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ABSTRACT 

Reovirus is unlike other viraVgene therapy approaches. It differs from both the E l  B gene- 

attenuated adenovirus (ONYX-0 IS) that targets cancer cells lacking functional tumor 

suppressor protein p53 and the genetically altered herpes simplex virus (G207) that 

6-..-. - * -  t d r g ~ m  iiiiicer ~ ~ : i s  ~ i i l i  ~i J y s l u ~ ~ c t i ~ t l a i  piGipilij [urnor suppressor pathway as i t  is a 

naturally occurring unmodified oncolytic virus. This double-stranded hX.4 virus 

selectively infects and kills cells with Ras-activation leaving normal untransformed cells 

unharmed. Since Ras-activated pathways are present in the majority of malignant 

gliomas we were prompted to examine the potential usefulness of reovirus treatment for 

this form of cancer. Susceptibility of glioma cells to reovirus suggested that: (a) human 

glioma tumor cells are effectively killed within a 18 hour period by in vitro exposure to 

doses of 40 PFUs/cell in both established cell lines and ex viva glioma specimens: (b )  

reovirus effectively reduced tumor volume in vivo in both subcutaneous and intracerebral 

SCID NOD models, in most instances curing these mice; (c) reovirus caused tumor 

regression in the presence of pre-existing anti-reovirus antibodies in immunocompetent 

Fischer rats; and (d) reovirus killed tumors remote from the site of administration in 

imrnunocompetent host. Considerable toxicity however was found with this viral 

approach when repeatedly administered intracerebrally in irnmunocompetent Fischer 344 

rats. Wide spread encephalitis being the major problem with this approach. The 

potential short- and long-term effects of reovirus administration in the brain are under 

ongoing investigation. It remains to be determined if this toxicity can be reduced using 

different doses, schedules of administration, antibodies, etc. This study does show 



nevertheless that reovirus has potent oncolytic activity against glioma tumors. Follotving 

modification of its brain toxicity, reovirus may be a candidate for clinical trials and use in 

combination with conventional therapies. 
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CHAPTER 1. INTRODUCTION 

1.1. REOVIRUS 

1.1.1. Classificatiou 

The Reoviridae are a family of non-enveloped, icosahedral, double-shelled viruses 

containing segmented, double-stranded RNA genomes. It consists of 3 genera associated 

with mammalian disease: rotavirus, orbivirus and reovirus (Tyler and Fields, 1990). 

While the clinical importance of rotavirus is well established, the importance of 

reoviruses as etiological agents in human disease is unclear. 

Reoviruses (~espiratory gnteric prphan virus) are common isolates of the respiratory and 

gastrointestinal (GI) tract of humans but they are not associated with any known disease 

state and are therefore considered benign (Sabin, 1959). The human reoviruses are among 

the best-characterized members of the reoviridae family (Table I ) .  They consist of three 

distinct seroty-pes based upon antibody neutralization and hemagglutination inhibition 

tests: Type 1 (strain Lang; TI L), Type 2 (strain Jones: T2J) and Type 3 (strain Dearing; 

T3D) (Rosen, 1960). Each virus type has its own characteristic features including 

differential effects on host cell RNA and protein synthesis. Typically, reovirus type 1 

affects host macromolecular synthesis very little, type 2 causes rapid and almost complete 

inhibition of host synthesis and type 3 results in an intermediate level of restriction of 

host synthesis later in infection (Joklik, 1985). Type 2 reovirus inhibits L929 cell RNA 

and protein synthesis more rapidly and efficiently then type 3 (Sharpe and Fields, 1982; 

Joklik 1985). Each serotype has been demonstrated to possess distinct patterns of tissue 

tropism and viral spread in infected hosts (Tyler and Fields, 1990). 

Despite high antibody prevalence, the majority of individuals have detectable antibodies 

against reoviruses of all three serotypes by the time they leave childhood (Nibert et al., 

1996). The reoviruses however appear not to be the major causes of symptomatic 



TABLE 1. PROPERTIES OF THE MANWALIAN REOVIRUSES 

Genome 
Double-stranded RN.4 
10 gene segments in three size classes 
Total size 23,500 base pairs 
Gene segments encode either one or two proteins each 
Gene segments are transcribed into full-length mRNAs 
P!cs s r n r . 6 ~  cf gene segments hzve 5' caps 
Nontranslated regions at segment termini are shon 
Gene sezments can undergo reassortment between virus strains 

Particles 
Spherical, with icosahedral(5 :3 :2) symmetry 
Nonenveloped 
Total diameter 85 nrn (excluding ol fibers) 
Two concentric protein capsids: outer capsid subunits in T=13 lattice. 

arrangement of inner capsid subunits unknown 
8 structural proteins: 4 proteins in outer capsid (A2, p1 [mostly as cleavase 

fragments PIN and PIC], 01, and o3) and 4 proteins in inner capsid (hi ,  J.3, 
112, and 02) 

Subviral panicles (ISVPs and cores) can be generated from fully intact panicles 
(virions) by controlled proteolysis 

Cell-attachment protein a1 can extend from the virion and ISLT surface as a long 
fiber 

Protein 12 forms pentamers that protrude from the core surface 

Replication 
Fully cytoplasmic 
Sialic acid can serve as cell surface receptor for recognition by cell-attachment 

protein ol 
Proteolytic processing of outer capsid protein 03 and p 1 4  1 C is essential to 

infection and can occur either extracelluIarIy or in endoAysosomes 
Uncoating of parent particles is incomplete: genomic dsRNA does not exit 

particles to enter the cytoplasm 
Transcription and capping of viral mRNAs occur within panicles and are 

mediated by particle-associated enzymes 
Segment assortment and packaging involves mRNAs 
Minus-strand synthesis occurs within assembling particles 
Mature virions are inefficiently released from infected cells by lysis 



disease. They are most probably associated with upper respiratory infections as well as 

enteritis in infants and children (Niben et al., 1996). Upon inoculation of human adult 

volunteers with reovirus, symptoms such as cold and flu-like symptoms of cough, 

sneezing. pharyngitis, rhinorrhea, malaise and headache were observed in 4 of 27 subjects 

(Rosen et al., 1960). Other studies have indirectly linked reovirus with such infections as 

encephalomyelitis, meningioencephalitis, motor neuron disease, pneurnonitis. 

keratoconjunctivitis. and asymptomatic viruria. Thouah these cases are poorly 

documented they represent single case reports and only describe associations (Tyler and 

Fields, 1990). 

1.1.2, Structure of reovirus 

The genome of the mammalian reoviruses consists of ten segments of dsRN.4 divided 

into three size classes as determined by their migration on gel electrophoresis (Shatkin et 

al.. 1968; Bellemy and loklik, 1967). These segments are designated iarge (segments L 1. 

L2 and L3), medium (segments MI,  M2 and M3) and small (segments S I .  S!. S3 and S1) 

(Joklik, 1 985). Homologous segments From different isolates including prototypes of the 

three serotypes often exhibit differences in their electrophoretic mobilities (Ramig et al.. 

1953). The fact that reoviruses have segmented genornes has important biological and 

experimental consequences as they are able to exchange gene segments brtsveen isolates 

within a genus and thereby generate reassortant progeny viruses. All of the genes from 

prototypes strain T3D (encompassing 23,549 base pairs in total; Wiener et al., 1989) have 

now been sequenced either from cDNAs (Cashdollar et al., 1989; Cashdollar et al., 1982; 

Imai et al., 1983) or directly from genomic RNA (Bassel-Duby et al., 1986). 

The proteins encoded by these RNA segments, also grouped according to size, 

correspond to the large or h polypeptides (hl,  h2, and h3), medium or p polypeptides 

(PI, p2, and pns) and the small segments or o polypeptides (ol, 02 ,03  and ons) (Nibert 

et al., 1996). Eight of these eleven proteins comprise structural proteins included in the 

infecting virus particle. The three remaining proteins (csls, m s  and pns) represent non- 

structural entities present only in the infected cell's cytoplasm. The major constituents of 



the inner capsid are h l ,  A2, and 02. The three minor constituents are k3, p1 and p Z  

(loklik, 1985). The outer capsid consists of the two major proteins, 0 3  and p l c  (a 

cleavage product of the core protein, pl) as well as the minor protein ol (also serves as 

the virus attachment protein) (Lee et a1 ., 198 1). Although often considered a distinct 

structure the A2 component of the inner capsid (often referred to as the core) estends 

outward to the surface of the outer capsid at each of the twelve vertices of the 

icosahedrnn This allows for !he firmatinn of a stnlctural linkage he!\veeo !he inner 2nd 

outer capsids (Luftig et al., 1972). 

