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ABSTRACT

Type 3 Dearing (T3D) reovirus is an oncolytic virus able to lyse a majority of 

tumor types. The major drawback is that -20% of tumor types are resistant to lysis by 

T3D and therefore there is a need to improve the oncolytic ability of reovirus to include 

resistant tumors. When designing an oncolytic virus, an ideal virus would be sensitive to 

double stranded protein kinase (PKR) pathway involved in the anti-viral response of 

normal cells. Previous studies in our lab determined which gene segments were involved 

in generating high viral yields in the absence of PKR. The M l gene segment from T3D 

controls PKR sensitivity and the Type 1 Lange (TIL) L3 gene segment controlled the 

increased viral yield in the absence of PKR. The hypothesis of this study is that 

improved oncolysis can be achieved by combining the TIL L3 gene segment with the 

T3D M l gene segment through the creation of TIL x T3D reassortants. The reassortant 

viruses with these gene segments and other unidentified gene segment combinations have 

the potential to have superior oncolytic ability compared to the parent serotypes.

The Balb/c murine colon carcinoma tumor cell line, CT26, is resistant to lysis by 

serotype 1 Lang (TIL) and T3D following infection in vitro and is thus a demanding 

model in which to screen TIL x T3D reassortants for improved oncolytic ability. To 

identify genes involved in viral growth and protein synthesis a panel of TIL x T3D 

reassortants was monitored for replication and protein synthesis in CT26 cells as well as 

mouse embryo fibroblasts from wt and the PKR knockout (PKR-/-) Balb-c mice. In 

epithelial cells the primary gene segment involved in viral yield and protein production in 

CT26 cells was the T3D SI gene segment, with secondary contribution from T3D L2, M2 

and M3 gene segments for viral yield, and T3D LI and M2 gene segments for protein

i
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production. However, in fibroblasts the TIL L3 gene segment was important for protein 

production in the presence of PKR and the TIL LI and T3D M2 genes segments were 

involved in protein production in the absence of PKR. Different reovirus genes are 

involved in the productivity and permissiveness of infection in different cell types.

In contrast to in vitro infection, 4 TIL x T3D reassortants, EB88, EB86, EB97, 

and EB123, possess enhanced ability to prolong survival of Balb/c mice bearing CT26 

lung metastases. This finding demonstrated that ability to lyse tumors does not correlate 

with ability to lyse cells in vitro and that specific reovirus reassortants possess enhanced 

oncolytic properties. Virus infection of CT26 tumors in vivo with EB88, EB86, EB97, 

and EB123 was measured by immunofluorescence with anti-reovirus serum as well as 

apoptosis over 7 days following infection to show that all reassortants with enhanced 

oncolytic properties had infections of longer duration and generally more extensive 

TUNEL positive cells.

I also observed that PKR-/- mice had a unique pattern of infection relative to TIL 

and T3D; bronchiolar epithelium was infected with T3D but not with TIL, whereas 

bronchiolar epithelium of wt Balb-c mice was resistant to infection with both viruses.

The PKR dependent bronchiolar epithelial tropism mapped to the SI genome segment. 

This finding, which contrasts with previous mapping of PKR dependent tropism for 

fibroblasts to the Ml genome segments, has identified a tissue specific aspect to the PKR 

dependent control of infection with reoviruses. As >95 % of tumors are epithelial in 

origin, the difference in PKR dependent infection between fibroblast and epithelium is of 

relevance to oncolytic viruses which are thought to exploit defects in interferon 

responsiveness in tumor cells, which are largely epithelial in origin.

ii
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On assessing the genotypes of reassortants that possess enhanced oncolytic 

abilities the T3D-L2 and T3D-M1 genome segments plus T1L-L3 and T1L-M2 genome 

segments appeared to be functioning to enhance tumor destruction through modulation of 

cell growth and protein production (L2 and L3-enhanced growth), and interferon /PKR 

sensitivity (Ml-enhanced sensitivity). Although oncolytic properties appear 

multigenically controlled it is possible to obtain reovirus reassortants with enhanced 

combinations of proprieties that favor improved abilities to destroy tumors in intact host 

organisms. This study is thus foundational and has provided important data for further 

analysis of the mechanisms of reovirus tumor attack and its application to therapy.

iii
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CHAPTER ONE

1. INTRODUCTION 

1.1 Reovirus

The mammalian reovirus is a member of the Orthoreovirus genus in the family 

Reoviridae. The name reovirus contains the prefix reo which stands for respiratory enteric 

orphan derived from the fact that reovirus can be isolated from the respiratory and intestinal 

tracts of humans but has not been associated with specific clinical disease and it is therefore 

an orphan virus. There are three serotypes of reovirus: type 1 Lang (TIL), type 2 Jones (T2), 

and type 3 Dearing (T3D). This thesis will deal with the serotypes TIL and T3D and TIL x 

T3D reassortant viruses and their oncolytic potential.

1.2 Reovirus morphology

Reoviruses are non-enveloped icosahedral viruses, made up of two capsid shells 

which surround a genome of 10 double-stranded RNA (dsRNA) gene segments (Table 1). 

There are three forms of the reovirus particle: virion, infectious (or intermediate) subvirion 

particle (ISVP) and the core (Figure 1). Both the virion and ISVP are infectious particles, 

able to interact with the cell surface receptors and the virion is the predominant form released 

from infected cells in vitro 66.

1
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Table 1. Characteristics of reovirus structural and nonstructural proteins adapted 
from 2966

Protein
Protein Gene Mass Copy Location Functions

(kDa) Number

u L3 141.9 120 Core capsid 
Virion, ISVP

RNA bindin; NTPase; helicase; 
RNA triphosphatase

X2 L2 144 60 Core spike 
Virion, ISVP

Guanylyltransferase;
methyltransferase

RNA-dependent RNA
X3 L1 142.4 12 Core internal 

Virion, ISVP
polymerase

M2 76.2 - 3 0 Outer capsid 
Virion, ISVP

Cell penetration; 
transcriptase activation

p ic M2 72.1 -5 7 0 Outer capsid 

Virion, ISVP

p2 M1 83.3 - 2 0 Core internal 
Virion, ISVP

Binds RNA; NTPase ?

c l S1 49.4 - 3 0 Outer capsid 
Virion, ISVP

Receptor binding protein; 
hemmaglutinin 
type-specific antigen

c2 S2 47.1 150 Core nodule 
Virion, ISVP

Binds dsRNA

c3 S4 41.2 600 Outer Capsid 
Virion

Binds ssRNA; role in assortment 
and replication

Binds core, role in 2nd
pNS M3 80 0 Nonstructural transcription

probable rolein RNA assortment 
or replication

pNSC M3 75 0 Nonstructural Unknown

cNS S3 41 0 Nonstructural Binds ssRNA
probable role in RNA assortment 
or
replication

e ls S1 14 0 Nonstructural Dispensable in cell culture
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Figure 1: Reovirus Morphology
A. Structure of the reovirus infections virion and viral structural protein arrangement. 
www-micro.msb.le.ac.uk/3035/Reoviruses.html
B. Structure of reovirus virion, ISVP and core 
http://yin.che.wisc.edu/images.htm
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B.

Virion
Intermediate Sub-Virion Particle 

IS VP

radius 22nm

20nm

Core

42nm
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1.2.1 Outer capsid structure

The outer capsid is made up of four proteins: 12, c l ,  c3 and p l/p lc . There are 60 

copies of the 12 protein which is the core spike protein, 600 copies of both c3 and p ic

•5 / \  <70

structural proteins, and 36 copies of the a  1 protein which is the receptor binding protein ’ . 

Thus, the p ic  (76.2 kDa) and the c3 (41.2 kDa) proteins are the major components of the 

outer capsid . The p ic  protein forms a trimer on the surface of the virion and the a3 

protein folds into two lobed structures, the small lobe interacts with p ic  and the large lobe is 

exposed on the surface of the virion 30,33. The c l  (49.4 kDa)29 receptor binding protein is a 

fibrous, trimeric protein with a distinct globular head and tail morphology ’ . Interactions 

between c3 and the p i proteins are critical for many different stages in the viral life cycle. 

The c3 protein forms a 1:1 complex with p ic  and can interact with as many as three adjacent 

p ic  molecules 66. The c3 protein also interacts with the core spike protein 12 66,78. The pi 

protein is cleaved by carboxyl-terminal endoproteolytic cleavage into p lN  and p ic  and 95% 

of the pi complexed with c3 is in the p ic  form. The interaction between p i and c3 is also 

required for the cleavage of p i to generate p lN  and p i c 78. The three major outer capsid 

proteins p i, c l ,  and c3 are modified during the conversion of the virion to an ISVP. ISVPs 

are generated by proteolytic cleavage during uncoating in cells, or as a result of 

chymotrypsin treatment in vitro, and are characterized by the cleavage of p ic  into 8 and (p 

and the loss of c3, as well as a conformational change in the c l receptor binding protein39.

It has been suggested that the extensive contact between the p i/p ic  and c3 proteins is 

important for the stability of the outer capsid structure and is therefore important for the 

survival of the virion during host-to-host transmission 66.

4

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1.2.2 Inner capsid structure

The inner capsid or the core of reovirus is made up of five structural proteins: XI, X2, 

X3, p.2 and o2. The XI (141.9 kDa) protein is present in 120 copies and is organized as 60 

asymmetric dimers to form the inner capsid 29. The o2 (47.1 kDa) protein is present in 150 

copies and is required for core assembly. It acts as a clamp to hold the capsid shell together

9Q. The X2 (144 kDa) protein is the core spike protein and is present in 60 copies which are

90organized as pentameric turrets at each of the 12 icosahedral vertices . The X2 protein 

interacts with all seven of the other reovirus structural proteins: XI, X3, \i2 and o2 in the 

inner capsid and p l/p lc , c3, and a l  in the outer capsid66. The X3 protein (142.4 kDa) is a 

minor structural protein with only 12 copies present in the inner capsid; structural and 

functional data suggest that one copy of the X3 protein is located inside the core shell at each 

of the icosahedral five-fold axes 29,66. The p2 (83.3 kDa) protein is present in 20-24 copies 

in the inner capsid and currently there is no high resolution structure determination for this 

protein but, it is believed that the protein is located under each of the core shell icosahedral

29vertices .

1.2.3 Nonstructural proteins

Reovirus has 4 nonstructural proteins, cNS, pNS, pNSC and a  Is. The S3 gene 

segment codes for the aNS nonstructural protein. The aNS (41 kDa) has ssRNA binding 

ability and is believed to play an important role in the selection, replication and/or packaging 

or reovirus RNA for the assembly of progeny particles (reviewed in 66). The M3 gene 

segment codes for the pNS (80 kDa) and pNSC (75 kDa) nonstructural proteins. The pNSC 

is formed by alternative translation initiation at the second or third AUG in the M3 mRNA 

located in the same ORF as pNS 66. The pNS and pNSC play a role in reovirus replication 

through their involvement in the formation of inclusion bodies. The SI gene segment codes

5
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for the a ls  (14 kDa) nonstructural protein, this protein is highly variable between reovirus 

isolates66. The a ls  nonstructural protein is a second translation product and studies suggest 

that it may be responsible for some of the different biological properties such as, replication, 

growth, spread and apoptosis, which have been mapped to the SI gene segment66.

1.3 Reovirus replication cycle

Reoviruses infect a wide variety of hosts and can be propagated in many different cell

lines, with the most common being the mouse L929 fibroblast cell line96. The initial step in

the replication cycle (Figure 2) is binding of the reovirus to a susceptible host cell, and this

process is mediated by the reovirus receptor binding protein a l. Many functional and

biochemical studies have been done to characterize the a l  protein and its target receptors but

not all cellular proteins with which a l  interacts are known. The presence of sialic acid

seems to be an important component of reovirus cellular receptors. Regions in the N-

terminal tail of the a l  protein of T3D have been shown to be responsible for the binding of

1 8either a2-3 or a2-6 linked sialic acid . The TIL a l protein interacts with glycoconjugates 

containing a2-3 linked sialic acid on M cell apical surfaces 43. Sialic acid is not the only 

cellular receptor targeted by the a l . The a l  protein is also able to bind to junctional 

adhesion molecule A (JAM-A, previously called JAM1) and this interaction is mediated 

through the C-terminal globular head domain of the a  1 protein3.

Once reovirus is bound to the host cell viral entry takes place. Reovirus and ISVP 

can enter the host cell by receptor mediated endocytosis or by directly penetrating the cell 

membrane, respectively. During receptor mediated endocytosis, the reovirus virion is taken 

up into an endocytic vesicle that matures into a lysosome. The acidification of the lysosome 

results in the proteolytic processing of the reovirus virion into an ISVP. Reovirus infection 

by intact virions can be inhibited

6
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Figure 2: Reovirus replication cycle
http://instruct1.cit.cornell.edu/research/parker lab/Reovirus.htm
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through the use of agents capable of disrupting lysosomal acidification 16. ISVPs can be 

generated extracellularly by intestinal proteases in vivo 4 and in vitro by chymotrypsin.

17 77
Inhibitors that block infection by intact virions do not block infection by ISVPs ’ ’ . The 

ISVP form of the reovirus is able to enter the cell by directly penetrating the cell membrane. 

ISVPs have been shown to be able to cause membrane perturbations and release 5ICr from 

preloaded L cells54 as well as the induction of ion exchange through the formation of multi­

sized channels in artificial planar bilayers 95. These direct interactions between reovirus 

ISVPs and lipid bilayers suggest direct penetration through the cellular membrane is an 

alternate route of entry for the virus. The ability of reovirus ISVPs to release 51Cr from L 

cells was mapped to the M2 gene, which codes for the p i protein54. The p i protein is 

myristoylated near the N-terminus 67 and contains a cleavage site that is flanked by a pair of 

amphipathic a helices, which is consistent with membrane insertion motifs found in other 

proteins . Transmembrane transport was blocked in the temperature sensitive mutant 

tsA279 and this blockage was mapped to the M2 gene, further supporting a role of the pi 

protein in membrane penetration 42.

Once reovirus has successfully entered the cell the final stage of uncoating occurs and 

viral replication commences in the cytoplasm. The remaining outer capsid proteins, a l  and 

pic, are removed from the ISVP to yield the core particle, and the 12 pentamers undergo a 

dramatic conformational change that allows the potential diffusion of substrates for 

transcription, as well as newly synthesized mRNA, out of the core particle and into the 

cytoplasm of the cell33. The reovirus core particle is a multifunctional enzymatic complex 

and once it is formed in the cytoplasm transcription can take place.

