratory tract (4, 194, 197). Based on this, we 

examined the role of the T3DC S4 and M2 genes in reovirus replication in the 

respiratory tract. Upon intranasal inoculation, we found that titers of T3DF viruses 

with T3DC S4 or T3DC S4 and M2 genes are recovered at lower titers in the lungs 

than titers of wildtype T3DF. These results suggest that the T3DC polymorphisms 

in the S4 and M2 genes do not significantly influence reovirus replication in the 

murine respiratory tract.  

 

Interesting recent work demonstrates that the reovirus M1 gene modulates 

the host immune response. Irvin and colleagues found that the reovirus M1 gene, 

which expresses the µ2 protein, regulates the IFN response in cardiac myocytes 

and fibroblasts (93, 102, 128, 246). Reovirus capacity to block IFN production 

depends upon a proline to serine polymorphism in the µ2 protein at amino acid 

208 (102). T1L, which encodes serine 208, inhibits IFN production while infection 
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with T3DF, which lacks this polymorphism, does not (102). Interestingly, the T3DC 

M1 gene also encodes the serine 208 polymorphism. This suggests that the 

capacity of T1L and T3DC to replicate to high titers in the respiratory tract and 

disseminate may be influenced by modulation of the host immune response. 

Future studies will examine the role of the T3DC polymorphisms in the M1 gene 

on viral replication in the respiratory tract and systemic reovirus dissemination.  

 

In conclusion, the work contained within this thesis has demonstrated for 

the first time that endogenous respiratory and inflammatory proteases that can 

mediate reovirus disassembly and that respiratory inflammation promotes 

reovirus replication in the lungs. In addition, we described genetic polymorphisms 

in prototypic T3D isolates that regulate reovirus infection and dissemination in a 

murine model of respiratory infection. In conclusion, the capacity of T3DC to 

replicate and disseminate systemically is likely influenced by multiple 

mechanisms including increased !1 encapsidation, resistance to protease-

mediated inactivation and a property of the nonstructural protein !1s, such as 

efficient induction of apoptosis. It is my hope that the work in this thesis has laid 

the foundation for future research examining mechanisms of reovirus replication 

and dissemination in vivo.   
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