1.1.3. Reovirus replication cycle 

Attachment of the virion (or ISVP) to receptor molecules on the cell surface is the first 

step in reovirus infection (Figure 1; Tyler and Fields. 1996). Reovirus binds most 

mammalian cells; sialic acid is the cell surface receptor for recognition by cell-attachment 

protein o l  (Choi et al., 1990; Paul et al., 1989; Gentsch and Pacitti, 1985; Gentsch and 

Pacitti, 1987). Virion particles are taken up From the cell surface following their 

attachment by receptor-mediated endocytosis. They are then delivered into vacuoles 

(endosomes/lysosomes) at which time reovirus outer capsid proteins undergo specific 

proteolytic cleavages (Tyler and Fields, 1 996). These cleavages are acid-dependent and 

represent an essential step in the infection process. The mechanism by which reoviruses 

interact with and penetrate the vacuolar or plasma membrane barrier is unknown but 

appears dependent upon preceding proteolysis, as only the ISVP form exhibits membrane 

interaction in available assays (Tyler and Fields, 1996). 

Following internalization, the "core particle" of the ISVP becomes transcriptionally 

active and begins synthesis of the ten-capped viral mRNAs following intemalization 

(Tyler and Fields, 1996). The transcription and capping of viral mRNAs are mediated by 

particle-associated enzymes within these core particles (Nilbert et al., 1996). Primary 

transcripts are used for the translation of viral proteins by the cellular protein synthesis 

machinery (Tyler and Fields, 1996). Cellular protein synthesis machinery is "taken over" 

by the virus for translation of its proteins from primary transcripts. This inhibition of 



host protein synthesis does not however appear early in infection but takes place 

g-radually. It is not until late in infection that essentially all the proteins synthesized by 

the host are in fact viral (Zweerink and Joklik, 1970; Detjen et al., 1982; hlunemitsu and 

Samuel, 1984; Munoz et al., 1985). 

The association of early viral transcripts with newly made viral proteins results in the 

formation of progeny RNA assortment complexes. Within these replicase particles, each 

ofthe ten packaged plus strands serve as a template for minus strand synthesis (Tyler and 

Fields, 1996). Furthermore, these progeny subviral particles are involved in a secondary 

transcriptional event of viral mRNAs (secondary transcription). These "late" transcripts 

are reported to be uncapped and serve as the primary templates for viral protein synthesis 

during "late" infection (Tyler and Fields, 1996). It has been suggested that the shift From 

cell-specific to viral-specific protein synthesis late in infection is due to virus-induced 

alterations in the host translation machinery. The absence of a cap structure onto late 

mRNAs, compared with early viral mRNAs and cellular mRNAs, is believed to be 

involved in the shut down of host protein synthesis (reviewed by Zarbl and Millward. 

1983; Lemay, 1985). The final steps of virion capsid assembly are nor ad1 defined. 

Mature virions undergo an inefficient process of release from infected cel Is following 

lysis (Tyler and Fields, 1996). 

1.1.4. Neuroprthogenesis of reovirus in neonates and immunodeficient mice 

The reoviruses do not appear to be an important cause of symptomatic disease in human 

adults, however experimental infection of laboratory mice has been demonstrated to be 

associated with serotype-specific disease. The inoculation of neonatal mice with reovirus 

serotype 1 Lang results in a non-lethal ventriculitis followed by hydrocephalus resulting 

fiom reovirus infection of the ependyrnal cells (Sharpe and Fields, 1985; Tyler and 

Fields, 1996). Serotype 3 Dearing infection of neonates results in a fatal encephalitis due 

to the infection of neuronal cells (Sharpe and Fields, 1985; Tyler and Fields, 1996). Such 

an infection has been shown to cause extensive necrosis of the cortex associated in some 



Figure 1.1. Reovirus replication cycle. The primary steps in replication are labeled 

(bold capital letters). Virions, ISVPs and cores as well as other assembly-related particle 

forms are indicated. Capped plus-stranded RNAs - as pan of the ten dskY.4 genome 

segments, as cytoplasmic-transcripts. and as assortment elements - are indicated (5'- 

terminal open circles represent caps). Uptake from the cell surface is shown to involve 

receptor-mediated endocytosis, with viral particles sequentially associated with clathrin- 

coated vesicles, endosomes, and lysosomes (the last three compartments are acidic, as 

shown; Tyler and Fields, 1996). 





cases with hemorrhaging and variable inflammatory responses (Spriggs et al., 1983; 

Tyler and Fields, 1996; Figure 2). The striate cortex, cingulate gyms and limbic system 

including Ammon's horn, septa1 nuclei, mamrnillary bodies were the areas found to be 

maximally involved (Spriggs et al., 1983; Tyler and Fields, 1996). The thalamus, basal 

ganglia, cerebellum, upper brain stem were also found to be Frequently involved (Spriggs 

et a\., 1953; Tyler and Fields, 1996). These effects have been found to be dependent on 

the route of viral infection. Infection by intracerebral or subcutaneol~s injectinn: nr nrnl 

administration into the respiratory tract resulted in the aforementioned effects for both 

serotypes, however oral administration produced the effects associated with serotype 1 

Lang infection but did not result in the effects seen with type 3 Dearing infection (Rubin 

and Fields, 1980). 

In suckling mice, infection with any of the three serotypes causes myocarditis, alveolar 

hemorrhage and pulmonary edema, pancreatic and salivary gland injury, as well as 

hepatocellular damage thought to be responsible for the oily haidrunting syndrome often 

found in infected newborn mice (Stanley and Leak, 1963). Nervous system penetration 

of the three prototype strains of reovirus has also been studied in sucklin~ mice (Flamand 

et al., 1991). Type 3 Dearing was found to enter both motor and sensory neurons in the 

dorsal root ganglia and spinal cord. Infection of neurons was clearly detectable by 

immunohistochemical staining 19 hours post-infection (Flamand et al., 199 1 ). Several 

hundred motor and sensory neurons and interneurons were infected by day 4 as infection 

included large areas of the brain stem and brain (Flamand et al., 199 1 ). Reovims type 2 

Jones also entered neurons. Reovirus type 1 Lang foilowed neuronal pathways as well as 

being disseminated in the bloodstream (Flamand et al., 199 1). The titer of type 1 Lang 

increased in the bloodstream over time. This was not observed following infection with 

either of the other two strains (Flamand et al., 1991). 

Infection of adult severe combined immunodeficient (SCTD) mice via oral administration 

with either serotype 1 Lang or serotype 3 Dearing resulted in symptomatic disease and 

death in 4 - 6 weeks (Georgi et al., 1990). AAer primary replication in intestinal tissue 

however some SCID mice live more than 100 days as they develop a chronic infection 



Figure 1.2. (a to e) Diagrams of coronal brain sections extending from rostra1 (top left) 

to caudal (bonorn right) areas of the brain showing the location of  virus-induced lesions 

in neonatal mice infected intracerebrally with either T3D or T3D variants with amino 

acid substitutions in the o 1 cell attachment protein. Black areas indicate regions of the 

brain in which T3D virus as well as the variant viruses induced lesions; dotted areas show 

regions in which only the T3D virus caused necrosis. [ac. anterior colliculus; c, cingulum; 

cn. caudate nucleus; dg, dentate gyrus; dnh, dorsomedial nucleus of the hypothalamus; h. 

hippocampus; lgb, lateral geniculate body; im, lateral thalamic nucleus; lv. lateral 

ventricle; mb, mammillary bodies; msn, medial septa1 nucleus; oc, occipital conex; s. 

subiculurn; sn, substantia niga;  stn, spinal trigeminal nucleus; tv, third ventricle; zi. zona 

incerta]. (f and g) Growth patterns of ( f) the Dearing strain of reovirus type 3 and (g) the 

variant virus in various organs after intraperitoneal inoculation of virus. Virus growth in 

(*) brains, (A) spleens, and () liver was determined after injection of 10' PFUs of either 

virus. Mice were killed at each time point and the virus titers were determined by 

titration of organ hornogenates on L929 cells. Each value being representative of three 

titrations (Spriggs et al., 1983; Tyler and Fields, 1996). 
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that can spread systemically (Haller et al., 1995a). Such prolonged infections resulted in 

the selection of organ-specific variants chosen at different stages of reovirus pathogenesis 

as they were more efficient than their wild type reovirus type 3 counterpart (Haller et al., 

1995b). A brain specific variant (T3DvBr) has been isolated (Haller et al., 1995b); as it 

grew to higher titers than wild type reovirus in SCID mouse brain following 

intraperitoneal inoculation, killed adult SCID mice faster that type 3 Dearing and grew 

well in neonatal NIH Swiss mouse brain tissue after intramuscular but not peroral 

infection (Haller et al., 199Sb). 