Reovirus replication and assembly takes place in viral inclusion bodies, commonly 

called viral factories or viroplasms. The morphology of the inclusion bodies is serotype

8
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specific, where TIL forms filamentous inclusion bodies and T3D forms globular inclusion 

bodies74. TIL x T3D reassortant viruses were used to identify that the M l gene segment, 

which encodes the p2 core protein, is the primary genetic determinant for the serotypic 

difference in morphology74. Sequencing of the M l gene segment from different TIL and 

T3D isolates revealed that a single amino acid variation at position 208 is responsible for the 

different inclusion morphologies between serotypes. Initial studies observed that assembly 

occurred within the structural matrix of the cytoplasm of infected cells, with dsRNA 

appearing first followed by pNS and o3, and later on in assembly, by the rest of the viral 

proteins . It has been shown that all the proteins and the 10 different mRNA molecules are 

directed to inclusion bodies located in the cytoplasm by the aNS, pNS, and/or p2 proteins 12' 

14. The pNS protein is the most important protein involved in the formation of viral 

inclusion bodies and the expression of pNS alone is sufficient to form globular inclusion 

bodies in the absence of other viral proteins5>12,14. The pNS protein also associates with the 

p2 protein which is a microtubule and RNA-binding protein capable of binding to both 

single stranded RNA (ssRNA) and dsRNA 10,14. The pNS protein also interacts with the 

nonstructural aNS protein which is itself an ssRNA-binding protein 60. The pNS protein 

forms the matrix of the inclusion bodies and recruits the core proteins XI, X2, and a2, to the 

inclusion bodies 13. When these core proteins were expressed separately in cells they were 

found to be diffusely distributed throughout the cytoplasm; however, when they were 

separately co-expressed with the pNS protein, each of the core proteins colocalized with 

pNS in globular inclusion bodies 13. Whole core particles released into the cytoplasm during 

cell entry are also recruited to the viral inclusion bodies by the qNS protein 12. The ssRNA 

binding activity of the pNS protein may thus be important for recruiting viral positive- 

stranded RNA to the inclusion bodies for replication and/or for packaging of viral RNAs 2.

9
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There are two phases of reovirus transcription, a primary and a secondary phase.

The mechanism of reovirus transcription is analogous to DNA transcription in that it is 

conservative with respect to the template and is asymmetric in that only the negative strand 

of dsRNA serves as the template. Initially only four (LI, M3, S3, and S4) of the ten genome 

segments are transcribed to produce pre-early mRNA " .  The four pre-early mRNAs code 

for the X3, pNS, oNS, and o3 proteins, respectively; and once translated by the host 

ribosomes they act upon the core through an unknown mechanism which results in the 

transcription of all ten of the genome segments into primary transcripts 29. The early viral 

transcripts contain methylated caps which are placed on the 5’ end of the nascent transcripts 

through the action of the guanylytransferase activity of the X2 protein57. This occurs as the 

mRNAs are exiting the core through the X2 spike turrets 11,55,56. Once the mRNA is capped 

the viral transcripts are then translated by host ribosomes to produce all of the reovirus 

proteins.

Reovirus assembly occurs in viral inclusion bodies. The assortment process proceeds 

concomitantly with assembly to ensure that nascent viral particles contain only one of each 

of the 10 genome segments. The mechanism by which the ten different mRNA molecules 

are sorted is unknown. However, the aNS and pNS non-structural proteins are likely 

involved in the assortment process as they are both able to bind to ssRNA and are present in 

large quantities 36'38>46’86. Immunoprecipitation studies have indicated that the pNS, aNS, 

and a3 proteins form complexes with ssRNA and that the A2 and A.3 proteins are added to 

these complexes at the same time that the mRNA is copied into dsRNA 2. Secondary 

transcription takes place in “transcriptase particles” and the transcripts produced during this 

phase of transcription are not capped. It is proposed that the un-capped mRNA are 

preferentially translated at later times in infection but the switch from cap-dependent to cap-

10
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independent translation is poorly understood 29,66. Completion of viral inner and outer capsid 

assembly results in the production of an intracellular infectious virion and shuts down 

transcriptase activity. Mature virions are released from the infected cell when the cell lyses.

1.4 Reovirus genome and reassortment

Reovirus was the first dsRNA virus discovered in nature. Reovirus has a segmented 

dsRNA genome made up of 10 genome segments. These genome segments are classified 

according to size, there are: 3 large gene segments (L1-L3) ranging in size from 3,854 to 

3,916 base pairs (bp); 3 medium gene segments (M1-M3) ranging in size from 2,203 to 

2,304 bp; and 4 small small gene segments (S1-S4) ranging in size from 1,196 to 1,463 bp 

29,66. The 10 genome segments code for 11 proteins: 8 structural proteins and 3 non­

structural proteins. Sequencing of the 60-90 residues at the 5’ and 3’ termini revealed that 

each of the 10 gene segments contains a completely conserved consensus sequences. On 

each positive-strand of the 10 genome segments there is a conserved GCUA tetranucleotide 

at the 5’ end and a conserved UCAUC pentanucleotide at the 3’ end 29. Each genome 

segment contains an open reading frame (ORF) and short nontranslated regions (NTR) at the 

5’ and 3’ end of the gene segment. The NTRs vary in length between each of the gene 

segments ranging from 12 bp in the SI gene to 32 bp in the S4 gene at the 5’ end and from 

35 bp in the LI gene to 83 bp in the Ml gene at the 3’ end 29,66,102 The function of the NTR 

is not fully understood but it is believed that the NTR sequences, as well as some parts of the 

ORF, may act as signals that direct genomic assembly or assortment. Using a reovirus 

reverse genetic system, Roner et al. discovered a 96 nucleotide region in the 5’ end of the S2 

gene that is essential for the incorporation of the in vitro generated dsRNA into new progeny 

viral particles 11. Through the use of high passage TIL x T3D reassortant mutants containing
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deletions in the M l gene segment, Zou and Brown discovered the minimum essential 

sequence in the ORF of the M l gene that is essential for M l replication and assembly 105.

The reovirus segmented genome provides reovirus with the unique ability to generate 

reassortant viruses through the process of genome segment reassortment that occurs when a 

cell is co-infected with two parental viruses. In a co-infected cell, gene segments are chosen 

from a mixed pool of gene segments for encapsidation and this results in progeny viruses that 

contain mixed genetic information provided from both parental viruses.

Sequence analysis done on the genome segments of reassortant viruses identified 

repetitive mutations that occur each time reassortant viruses are formed. These mutations 

vary slightly depending on the acceptor virus. When T3D is accepting gene segments from 

either TIL or T2J, the T3D s4 genome segment will contain the mutation G624—> A and G74 

—*■ A 50. However, each segment accepted by TIL from one of the other serotypes must 

contain mutations that render the gene segment more similar to the TIL genome segment 

that is being replaced50.

Analysis of TIL x T3D reassortants demonstrated that T3D is able to readily generate 

deletion mutants whereas TIL does not. This could indicate that each serotype has a 

different mechanism of reassortment. The use of TIL x T3D reassortants at high passages 

demonstrated the ability to generate deletion mutants lacking either the LI, L2, L3 or Ml 

genome segments 15,68’69,105. The ability of the TIL x T3D reassortants to generate the 

deletion of gene segments was mapped to the M3 and L2 genes when these genes were of 

heterologous origin15.

The TIL and T3D serotypes have been used to generate a large panel of reovirus 

reassortants for use in genetic studies. In theory, if the 10 genome segments of both TIL and 

T3D were subject to random segregation, the resulting progeny reassortant viruses could
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contain 1024 potential gene combinations64. However, when reassortant progeny arise from 

co-infected cells the reassortment frequency of the genes has rarely ever been observed 

above 25% 64. When statistical analysis was performed on a panel of 83 reassortants derived 

from the TIL and T3D serotypes it revealed the statistically significant (p < 0.005) 

nonrandom associations of parental alleles in the L1-L2, L l-M l, L l-S l, and L3-S1 segment 

pairs 64. It is believed that the nonrandom segregation of certain segment pairs may be 

influenced both by the evolution of reoviruses in nature and in the laboratory, and these 

associations may also represent necessary interactions between different viral components 64. 

Nonrandom segregation was also demonstrated in mice where TIL x T3D reassortant viruses 

were isolated from suckling mice that had been infected perorally with both TIL and T3D 

serotypes. The two most prevalent reassortant viruses contained mainly TIL genes with only 

a few genes derived from T3D 101.

1.5 Reovirus pathogenesis

Reoviruses are ubiquitous in the environment and can be isolated from a wide variety 

of mammals including humans. Serological data indicate that throughout their lives humans 

are repeatedly infected with reovirus79; but, reovirus infection is not associated with any 

serious disease in humans. However, reovirus infection in rodents spreads systemically and 

is a good model system to study reovirus pathogenesis.

Reovirus TIL and T3D differ in their tropism for different organs. In the central 

nervous system (CNS), the SI gene segment, which codes for the receptor binding protein a l 

and the non-structural protein a ls , determines the pathology following reovirus infection. 

Newborn mice infected with T3D develop fatal encephalitis with neuronal destruction; 

however, when infected with TIL they develop a nonfatal ependymal infection without 

neuronal damage 10°. The SI gene segment is also responsible for the pathogenesis of viral
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pneumonia in reovirus infected rat lungs. More neutrophils were recruited to the site of 

infection in lungs infected with reovirus T3D than lungs infected with TIL and this

f\0difference was mapped to the SI gene segment . Examination of reovirus induced acute 

myocarditis in mice revealed that the SI gene segment determines the efficiency with which 

reovirus infects cardiac myocytes but, that RNA synthesis, and not the generation of 

infectious virus, was the determinant of the severity of myocarditis81. Another study of 

reovirus induced myocarditis revealed that gene segments coding for viral core proteins X2, 

X3, and p2, affected the outcome of reovirus induced myocarditis82. IFN-P induction in 

reovirus infected cardiac myocyte cultures correlated with viral myocarditic potential and 

was associated with the M l, S2, and L2 gene segments 83. In addition, severe combined 

immunodeficient (SCID) mice infected with TIL x T3D reassortants were used to identify 

organ-specific virulence gene segments 40. The SI, L2, Ml and LI gene segments accounted 

for more than 90% of the increased virulence seen with TIL infection 40. The LI and L2 

gene segments were involved in the severity of viral hepatitis and the viral titers in the brain, 

intestines and liver. The Ml gene segment was found to be independently important for high 

liver titers and the severity of hepatitis, whereas the SI gene segment and not the Ml gene 

segment was the critical determinant of viral titers in both the intestines and the brain 40. The 

M l gene segment is also a factor in the ability of TIL to grow in cultured bovine aortic 

endothelial cells 58 and in cultured mouse cardiac cells 59. The mechanisms of serotype- 

dependent replication and tropism are reliant on the gene segments involved in controlling 

the infection in different cell types (Table 2).
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Table 2: The roles of reovirus gene segments in pathogenesis
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Gene Protein Role in Pathogenesis
L1 A3 -RNA dependent 

RNA polymerase
involved in severity of hepatitis and viral titers in brain, 
intestines, and liver

L2 A2 - core spike protein involved in severity of hepatitis and viral titers in brain, 
intestines, and liver

M1 p2 - core protein key determinant of growth in normal tissues, hepatitis 
in adult SCID mice, and myocarditis in suckling mice and 
plays a role in IFN induction and sensitivity

M2 p i - major outer capsid 
protein

Critical determinant for apoptosis

a l - receptor binding
S1* protein involved in the serotype specific productivity of infection

a ls  - nonstructural protein plays a role in apoptosis
critical determinant for tissue tropism
severity of myocarditis
viral pneumonia in infected Rat lungs

S2 a2  - core protein IFN-P induction in infected cardiac myocyte
_________________ binds dsRNA_________ and viral myocarditis______________________

* In most cases these studies did not differentiate between the receptor binding protein a1 
or the nonstructural protein a ls .
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1.6 Reovirus induced apoptosis

The study of reovirus has provided insight into many general mechanisms of viral 

infections including apoptosis. Reovirus has been shown to induce apoptosis in a wide

9 ^variety of cultured cells in vitro and in tissue in vivo . Reovirus-induced apoptosis is a key 

element in infection and pathogenesis in vivo and is the mechanism of virus induced injury in 

specific organs such as the heart and the CNS 32,45,75. Inhibition of apoptosis through the use

39of caspase inhibitors reduces the amount of tissue injury following infection . Reovirus- 

induced apoptosis has been well studied and requires both death receptor and mitochondrial- 

mediated cell death pathways 19-24,28,5 \  Apoptosis following reovirus infection involves 

members of the tumor necrosis factor (TNF) receptor superfamily, more specifically the

91cellular receptors DR4 and DR5 . Reovirus infection induces both the release of the TNF- 

related apoptosis-inducing ligand (TRAIL) and an increase in expression of DR4 and DR5 in

• 91infected cells in vitro . The binding of TRAIL to its cellular receptors DR4 and DR5 

mediates apoptosis following reovirus infection 21. Apoptosis can be blocked in reovirus 

infected cells by using anti-TRAIL antibodies and soluble TRAIL receptors supporting 

reovirus’ use of TRAIL-mediated apoptosis in infected cells 21. Reovirus has also been 

shown to induce TRAIL-mediated apoptosis in human cancer cell lines in vitro 22 In 

addition, the combination of a soluble TRAIL treatment and reovirus infection

synergistically augmented TRAIL-mediated apoptosis in infected human cancer cells in vitro

22

1.7 Reovirus as an oncolytic virus

Oncolytic viruses have either been naturally selected or genetically engineered to 

selectively replicate and kill tumor cells. Conventional chemotherapeutics are currently the 

best treatments available to treat cancers; however, they are limited due to drug resistant
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mechanisms that develop over time in tumor cells. Unlike conventional theraputics, 

oncolytic viruses have the potential to be multi-modal therapies. Oncolytic viruses can be 

rapidly engineered so that they are tumor specific, genes can be added that code for toxic 

payloads that are delivered directly to the tumor, and viruses have an innate capacity to 

stimulate the immune system resulting the production of cytokines and tumor-specific 

inflammation (reviewed in 6,7,73).

The oncolytic ability of reovirus is not a new concept, since early studies 

demonstrated that reovirus was preferentially cytotoxic in certain transformed cell lines 41, 

and that T3D preferentially infected and lysed SV40-transformed human embryonic lung 

cells (WI38) relative to normal WI38 cells34. These early studies demonstrated that certain 

features of reovirus replication resulted in different effects in normal and transformed human 

cells, and that the lytic response of reovirus seemed to be selective for transformed cells. In 

more recent studies done by Lee and colleagues, it was demonstrated that normal mouse cell 

lines, NR6 and B82, could be made susceptible to reovirus T3D infection through the 

activation of the epidermal growth factor receptor (EGFR) signaling pathway 90. T3D is able

•  Q9to bind the EGFR . It is believed that T3D benefits from the activation of downstream 

cellular machinery as a result of the functional signaling transduction pathway mediated 

through the EGFR in transformed cells and not as a result of T3D’s ability to recognize 

EGFR. Therefore, to further examine the hypothesis that reovirus T3D is dependent on 

activation of the signaling pathway, Lee et a l conducted experiments to determine whether 

or not transformation of resistant NIH 3T3 cells with the oncogenic v-erbB could make the 

NIH 3T3 cells susceptible to reovirus infection. The oncogenic v-erbB is a truncated EGFR 

that lacks the extracellular binding domain but possesses constitutive, ligand-independent 

tyrosine kinase activity. Indeed transformation of NIH 3T3 cells with v-erbB did render

17

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



•  so »these cells susceptible to reovirus infection . When the transformed cells were treated with 

the tyrosine kinase inhibitor Genistein, the enhanced viral protein synthesis conferred by v- 

erbB was abolished89. This finding supports the theory that the mechanism of enhancement 

of infection in transformed cells is through the opportunistic utilization of an already 

activated signal transduction pathway. It is now clear that T3D exploits an activated Ras 

pathway for its own replication in transformed cells. Activated intermediates in the Ras 

signaling pathway such as Son of Sevenless (SOS, a Ras GDP exchange factor) have been 

shown to confer reovirus susceptibility to otherwise resistant NIH 3T3 cells 88.