1.1.5. Molecular basis of reovirus oncolysis 

Significant differences have been found to exist in the susceptibility of different cell types 

to reovirus sugzesting that infection may be somehow linked to the transformed state of 

the cell. Certain virally and spontaneously transformed cell lines of murine origin were 

found susceptible to reovirus infection. whereas normal human and subhuman primate 

cells, primary mouse cells, normal rat kidney cells and baby hamster kidney cells were 

not (Hashiro et al., 1977). Furthermore, normal and SV4O-transformed h1-3s cells also 

displayed differential sensitivities to reovirus, with cytopathology observed only in the 

transformed cells and not in normal cells (Duncan et al., 1978). Normal cells were 

infected by reovirus, as they both produced and released, virus but exhibited no 

detectable cytopathology (Duncan et al., 1978). 

By using cells transformed with defined oncogenes, it was determined that reovirus 

usurps the cellular Ras signaling pathway for its replication (Strong et al., 1998). Mouse 

fibroblast NTH 3T3 cells found resistant to reovirus infection became susceptible 

following their transfection with the gene encoding EGFR (Strong et al., 1993) or with 

the v-erbB oncogene (Strong and Lee, 1996). Transformation of the reovirus-resistant 

NM 3T3 cells with activated Sos or Ras also resulted in enhanced viral infection (Strong 

et al., 1998). These findings proved to be indicative of a usurpation of the virus of 

activated host cellular pathways involving Ras or a downstream element. Activated Ras 



Figure 1.3. The molecular basis of reovirus oncolysis: usurpation of the host cell Ras 

signaling pathway. For both untransformed (reovirus resistant) and EGFR-, Sos-, or Ras- 

transformed (reovirus susceptible) cells, virus binding, internalization, uncoating and 

early transcription of viral genes all proceed normally. In the case of untransformed 

cells, secondary structures on early viral transcripts inevitably trigger the phosphorylation 

of PKR, thereby activating it, leading to the phosphorylation of the translation initiation 

factor elF-2u, hence the inhibition of viral gene translation. In the case of EGFR-, Sos- 

or Ras-transformed cells, the PKR phosphorylation step is prevented or reversed by Ras 

or one of its do~vnstream elements, thereby allowing viral gene translation to ensue. The 

action of Ras (or a downstream element) in promoting viral gene translation (and hence 

reovirus infection) in the untransformed cells can be mimicked by deletion of the PA7 

gene or by blocking PKR phosphorylation with 2-minopurine (2-AP) (Strong et al.? 

2 998). 
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(or an activated element of the Ras pathway) presumably inhibits (or reverses) double- 

stranded EWA-activated protein kinase (PKR) activation, thereby allowing viral protein 

synthesis and a productive infection to occur (Strong et al., 1998; Figure 3). PKR 

expression can be induced by IFN and the kinase activity is stimulated by low 

concentrations of dsRNA (DeHaro et al., 1996; Hovanessian, 1989). The reovirus s 1 

mRNA (mRNA for ol protein) has been found to activate PKR (Clemens and Elia, 

! 407). ?.e~l:i~,s ?:cteir, c? (outer she!! p:ot:in) has a!;s S c c ~  f ~ u i i d  to bind JsLYX *lid 

thereby stimulate translation by blocking PKR activation (Yue and Shatkin, 1997). 

1.1.6. Other Oncolytic Viruses 

Reovirus belongs to a growing farnily of viruses, both genetically altered and those that 

are unmodified, that have a propensity to replicate in transformed cells. This family 

includes both DNA and RNA viruses, which will be discussed separately as a matter of 

simplicity. 

DNA viruses have evolved a variety of replication strategies to ensure their sunival. The 

encoding of their own replication apparatus is one such strategy and the herpes virus is an 

example of viruses that employs this strategy. In addition to encoding a number of viral 

proteins that are directly involved in viral DNA replication (Tyler and Fields, 1996). HSV 

encodes three enzymes involved in the providing the virus with nucleoside triphosphate 

precursors for viral replication; ribonucleoside reductase, thymidine kinase, and 

dUTPase. As HSV exhibits its natural tropism to rnitotically inactive neurons, a 

population of cells in which there is a low basal level of DNA precursors and DNA 

replication proteins, the virus has evolved to encode these proteins to allow efficient HSV 

replication in a environment that would otherwise not support viral growth. 

A second strategy used by DNA viruses to ensure effective replication is to induce S- 

phase progression of the cell cycle (DNA synthesis), which is crucial if the virus depends 

exclusively on the host's replication apparatus for its own replication. This is of great 

importance since the DNA replication machinery could be limiting in quiescent cells. An 



important example of this type of strategy is that employed by the human adenovirus that 

encodes three viral proteins to induce entry into S-phase. The E 1 A protein binds to the 

tumor suppressor, pRb, and disrupts the interaction between it and the transcription factor 

E2F (Tyler and Fields, 1996). E2F once released, activates genes required for cell cycle 

progression into S-phase. Moreover, adenovirus also encodes E 1 B-55Kd and - 19Kd, 

involved in inactivating the G1 block that is imposed by host's p53 protein. In many viral 

infections, including adenovirus. p53 is up-regulated as a result of viral infection and 

resulting in cell cycle arrest and apoptosis. To prevent this, E 1 B 55Kd binds to. and 

inactivates, p53. For its part, E1A i9Kd, prevents the host cell from becoming apoptotic. 

Together, these proteins create a cellular environment that is optimal for adenovirus 

replication. 

Understanding the replication requirements of these viruses in their normal cellular 

targets allows one to hypothesize how deletion of specific viral genes could compromise 

the ability of these cells to replicate in their normal host population. One would expect 

that in the case of HSV, deletion of any of the enzymes responsible for the creation of the 

nucleoside precursors would ultimately prevent HSV from replicating in quiescent 

neuronal cells where these precursors are limiting. Would these genes be required 

however, if these precursors were not limiting, in a population of rapidly dividing or 

tumorogenic neurons? Based on this premise, Martuza and co-workers, were able to 

demonstrate that thymidine kinase deficient HSV-1 was able to replicate in malignant 

gliomas but not surrounding tissue (Martuza, 199 1). 

More recently, Bischoff and co-workers have demonstrated the successful use of an E 1 B 

gene-attenuated adenovirus for the treatment of tumors lacking a functional p53 but this 

virus is apparently uoable to replicate in normal cells (Bischoff, 1996; Heise, 1997). It 

would appear that because this virus is attenuated in the 55Kd portion of the E l B  gene, 

wild type p53 is not blocked by this viral gene product. In cells lacking a functional p53, 

the need for EIB 55Kd becomes redundant, and therefore, this virus (designated ONYX- 

015) is able to replicate in these tumor cells. By this rationale then, it would seem 

possible that many DNA ~lruses that target either pRb or p53 for their replication could 



potentially all act as oncolytic agents in tumors in which either pRb o r  p53 function is 

aberrant. A number of groups are already betting on this and an E l  A attenuated 

adenovirus is being investigated as a means of treating retinoblastoma tumors (Heise, 

1997). Whether, or not human papillomavirus (HPV) which targets p53 degradation with 

the viral product E6, or SV40 T antigen (TAg) which functions like adenovirus E 1B will 

ever become useful strategies in cancer therapies, has yet to be seen. 

Reovirus is not the only RN.4 virus that exhibits an oncolytic potential, although it  is by 

far the best characterized. An additional RNA virus that exhibits a preference for 

replication in tumor cells is the Newcastle disease virus (NDV). NDV is a 

paramyxovirus o f  chickens. It has been demonstrated to have preferential replication in 

tumor cells that have an activated N-ras pathway (Lorence, 1994). Whether NDV uses a 

similar strategy to reovirus in promoting its oncolytic nature is at this time unkno~vn. The 

observed specificity of reovirus to replicate only in those tumorigenic cells that possess 

activated Ras, combined with the lack of pathogenicity of the virus raises the interesting 

possibility that it could act as an oncolytic agent. The remainder if this dissertation will 

address the efficacy of reovirus as a glioma therapeutic. 



1.2.1. Classification 

Primary brain tumors arise From cells of the CNS or its coverings. They are classified as 

being epithelial if they nriginate from neural, glia! or neuroglial cel!s. In 1-du!!s, 

ncuroepithelial tumors account for 50-60% of primary intracranial tumors. (reviewed by 

Tatter and Harsh, 1998). The relative incidence of various neuroepithelial tumor types 

are as follows: glioblastoma multiformes, 50%; anaplastic astrocytomas, 30%; 

oligodendrogliomas, 6%; nonanaplastic astrocytomas, 5%; ependymal cell tumors,4%; 

rnedulloblastomas, 2%; and nerve cell, neuroblastomas, pineal cell tumors, subependymal 

giant cell astrocytomas, pilocytic astrocytomas, and choroid plexus tumors, each less than 

1 % (Tatter and Harsh, 1998). The most common types of non-neuroepitheiial brain 

tumors are meningiomas followed by schivannomas, which account for approximately 

20% of brain tumors. Secondary or metastatic brain tumors result from the metastasis of a 

cancer arising from tissues outside of the CNS (e.g. lung) as well as those tumors arising 

in nearby tissues that directly invade the brain (Tatter and Harsh, 1998). 

Malignant gliornas comprise the majority of primary brain tumors (Forsyth a d  

Cairncross, 1996; Scott et al., 1999). These tumors may arise from brain parenchyma 

without apparent antecedent, or may result from malignant transformation of less 

anaplastic astrocytomas, mixed tumors, oligodendrogliomas, or ependymomas (Tatter 

and Harsh, 1998). Glioblastomas are considered the malignant extreme on the continuum 

of astrocytic tumors, as the cellular differentiation that occurs in some gliomas is usually 

astrocytic and because many gliomas result from the malignant degeneration of pre- 

existing astrocytic tumors (Tatter and Harsh, 1998). Brain tumors are the second leading 

cause of cancer death in children. 

Malignant gliomas represent a major therapeutic challenge, as they are poorly 

circumscribed, highly aggressive and are typically refractory to surgery, radiotherapy, 



and chemotherapy. The median survival for the most aggressive of these gliornas 

(GBMs) is only 1 year and < 2% survive 3 years or longer (Scott et al., 1999). despite 

recent advances in neurosurgical techniques and radiation therapy. Given their dismal 

prognosis, there is strong rationale for examining the efficacy of novel therapeutic 

strategies as a means for enhancing disease control. 

1.2.2. AIolecular characteristics of malignant gtiomas 

Molecular studies have identified some of the genetic changes that underlie the 

pathological differences among astrocytic tumors. The progression of astrocytomas is 

slowly evolving process that involves both tumor suppressor genes and oncogenes 

(Figure 4; Table 2). Mutations have been identified in the p53 tumor suppressor gene on 

chromosome 17p in low grade astrocytomas, suggesting that this may be an early 

pathological event (von Deimling et al., 1992). Loss of the entire or parts of chromosome 

10 is exclusively found in GBMs and not in low grade astrocytornas (Pershouse et al.. 

1993; James and Collins, 1992; James et a[., 1958). PTENMMAC, a dual specific 

phosphotase identified as a tumor suppressor gene on chromosome 10. has also been 

associated with GBMs (Li and Sun, 1997; Li et al., 1997; Steck et al., 1997). The 

multiple tumor suppressor (MTS 1 ) gene, encoding for the cell cycle inhibitor p 16. may 

also be relevant in malignant astrocytoma progression (Karnb et al., 1994; Noborl et al.. 

1994) as may the loss of heterozygosity on 19q (Rubio et al., 1 994). 

The proto-oncogene c-erbB which encodes for the epidermal growth factor receptor 

(EGFR) is located on chromosome 7 and is amplified in about 50% of GBMs (Libemann 

and Razon, 1984; Libemann et al., 1985). In those GBMs with amplified EGFR, 25- 

40% express both normal (170 ma) and a truncated EGFR (140EGFR) which is unable to 

bind EGF or TGF-a (Steck et al., 1988; Ekstrand et al., 1992; Ekstrand et al., 1994). 

Other proto-oncogenes fkequently amplified or mutated in gliomas wouid include: 

MDM2 (Reifenberger et al., 1993), and platelet-derived growth factor receptor (PDGF-R) 

(Liang et al., 1994). Less fkequently seen is the activation of proto-oncogenes including 

C-myc, N-myc and N-ras (Liang et al., 1994). 



TABLE 2. GENETIC ALTERATIONS IN PRIMARY HUMAN CNS TUMORS 

Tumor Type 

Astrocytoma 

Probe Aberration 

c-erbB (EGFR) 
c-myc 
v-fos 

Oligodendroglioma 

Medulloblastoma 

v-sis 
p53 
c-erbB (EGFR) 
N-myc 
c-sis (PDGF) 
p53 

Glioblastoma multiforme c-erbB (EGFR) 
gl i 
N-myc 
v-myc 
v-sis 
s-sis (PDGF) 
v-fos 
N-ras 
Ha-ras 
c-mos 
Rb gene 
p53 
c-erbB (EGFR) 
Ha- ras 
c-mos 
c-erbB (EGFR) 
N-rnyc 
c-myc 
v-myc 
N-ras 
p53 gene 
c-sis (PDGF) 
c-rnyc 
c-tos 
N-myc 
Ha-ras 
c-mos 

A 
EE 
EE 
EE 
mutation 
A, RA 
.4 
EE 
mutation 
PL, u EE 
A, EE 
A, EE 
EE 
A EE 
EE 
EE 
A, EE 
rare alleles 
rare alleles 
deletion 
point mutation 
A, R4 
rare alleles 
rare alleles 
A 
A R4 
A, EE 
EE 
point mutation 
mutation 
EE 
A 
EE 
A, RA 
rare alleles 
rare dIeles 

Abbreviations: A = gene amplification; RA = gene rearrangement; EE = enhanced gene 
expression 

(Gonzales, 1 99 5) 



Figure 1.4. The molecular pathogenesis of human astrocytomas. The progression from a 

grade 111 (anaplastic astrocytoma) to a highly-malignant glioblastoma multiforme is 

characterized by the loss of PTENhfbIAC and other putative tumor suppressor genes on 

chromosome 10 and amplification of the EGFR gene. The question mark (?) refers to 

those patients who present at inirio with glioblastoma multiforme; whether these tumors 

progress through each step of this progression (either very rapidly or in a subclinical 

state) or skip various stages is not currently known (Guha, 1998). 
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1.3. Rationale for using Reovirus as a Brain Tumor Therapy 

Given the dismal prognosis of GBMs, there is strong rationale for examining the efficacy 

of novel therapeutic strategies as a means for enhancing disease control. Since Ras- 

activated pathways are present in the majority of malignant gliomas we were prompted to 

examine the potential usefulness of reovirus treatment for this form of cancer. In contrast 

to systemic cancers, oncogenic ms mutations are infrequent in gliomas. PDGF- and EGF- 

receptors and probably other receptor tyrosine kinases expressed by human malignant 

gliomas are capable of activating the Ras signaling pathway (Guha, 1998). EGFR is 

more commonly expressed with increasing grade of malignancy (Libermann et al.. 1985; 

Liberrnann et al., 1984; Helseth et al., 1988; Gerosa et al., 1989; Hurtt et al., 1992). The 

PDGF receptor-u is over-expressed in approximately 25% of glioblastoma multiforme 

specimens (Guha, 1992; Guha et al., 1995). 

Secondly, these are highly invasive tumors. Their invasive tendrils extend Car beyond the 

main tumor mass rendering them surgically incurable and isolated tumor cells are 

commonly found several centimeters from the main mass. Reovirus may prove to be an 

effective glioma therapy as it targets and kills both local and remote tumor cells. 

1.4. Hypothesis 

It is hypothesized that reovirus will cause the oncolysis of cell lines derived from 

specimens from brain tumor patients ex vivo as well as established gliomas cell lines. It 

is further hypothesized that reovirus will cause regression, and possibly cure tumors in 

animal models of malignant gliomas. 



1.5. Specific Aims 

I )  To determine whether reovirus can infect and kill human malignant glioma 

derived cell lines in vitro and if this correlates with constitutive RashlAPK 

signaling. 

2) To identify brain tumors (from biopsy samples) susceptible to reovirus 

ozco!ysis c.r :pi..t~. 

3) To determine the effects of reovirus on experimental malignant gliomas 

induced in both immunocompromised and immune-competent animal models. 