1.7.1 Reovirus and the Ras pathway

Ras proteins form a subfamily of small GTP-binding proteins that are involved in the 

regulation of a wide variety of cellular functions such as cell proliferation, differentiation, 

morphology and apoptosis 91. Ras protein activity is regulated by guanine nucleotide 

exchange factor (GEF) and GTPase activating proteins (GAP) and activation is induced by a 

large variety of extracellular signals, most notably those associated with tyrosine kinase 

activity such as EGFR91. Activation of the EGFR signaling cascade occurs as a result of 

ligand binding, followed by receptor oligomerization and the subsequent activation of 

tyrosine kinase activity and autophosphorylation of specific tyrosine receptors. Ras proteins 

are located in the cytoplasm at the inner surface of the plasma membrane and cycle between 

the inactive GDP-bound state and the active GTP-bound state. Ras activation is promoted by 

the GEF SOS which is recruited to the plasma membrane by adaptor molecules that have 

been activated by the autophosphorylation of the tyrosine receptors. Once at the plasma 

membrane SOS stimulates a Ras protein and converts the GDP bound form to the GTP 

bound form and Ras becomes active 91. The activated Ras-GTP stimulates over 18 different 

downstream effectors. The best characterized of these effector molecules are the Raf
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kinases, the phosphatidylinositol 3-kinase (PI3-Kinase) and the GEFs for the small G protein
O f

Ral pathway . Experiments by Norman et al. demonstrated that the Ras/RalGEF/p38

71pathway is involved in the selective replication of reovirus in transformed cells . An active 

mutant form of RalGEF permitted reovirus replication in the absence of activated Ras, and 

the use of a dominant negative form of Ral, which is the target protein for RalGEF-mediated 

GDP/GTP exchange, abolished reovirus infection in permissive Ras transformed cells71. 

Inhibitors of p38, a downstream effector of RalGEF, also suppress reovirus replication in 

cells transfected with active mutants of Ras and RalGEF, suggesting that more than one 

downstream effector of the Ras pathway is involved in reovirus selectivity for transformed 

cells 71.

When Ras is constitutively active it promotes metastasis, angiogenesis, and the loss 

of growth control. Mutations which result in active forms of Ras have been discovered in 

more than 30% of all human cancers 88,94; however, this does not account for the mutations 

or oncogenic changes that occur either up or downstream of Ras that are proposed to occur in 

80% of tumor cell types. The ability of reoviruses to replicate and lyse cells with aberrant 

Ras signal pathways, and the fact that these pathways are involved in many tumor types, 

demonstrates the promising potential of reovirus as a cancer therapeutic.

1.7.2 Reovirus and PKR

The proposed mechanism that allows reovirus to be selective for cells with an active 

Ras pathway involves the release of a block in protein synthesis. When protein synthesis 

was monitored using S-methionine labeling and immunofluoresecent microscopy, it was 

observed that reovirus protein expression was significantly reduced in untransformed cells 

71,88. When the cell lysates of infected NIH 3T3 cells were analyzed, a 65 kDa 

phosphorylated protein was discovered. This protein was not present in the cell lysates
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collected from uninfected cells or in either infected or uninfected transformed NIH 3T3 cells 

. The 65 kDa protein was determined to be the double-stranded RNA activated protein

no
kinase (PKR) . PKR expression is upregulated in response to IFN stimulation from virally 

infected cells. The binding of dsRNA to PKR results in PKR dimerization, 

autophosphorylation and activation. The mechanism by which PKR blocks protein 

production is through the phosphorylation of the eukaryotic initiation factor 2a (eIF2a). 

When eIF2a is phosphorylated it prevents the loading of Met-tRNA and the formation of the 

43 S initiation complex and, this blocks translation at the ribosome (reviewed in 85). 

Therefore, the activation of PKR in infected cells is responsible for the block in protein 

synthesis observed in normal cells. Both the deletion of the PKR gene and the chemical 

inhibition of PKR phosphorylation restores reovirus translation and protein production in
QQ

untransformed cells and therefore this observation provides evidence that PKR plays a 

direct role in determining resistance to reovirus replication in untransformed cells.

The role of PKR goes beyond inducing an antiviral state in infected cells. There is 

accumulating evidence that implicates PKR in signal transduction, cell growth, 

differentiation and apoptosis and, under normal conditions, PKR may have tumor suppressor 

functions 49. In fact, the PKR gene is absent or inactive in many different tumor types 6,84,93. 

The actions of PKR block protein production and this is an undesired trait for malignant 

transformed cells. The link between oncogenic Ras activation and the inactivation of PKR is 

not yet fully understood; however, it is hypothesized that PKR is blocked in Ras transformed 

cells. This block may be mediated by either the presence of an inhibitor that blocks the 

phosphorylation and therefore activation of PKR or by a phosphatase that removes the 

phosphate from activated PKR to return it to its inactive form (Figure 3) 85.
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Figure 3: The possible link between Ras activation and the inactivation of PKR in 
transformed cells (from reference 85)
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Inhibition of translation initiation
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1.7.3 Reovirus in in vitro and in vivo cancer models

Reovirus T3D has been a very successful oncolytic virus in many different 

experimental cancer models. In human medulloblastoma (MB) cells derived from surgical 

specimens, reovirus T3D was able to kill >90% of the cells 48 h after infection in vitro 104. 

When these MB cells were put into nude mice, a single reovirus treatment was able to 

produce long-term survival in the nude mice bearing MB tumors 104. In animal models, 

reovirus treatment also resulted in the regression of established human colon and ovarian 

tumors and histological studies revealed that reovirus infection was restricted to the tumor 

cells 44. Studies using reovirus in a bilateral in vivo breast cancer model demonstrated that 

reovirus could not only cause treatment regression in breast cancer tumors at the site of

injection, but it could also cause regression of tumors that are remote from the site of

10injection . This demonstrates the ability of reovirus to act as a systemic cancer therapeutic. 

In addition, reovirus was shown to be an effective oncolytic against human head and neck 

squamous carcinoma cells both in vitro and in vivo 48. The ability of T3D reovirus to lyse a 

majority of tumor types including breast, colon, ovarian, glioblastoma and lymphatic tumors 

1,44,70, 103  ̂ -n experimental settings, makes it an attractive candidate for a novel cancer 

therapeutic. Further studies are needed to better understand the mechanisms of reovirus 

oncolysis and to address the problem of resistant tumor types.
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CHAPTER TWO

2. RATIONALE AND OBJECTIVES

The study of oncolytic viruses as potential cancer therapeutics is an exciting and 

promising field of study. T3D reovirus, as an oncolytic virus, is able to lyse a majority of 

tumor types such as breast, colon, ovarian, glioblastoma and lymphatic tumors 1’44’70,103. The

I  'S C  1 /V3

major drawback is that -20% of tumor types are resistant to lysis by T3D ’ ’ and 

therefore there is a need to improve the oncolytic ability of reovirus to include resistant 

tumor types.

The segmented nature of the reovirus genome allows for the exchange of genome 

segments, and therefore biological properties, among different reovirus strains. Cells that are 

co-infected with 2 parental strains, TIL and T3D in the case of this study, will yield progeny 

viruses called reassortants that contain different combinations of the 10 genome segments. 

These new reovirus reassortants have novel biological properties due to the unique 

combinations of genome segments that they carry. Thus, reovirus reassortants provide a 

powerful tool to study reovirus biology as well as a new tool to uncover the genetic 

modifications that may give rise to superior oncolytic reoviruses.

The genetic basis for reovirus PKR sensitivity, with respect to viral growth, was 

previously established by our lab (Brown unpublished data). The replication of the TIL and 

T3D strains was compared in mouse embryo fibroblasts (MEF) and PKR knockout MEF 

(PKR -/-) cells. It was observed that both TIL and T3D grew to higher titers in the PKR -/- 

cells, but that TIL grew better than T3D in both PKR-/- and MEF cells. A panel of TIL x 

T3D reassortants was then used to determine which gene segments were involved in 

generating high viral yields in the absence of PKR. As a result of this study it was
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demonstrated that the M l gene segment from T3D controls PKR sensitivity and the TIL L3 

gene segment controlled the increased viral yield in the absence of PKR. When designing an 

oncolytic virus, an ideal virus would be sensitive to PKR, so that it will not replicate 

efficiently in normal cells, and be able to produce high viral yields in the absence of PKR, 

which is a common phenotype in many tumors.

Improving viral oncolysis is an exercise in applied pathogenesis where aspects of 

viral infection are optimized for tumor destruction and not disease. This can be achieved by 

optimizing the basic infection process through the creation of reovirus reassortants with the 

desirable gene segment combinations that will increase not only the yield of virus in resistant 

tumor cells but also increase their oncolytic ability. First, it is critical to determine all gene 

segments involved in viral oncolysis. The novel approach taken in this study involves 

screening the ability of reovirus reassortants to find second generation oncolytic reoviruses 

that have superior oncolytic potential over the parental strains. This study also furthers our 

understanding of reovirus genetics and biology in resistant tumor cells.

Hypothesis: The oncolytic ability of reovirus can be improved through the modulation of 

viral replication and pathogenesis to include resistant tumor types through the generation of 

reovirus reassortants. The improved oncolysis can be achieved by combining the TIL L3 

gene segment with the T3D M l gene segment through the creation of TIL x T3D 

reassortants. The reassortant viruses with these gene segments and other unidentified gene 

segment combinations have the potential to have superior oncolytic ability over the parent 

serotypes.
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Objectives:

A. Use reovirus reassortants to better understand the genetic basis for the difference observed 

in oncolysis in the resistant CT26 murine colon tumor cell line, by assessing both viral yield 

and protein production following infection.

B. Use reo virus reassortants to assess the role of PKR in viral protein production in vitro 

using mouse embryo fibroblasts, and in viral lung tropism in vivo using TIK (murine PKR) 

knockout mice. Studies of reovirus tropism in the lung will assess the role of PKR in the 

lung epithelium.

C. Assess reovirus reassortants in vivo in a lung tumor model through analysis of viral 

growth, antigen expression, and expression of apoptotic markers in tumor bearing lungs, as 

well as through survival studies of CT26 tumor-bearing mice.
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CHAPTER THREE

3. MATERIALS AND METHODS

3.1 Cells and viruses

Mouse connective tissue L929 tumor cells, wild type mouse embryo fibroblast (MEF) 

and MEF PKR knockout (PKR -/- )cells, as well as murine colon carcinoma CT26 cells were 

propagated in adherent culture in minimum essential medium (MEM) (Gibco BRL Life 

Technologies, Burlington, ON) supplemented to contain 5% fetal bovine serum (FBS), 2mM 

L-glutamine, 100 U/ml penicillin /100 pg/ml streptomycin sulfate and 0.22% NaHC0 3  and 

kept at 37°C and 3.5% CO2 . Reovirus strains used in this research, type 1 Lang (TIL) and 

type 3 Dearing (T3D), were laboratory stocks initially obtained from B. N. Fields. The TIL 

X T3D reassortant viruses were produced previously by Dr. Earl G. Brown (Brown et al., 

1983). A list of all viruses used in this study and their gene segments can be found in Table

3.
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Table 3. Reovirus: Parental strains and TIL x T3D reassortants and gene segment map

Virus L1 L2 L3 M1 M2 M3 S1 S2 S3 S4
T1L L L L L L L L L L L
T3D D D D D D D D D D D
G2 L D L L L L D L L L
GIG L L L D L L L D L L
H15 L D D L D D D D D L
H17 D D L L D D L D D L
H60 D D L L D D D D D L
EB1 L D L L D L L L D L
EB18 D D L D D D L L D L
EB28 D D L D D D D L D D
EB31 L L L D L L L D D L
EB39 L D D L D D D D D D
EB68 L D L L D L L L D D
EB73.1 L D L L D D D D D D
EB86 L D D D D L D D D L
EB87 L D L L D L L D L L
EB88 D D D D L D D D D D
EB96 L D L D L L L L D L
EB97 D D L D D D D D D L
EB108 L D L D L L L L D D
EB118 D D L L D D D D L L
EB123 D D L D D D D D L D
EB128 D D L D D D L D D L
EB129 D D D D D L D L L D
EB145.1 D D D D D D D D D L
EB146.1 L D L L D D D D D D

3.2 Growth and plaque assay of reovirus and reovirus reassortants

For the preparation of virus stocks L929 cell monolayers were grown in T-75 flasks 

and were infected with reovirus derived from a single isolated plaque. Subsequent stocks 

were prepared by absorbing 0.5 ml volumes of virus stocks. The progression of cytopathic 

effect (CPE) was observed daily and the virus was harvested when CPE had reached 90% or 

greater. The virus was harvested from infected cells by three ffeeze-thaw cycles. Cell debris 

was removed from samples by centrifugation and the virus stock, supernatant, was then 

aliquoted and stored at -80°C.

To determine viral growth and protein production in CT26 cells, 6 well dishes were 

seeded with CT26 cells and grown to confluency. Supernatant was removed and the CT26 

monolayers were infected with 0.1 - 0.25 ml of TIL, T3D or reovirus reassortants at a
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multiplicity of infection (MOI) equal to 10. Infected monolayers were incubated for 30 -  45 

min at 37°C and the dishes were rocked every 15 min to ensure an even distribution of the 

virus. Following incubation 3 ml of supplemented MEM was added to each well and the 

infected dishes were placed at 37°C. Three days post-infection virus samples were harvested 

to titer and protein samples were harvested for western blot analysis.

To determine protein production in MEF and PKR -/- cells, 6 well dishes were seeded 

with MEF or PKR -/-cells and grown to confluency. Supernatant was removed and the 

monolayers were infected with TIL, T3D or reovirus reassortants at an MOI =10. Infected 

monolayers were incubated for 30 -  45 min at 37°C and the dishes were rocked every 15 min 

to ensure an even distribution of the virus. Following incubation 3 ml of supplemented MEM 

was added to each well and the infected dishes were placed at 37°C. Two days post-infection 

protein samples were harvested for western blot analysis.