CHAPTER 2: MATERIALS AND METHODS 

2.1. Cell lines 

U87, U871acZ, Ul18, U178, U25 lN, U251lac2, U343, U373, U563, RG2,9L, 9LlacZ, 

A 172, SF1 62, SF1 88, TE67 1, HTB 185, HTB 187, C6, C6lacZ, and S N B  19 cell lines were 

originally obtained from the ATCC and were grown in Dulbecco's modified Eagle 

medium (EMEM; Gibco-B RL) containing 1 00'0 (vo lume!volume) fetal bovine serum 

(FBS). Cells were passaged when they reached approximately 80% confluence. 

harvested by trypsin treatment and replated in DMEM-F 12/ 10% FB S. Cells were 

maintained in a humidified incubator at 37°C in a 95% air/5% carbon dioxide atmosphere 

(CO?). Cell lines were routinely tested for mycoplasma contamination. 

2.1.1. Cell lines from tumor specimens 

A number of low passage, human glioma cell strains were established at our institution 

From tumor specimens that were transported directly from the operating room to the 

laboratory in DMEM. The specimen was split in half, part of it being fixed in formalin (to 

confirm the identity of the growing cells) and the other part was placed in DMEM with 

20% FBS. The tissue was then washed in DMEM, cut into pieces -1 -2 mm in diameter. 

sent through a cell screen (removed connective tissue and vessels) and then further 

disaggregated by sequential 20 min exposures to trypsin (0.5%) and EDTA (0.53 rmM) in 

Dulbecco's PBS. Cells were then suspended in FBS, pelleted (200 x g for 8 rnin), 

resuspended in DMEM/FlZ + 20% FBS and cultured in 150 cm2 flasks. Cultures became 

confluent 3-4 weeks later and were then harvested with trypsin-EDTA. Cells were then 

replated for infectibility and MAPK assays at 1 o4 cells/well in DMEiWF 12 (+ 5% FBS + 

L-glutaxnine: 300 pVwell) and on glass coverslips. The 9 glioma cell lines were derived 

from 4 GBMs, 3 maplastic astrocytomas, 1 non-maplastic astrocytoma and 1 

oligodendroglioma. We also cultured 7 meningiomas (1 spinal cord meningioma) and 1 

metastatic carcinoma (metastasis fkom the lung). Our Conjoint Medical Ethics Committee 

approved this study. A neuropathologist c o n h e d  the histopatholgical diagnosis. 



2.2, Virus 

The Dearing strain of reovirus serotype 3 used in these studies was propagated in 

suspension cultures of L cells and purified according to Smith et al. (1969) with the 

exception that P-mercaptoethanol (P-ME) was omitted from the extraction buffer. 

2.2.1. Plaque assay 

Virus was t inted on L929 cell monolayen by modification of the procedure of Shaw and 

Cox (1973). Approximately lo6 L929 cells were added to 6-well plates and after 4-5 hrs of 

incubation at 37"C, the medium was removed and 0.2 rnl of each virus diIution was added. 

The L929 cells were then incubated for 45-60 mins at 37OC in an atmosphere of 5% C02 in 

air. Cultures were "flicked" every 5 minutes to ensure that the L919 cells remained wet. 

2.5 mLs of JMEM containing 5% FBS and 1% agar was then added to each well and 

allowed to solidify. The cultures were then incubated at 37'C in 596 CO: in air for 72 h n .  A 

second overlay containing neutral red was then added and incubation was continued for 14 

hn. after which plaques were counted. 

2.2.2. Infection of cells and quantification of virus 

Confluent monolayers of cells grown in 24-well plates were infected with reovirus at an 

estimated multiplicity of infection (MOO of 10 PFU/cell. M e r  1 hr incubation at 37'C, the 

monolayen were washed with warm JMEM + 5% FBS, and then incubated in the same 

medium. At various times post-infection, a mixture of NP-40 and sodium deoxycholate was 

added directly to the medium on the infected monolayers to final concentrations of 1 % and 

0.5% respectively. The lysates were then harvested and virus yields were determined by 

plaque titration on L929 cells. 



2.2.3. Cell killing 

Cells were grown to approximately 80% confluency and then exposed to reovirus (MOI = 

10 PFU/cell). The extent of cell killing upon infection of different cell lines was 

estimated by the percentage of residual cells excluding trypan blue. The cytopathic 

effects of viral infection were visualized by light microscopy (Olympus 1x70). Cells 

were photographed 48 hrs following infection. 

2.2.4. Determination of viral titer in brain tissues 

Brain tissue flash frozen in liquid nitrogen at the time of sacrifice was stored at -80°C until 

use. Tissues were suspended in 0.5 mL of JblEM, manually homogenized and then 

sonicated briefly with a microtip probe (Ultrasonic XL sonicator) at setting 2. 

Homogenization mixture was then repeatedly frozen and thawed in COz and ethanol 

followed by centrifugation at 10000 rpm for 5 mins. Serial 10-fold dilutions were then 

made in M E M  prior to inoculation of L929 cell monolayers in six-well plates (lo6 cells per 

well). Duplicate wells for each of three dilutions were inoculated, and plaque assays were 

performed as described previously. 

2.3. Animals 

Five to eight week old rnalelfemale SCID NOD mice were purchased from Cross Canada 

Institute (CCI). Five to eight week old malelfemale nude mice were purchased From 

Charles River Canada. Male/female Fischer 344 rats (Harlan Sprague Dawley) weighing 

180-200 g (8-10 weeks of age) were used in these studies. The animals were housed in 

groups of 2-6 in a vivarium maintained on a 12-hr light/dark schedule with a temperature 

of 22 f 1°C and a relative humidity of 50 f 5%. Food and water were available ad 

libitum to all study animals. All procedures were reviewed and approved by The 

University of Calgary Animal Care Committee. 



2.3.1. In vivo studies in a subcutaneous (s.c.) tumor model in SCID NOD mice 

Actively growing US7 or U25 IN  cells were harvested, washed, and resuspended in sterile 

PBS at a density of 2 x 10' cells/ml. 2.0 x lo6 cells in 100 p1 sterile PBS were injected 

S.C. at a site overlying the hind flank of male SCID NOD mice. Implanted tumors were 

allowed to grow for 2-3 weeks until palpable tumors of 0.5 x 0.5 cm were obtained. They 

were then given a single intratumoral (i.t.) injection of 1.0 x lo7 PFUs of either live or 

dead (UV-inactivated) reovirus in 20 p1 sterile PBS. Tumor size (length s width) was 

measured twice weekly for a period of two to four weeks. All animals were sacrificed 

when either the control group of mice (i.e., those receiving the dead virus) showed severe 

morbidity due to excess tumor burden or the live-virus treated mice showed 20% body 

weight loss or hind limb necrosis. 

2.3.2. Irt vivo studies in a sac. tumor model in Fischer 344 rats 

6-8 week old Fischer 344 male rats were injected with lo6 cells in a 100 111 volume in the 

flank as described above. Implanted tumors were allowed to grow until they measured 

1.0 x 1.0 crn; animals were then given a single i. t. injection of 1 o9 PFUs of either live or 

dead reovirus every day for 1 week and then every second day for three weeks. Tumor 

size (length x width) was measured hvice weekly for a period of hvo to four weeks. All 

animals were sacrificed when the control group of mice (i.e., those receiving the W- 

inactivated virus) lost 25% of their body weight. or had impaired arnbulation due to 

excess tumor burden. At the time of sacrifice, residual tumor masses of  live virus treated 

rats were pierced with a pin and the contained fluid drained into a conical tube to 

determine whether the ''turnor area" measured was representative of "true" tumor. The 

contents of the tube were then spun, supernatant discarded and the remainders fiozen in 

OCT for fiozen sectioning. 

To determine if pre-existing antibodies to reovirus would abrogate the oncolytic effects 

of reovhs. Reovirus antibodies were raised in Fischer rats following challenge with an 



intramuscular injection of reovirus (10' PFUs). To ensure that antibodies were in fact 

raised, an agglutination inhibition assay was performed. 

2.3.3. In vivo studies in an intracranial glioma model 

The ability of reovirus to cause regression of human glioma cells xenotransplanted into 

the right cerebral hemisphere was tested in SCID NOD mice. Activelv growing U871acZ 

or U25lN cells were harvested, washed, and resuspended in sterile PBS. 2.0 x 10' cells 

in 2 111 of PBS were injected intracerebrally. A midline scalp incision was made, and a 

0.5-mm burr hole was made 1.5-2 mm to the right of the midline and 0.5-1 mm posterior 

to the coronal suture. Tumor cells were resuspended in sterile PBS and stereotactically 

injected using a 5-pl Hamilton syringe with a 30-gauge needle mounted on a KOPF 

stereotactic apparatus. The needle was inserted vertically through the burr hole to a depth 

of 3 mm. Sixty seconds following injection, the needle was slowly withdrawn and then 

the incision sutured. Implanted tumors were allowed to grow for 14 days at which time a 

single intratumoral injection of 10' PFUs of either live or dead (W-inactivated virus) in 

2 pl of PBS was administered. All mice were anesthetized by intraperitoneal (i.p.) 

administration [ketamine (8.5) plus xylazine (1.5)- MTC Pharmaceuticals. Cambridge 

Ontario]. Animals were euthanized when they lost 20% of their body weisht or had 

difficulty feeding or ambulating. Animal studies were conducted in accordance with 

guidelines for animal use and care established by the University of Calgary Animal 

Resource Program. 