To determine the titer of the harvested virus, preparations were serially diluted in 

PBS (145 mM NaCL, 2.2 mM NaFLPO^ and 7.6 mM. NaHPO^. The diluted virus (100 pi) 

was applied onto L929 monolayers in 6 well dishes. The 6 well dishes with infected 

monolayers were incubated for 30 -45 min at 37°C and the dishes were rocked every 15 min 

to ensure an even distribution of the virus. Following incubation 3 ml of overlaying medium 

(1% agar, 1 x 199 medium, 5% FBS, 100 U/ml penicillin, 100 pg/ml streptomycin, and 

0.225% NaHCC>3) at 37°C was added to each infected well. Overlay medium was added to 

the wells every three days and on the 6th or 9th day 3 ml of overlay containing 0.15% neutral 

red was added to each well. The plaques were counted the following day to determine viral 

titer.
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3.3 Antibodies 

Table 4. Antibodies

Primary or
Antibody Secondary Source Working Dilution

1:500 (IB); 1:200
Rabbit anti-TIL Primary E.G. Brown (IF)

1:500 (IB); 1:200
Rabbit anti-T3D Primary E.G. Brown (IF)
Rabbit anti-active caspase
3 Primary BD Bioscience 

Jackson
1:500 (IF)

Anti-Rabbit FITC Secondary ImmunoResearch
Jackson

1:200 (IF)

Anti-Rabbit CY3 Secondary ImmunoResearch 1:800 (IF)
Anti-Rabbit IgG secondary Sigma 1:10 000 (IB)

IB = immunoblot
IF = immunofluorescence

3.4 Immunoblotting

Infected cell monolayers were lysed in SDS sample buffer (62.5 mM Tris-HCL pH 

6.8,10% glycerol, 2% SDS, 0.05% bromophenol blue, and 5% 2-mercaptoethanol (2-ME) 

freshly added). Cellular DNA was then sheared by passage through a 26 gauge need of a 

tuberculin syringe 5 times. The proteins were separated by sodium dodecyl sulphate- 

polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred to PVDF membrane 

(Immobilon-P, Millipore Corp., Mississauga, ON) by semi-dry transfer at 15V for 45 min. 

The dried membrane was blocked with 5% skim milk in PBS for 1 h at RT. This was 

followed by the addition of primary antibody in fresh 5% skim milk in PBS and incubation 

for 2 h at 4°C. The membrane was then washed three times for 10 min in PBS and once for 

10 min in TBS (150 mM NaCl, 50 mM Tris-HCl pH 7.5) to remove phosphate and incubated 

with secondary antibody in 5% milk in TBS for 1 h at room temperature. Finally the

29

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



membrane was washed four times for 10 min in TBS before reaction with the chromogenic 

substrate, nitro blue tetrazolium (NBT) (33pg/ml) plus 5-bromo-4-chloro-3-indolyl 

phosphate (BCIP) (3.3 pg/ml), in alkaline phosphatase buffer (100 mM NaCl, 5 mM MgCk 

and 100 mM Tris-HCl pH 9.5).

3.5 Densitometry

Densitometry was done on the M protein bands (labeled as p’s in figures) using Scion 

Image Beta 4.0.3 computer software.

3.6 Immunocytochemisty to detect viral antigens

Cover slips were placed in the wells of a 6 well plate and 1 ml of 0.1% gelatin 

solution (0.1% gelatin (SIGMA, Oakville, ON) in sterile ddHaO) was added to the well to 

cover the entire cover slip. The cover slips were left in a sterile fume hood over night to 

allow the gelatin time to adhere to the glass. Any excess gelatin solution was removed the 

next day.CT26 cells were seeded on 22x22 mm glass cover slips coated with gelatin (0.1% in 

sterile ddHiO) in 6 well plates. Cells were then either mock infected or infected with 

reovirus or reovirus reassortants at an MOI = 10. Viruses used were TIL, T3D, EB88,

EB96, EB97, or EB123. Infection was allowed to progress for either 1, 2 or 3 days. The 

cover slips were washed once in PBS. Cells were fixed by incubating the cover slips in 3.7% 

formaldehyde in PBS for 20 min at room temperature. The cover slips were washed 3 times 

in PBS, 5 min per wash, and incubated in primary antibody diluted in Ab buffer (PBS, 3% 

BSA, 0.3% Triton-x) in a humidified chamber over night at 4°C. The cover slips were then 

washed 3 times in PBS, 5 min per wash, and incubated with secondary antibody diluted in 

Ab buffer for 1 hr at room temperature. The cover slips were washed 3 times in PBS, 5 min 

per wash, and incubated in Hoechst dye (0.2 pg/ml) for 5 min at room temperature. The
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cover slips were washed 3 times in PBS, 5 min per wash, and mounted on slides using 

Vectashield mounting medium (Vector Labs, Peterborough, UK).

3.7 Infection of Balb/c mice bearing CT26 lung tumors

All protocols for this study were approved by the University of Ottawa Animal Care 

Committee and conformed to the Canadian Council on Animal Care Guidelines. To establish 

the in vivo tumor model adult female Balb/c mice 4-6 weeks old (Charles River, St. 

Hyacinthe, PQ) were administered 3.0 x 105 CT26 cells intravenously (iv). Seven days after 

receiving the CT26 cells the mice were anaesthetized with halothane (3% in oxygen), 2-4 

min, and given their first treatment of virus (1.0 x 107 plaque forming units (pfu)) for 

inspiration intra-nasally (in). Virus suspended in 0.05 ml PBS was placed onto the nosepad 

and inhaled; this method introduces virus into the lungs. Depending on the study the mice 

either received 1 or 3 treatments. Those mice that received multiple treatments received the 

first treatment 7 days after receiving CT26 cells and then an additional treatment every 2 

days until a total of 3 treatments had been given. The mice were placed into different 

treatment groups and given one of the following viruses; TIL, T3D, EB88, EB96, EB97, 

EB123, or the PBS mock treatment. The mice were monitored to assess post-treatment 

survival. Other sets of CT26 tumor bearing Balb/c mice were given one dose of the above 

mentioned viruses and then collected at 1, 2, 3, or 7 days post-treatment. The mice were 

given a lethal intra-peritoneal injection of 0.1 ml of sodium pentobarbital (Euthansol) 

(65mg/ml) and were deeply anesthetized, transcardially perfused and the lungs were 

collected, stained and visualized for the presence of viral antigen and apoptotic markers.
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3.8 Infection of TIK knockout mice

The mouse homologue of PKR is termed TIK. TIK knockout mice with a Balb/c 

background were generously provided by Dr. John Bell. These mice were intranasally 

infected with virus, either TIL, T3D, or one of the 24 reassortants used in this study. The 

mice received a viral dose of 1.0 x 107 pfu, and the infection was allowed to progress for 3 

days. At 3 days post-infection the mice were transcardially perfused and the lungs were 

collected, stained and visualized for the presence of viral antigen.

3.9 Transcardial perfusion and tissue preparation

Mice were given a lethal intra-peritoneal injection of 0.1 ml of sodium pentobarbital 

(Euthansol) (65mg/ml) and were deeply anesthetized. The mice were transcardially perfused 

with 20 ml PBS to removed red blood cells from the tissues, followed by 20 ml of 3.7% 

formaldehyde fixative in PBS, both at room temperature. The lungs were removed and 

placed in 3.7% formaldehyde in PBS over night at 4°C. The 3.7% formaldehyde fixative 

was removed and the tissue was cryoprotected by overnight incubation in 20% sucrose in 

PBS with 0.001% sodium azide at 4°C. The sucrose solution was changed daily for 3 days. 

Lungs were then flash frozen using compressed CO2  gas in OCT compound (Fisher 

Scientific, Ottawa) and were then cut on a CM 190 Leica cryostat into 10 pm sections and 

placed on slides. Tissue sections mounted on slides were kept at -20°C.

3.10 Immunohistochemistry for frozen tissue sections.

Tissue mounted on slides was equilibrated in PBS for 5 min. Tissue was incubated 

with primary antibody diluted in Ab buffer in a humidified chamber over night at 4°C.

Slides were washed 3 times in PBS, 5 min per wash, and incubated with secondary antibody 

diluted in Ab buffer for 1 hr at room temperature. Slides were washed 3 times in PBS, 5 min 

per wash, and incubated in Hoechst dye (0.2 pg/ml) for 5 min at room temperature. Slides
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were washed 3 times in PBS, 5 min per wash, and mounted with cover slips using anti-fade 

mounting medium (pH 8.0; lmg p-phenylendiamine, PBS, 90% glycerol).

3.11 TUNEL

Tissue mounted on slides was equilibrated in PBS for 5 min. Tissue was fixed in 

3.7% formaldehyde in PBS for 20 min at room temperature. Slides were washed 3 times in 

PBS, 5 min per wash, and tissue was permeabilized in 0.1% Na Citrate and 0.1% Triton-x for 

5 min on ice. Tissue was incubated in cold (-20 °C) 2:1 (Ethanol: Acetic Acid) solution for 2 

min on ice. Slides were washed 3 times in PBS, 5 min per wash, and incubated in the 

TUNEL (Roche) reaction mixture (1:10 mix enzyme: labeling) for 1 hr at 37°C in a 

humidified chamber. Slides were washed 3 times in PBS, 5 min per wash, and incubated in 

Hoechst dye (0.2 pg/ml) for 5 min at room temperature. Slides were washed 3 times in 10 

mM PBS, 5 min per wash, and cover slipped using anti-fade mounting medium.

3.12 Histopathology

Lungs sections were given to the Department of Pathology and Laboratory Medicine, 

University of Ottawa, and were stained with Hematoxylin and Eosin (H&E).

3.13 Microscopy and Imaging

Fluorescently stained cells and tissue were observed using an inverted fluorescent 

microscope (BMAX Series Microscopes, Olympus America Inc.) using the 20x and 40x 

objective lenses. The H & E  stained tissue were observed in a BH2 Research Microscope 

(Olympus America Inc.) using the lOx objective lens. All final image compositions were 

done using Adobe Photoshop 7.0 (Adobe Systems, San Jose, CA).
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3.14 Statistics

Values are presented as means ± SD. Graphs were generated in Graphpad Prism (San 

Diego, CA, v. 3.02 © 2000). Wilcoxon Rank-sum analysis was done using software from 

http://home.clara.net/sisa/ordinal.htm. Values that were p<0.05 were considered significant.
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CHAPTER FOUR

4. RESULTS

4.1 Reovirus protein expression in CT26 cells in vitro

Previous preliminary in vivo studies done by our lab have shown that reovirus 

reassortants had different abilities in promoting survival in Balb/c mice bearing CT26 lung 

tumors. When a large panel of TIL x T3D reovirus reassortants was screened in the in vivo 

lung tumor model 4 reovirus reassortants were able to promote long term survival > 45 days 

following a single dose of virus (1 xlO7 pfu) in (Figure 4). The average time of death for the 

PBS control animals was 18 days post-treatment. The 4 reassortants able to yield long term 

survival were EB88, EB96, EB97, and EB123. Observing the genotype of these reassortants 

shows that they all possess the T3D M l gene segment and the TIL L3 gene segment was 

present in 3 of the 4 (Table 5). These 4 reassortants differ in the combinations of their other 

gene segments. The diversity of the genotypes suggests that there may be multiple factors 

for improving oncolysis. In order to gain a better understanding of why these reassortant 

viruses were able to achieve better survival in the lung tumor model then both parental 

serotypes further experiments were done to understand the genetic characteristics for 

improved oncolysis. In vitro studies were done using the 4 reovirus reassortant to examine 

protein expression following infection in permissive (L929) and non-permissive (CT26) cell 

lines. L929 and CT26 cells were seeded on cover slips and then infected with reovirus 

reassortants at an MOI = 10. L929 cells were infected with either TIL or T3D and at 24hr 

post-infection the cells were fixed and stained for the presence of viral antigen using anti- 

reovirus antibodies (Figure 5).
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Figure 4: Survival graph of Balb/c mice bearing CT26 lung tumors following a single 
intranasal dose of virus (l.OxlO7 pfu)
A large panel of TIL x T3D reassortants were used to treat Balb/c mice bearing CT26 lung 
tumors in order to assess survival post-treatment. Reassortants EB88, EB96, EB97, and 
EB123 were able to prolong survival for more then 45 days post treatment.
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Table 5: Gene map for the 4 key reovirus reassortants that prolonged the survival of 
mice bearing CT26 tumors
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V ir u s L I L 2 L 3 M l M 2 M 3 S I S 2 S 3 S 4
T I L L L L L L L L L L L
T 3 D D D D D D D D D D D

E B 8 8 D D D D L D D D D D
E B 9 6 L D L D L L L L D L
E B 9 7 D D L D D D D D D L

E B 1 2 3 D D L D D D D D L D
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Figure 5: Fluorescent antibody staining for reovirus antigen in infected L929 cells and 
CT26 cells 24 h post-infection (20X magnification)
L929 cells were infected with either TIL or T3D using an MOI =10 and then 24 h post­
infection were stained for the presence of reovirus antigen. CT26 cells were mock infected 
or infected TIL, T3D, EB88, EB96, EB97, or EB123 using an MOI =10. This composite is 
made up of photographs of Cy3 conjugated antibodies labeling reovirus antigens and 
Hoechst dye labeling the cell nucleus. 24 h post-infection cells were stained for the presence 
of reovirus antigen. Scale bars are 10 microns.
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The CT26 cells were either mock infected or infected with TIL, T3D, EB88, EB96, EB97, 

and EB123. At 24 and 72 hr post-infection the CT26 cells were fixed and stained for the 

presence of detectable viral protein expression using ant-reovirus antibodies (Figure 5 & 6). 

In the permissive L929 cells, high levels of viral antigen were detected in all cells infected 

with either TIL or T3D 24 hr post-infection. In the resistant CT26 cell line lower levels of 

TIL and T3D viral antigen were detected at both 24 and 72 hr post-infection than observed 

in the permissive cell line where a minority of cells are showing detectable protein 

expression. Also the T3D protein expression levels appeared to be higher than the TIL 

antigen levels after infection of the CT26 cells, where as the protein expression levels for 

both were similar in the permissive L929 cells. The levels of viral protein expression 

detected among the different reovirus reassortants differed from one to another; some 

reassortants produced more protein expressing cells in the infected monolayers. The 

different viral responses as seen in the levels of viral antigen observed in the CT26 cells 

suggest a different pattern of infection for each of the parental serotypes and the reassortant 

viruses. It appears that although all cells are infected only a minority of cells are producing 

high levels of protein at any given time. These cells are not killed by infection but are 

persistently infected with virus. To gain a better understanding of the genetic basis for the 

difference in oncolysis in the resistant CT26 cell line I then examined the infectious yield 

and protein expression levels using western blot analysis of an expanded panel of 24 

reassortants
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Figure 6: Fluorescent antibody staining for reovirus antigen in infected CT26 cells 72 h 
post-infection (20X magnification)
CT26 cells were either mock infected or infected TIL, T3D, EB88, EB96, EB97, or EB123 
using an MOI =10. 72 h post-infection cells were stained for the presence of reovirus 
antigen. This composite is made up of photographs of Cy3 conjugated antibodies labeling 
reovirus antigens and Hoechst dye labeling the cell nucleus. Scale bar are 10 microns.
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4.2 Viral growth in CT26 cells

To examine viral growth in the resistant CT26 cells, 6 well dishes were seeded with 

CT26 cells and were either mock infected or infected in triplicate with one of the parental 

serotypes, TIL or T3D, or one of the 24 reovirus reassortants. Three days post-infection 

virus was collected from the infected cells and a plaque assay was performed to determine 

viral titer. The plaque assay results indicate different levels of viral yield among the parental 

serotypes and the 24 reovirus reassortants (Figure 7). The parental serotypes and reovirus 

reassortants were then ranked from highest to lowest yield based on the average viral titers 

taken from three separate experiments. Using Wilcoxon Rank-sum analysis the gene 

segments important for high viral yield in CT26 cells were determined. The results of the 

analysis showed that the gene segments important for viral yield in CT26 cells were the L2 

(p = 0.0028), M2 (p = 0.0043), M3 (p = 0.0137), and SI (p = 0.000036) gene segments from 

the parental serotype T3D (Figure 7c). Mapping to the SI gene segment of T3D was the 

most significant. The SI gene segment encodes the a l receptor binding protein and the e ls  

non-structural protein. The L2 gene segment encodes the 12 outercapsid protein which is the 

core spike protein. The M2 gene segment encodes the p i outer capsid protein which is 

cleaved to pic. The M3 gene segment encodes the non-structural protein pNS which is a 

coordinating protein in assembly.