2.3.4. Replication of reovirus in an intracranial model in irnmunocompetent rats 

To determine if reovirus produces viral encephalitis/cerebraI edema, live and actively 

replicating virus (lo9 PFUs) was injected stereotactically into the right cerebral hemisphere. 

Fischer rats were sacrificed at different time points (0 hr, 1 hr, 12 hrs, 24 hrs, 48 hrs, and 72 

hrs, 1 month and 3 months) following initial infection, and brain tissues were harvested, 

homogenized, and the lytic capacity of the supernatant was then assayed on L929 cells. 

Brains £?om mice receiving live reovirus were fixed and stained (H&E) to determine the 



presence of idamination, edema and brain infection adjacent to and remote from the site of 

virus administration. 

2.3.5. Intracranial cannulation 

Female Fischer 344 rats were anaesthetited and placed in a stereotactic unit. A 2 cm 

midline scalp incision was made, and 4 n.5-mm  IF holes were made; nEe ! -5 -2  rr.5 !c 

the right of the midline and 0.5-1 mrn posterior to the coronal suture for cannula and three 

holes around this sight for the placement of screws. The cannula was then lowered into 

the skull to a depth of 3.5 mm, screws screwed in and dental cement was used to keep the 

cannula in place. Using wound staples, the incision was sutured. At experiment 

termination. rats were euthanized by cardiac administration of 1 C.C. of euthanyl [MTC 

Pharmaceuticals; Cambridge, Ontario]. 

2.3.6. Treatment of a syngeneic glioma model using a cannula delivery system 

The ability of reovirus to cause regression of rodent 9L glioma cells xenotransplanted 

into the right cerebral hemisphere was tested in female Fischer 341 rats. Actively 

growing 9L ceils were harvested, washed, and resuspended in sterile PBS. 5.0 x 10" cells 

in 2 p1 of PBS were injected intracerebrally through a cannula that was previously 

implanted. The tumor cells were allowed to grow for 2-4 days at which time injections of 

either live or dead virus in PBS were administered (every 48 hn until animals became 

moribund). 

2.3.7. Blood collection and quantitation of virus 

Blood was collected by cardiac puncture at the time of animal sacrifice and viral plaque 

assays were performed to determine the amount of circulating virus. 



2.4. Immunofluorescent analysis of reovirus infection 

For the immunofluorescent studies, cells were grown on coverslips, and infected with 

reovirus at a MOI of  -10 PFU/cell, or mock-infected. At 48 hrs post-infection, cells were 

fixed in an ethanol/acetic acid (2011) mixture for 5 mins and then sequentially rehydrated 

by sequential washes in 75, 50 and 25% ethanol, followed by four washes with 

phosphate-buffered saline (PBS). For paraffin-embedded tumor sections, slides were 

treated with xylene and again subsequently rehydrated by sequential washes in 7j06, 50°/; 

and 25% ethanol followed by 4 washes with PBS. The fixed and rehydrated 

sections/cells were then exposed to the primary antibody (rabbit polyclonal anti-reovirus 

type 3 serum diluted 1/100 in PBS) for 2 hrs at room temperature. Following three 

washes with PBS, the cells were exposed to the secondary antibody (goat anti-rabbit IgG 

[whole molecule] fluorescein isothiocyanate (FITC) conjugate diluted 111 00 in PBS 

containing 10% goat serum and 0.005% Evan's Blue counterstain) for 1 hr at room 

temperature. Finally, the fixed and treated cells were washed 3 more times with PBS. 

followed by 1 wash with double-distilled water, dried and mounted on slides in 90?4 

glycerol containing 0.1 % phenylenediamine, and viewed with a Zeiss Axiophot 

microscope mounted with a Carl Zeiss camera. 

2.5. Detection of mitogen activated protein (MAP) kinase (ERK) assay 

The 'PhosphoPlus' p44/42 MAP kinase (Thr202iTyr204) Antibody kit (New England 

Biolabs) was used for the detection of MAP kinase in cell lysates according to the 

manufacturer's instructions. Briefly, subconfluent monolayer cultures were lysed with 

the recommended SDS-containing sample buffer, and subjected to SDS-PAGE, followed 

by electroblotting onto nitrocellulose paper. The membrane was then probed with the 

primary antibody (anti-total MAPK or anti-phospho-MAPK), followed by the horseradish 

peroxidase (HRP)-conjugated secondary antibody as described in the manufacturer's 

instruction manual. 



2.6. Radiolabelling of reovirus-infected cells and preparation of lysates 

Confluent monolayers of malignant glioma cell lines were infected with reovirus (MOI 

-10 PFU/cell). At 46-48 hrs post-infection, the medium was replaced with methionine- 

Free DMEM containing 10% dialyzed FBS and 0.1 mCi/ml of [35~]-methionine. After 

further incubation for 2-4 hrs at 37OC, the cells were washed in PBS and lysed in the 

same buffer containing 1% Triton X-100, 0.5% sodium deoxycholate and 1 m M  EDT.4. 

The nuclei were then removed by low-speed centrifugation and the supernatants were 

stored at -80°C until use. 

2.6.1. Immunoprecipitation and SDS-PAGE analysis 

Immunoprecipitation of "s-labelled reovirus-infected cell lysates with anti-reovirus 

serotype 3 serum was carried out as previously described (Lee et al.. 198 I ). 

Immunoprecipitatcs were analyzed by discontinuous SDS-PAGE according to the 

protocol of Laemmli (1970). 



CHAPTER 3: RESULTS 

3.1. Reovirus is effective in vitro at killing glioma cell lines. 

We analyzed the susceptibility of 23 established glioma cell lines to reovirus. Following 

challenge with reovirus, the morphology of uninfected and infected cell lines was 

compared by indirect microscopy. Dramatic and widespread cell killing was seen in 19 

(-80%) of 23 cell lines. A representation of the cytopathic effects of the virus on three 

glioma cell lines can be seen in Figure 3.1. After 48 hours of infection widespread cell 

death can be seen in U87, U25 1N and A172 cells treated with live reovirus (dead cells 

are rounded and non-adherent). Almost complete cell death is seen 72 hours following 

infection. In contrast, cells receiving either dead or no virus all remained healthy. U11S 

was the most pooriy infectible cell line. as it was not killed with reovirus even at 72 hours 

post-infection. To ensure that the lysis of these cells was in fact due to viral replication, 

cells were fixed, processed and reacted with rabbit anti-reovirus antibody, followed by 

FITC-conjugated goat anti-rabbit IgG. Results (Figure 3.2) demonstrate that US7, 

U25 IN and A1 72 cells were very susceptible to infection 48 hours following reovirus 

exposure whereas U118 was poorly infectible. Replication of reovirus was confirmed 

further by the metabolic labeling of cells with [35~]-methionine followed by SDS-PAGE 

analysis of virus specific proteins (Figure 3.3A le/I panel). Results clearly showed that 

83% of the tested glioma cell lines (e.g. U87, U25 1N and A1 72, etc.) synthesized 

reovirus viral proteins (Table 3). The identities of viral bands were confirmed by 

immunoprecipitation of labeled proteins with polyclonal anti-reovirus antibodies (Figure 

3.3A right panel). Reovirus replication however was restricted in U178, U118, U373, 

and SF188 (data not shown). MAPK was activated in 90% of the cell lines found to be 

susceptible to reovirus protein synthesis (Figure 3.3B and C). As expected no MAPK 

phosphorylation was found in the resistant lines U118 and U373. In contrast, SF126 and 

U343 cell liner were susceptible but showed no MAPK activation. These results suggest 

that a high percentage of brain cancers could potentially be treatable by viral therapy. 