Interestingly the 4 reassortants that produced greater survival in vivo gave very 

different results in vitro. Two gave high viral yield and two gave low viral yield in the CT26 

cells. This indicates that the ability to replicate in CT26 cells does not correlate with tumor 

destruction.
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Figure 7: Growth of TIL x T3D reassortants in CT26 cells
CT26 cells were infected with TIL, T3D or one of the 24 reovirus reassortants MOI = 10. 3 
days post-infection the viral titer was determined by plaque assay. A. Graph of viral titers 3 
days post-infection in CT26 cells. Values are represented as average values ± SD (n = 3). B. 
Ranking of reovirus reassortants from highest to lowest based on viral titer. Gene map for 
each reassortant virus is also included. Reovirus reassortants with improved oncolysis in 
vivo are in bold C. Many reovirus reassortants grow better than either parent and this is 
primarily due to the SI gene segment and secondarily L2, M2, and M3 gene segments from 
T3D (using Wilcoxin Rank-sum analysis)
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A. CT26

B.

nk Virus Viral Titer L1 L2 L3 M1 M2 M3 SI S2 S3 S4
1 H15 3.03E+08 L D D L D D D D D L
2 EB97 2.15E+08 D D L D D D D D D L
3 EB129 1.68E408 D D D D D L D L L D
4 EB146.1 1 67E-K38 L D L L D D D D D D
S EB123 1.56E+08 D D L D D D D D L D
6 G2 1.44E-K38 L D L L L L D L L L
7 EB73.1 1,44E-t08 L D L L D D D D D D
8 EB28 1.37E-H38 D D L D D D D L D D
9 EB145.1 1.35E+08 D D D D D D D D D L
10 EB39 1.23E-tG8 L D D L D D D D D D
11 H60 1.05E-KD8 D D L L D D D D D L
12 EB1 7.23E+07 L D L L D L L L D L
13 EB11B 6.10E-HH7 D D L L D D D D L L
14 EB86 5.62E-HD7 L D D D D L D D D L
15 T3D 5.03E-K17 D D D D D D D D D D
16 EB18 3.53E+07 D D L D D D L L D L
17 EB68 2.00E+07 L D L L D L L L D D
18 EB88 1.71E+07 D D D D L D D D D
19 EB108 1.32E+07 L D L D L L L L D D
20 H17 8.33E-KB D D L L D D L D D L
21 EB128 6.67E-KB D D L D D D L D D L
22 EB96 4.09 E+06 L D L D L L L L D L
23 EB87 3.80E-t06 L D L L D L L D L L
24 EB31 3.33E406 L L L D L L L D D L
25 G16 3.00E+06 L L L D L L L D L L
26 T1L 1.55E-HD6 L L L L L L L L L L

Gene Segmen L1 L2 L3 M1 M2 M3 S1 S2 S3 S4

p value 0.1400 0.0028 0.0783 0.7315 0.0043 0.0137 0.000036 0.3430 0.3536 0.0632

42

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.3 Protein production in CT26 cells

In order to more accurately measure the protein production levels of reovirus infected 

CT26 cells 6 well dishes were seeded with CT26 cells and then either mock infected or 

infected with one of the parental serotypes or one of the reovirus reassortants using an MOI 

= 10. Three days post-infection the proteins were collected and fractionated by SDS-PAGE, 

transferred to an immobilon p membrane and the protein bands were visualized by 

immunoblot using anti-reovirus antibodies and BCIP/NBT colourimetric reaction. 

Densitometry was used to quantify the protein band intensity of the p. proteins (Figure 8). In 

order to rank the different reoviruses based on protein band density, T3D, which had the 

highest protein band density among the two parental serotypes, was considered as yielding 

100% protein production and all the other protein band intensities were compared to T3D 

and quantified as a percent protein band density relative to this “standard” level (Figure 9). 

The average percent protein density was determined for each of the parental serotypes and 

the 24 reassortants from the results of three separate experiments. The average percent 

relative protein density was used to rank the different reoviruses from highest to lowest 

percent protein density and then Wilcoxin Rank-sum analysis was performed to determine 

which gene segments are important for protein production in CT26 cells. The results of the 

analysis showed that the LI (p = 0.015), M3 (p = 0.0059), and SI (p = 0.0000093) gene 

segments from the T3D parental serotype are most important for controlling high protein 

production levels in the resistant CT26 cell line relative to the corresponding gene segments 

from TIL (Table 6). Mapping to the SI gene segment of T3D is most significant for high 

levels of protein production in CT26 cells. The SI gene segment from T3D was also the 

most significant for high viral yield in the resistant CT26 cells line. The LI gene segment 

which was not important for viral yield but seems to play a role in protein production,
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encodes the A3 inner capsid protein which is the viral RNA dependent RNA polymerase. 

This gene segment may control gene expression via control of RNA synthesis.
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Figure 8. Western blot of proteins produced in CT26 cells
The (j, proteins were used for densitometry measurements. The three gels represent protein 
bands for the parental strains and the entire panel of reovirus reassortants.
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Protein production in CT26 cells
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Figure 9: Protein production of TIL x T3D reassortants in CT26 cells
CT26 cells were infected with TIL, T3D or one of a large paned or reovirus reassortants 
MOI =10. 3 days post-infection the proteins were collected and separated by SDS-PAGE 
and the protein band density was determined for each virus. A. Graph of percent protein 
density 3 days post-infection in CT26 cells. Values are represented as average values ± SD 
(n = 3). B. Ranking of reovirus reassortants from highest to lowest based on protein band 
density. Gene map for each reassortant virus. Reovirus reassortants with improved 
oncolysis in vivo are in bold.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



A. CT26

H
a  so- 1 III

TIL T30 G2 G16 HIS HIT H30 H8S EB1 EBJS.1 EB86 EB87 EB8S BITE ESI T9 B145.1 BM6.I
Virus

B.

Rank Virus fine. Density (It) SD LI L2 L3 M1 M2 M3 S1 S2 S3 S4
1 EB97 117.19 747 D D L D D D D D D L
2 EB118 108.88 4.34 D D L L D D D D L L
3 EB123 108.6 489 D D L D D D D D L D
4 EB129 108.23 13.75 D D D D D L D L L D
5 EB146.1 104.73 8.14 L D L L D D D D D D
6 EB28 102.44 8.45 D D L D D D D L D D
7 H15 101.59 6.06 L D D L D D D D D L
8 EB145.1 101.2 20.15 D D D D D D D D D L
9 H60 100.43 11.21 D D L L D D D D D L
10 T3D 100 0 D D D D D D D D D D
11 G2 96.67 6.04 L D L L L L D L L L
12 EB73.1 94.68 7.83 L D L L D D D D D D
13 EB86 92.88 13.63 L D D D D L D D D L
14 EB39 84.54 7.41 L D D L D D D D D D
15 EB86 6589 2284 D D D D L D D D D D
16 EB31 61.2 5.22 L L L D L L L D D L
17 EB96 4388 742 L D L D L L L L D L
18 EB18 43.82 6.94 D D L D D D L L D L
19 EB108 41.5 9.28 L D L D L L L L D D
20 EB128 40.08 17.83 D D L D D D L D D L
21 G16 39.41 5.59 L L L D L L L D L L
22 EB1 36.47 7.64 L D L L D L L L D L
23 T1L 28.7 9.04 L L L L L L L L L L
24 H17 25.8 9.36 D D L L D D L D D L
25 EB87 23.09 7.14 L D L L D L L D L L
26 EB68 16.37 8.1 L D L L D L L L D D
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Table 6: Probability of roles for individual gene segments involved in protein 
production following infection of CT26, MEF, and PKR -/- cells
Probability values where determined by Wilcoxin Rank-sum analysis that compared the 
average ranks of each allele (TIL vs T3D) for each gene segment. 3 days post-infection in 
CT26 cells many reovirus reassortants produce more proteins than both parents and this is 
primarily due to the SI gene segment and secondarily to the LI and M3 gene segments from 
T3D. 2 days post-infection in MEF cells many reassortant viruses produce more proteins 
than both parents and this is due to the L3 gene segment from TIL. 2 days post-infection in 
PKR -/- cells many reovirus reassortants produce more proteins that both parents and this is 
due primarily to the LI gene segment from TIL, and secondarily to the M2 gene segment 
from T3D.
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P
values

Gene
Segment CT26

Parental oriclin
MEF

Parental origin
MEF PKR -/-

Parental origin
D L D L D L

L1 0.015 0.985 0.286 0.714 0.999 0.00041
L2 0.059 0.941 0.752 0.248 0.093 0.907
L3 0.087 0.913 0.970 0.030 0.815 0.185
M1 0.177 0.823 0.479 0.521 0.561 0.439
M2 0.056 0.944 0.580 0.420 0.020 0.980
M3 0.0059 0.994 0.758 0.242 0.077 0.923
S1 0.0000093 1.000 0.572 0.428 0.057 0.943
S2 0.093 0.907 0.617 0.383 0.657 0.343
S3 0.625 0.375 0.668 0.332 0.535 0.465

S4 0.134 0.866 0.437 0.563 0.134 0.866
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4.4 Protein production in the presence or absence of PKR

Reovirus T3D is sensitive to the PKR antiviral response in normal MEF cells due to 

the nature of its M2 gene segment. The PKR status of CT26 tumor cells is not known. It is 

known that T3D reovirus has a natural preference to replicate in many transformed cells with 

mutations in the Ras pathway that is known to down regulate the PKR response.

Interestingly the genetic basis for T3D replication in CT26 cells is primarily due to the SI 

gene segment and secondarily due to the L2, M2 and M3 gene segments but without a role 

for the Ml gene segment. To be able to gain a better understanding for the reasons why 

certain reovirus reassortants have an improved oncolytic ability over their parental serotypes 

we need to gain an understanding of how these reovirus reassortants respond both in the 

presence and absence of PKR. Through the use of a large panel of reovirus reassortants it 

has been previously determined in our laboratory that the T3D Ml gene segment controls 

PKR sensitivity in vitro, and the TIL L3 gene segment is involved in increased viral yield in 

the absence of PKR (unpublished). In order to get a better understanding of the role of PKR 

during infection the panel of 24 reovirus reassortants was used to characterize the genetic 

basis for the difference in protein production both in the presence and absence of PKR in 

MEF cells. MEF and PKR -/- were used to examine protein production levels 48 hr post­

infection. Six-well dishes were seeded with either MEF or PKR-/- cells and were then either 

mock infected or infected with one of the parental serotypes or one of the 24 reovirus 

reassortants using an MOI = 10. At 48 hr post-infection the proteins were collected and 

separated by SDS-PAGE, transferred to immobilon p membrane and the protein bands were 

visualized by immunoblot using anti-reovirus antibodies and BCIP/NBT colorimetric 

reaction. Densitometry was then used to quantify the protein band intensity of the p. proteins 

(Figure 10 & 12). In order to rank the different reoviruses bases on protein band density for
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the MEF cells line TIL had the highest protein band density among the two parental 

serotypes and was therefore considered as 100% protein production and all the other protein 

band intensities were compared to TIL and quantified as a percent relative protein density 

(Figure 11). However, for the PKR -/- cells T3D had the highest protein band density and 

therefore it was considered as the protein production reference standard (i.e 100% value) and 

all the other protein band intensities were compared to it and quantified as a percent relative 

protein density (Figure 13). The average relative percent protein density was determined for 

each of the parental serotypes and the 24 reassortants from the results of three separate 

experiments. The relative protein densities were used to rank the different reoviruses from 

highest to lowest percent protein density and then Wilcoxon Rank-sum analysis was 

performed to determine which gene segments are important for protein production in the 

MEF and PKR-/-cells.

In the MEF cells the gene segment associated with high protein production in the 

presence of PKR mapped to the L3 (p = 0.030) gene segment from the parental serotype TIL 

(Table 6). The L3 gene segment encodes the kl inner capsid protein which has RNA binding 

activity for both ssRNA and dsRNA, it also has NTPase activity. It has previously been 

observed in our lab that the L3 gene segment from TIL is involved in the increased viral 

yield in the absence of PKR in the PKR -/- cells.

In the PKR -/- cells the gene segments associated with high protein production in the 

absence of PKR were the LI (p = 0.00041) genome segment from TIL and the M2 (p = 

0.020) gene segment from T3D (Table 6). The data identify a lack of correlation between 

viral yield and protein synthesis in PKR -/- cells indicating that a difference in some aspect 

of viral replication independent of amount of protein is controlling the amount of infectious 

virus produced in the absence of PRK.
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Figure 10: Western blot of proteins produced in MEF cells
The p. proteins were used for densitometry measurements. The three gels represent protein 
bands for the parental strains and the entire panel of reovirus reassortants.
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Figure 11: Protein production of TIL x T3D reassortants in MEF cells
MEF cells were infected with TIL, T3D or one of a large paned or reovirus reassortants MOI 
= 10. 2 days post-infection the proteins were collected and separated by SDS-PAGE and the 
protein band density was determined for each virus. A. Graph of percent protein density 2 
days post-infection in MEF cells. Values are represented as average values ± SD (n = 3). B. 
Ranking of reovirus reassortants from highest to lowest based on protein band density. Gene 
map for each reassortant virus. Reovirus reassortants with improved oncolysis in vivo are in 
bold.
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Virus

B.

Rank Virus Ave SD L1 L2 L3 M1 M2 M3 SI S2 S3 S4
1 EB108 619.13 694 46 L D L D L L L L D D
2 EB145.1 460.72 473.62 D D D D D D D D D
3 EB146.1 427.32 450.41 L D L L D D D D D L
4 EB31 277.74 90.34 L L L D L L L D D L
5 H60 236.24 119.77 D D L L D D D D 0 L
6 EB129 226.13 131.63 D D D D L D L L D
7 EB118 217.82 107.44 D D L L D D D D L L
8 G16 205.62 43.11 L L L D L L L D L L
9 EB97 196.96 103.76 D D L D D D D D D L
10 EB68 166.24 27.35 L D L L D L L L D D
11 EB28 148.19 43.19 D D L D D D D L D D
12 G2 139.19 11.16 L D L L L L D L L L
13 H17 136.65 35.47 D D L L D D L D D L
14 EB128 126.96 43.29 D D L D D D L D D L
15 EB73.1 115.02 80.3 L D L L D D D D D D
16 EB1 112 11.45 L D L L D L L L D L
17 EB123 106.57 43.59 D D L D D D D D L D
18 T1L 100 0 L L L L L L L L L L
19 EB87 99.85 13.02 L D L L D L L D L L
20 EB18 87.75 2.83 D D L D D D L L D L
21 EB39 66.85 11.59 L D D L D D D D D D
22 EB96 63.75 84.63 L D L D L L L L D L
23 T3D 63.13 6.84 D D D D D D D D D D
24 H15 61.01 12.27 L D D L D D D D D L
25 EB86 52.74 11.69 L D D D D L D D D L
26 EB88 6.78 32.78 D D D D L D D D D D
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Figure 12: Western blot of proteins produced in PKR -/- cells
The p proteins were used for densitometry measurements. The three gels represent protein 
bands for the parental strains and the entire panel of reovirus reassortants.
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Figure 13: Protein production of TIL x T3D reassortants in PKR -/- cells
PKR -/- cells were infected with TIL, T3D or one of a large paned or reovirus reassortants 
MOI = 10. 2 days post-infection the proteins were collected and separated by SDS-PAGE 
and the protein band density was determined for each virus. A. Graph of percent protein 
density 2 days post-infection in PKR -/- cells. Values are represented as average values ±
SD (n = 3). B. Ranking of reovirus reassortants from highest to lowest based on protein band 
density. Gene map for each reassortant virus. Reovirus reassortants with improved 
oncolysis in vivo are in bold.
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Virus

B.

Rank Virus Ave SD L1 L2 L3 M1 M2 M3 SI S2 S3 S4
1 EB118 234.68 45.41 D D L L D D D D L L
2 H60 206.88 45.43 D D L L D D D D D L
3 EB145.1 198.77 149.76 D D D D D D D D D D
4 EB129 196.64 89.72 D D D D D L D L L D
5 EB146.1 192.48 132.29 L D L L D D D D D L
e EB28 190.46 49.04 D D L D D D D L D D
7 EB108 185.5 88.79 L D L D L L L L D D
8 EB123 185.06 99.89 D D L D D D D D L D
9 EB97 176.05 14.92 D D L D D D D D D L
10 EB18 169.27 62.6 D D L D D D L L D L
11 EB68 164.16 23.35 L D L L D L L L D D
12 EB1 154.13 39.73 L D L L D L L L D L
13 EB39 130.3 62.92 L D D L D D D D D D
14 EB31 129.7 33.82 L L L D L L L D D L
15 G2 125.33 58.18 L D L L L L D L L L
16 EB73.1 124.06 53.96 L D L L D D D D D D
17 H17 123.03 36.15 D D L L D D L D D L
16 EB128 115.67 30.78 D D L D D D L D D L
19 G16 114.26 30.21 L L L D L L L D L L
20 T3D 100 0 D D D D D D D D D D
21 H15 94.24 19.79 L D D L D D D D D L
22 EB87 83.31 16.38 L D L L D L L D L L
23 EB86 76.35 29.9 L D D D D L D D D L
24 T1L 59.8 17.61 L L L L L L L L L L
25 EB96 3758 1858 L D L D L L L L D L
26 EB88 10.3 1054 D D D D L D D D D D
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4.5 The role of PKR in viral tropism in the lung

Since we observed different genetic patterns of protein expression and viral yield in 

MEF, PKR-/- and epithelial tumor (CT26) cells we examined the tropism of reovirus TIL 

and T3D in PKR +/+ and PRK-/- mouse lungs. This was done to separate the role of tumor 

cell transformation from that of normal cells since the fibroblasts are normal and CT26 cells 

are transformed cells. In wild-type Balb/c mice lungs only the alveolar regions of the lungs 

were infected by TIL and T3D. However, when TIK knockout mice (TIK -/-) were infected 

with TIL and T3D a different pattern of infection was observed (Figure 14). In the absence 

of PKR T3D was able to infect the bronchial epithelial cells of the lung which are restricted 

sites in wild-type Balb/c mice. To characterize the role PKR plays in viral tropism seen in 

the lung and to gain a better understanding of the reovirus gene segments involved TIK -/- 

mice were infected with either one of the parental serotypes or one of the 24 reovirus 

reassortants. Mice were anesthetized and given 1.0 x 107 pfu of virus in. The lungs were 

collected 3 days post-infection and stained for the presence of reovirus antigen using anti- 

reovirus antibodies to determine the pattern of infection in the TIK -/- mice lungs. The 

reovirus reassortants were separated based on whether or not they had the ability to infect the 

bronchial epithelial cells in the absence of PKR. Gene segment mapping was then done to 

determine which gene segments were involved in the different infection patterns (Table 7). 

All of the reovirus reassortants that were able to infect the bronchial epithelial cells in the 

TIK -/- mice had the SI gene segment from the parental T3D strain. The reovirus 

reassortants that were only able to infect the alveolar cells in the lung all had the SI gene 

segment from the parental serotype TIL. In the absence of PKR the parental serotype T3D 

and reovirus reassortants with the SI gene segment from T3D were able to infect bronchial
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Figure 14: Infection patterns of TIL and T3D in Balb/c and TIK -/- mice (40X 
magnification)
Balb/c and TIK -/- mice were given l.OxlO7 pfu of either TIL or T3D intranasally and lungs 
were collected 3 days post-infection. Panels a, c, e, g, and i are phase contrast images. The 
arrows are pointing to the bronchial epithelium. Panels a, b, c, and d are images from 
infected Balb/c lung tissue. In panels b and d both TIL and T3D antigen is only present in 
alveolar region of the lungs. Panels e and f  are uninfected TIK -/- lungs. Panels g, h, i and j 
are images from infected TIK -/- lung tissue. In panel h TIL antigen is only present in 
alveolar region of the lung. In panel j T3D antigen is present in both the alveolar region and 
bronchial epithelial cells of the lung. This composite is made up of photographs of FITC 
conjugated antibodies labeling reovirus antigens in frozen sections of mouse lung showing 
the location of viral infection. The photographs were taken in the most brightly fluorescing 
areas, and may not be representative of the entire lung section. Scale bars are 10 microns.
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Table 7: Gene mapping of the infection patterns of a large panel of TIL x T3D 
reassortants 3 days post-infection in the TIK -/- mouse lung.
Reovirus reassortants are separated into two groups base on whether or not the reassortant 
has the ability to infect the bronchial epithelial cells in the TIK -/- mouse lungs. The ability 
to infect bronchial epithelial cells is due to the SI gene segment of T3D.
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Virus LI L2 L3 M1 M2 M3 S1 S2 S3 S4 Infection in BEC
T3D D D D D D D D D D D Yes
H1S L D D L D D D D D L Y es
H60 D D L L D D D D D L Y es
EB28 D D L D D D D L D D Yes
EB39 L D D L D D D D D D Yes
EB73.1 L D L L D D D D D D Yes
EB86 L D D D D L D D D L Yes
EB88 D D D D L D D D D D Yes
EB97 D D L D D D D D D L Yes
EB118 D D L L D D D D L L Yes
EB123 D D L D D D D D L D Yes
EB129 D D D D D L D L L D Yes
EB14S.1 D D D D D D D D D L Yes
EB146.1 L D L L D D D D D D Y es
T1L L L L L L L L L L L No
G16 L L L D L L L D L L No
H17 D D L L D D L D D L No
EB31 L L L D L L L D D L No
EB96 L D L D L L L L D L No
EB108 L D L D L L L L D D No
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epithelial cells which are protected when PKR is present in wild-type mice. This suggests 

that PKR plays a role in protecting epithelial cells from reovirus infection. In order to 

determine if the different infection patterns seen in the TIK -/- mice are due to the SI gene 

segment alone, TIK -/- mice were infected with single segment reassortant reoviruses. The 

1HA3 virus contains all TIL gene segments with the exception of the SI gene segment that 

is from T3D. The 3HA1 virus contains all T3D gene segments with the exception of the SI 

gene segment that is from TIL. At 3 days post-infection the lungs were collected and stained 

using anti-reovirus antibodies for the presence of viral antigen to determine the pattern of 

infection (Figure 15). The 1HA3 virus was able to infect the bronchial epithelial cells; 

however, the 3HA1 virus was only able to infect the alveolar regions in the lung. Therefore, 

only the SI gene segment from T3D is necessary for reovirus to infect the bronchial 

epithelial cells in the absence of PKR. Thus, the SI gene segment is a good candidate that 

may increase oncolytic ability in types of cancer that affect epithelial cells. Other studies in 

our laboratory have shown that TIL grew to high titers in Balb/c lungs indicating that the 

TIL virus may employ PKR to achieve optimal replication. T3D grew to higher titers in 

PKR -/- lung consistent with the infection of bronchial epithelial cells in the absence of PKR.
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Figure 15: Infection patterns of 1HA3 and 3HA1 in TIK -/- mouse lungs 3 days post­
infection (40X magnification)
TIK -/- were infected with either 1HA3 or 3HA1, l.OxlO7 pfu intranasally. 1HA3 is able to 
infect the bronchial epithelial cells while viral antigen cannot be detected for 3HA1.
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4.6 Assessing reovirus reassortants in vivo in a lung tumor model

For the purpose of this study, to assess virus growth in tumors, tumors were allowed 

more time to grow to facilitate visualization of the tumors and whether or not viral antigen 

could be detected in the tumors. The mice were monitored for signs of respiratory distress 

which indicates that they are suffering due to increased tumor burden. Therefore, once the 

mice showed signs of respiratory distress as determined by animal care staff they were given 

the viral treatment. Balb/c mice were given a single treatment of virus (1.0 x 107 pfu in) at 

day 8 days following the delivery of CT26 tumors. The lungs were collected at the 

appropriate times post-treatment and stained for the presence of reovirus proteins.

4.6.1 Reassortant gene mapping

The infection of CT26 tumors in vivo by the 4 reovirus reassortants that have been 

previously shown to increase survival in Balb/c mice bearing lung tumors, EB88, EB96, 

EB97, and EB123, was monitored. The gene segment maps of all four reassortants were 

compared to determine which gene segments from each of the parental serotypes, TIL and 

T3D that they have in common (Table 5). Three of the four reassortants have the SI gene 

segment from T3D which was shown to be important in viral growth in vitro in the CT26 cell 

line. Interestingly EB96 does not have the SI gene segment from T3D, which was shown to 

be the most significant gene segment involved in both viral growth and protein production in 

vitro. EB96 only has one gene segment that was shown to be important for viral yield in 

CT26 cells, the L2 gene segment from T3D, but was able to increase survival in Babl/c mice 

bearing CT26 lung tumors.
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4.6.2 Viral growth in CT26 tumor bearing lungs

To get a better understanding of the productivity of infection in tumor bearing lungs, 

Balb/c mice were given a single viral treatment (1.0 x 107 pfu in) and 2 days post-treatment 

the mice were euthanized, the lungs were collected and the viral titer in the lungs was 

determined by plaque assay (Figure 16). In the CT26 cells in vitro T3D had a higher viral 

yield than TIL. However in the tumor bearing lungs TIL gave the highest viral yield over 

T3D and all 4 of the reassortant viruses. Among the reassortant viruses EB123 and EB97 

produced the most virus in tumor bearing lungs. These two reassortants also gave high viral 

titers in the CT26 cells in vitro.
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Figure 16: Viral titer in CT26 tumor bearing lungs 2 days post-treatment
Balb/c mice bearing CT26 lung tumors were given a single dose of 1.0 x 107 pfu of virus 
intransally and viral titer was determined 2 days post-treatment. Each bar represents the 
average titer obtained from two different mice infected with one of the 6 viruses, with error 
bars showing the standard deviation.
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4.6.3 H & E in tumor bearing lungs

Balb/c mice bearing CT26 lung tumors were given a single treatment of virus
n

1.0 x 10 pfu in and lungs were collected at 1, 2, 3, and 7 days post-treatment. The lungs 

were stained for the presence of H & E. The H & E staining allows for the histological 

examination of the lung tissue and the tumors present in the lungs (Figure 17). Tumor break 

down was observed as early as 1 day post-treatment and became more prominent by 3 days 

post-treatment in tumors from lungs treated with the reassortant viruses. It important to note 

that tumor break down was observed in PBS treated lungs and suggests that there is an 

immune component involved in this breakdown. However, by 7 days post-treatment there 

was a dramatic difference in tumor size in lungs treated with EB88 and EB96 compared to 

lungs treated with EB97. At 7 days post-treatment lungs from mice treated with EB88 and 

EB96 had tumors were significantly reduced in size compared to EB97 treated mice. Seven 

days post-treatment there are no longer any animals that had survived in the PBS, TIL, T3D 

or EB123 treated groups.
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Figure 17: Lung pathology of Balb/c mice bearing CT26 tumors following a single 
intranasal viral treatment (10X magnification)
Balb/c mice bearing CT26 lung tumors were given a single dose of virus l.OxlO7 pfu 
intranasally and lungs were collected 1, 2, 3, and 7 days post-treatment. This composite is 
made up of photographs of H & E stained mouse lung sections showing tumor burden in 
each of the different treatment groups at several post-treatment time points
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4.6.4 Reovirus protein expression in CT26 tumor bearing lungs

The amount of viral antigen in CT26 tumor bearing lungs was assessed at 1, 2, 3 and 

7 days post-treatment (Figures 18,19,20 and 21). At 1,2, and 3 days post-treatment the 

lungs treated with EB123 had the highest amount of viral antigen detected by 

immunohistochemistry (qualitative analysis). EB123 had the highest viral yield in the lungs 

compared to the other three reassortants and it also produced high amounts of viral protein in 

the CT26 cells in vitro. At 7 days post-treatment there were no longer any PBS or EB123 

treated animals as they had all died due to tumor burden; however viral antigen could still be 

detected in the lungs treated with reovirus reassortants EB88 and EB96. Interestingly EB88, 

but not EB96, produced high levels of protein in CT26 cells in vitro, yet both EB88 and 