Figure 3.1. Effects of reovirus 01 vitro on established glioblastoma cells. Cytopathic 

effect. U87, U25 IN. A172 and U1 IS cells grown to 80% confluency were exposed to 

reovirus (MOI = 10 PFUs per cell). Following 45 hours of' viral challenge. dramatic and 

wide spread cell killing is evident in the U87, U25 IN and A172 cell lines. Cells were 

photographed 45 and 72 hours following infection. 
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Figure 3.1. Immunofluorescent assay of viral proteins expressed in reovirus-infected 

U87, U25 IN. A1 72 and U1 IS  cells. Cells were infected with reovirus at an estimated 

MOI of 10 PFUs per cell. At 48 post infection, cells were fixed. processed and reacted 

with rabbit anti-reovirus type 3 antibody and then with FITC-conjugated goat anti-rabbit 

immunoglobulin G (cells were counterstained with Evan's blue). Results demonstrate 

that Ul1 S was poorly infectible whereas U87 and 9L cells were much more susceptible to 

infection. Magnification 200X for all pictures. 
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Figure 3.3. (A) Reovirus protein synthesis in mock-infected and reo\-irus-infected US7. 

UZ5 IN. A 172 and U118 cell lines. Monolayers were infected with reovin~s at a 

multiplicity of infection (MOI) of 40 PFUs/cell. Cells were labeled with ["s] - 
methionine From 41-48 hours afier infection. Lysates were prepared and subsequently 

analyzed by SDS-PAGE (right panel; imwunoprecipitated with a pol yclonal anti-reovirus 

type 3 serum lefrpanel). Reovirus proteins (3 size groups: A, p, and 0) are indicated on 

the right. Reovirus infection (as indicated by the presence of reovirus proteins i., p, and 

G) is clearly evident in 3 of these 4 cell lines. A total of 23 glioma cell lines were tested 

for reovirus infection, 19 (83%) of which proved to be susceptible. = infected; - = 

mock-infected] (B) Reovirus infectivity correlates with constitutive iLl.lPK 

phosphorylation. The gliorna cell lines US7, U25 1 N. A 172 and U 1 1 S were plated in a six 

well plate. Cells were either _erotvn in the presence of 10% FBS or were serum starved 

(0.5% FBS) for a 48 hours. Monolayers were washed in PBS and cell lysates were 

prepared and subjected to SDS-PAGE. Following blotting onto nitrocellulose paper. 

samples were probed samples were probed with antibodies directed against phospho- 

MAPK. Phospho-MAPK levels were all standardized by total MAPK levels. MAPK 

assay shows phosphorylation in most cell lines that were found susceptible to infection 

(SF126 and U343 cell lines were found susceptible but showed no MAPK activation); no 

phosphorylation was seen in U118 or U373 (data not shown). Other cell lines found non- 

susceptible to infection as well as being negative for MAPK activation were U178 and 

SF188 (data not shown). (C) Total MAPK levels in glioma cell lines. 
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TABLE 3: EFFECTS OF REOVIRUS in vitro ON ESTABLISHED GLIObIA CELL 
LINES. 

MAPK Phosphorylation 

1. 

1 

1 

MAPK Phosphorylation/ Susceptible = 20127 = 74% 
No MAPK Phosphorylatiod Non-susceptible = 2!27 = 7% 
No MAPK Phosphorylation/ Susceptible = 5/27 = 19% 

No MAPK Phosphorylation 

= 5 
Total Susceptible = 82% 
Total Non-susceptible = 18% 

Susceptible I Non-susceptible ! 1 

SF126 
u343 

* note; The ATCC believes that SNB 19 and U343 are the same cell line. We have had 

US7 
U871acZ 
U251N 
Lr2 5 ! !acZ 
9L 
9LlacZ 
RG2 
A172 
TE67 1 
HTB 185 
HTB 187 
US63 
C6 
C6lacZ 
SNB19 
UC 10 
UC 12 
UC 13 
UC17 
UC29 

t 

these cell lines in the laboratory for over two years as they have been passaged a number 
of times but we have not actually ascertained whether or not they are the same. Given the 

I I 
I 
1 
1 
I 

I 
I 

I 
1 
1 I 

I 
i 
I 
I 
1 

I 
I 

discrepancy in MAPK phcsphorylation status between these cell lines our results would 
suggest that the lines in our possession are in fact different. 



3.2. Reovirus can replicate in primary er vivo malignant glioma surgical specimens 

To determine if reovirus oncolysis occurred in brain tumor specimens taken from patients 

and was not confined to established cell lines, we tested 9 vivo brain tumor surgical 

specimens (Figure 3.4). The 9 glioma cell lines were derived from 4 GBMs, 3 anaplastic 

astrocytomas, 1 non-anaplastic astrocytoma and 1 oligodendrog lioma. A spectrum of 

tumors was tested ranging from aggressive glioblastomas to benign rneningiomas. 

Reovirus was able to infect and kill all 9 (100%) primary glioma cultures (top panel). No 

cell killing or morphological effects were observed in live and dead virus-infected 

cultured meningiomas. Furthermore, viral proteins were detected in live virus treated 

glioma cells using indirect immunofluorescent microscopy. GFAP staining of cultured 

cell lines confirmed their glial lineage. It is worth mentioning that although it has been 

assumed that the cells cultured are in fact gliomas, it remains possible that the cells may 

in fact be normal astrocytes as they too would be stained by GFAP. 

To demonstrate further that viral protein synthesis was occurring in primary specimens 

-methionhe labeling was performed. Reovirus proteins were expressed in live 

virus-treated primary samples but not in the dead virus-infected controls (Figure 3.5). 

When compared to the levels of reovirus expressed in established cell cultures the levels 

of viral proteins present in primary cultures were comparable. These results show that 

reovirus is able to replicate in, and kill gliomas in primary cultures and 

oncolysis/replication is not unique to established cell glioma lines. 



Figure 3.4. Effects of reovirus on brain tumor samples grown ex vivo. 

Irnmunofluorescence assay of viral proteins (top panel) expressed in reovirus-infected 

human primary glioma cell lines. Cells were infected with an estimated bIOI of 10 

PFUlcell. At 4Sh post-infection, cells were fixed, processed and reacted with rabbit anti- 

reovirus type 3 antibody and then with FITC-conjugated goat anti-rabbit immunoglobulin 

G. Results show viral proteins within primary glioma cell cultures. The magnification 

for all panels is 200X. GFAP staining (bottom panel) of primary glioma samples 

confirmed their glial lineage [GBM = glioblastoma]. 





Figure 3.5. Reovirus protein synthesis in mock-infected and reovirus-infected primary 

brain cancer cell lines. Cells were labeled with ["s] methionine From 12 to 45 hrs post- 

infection (MOI = 10 PFU/cell). Lysates were then prepared and analyzed directly by 

SDS-PAGE. The positions of reovirus proteins (3 size groups: i,. p. and o) are indicated 

on the right. These results show that reovirus infection is not unique ro established cell 

lines but also infects and kills glioma specimens removed from patients [GBIM = 

glioblastoma; + = infected; - = mock-infected]. 
C 
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3.3 Viral cytotoricity of normal human fetal astrocytes and neurons 

Reovirus was found capable of infecting cell cultures of normal fetal astrocytes and 

neurons provided by Dr. Voon Wee Yong. Specific antibodies to astrocytes (GFAP) and 

neurons (MAP-,) confirmed their lineage. Both astrocytes (Figure 3.6) and neurons (data 

not shown) were susceptible to reovirus infection. Following 48, 72 and 120 hrs post- 

infection with either live or dead virus, the morphology of the infected and mock-infected 

cell lines was compared by indirect microscopy. Both human fetal astrocytes and 

neurons were ~nfected and killed by reovirus, however at a much slower rate than the 

established cell lines tested. By 48 hrs post-infection the majority of glioma cell lines 

were killed by reovirus, whereas 120 hrs of exposure to reovirus was required for fetal 

astrocytes to exhibit as dramatic of a cytopathic effect. The detection of viral proteins 

was carried out by indirect immunofluorescent microscopy (data not shown). 

Pronounced immunofluorescence was seen in both the reovirus-treated fetal astrocytes 

and neurons by 72 hrs post-infection. 

To demonstrate further that these cell lines were capable of viral protein synthesis cells 

were labeled continuously for 12-48 hrs post-infection at which time they were analyzed 

by SDS-PAGE (Figure 3.7A). Again, results clearly show that these lines synthesized 

viral proteins and then were subsequently killed by reovirus. MAPK was also found 

activated in both fetal astrocyte and neuronal cell lines (Figure 3.7B and C). 



Figure 3.6. Cytopathic effect of reovirus on primary fetal astrocytes. Confluent 

monolayers of  cells were infected with reovirus at a MOI of approximately 50 PFUlcell. 