EB96 persisted to infect cells and produce detectable protein in vivo 7 days post-treatment
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Figure 18: Fluorescent antibody staining for reovirus antigens in CT26 tumor bearing 
lungs 1 day post-treatment (20X and 40X magnification)
Balb/c mice bearing CT26 lung tumors were given a single dose of virus 1.0x107 pfu 
intranasally and lungs were collected 1 day post-treatment. This composite is made up of 
photographs of Cy3 conjugated antibodies labeling reovirus antigens on frozen sections of 
mouse lung showing the location of viral infection. The 20X images contain both labeled 
viral antigen and Hoechst dye labeling the cell nucleus. The square in the 20X image 
represents the area magnified by the 40X image. The 40X images contain only Cy3 labeled 
viral antigen. The photographs were taken in areas containing CT26 tumors showing the 
most brightly fluorescing areas and may not be representative of the entire lung section. 
Scale bars are 10 microns.
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Figure 19: Fluorescent antibody staining for reovirus antigens in CT26 tumor bearing 
lungs 2 days post-treatment (20X and 40X magnification)
Balb/c mice bearing CT26 lung tumors were given a single dose of virus 1.0x107 pfu 
intranasally and lungs were collected 2 days post-treatment. This composite is made up of 
photographs of Cy3 conjugated antibodies labeling reovirus antigens on frozen sections of 
mouse lung showing the location of viral infection. The 20X images contain both labeled 
viral antigen and Hoechst dye labeling the cell nucleus. The square in the 20X image 
represents the area magnified by the 40X image. The 40X images contain only Cy3 labeled 
viral antigen. The photographs were taken in areas containing CT26 tumors showing the 
most brightly fluorescing areas and may not be representative of the entire lung section. 
Scale bars are 10 microns.
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Figure 20: Fluorescent antibody staining for reovirus antigens in CT26 tumor bearing 
lungs 3 days post-treatment (20X and 40X magnification)
Balb/c mice bearing CT26 lung tumors were given a single dose of virus l.OxlO7 pfu 
intranasally and lungs were collected 3 days post-treatment. This composite is made up of 
photographs of Cy3 conjugated antibodies labeling reovirus antigens on frozen sections of 
mouse lung showing the location of viral infection. The 20X images contain both labeled 
viral antigen and Hoechst dye labeling the cell nucleus. The square in the 20X image 
represents the area magnified by the 40X image. The 40X images contain only Cy3 labeled 
viral antigen. The photographs were taken in areas containing CT26 tumors showing the 
most brightly fluorescing areas and may not be representative of the entire lung section. 
Scale bars are 10 microns
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Figure 21: Fluorescent antibody staining for reovirus antigens in CT26 tumor bearing 
lungs 7 days post-treatment (20X and 40X magnification)
Balb/c mice bearing CT26 lung tumors were given a single dose of virus l.OxlO7 pfu 
intranasally and lungs were collected 7 days post-treatment. This composite is made up of 
photographs of Cy3 conjugated antibodies labeling reovirus antigens on frozen sections of 
mouse lung showing the location of viral infection. The 20X images contain both labeled 
viral antigen and Hoechst dye labeling the cell nucleus. The square in the 20X image 
represents the area magnified by the 40X image. The 40X images contain only Cy3 labeled 
viral antigen. The photographs were taken in areas containing CT26 tumors showing the 
most brightly fluorescing areas and may not be representative of the entire lung section. 
Scale bars are 10 microns
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4.6.5 Detection of apoptosis markers in tumor bearing lungs

Balb/c mice bearing CT26 lung tumors were given a single treatment of virus 1.0 x
n

10 pfu in and lungs were collected at 1, 2, 3, and 7 days post-treatment. The lungs were 

stained for the presence of active caspase 3 and TUNEL positive cells (Figure 22,23,24,

25). Active caspase 3 and TUNEL positive cells are markers of apoptosis and the presence 

of these markers in lung tissue following viral treatment provide insight as to whether or not 

the tumor cells in the lungs have undergone cell death due to activation of the apoptotic 

pathway. At all of the time points post-treatment the presence of active caspase 3 could not 

be detected by immunohistochemistry. However, TUNEL positive cells were present in 

tumors in the lungs. At both 1 and 2 days post-treatment TUNEL positive cells could be 

detected in tumors present in lung tissue collected from mice treated with the reassortant 

viruses (Figure 22 & 23). The number of TUNEL positive cells was higher in tumors present 

in lungs treated with virus then PBS treated mice and normal lung tissue. Therefore, the 

presence of TUNEL positive cells is due to cell death caused by the virus. At 1 day post­

treatment the highest amount of TUNEL positive cells were present in tumors from EB97 

and EB123 treated lungs (qualitative analysis). At 2 days post-treatment the highest amount 

of TUNEL positive cells was present in tumors from EB123 treated lungs. TUNEL positive 

cells were also observed in tumors in lungs collected from mice treated with TIL and T3D. 

At 3 days post-treatment only a small number of TUNEL positive cells was observed in 

tumors present in lungs treated with EB96 (Figure 24). Interestingly by day 7 post treatment 

TUNEL positive cells were present in both tumors and lung tissue collected from mice 

treated with EB96 (Figure 25). TUNEL positive cells were detected following viral 

treatment and the amount of TUNEL positive cells was higher than in PBS treated lungs; 

therefore, cell death is occurring in tumors following viral treatment.
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Figure 22: TUNEL positive cells in CT26 tumor bearing lungs at 1 day post-treatment 
(20X magnification)
Balb/c mice bearing CT26 lung tumors were given a single dose of virus l.OxlO7 pfu 
intranasally and lungs were collected 1 days post-treatment. A. PBS, TIL and T3D treated 
lungs. B. EB88, EB96, EB97 and EB123 treated lungs. This composite is made up of 
photographs of TUNEL labeled cells. The gray images are to demonstrate the location in the 
lung. The photographs were taken in areas containing CT26 tumors showing the most 
brightly fluorescing areas and may not be representative of the entire lung section. Scale 
bars are 10 microns.
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Figure 23: TUNEL positive cells in CT26 tumor bearing lungs at 2 day post-treatment 
(20X magnification)
Balb/c mice bearing CT26 lung tumors were given a single dose of virus l.OxlO7 pfu 
intranasally and lungs were collected 2 days post-treatment. A. PBS, TIL and T3D treated 
lungs. B . EB88, EB96, EB97 and EB123 treated lungs. This composite is made up of 
photographs of TUNEL labeled cells. The gray images are to demonstrate the location in the 
lung. The photographs were taken in areas containing CT26 tumors showing the most 
brightly fluorescing areas and may not be representative of the entire lung section. Scale 
bars are 10 microns.
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Figure 24: TUNEL positive cells in CT26 tumor bearing lungs at 3 day post-treatment 
(20X magnification)
Balb/c mice bearing CT26 lung tumors were given a single dose of virus 1.0x107 pfu 
intranasally and lungs were collected 3 days post-treatment. A. PBS, TIL and T3D treated 
lungs. B. EB88, EB96, EB97 and EB123 treated lungs. This composite is made up of 
photographs of TUNEL labeled cells. The gray images are to demonstrate the location in the 
lung. The photographs were taken in areas containing CT26 tumors showing the most 
brightly fluorescing areas and may not be representative of the entire lung section. Scale 
bars are 10 microns.
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Figure 25: TUNEL positive cells in CT26 tumor bearing lungs at 7 day post-treatment 
(20X magnification)
Balb/c mice bearing CT26 lung tumors were given a single dose of virus 1.0x107 pfu 
intranasally and lungs were collected 7 days post-treatment. EB88, EB96, EB97 treated 
lungs. This composite is made up of photographs of TUNEL labeled cells. The gray images 
are to demonstrate the location in the lung. The photographs were taken in areas containing 
CT26 tumors showing the most brightly fluorescing areas and may not be representative of 
the entire lung section. Scale bars are 10 microns.
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Chapter Five

5. Discussion

5.1 Reovirus in tumor bearing Balb/c mice

I have assessed the genetic basis for differences in the ability of reovirus reassortants 

to infect the CT26 colon carcinoma cell line that is resistant to lysis by the parental TIL and 

T3D reoviruses. The reassortants EB88, EB96, EB97, and EB123 have previously been 

shown to increase survival in Balb/c tumor bearing mice and therefore they were chosen to 

assess infection in tumor bearing lungs. The viral titers in the lungs of CT26 tumor bearing 

mice were compared. Two days post-treatment, reassortants EB123 and EB97 yielded 

higher titers than EB88 and EB96. These two reassortants were also shown to yield high 

titers in CT26 cells in vitro. EB123 and EB97 contain all of the T3D gene segments (SI, LI, 

L2, M2, and M3) that were determined to play a role in both infectious viral yield and 

protein production in CT26 cells in vitro. TIL yielded the highest titer of all 6 viruses and 

therefore this would suggest that the in vitro results do not completely correlate with the in 

vivo data with respect to viral yield or, at least oncolysis is not relative to viral yield.

The infected lungs were also stained to detect the presence of viral antigen in tumor 

bearing regions of the lungs. At 1, 2, and 3 days post-treatment EB123 had the highest 

amounts of viral antigen in tumor bearing regions of the lungs compared to the 3 other 

reassortants (qualitative analysis). By day 7 post-treatment surviving animals were only 

found in the groups of mice that were treated with EB88, EB96, and EB97. Interestingly, by 

day 7 post-treatment, viral antigens could still be detected in lungs of mice treated with EB88 

and EB96. EB88 possesses all the gene segments that were required for high viral yield and 

protein production in vitro (SI, L2, and M3) except for the T3D M2 gene segment. EB96
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has only one T3D gene segment, the L2 gene segment, which was shown to play a role in 

viral yield. This suggests that the gene segments involved in viral yield and protein 

production in vitro do not correlate with the extent of viral replication in vivo. Although the 

titers seen in tumor bearing lungs were low for both EB88 and EB96 at 2 days post-treatment 

their ability to persist in the lungs until day 7 may explain their enhanced tumor killing 

ability. The tumors that could be detected by H & E staining in lungs treated with EB88 and 

EB96 were greatly reduced in size by 7 days post-treatment. EB88 and EB96 display 

attractive oncolytic potential which exceeds that of the parental serotypes. Previous survival 

studies done by our lab have shown that these two reassortants are able to prolong survival in 

tumor bearing mice greater than 45 days post-infection. The results of these experiments 

also suggest that the gene segments important for replication in vitro are not necessarily the 

same as those required for in vivo oncolysis. EB88 is a single gene segment exchange 

reassortant with the TIL M2 gene segment on a T3D background suggesting that the TIL 

M2 gene segment plays an important role in viral oncolysis. However, the TIL M2 gene 

segment was not one of the gene segments important for in vitro oncolysis. Further study is 

required to determine which gene segments are beneficial for survival and tumor destruction 

in vivo.

The treated lungs were also assessed for the presence of apoptosis markers. TUNEL 

positive cells could be detected at both 1 and 2 days post-treatment in tumor bearing regions 

of the lungs for all 4 of the reovirus reassortants. This suggests that the reassortants are able 

to induce apoptosis in tumor cells in the lungs. On day 3 post-infection, TUNEL positive 

cells could not be detected in any of the treated lungs; however, on day 7 post-treatment 

TUNEL positive cells could once again be seen in lungs that had been treated with EB96. 

Immunohistochemistry was used to detect the presence of a second marker of apoptosis,
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active caspase-3. At all time points post-treatment active caspase-3 could not be detected by 

immunohistochemistry. Reovirus has been shown to induce apoptosis in a wide variety of 

cultured cells in vitro and in tissue in vivo 25. The presence of active caspase-3 detected in 

myocardial tissue after viral infection and apoptosis, has been demonstrated to be an 

important mechanism in the pathogenesis of myocardial injury32. It is possible that we were 

unable to detect caspase-3 in the infected lung because it was being broken down during 

reovirus infection of this tissue.

5.2 Reovirus viral growth and protein production in resistant CT26 cells line

The murine CT26 cell line is resistant to lysis by TIL and T3D and is therefore a 

challenging model in which to screen TIL x T3D reassortants for improved oncolytic ability. 

The use of TIL x T3D reassortants in this model allowed us to determine the key gene 

segments involved in oncolytic ability. These are gene segments involved in improved viral 

yield and protein production in the CT26 resistant tumor cell line. Using the non-parametric 

statistical analysis of Wilcoxin Rank-sum it was determined that the key gene segments 

involved in viral yield in CT26 cells are the L2 (p = 0.0028), M2 (p = 0.0043), M3 (p = 

0.0137), and SI (p = 0.000036) gene segments from T3D (Figure 7c), while the key gene 

segments involved in protein production are LI (p = 0.015), M3 (p = 0.0059), and SI (p = 

0.0000093) gene segments from T3D (Table 6). For both viral yield and protein production 

the SI gene segment was the most significant determinant. Previous data mapped the Ml 

gene segment to PKR dependent and independent replication in MEFs (unpublished results). 

Replication in mouse epithelium was controlled by the SI gene segment indicating that PKR 

dependent growth differs between fibroblasts and epithelium. Since 99% of cancers are 

carcinomas of epithelial origin, replication in epithelial cells is presumably of greater 

relevance to oncolytic potential. Others in our lab identified that the LI, M l, and SI gene
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segments are antagonists of IFN induction in mouse fibroblasts and data by Sherry et al. 

indicates that the L2, M l, and S2 gene segments of TIL reduced the induction of IFN 83.

This means that the corresponding T3D genome segments are less effective IFN antagonists 

and therefore, are unable to block the induction of IFN synthesis. Since the working 

hypothesis of oncolytic viruses is that they exploit a defective IFN response, viruses like 

T3D, which is more IFN sensitive then TIL, will be highly dependent on the presence of a 

reduced IFN response for effective growth. Our initial assumption that viruses with the best 

replication ability in tumor cells will be more effective oncolytic agents was not supported 

by our findings here. The 2 best oncolytic viruses, EB88 and EB96, in vivo were the lowest 

yielding in CT26 cells for infectious virus and protein production in CT26, MEF and PKR -/- 

cells (Figure 26). The effectiveness of these viruses as oncolytic agents strongly suggests 

that tumor destruction involves infection induced cell death via apoptosis. This could be a 

consequence of direct virus infection or may be a bystander effect of cytokines or other 

factors induced by the infection of normal tissue.

According to their genotypes, the 4 oncolytic reassortants used in the in vivo model 

can be divided into 2 groups, EB88 and EB96 relative to EB97 and EB123. Considering the 

2 groups as distinct and using the genotypes for characterizing features of the groups the only 

gene segment that discriminates them is the M2 gene segment, where EB88 and EB96 

possess the TIL allele, and the less effective EB97 and EB123 possess the T3D allele. 

Differences in the TIL and T3D M2 gene segments relating to apoptosis have been 

identified. EB88 is also a single gene segment exchange reassortant possessing the TIL M2 

gene segment on a T3D background and this demonstrates clearly that the exchange of this 

single gene segment has enhanced oncolysis where a single virus challenge can result in the
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durable curing of fatal CT26 lung tumors. Observation of the 4 reassortants with improved 

oncolysis
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Figure 26: Reovirus growth and protein production in CT26, MEF and PKR -/- cells
A. Viral growth in CT26 cells ranked from highest to lowest with the 4 reassortants that have 
improved oncolytic ability in vivo boxed in red. B. Protein production in CT26 cells ranked 
from highest to lowest with the 4 reassortants that have improved oncolytic ability in vivo 
boxed in red. C. Protein production in MEF cells ranked from highest to lowest with the 4 
reassortants that have improved oncolytic ability in vivo boxed in red. D. Protein production 
in PKR -/- cells ranked from highest to lowest with the 4 reassortants that have improved 
oncolytic ability in vivo boxed in red.
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in vivo, they all possess the T3D L2 and M l gene segments that lead to enhanced CT26 

replication and IFN and PKR sensitivity, respectively. The overall pattern we observed 

suggests that improved oncolysis can be achieved by a combination of T3D L2 and M l gene 

segments in addition to the TIL M2 gene segment.

5.3 Reovirus gene segments involved in oncolysis in CT26 cells 

The SI gene segment

The SI gene segment is bicistronic and it codes for the receptor binding protein c l, 

and for the nonstructural protein c l  s. The SI gene segment has been shown to play a pivotal 

role in viral infection and tissue tropism. A possible explanation for the importance of the SI 

gene segment in determining viral yield and protein production in CT26 cells is that the T3D 

c l  protein is more specific for CT26 cell surface receptors than the c l  protein of TIL and it 

is therefore more efficient during viral entry and spread. The SI gene segment has 

previously been shown to be responsible for serotype differences seen in viral spread. TIL 

spreads to the CNS by a hematogenous route while T3D spreads to the CNS via microtubule-

07associated fast axonal transport . It has also been demonstrated previously that the SI gene 

segment was the critical determinant of serotype specific viral yield in the brains and 

intestines of SCID mice 40. The capacity of reovirus to grow and survive in intestinal tissue 

has also been linked to the L2 and SI gene segments of T IL 9. TIL can be recovered from 

the intestines of neonatal mice up to 8 days post-peroral inoculation whereas T3D cannot be 

recovered past day 4 9. These results clearly demonstrate that the SI gene segment plays a 

critical role in the serotype specific productivity of viral infection in different tissues and cell 

types; however, these studies did not differentiate between the receptor binding protein c l  or 

the nonstructural protein c l  s.
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Early studies demonstrated that the SI gene segment is a critical determinant in the 

induction of apoptosis with T3D being able to induce apoptosis to a greater extent than TIL

76  98 • ♦’ . Early studies have shown that the binding of a l  to cell surface sialic acid is involved in 

the induction of apoptosis. T3SA-, a non-sialic acid binding strain induces little or no 

apoptosis in HeLa and L cells, but the T3SA+, which does bind to sialic acid, does induce

• 97 •apoptosis . The differences in the capacity of T3SA- and T3SA+ to induce apoptosis was 

not due to differences in protein synthesis or viral yield 21. However, more recent studies 

have brought the importance of the SI gene segment in reovirus-induced apoptosis into 

question. Danthi et al. demonstrated that in Chinese hamster ovary (CHO) cells expressing 

the Fc receptor but, not JAM-A or sialic acid, infection and reovirus-induced apoptosis could 

occur when the a l  protein is prebound with monoclonal antibodies such that the Fc portion 

of the antibody mediates viral attachment31. The use of TIL x T3D reassortants in this study 

showed that the M2 gene segment is the only determinant for reovirus induced apoptosis 31. 

This suggests that the SI gene segment is not the critical determinant for apoptosis and that 

the signaling pathways activated by binding of a  1 to JAM-A and sialic acid are not needed 

for reovirus-induced apoptosis.

The a l  protein is not the only SI gene segment product that has been shown to be 

involved in apoptosis in infected cells, the nonstructural protein a ls  also plays a role. Two 

day old mice inoculated with either a ls- or c ls+  reovirus strains exhibited differences in the 

extent of apoptosis induced in both the heart and the CNS 45. Viral replication was not 

affected by the presence or absence of a ls  but virus induced caspase-3 activation and 

histological tissue damage in both the heart and the brain was significantly reduced in a ls- 

viruses 45. This suggests that the nonstructural protein a ls  plays a role in pathogenesis and 

virulence.
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Reovirus induced apoptosis occurs late in infection and this suggests that replication 

events are needed to amplify the apoptotic signals that accompany cell entry 19. If a l 

binding is not a critical determinant for apoptosis it could be that the de novo expression of 

SI gene products plays a role in inducing apoptosis. The ability of the SI gene segment 

from T3D to induce apoptosis to a greater extent then the SI gene segment from TIL is 

beneficial to viral spread since reovirus is released from the cell upon cell lysis. Therefore, 

the a l  protein of T3D may be more efficient at viral entry and spread. When these features 

are combined with the increased viral yield and protein production observed in CT26 cells, it 

makes the SI gene segment from T3D an attractive gene segment for an oncolytic virus. The 

requirement of the T3D SI gene segment for infection of TIK-/- epithelial cells may be 

suggestive of its use in reassortants targeting cancerous epithelium. In support of this 3 of the 

4 reassortants with improved oncolytic ability in vivo had the T3D SI gene segment. 

However, EB96 possesses the TIL SI gene segment indicating that the T3D SI may not be 

absolute requirement in an oncolytic virus.

The M2 gene segment

The M2 gene segment from T3D plays a role in the serotype specific increase in viral 

yield observed in the CT26 cell line. The M2 gene segment encodes the major outer capsid 

protein p i. There are 600 copies of the p i protein per virion and several studies suggest that 

one or more of the p i cleavage products interact with the cellular membranes to allow 

penetration of IS VPs into the cytoplasm 67,72. The p i protein plays an important role in viral 

entry, and this could be the reason for the serotype specific viral yield seen in the resistant 

CT26 cells. If viruses with the T3D p i protein are more efficiently uncoated upon entry into 

the cell, this would result in more cells being infected and hence a greater viral yield. The 

recent evidence that implicates the M2 gene segment as the critical determinant for
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• 31apoptosis may suggest that the increased ability to cause apoptosis leads to more efficient 

viral spread.

The M3 gene segment

The M3 gene segment of T3D plays a role in increased protein production in the 

CT26 cells. The M3 gene segment encodes the nonstructural protein pNS, responsible for 

the formation of viral inclusion bodies, which are the sites of reovirus replication 5>12>14. The 

role that pNS plays in viral inclusion bodies may contribute to the serotype specific increase 

in viral yield observed in the CT26 cells.

The LI gene segment

The LI gene from T3D plays a role in the increased levels of protein production in 

the resistant CT26 cell line. This is not surprising since the LI gene segment codes for the 

A3 protein which is the viral RNA-dependent RNA polymerase. Therefore, if the A3 protein 

of T3D is more efficient than that of TIL, more viral mRNA is available for translation and 

this results in a higher level of viral protein production.

The L2 gene segment

The L2 gene segment encodes the A2 core spike protein which possesses 

guanyltransferase and methyltransferase activity. The L2 gene segment of T3D also seems 

to contribute to enhancing viral yields in the resistant CT26 cell line, although by an 

unknown mechanism.

5.4 Reovirus in the presence or absence of PKR in vitro

The panel of TIL x T3D reassortants was used to determine which genes were 

important for viral protein production in the presence or absence of PKR. The L3 gene 

segment codes for the Al protein which is a core capsid protein that has RNA binding ability 

as well as NTPase and helicase activities. The L3 gene segment has previously been shown
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by our lab to be the main determinant for PKR independent growth in PKR-/- cells 

(unpublished data). In this study, the L3 gene segment from TIL was shown to be involved 

in the levels of protein production in the presence of PKR. The LI gene from TIL and the 

M2 gene from T3D were important for viral protein production in the absence of PKR. It is 

interesting that in the CT26 cells, which are epithelial cells, the SI gene is the primary 

determinant of both viral replication and protein production with the L2, M2 and M3 genes 

playing a secondary role in viral replication and the LI and M3 genes playing a secondary 

role in protein production. The MEF cells are fibroblasts and therefore this suggests that 

different genes are important in different cell types. The difference observed could also be 

due to the fact that the CT26 cells are transformed and the MEF cells are normal cells. 

Therefore, the TIL L3 gene segment is important for protein production in the presence of 

PKR in normal fibroblast cells. The TIL LI and the T3D M2 gene segments are important 

for protein production in the absence of PKR in normal fibroblast cells. Thus, these two 

gene segments may be good candidates for an oncolytic virus that is targeting fibroblast 

tumors with defective PKR due to activated Ras pathways.
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Table 8: Summary of the TIL and T3D gene segments involved in infection and 
pathogenesis. Data in bold is from the work of this study.
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Gene Segment*
Role in Infection L1 L2 L3 M1 M2 M3 S1 S2 S3 S4
IFN-antagonist (L929) D< D< D<
IFN-antagonist (myocites) D< D< D<
PKR-antagonist (MEF) D< DL
Bronchiial epithelium (BE)in TIKJ- mice D
Growth (MEF) D< D<
Growth (L929) D< D<
Growth (E/CT26) D> D> D> D »
Growth (myocites) D< D< D<
protein eynth MEF L>
protein eynth PKR L> D>
protein eynth CT26 D> D> D »
Myocarditis (T1L) L L
hepatrts scid mice
apoptosis L929 (Lvs D) D> D>
apoptosis MDCK (Lvs D) D> D>
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5.5 Reovirus tropism in the absence of PKR

Earlier studies have shown that PKR plays a direct role in determining the resistance 

of untransformed cells to reovirus replication. The PKR gene is absent or inactive in many 

tumor types 6,84,93. The downregulation of PKR in cancer cells provides a breach in the anti­

viral defenses of the cell and this downregulation is beneficial in terms of oncolytic
jjjj o

susceptibility to viruses such as reovirus , influenza virus mutants , and herpes simplex 

virus35 as well as its mutants 47,61.

The genetic basis for reovirus PKR sensitivity, with respect to viral growth, was 

previously demonstrated in our lab (unpublished data). The replication of the TIL and T3D 

strains was compared in MEF and PKR -/- cells. It was observed that both TIL and T3D 

grew to higher titers in the PKR -/- cells, but that TIL grew better than T3D in both PKR-/- 

and MEF cells. A panel of TIL x T3D reassortants was then used to determine which genes 

were involved in generating high viral yields in the absence of PKR. As a result of this 

study, it was demonstrated that the M l gene segment from T3D controls PKR sensitivity and 

the TIL L3 gene segment controlled the increased viral yield in the absence of PKR. To 

better understand which genes are involved in the absence of PKR in vivo we infected PKR- 

/- mice with TIL and T3D reovirus. PKR-/- mice are much more susceptible to killing by 

oncolytic viruses such as vesicular stomatitis virus 87 and herpes simplex virus 53. Infection 

of the PKR-/- mice with the parental strains revealed a serotype specific tropism that 

occurred when PKR was knocked out. T3D but not TIL could infect the bronchial epithelial 

cells that are protected from infection in wild-type Balb/c mice with active PKR. To 

determine what genes were involved PKR-/- mice were infected with a panel of TIL x T3D 

reassortant viruses and the tropism in the absence of PKR mapped to the SI gene segment of 

T3D. To confirm that the SI gene segment of T3D was the sole determinant for bronchial
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epithelial tropism in the lungs of PKR-/- mono-reassortant viruses 1HA3 and 3HA1 were 

used. The 1HA3 virus contained all the gene segments of TIL with only the SI gene 

segment being derived from T3D. The 3HA1 contained all of the T3D gene segments except 

for the SI gene segment derived from TIL. Infection of PKR-/- mice with the mono- 

reassortant viruses confirmed that the SI gene segment from T3D is the sole determinant for 

the serotype specific viral tropism seen in the PKR-/- mice. This suggests that in wild-type 

mice the bronchial epithelial cells are protected from reovirus infection and that in the 

absence of PKR the bronchial epithelial cells become susceptible to infection by T3D or 

viruses with the T3D SI gene segment. Mono-reassortant 1HA3 and 3HA1 viruses were 

also used to confirm the role of the SI gene segment in the CNS cell tropism of reovirus TIL 

and T3D. In the CNS, TIL infects ependymal cells whereas T3D infects neuronal cells; this 

is due to differences in their SI gene segments 10°. The serotype specific cell tropism that 

occurs in the absence of PKR may be a result of interactions with specific cell surface 

receptors leading to a block in viral entry for TIL but not for T3D, but could also be due to 

the nonstructural protein o ls  once the virus has entered the cell. This cell type specificity 

may also involve a step in viral replication preceding protein synthesis that occurs after the 

virus has entered the cell. However, it is important to understand the gene segments 

involved in viral cell tropism so that the novel reassortant viruses may contain the optimal 

combination of gene segments that will make them more specific for the tumor cell types for 

which they are targeted.
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5.6 Conclusions

1) Different reovirus genes are involved in the productivity and permissiveness of 

infection in different cell types. In fibroblasts the TIL L3 gene was important for protein 

production in the presence of PKR in MEF and the TIL LI and T3D M2 genes segments 

were involved in protein production in the absence of PKR. However, in epithelial cells the 

primary gene segment involved in viral yield and protein production in CT26 cells was the 

T3D SI gene segment. This gene segment was also the primary determinant of PKR 

replication in bronchial epithelial cells in the TIK -/- mouse lung. This suggests that the 

genetic basis for permissive replication differs between fibroblasts and epithelium. These 

data also suggest that the mechanisms for PKR action are dependent on the cell type and 

presumably the tumor type.

2) From the TIL x T3D reassortant experiments it was shown that in normal MEF the 

TIL L3 gene segment is important for protein production in the presence of PKR. In the 

PKR -/- cells the TIL LI and T3D M2 gene segments are important for protein production in 

the absence of PKR.

3) The reassortant EB88 has improved oncolytic ability in vivo and has a single gene 

segment exchange possessing the TIL M2 gene segment on a T3D background. This clearly 

demonstrates that the TIL M2 gene plays an important role in improved oncolytic ability in 

vivo. The 4 reassortants (EB88, EB96, EB97 and EB123) with improved oncolytic ability in 

vivo all possess the T3D L2 and Ml gene segments. This suggests that improved oncolysis 

can be achieved by a combination of T3D L2 and Ml gene segments in addition to the TIL 

L3 gene segment.

4) High levels of viral replication do not necessarily translate into better oncolysis and 

tumor killing. EB88 and EB96 yielded the lowest levels of infectious virus and protein in
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CT26 cells in vitro. However, as seen in the survival study and the H & E images, these 

reassortants were able to prolong survival in CT26 tumor bearing mice and visually reduce 

tumor size and burden in the lungs 7 days post-infection following a singe dose of virus. The 

effectiveness of these viruses as oncolytic agents strongly suggests that tumor destruction 

involves infection induced cell death via apoptosis. This could be a consequence of direct 

virus infection or by a bystander effect of cytokines or other factors induced by the infection 

of normal tissue.

5) The data in this thesis provide a proof of principle that the oncolytic ability of 

reovirus can be improved to include resistant tumor types through the creation of reovirus 

reassortants possessing specific gene combinations that are optimal for oncolysis of different 

tumor types.
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Figure 27: Survival graph of Balb/c mice bearing CT26 lung tumors following a single 
intranasal dose of virus (l.OxlO7 pfu)
Balb/c mice bearing CT26 lung tumors were treated with a single dose of one of the 
following viruses EB88, EB96, EB97, or EB123 in order to assess survival post-treatment.
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Figure 28: Survival graph of Balb/c mice bearing CT26 lung tumors following three 
intranasal doses of virus (l.OxlO7 pfu)
Balb/c mice bearing CT26 lung tumors were treated three times with l.OxlO7 pfu of virus 
intranasssally on days 0, day 2 and day 4, with one of the following viruses TIL, T3D EB88, 
EB96, EB97, or EB123 in order to assess survival post-treatment.
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Figure 29: Survival graph of Balb/c mice bearing CT26 lung tumors following three 
intravenous doses of virus (1.0x10s pfu)
Balb/c mice bearing CT26 lung tumors were treated three times with 1.0x10s pfu of virus 
intranasssally on days 0, day 2 and day 4, with one of the following viruses TIL, T3D, or 
EB88 in order to assess survival post-treatment.
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