Pictures shown were taken at 48. 72, and 120 hrs post-infection for both reovirus-infected 

and mock-infected cells. 
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Figure 3.7. (A) Reovirus protein synthesis in mock-infected and reo\-irus-infected normal 

human fetal astrocytes. Cells were labeled with [ 3 5 ~ ]  -methionine from 12-48 hrs post- 

infection (MOI = 50 PFU/cell). Lysates were then prepared and analyzed direct iy by 

SDS-PAGE. The positions of reovirus proteins are indicated on the right. [+ = infected: 

- = mock-infected] (B) MAPK phosphorylation as an indicator of susceptibility to 

reovirus infection. Fetal astrocytes and fetal neurons were plated in a six well plate. 

Cells were either grown in the presence of 10% FBS or were serum starved (0.596 FBS) 

for a 45 hour. Monolayers were washed in PBS and cell lysates were prepared and 

subjected to SDS-PAGE. Following blotting onto nitrocellulose paper. samples were 

probed samples were probed with antibodies directed against phospho-iClAPK. Phospho- 

MAPK levels were all standardized by total MAPK levels. Both astrocq-tic and neuronal 

cell lines showed high levels of MAPK activation, as they were also found susceptible :o 

reovirus infection. [FA = fetal astrocytes; FN = fetal neurons] (C) Total MAPK levels in 

fetal astrocytic and neuronal cell lines. 
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3.4. Reovirus causes tumor regression of human malignant gliomas in a 

subcutaneous SCID NOD mouse model 

SCID NOD mice bearing subcutaneous human malignant gliomas mice were treated with 

a single injection o f'live or dead (UV-inactivated) reovirus and tumor area was measured 

nvice weekly beginning on "Day 0" ( Figures 3.8A and B). In Figure H A ,  the results of 

iic 6 d ~ d  dead ~.irus-irz;lied G25 1 ?< .wnografls cieuiy de~nonstratr a striking inhibition 

and regression of reovirus treated tumors. A significant difference in tumor size between 

the two groups was apparent by Day 7 (0.21 cm' r 0.099 1 versus 0.53 k 0.03 18 crn2; t- 

test. p=0.0013) and remained until Day 21 when both groups needed to be sacrificed. 

The control group was sacrificed because the mice became moribund from tumor growth. 

Impressive anti-tumor activity using reovirus against the human malignant glioma cell 

line U87 was also seen in the same model (Figure 3.8B). On Day 14. a difference in 

tumor size was seen behveen the live and dead virus groups (0.36 cm2 i 0.0085 versus 

0.55 cm2 = 0.0299; t-test. p=0.00 14). 

Histological examination of any remaining subcutaneous "mass" found no microscopic 

evidence of residual tumor (Figure 3.9). In contrast, all dead virus treated animals had 

large, actively proliferating tumors. No evidence of viable tumor cells or tumor 

infiltration into the underlying skeletal muscle was seen in the live virus-treated tumor 

group (as compared to the control). Immuno fluorescent analysis of paraffin sections of 

the live virus-treated tumor using anti-reovirus antibodies showed that reovirus 

replication was restricted to the tumor mass and myocardium without spreading to the 

underlying normal tissue and therefore cell killing occurred through reovirus infection 

(data not shown). Reovirus proteins were not detectable in the tumor treated with W- 

inactivated virus nor were they found in other tissues (brain, kidney, lung, liver, spleen; 

Figure 3.10). 

As expected, we encountered some significant toxicities in S C D  NOD mice. In the 80% 

of the live virus group (both cell lines) the hind limbs of the mice became black and 

necrotic bilaterally after approximately 21 Days (at which time the tumors had regressed 



and been "cured"; this was not seen in dead virus-treated mice). Initially, we wondered if  

this was specific for glioma lines in general however, this toxicity was also seen with the 

breast cancer cell line MDAMB46S. Preliminary histologic analysis of the affected limbs 

showed what could be a necrotizing vasculitis but to this date this toxicity has not been 

properly characterized nor its mechanism determined. It is important to note that these 

limb toxicities were not observed when experiments were repeated using nude mice. In 

dJJiiion, aiI livz virus-treated animals developed f k d i  nly ocardilis (figure 3. i O j. 

Inflammation was not however prominent, at least by the time the myocardium was 

examined. Reovirus-induced myocarditis consisted acutely of scattered 

polymorphonuclear cells and then subsequently of lymphocytes and macrophages in later 

stages of infection. 



Figure 3.8. Effect of reovirus on U25 1N or 'CIS7 human tumor xenogafis grown 

subcutaneously in SCID NOD mice. (A) The human glioblastoma cell line, U25 1N was 

introduced as a tumor xenograft subcutaneously into a site overlying the hind flank of 

SCID NOD mice. Following palpable tumor establishment (after approximately 2 

weeks) a single intratumoral injection of 1.0 x 10' PFUs of reovirus serotype 3 was 

administered. Control animals were given an intratumoral injection of dead (W- 

inactivated) reovirus. A striking inhibition. and regression of reovirus treated tumors was 

seen. A significant difference in tumor size between the two groups was apparent by 

Day 7 (0.21 1 0.014 cm2 versus 0.53 + 0.094 cm2 respectively; t-test. p = 0.001 3 (day 

21); n = 10) and persisted until sacrifice. (B) Similar results were obtained using the U87 

malignant glioma cell line. On Day 14, a difference in tumor size can be seen benveen 

the live and dead virus-treated groups (0.36 0.0235 cm2 versus 0.55 = 0.028 cm2 

respectively; t-test, p = 0.0014 (day 19); n = 10). In experiments A and B, 80% of the 

live virus animals developed black and necrotic hind limbs after 2 1 days at which time 

the tumors had regressed and possibly been "cured. This toxicity was not seen in any of 

the dead virus-treated animals. 
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Figure 3.9. H&E staining of the remaining subcutaneous tumor mass I weeks after 

treatment with live or dead (W-inactivated) virus (top panel). There was no evidence of 

viable rumor cells or tumor infiltration into underlying skeletal muscle in the reovirus- 

treated tumors. However significant toxicities were obsemed in animals that received 

reovirus treatment. At autopsy there was evidence of hind limb necrosis. possibly 

consistent with immune mediated vasculopathy. as well as myocarditis (bollom pa~ieZ). 





Figure 3.1 0. Immuno fluorescence analysis of paraffin sections against total reovirus 

proteins showed viral proteins to be present in the reovirus treated tumor and the 

myocardium but not in other tissues (spleen, lung, liver, and kidney). Tissues were fixed. 

processed and reacted with rabbit anti-reovirus type 3 antibody and then with FITC- 

conjugated goat anti-rabbit immunoglobulin G (sections were counterstained with Evan's 

blue). Virus replication was restricted primarily to the tumor mass and did not spread to 

the underlying normal tissue. Reovirus proteins were not detected in any organs of the 

dead virus-treated animals (data not shown). 





3.5. Effect of reovirus on an intracerebral model of human malignant gliornas in 

immunodeficient mice 

In human malignant glioma cells (U25 1N or U871acZ) implanted intracerebrally and 

treated with a single inha?umnral inncu!a!inn ~f r e o v i ~ s ,  2 c;m;f;c-nt - . a . 6 A * .  -A.h - A * A - * w * b b -  ; Ccov-en~e i m  A A A  t v v r n f i r  b u A b A u L  

size was evident between live and dead virus treated groups. Representative cross 

sections of both groups are shown in Figure 3.1 1A. The top panel sections are stained 

with H&E and the bottom is stained for P-gal in order to facilitate the identification of 

invasive or isolated tumor cells. The percentage of the brain hemisphere occupied by 

tumor was dramatically reduced in the live virus group compared to that of the dead virus 

controls (UZ5 1 N: 3.2% i 0.53 versus 38.3% * 6.21; t-test, p = 0.0026. US71acZ: 2.496 = 

0.63 versus 40.5% 6 7.97; t-test, p = 0.0045) (U871acZ: Figure 3.1 1 B). This experiment 

was done to show reovirus was effective intracerebrally as a "proof of concept". As 

expected, all live-virus treated animals became sick (subjectively and from body weight) 

and needed to be sacrificed whereas all dead virus-treated animals remained well. The 

animals were sacrificed in pairs (i.e. a dead virus animal was sacrificed at the same time 

as a live virus animal) so that differences in tumor size between animal "pairs" would not 

be confounded by differences in survival time. H&E staining of the remaining tumor 

"mass" four weeks following live reovirus treatment delivered intraturnorally into either 

U25 I N  or US7IacZ intracranial tumors showed few viable tumor cells still to be present 

in the brain (U871acZ: Figure 3.12). If animals had survived a greater length of time then 

tumors may have had time to completely regress as a result of live virus treatment. 



Figure 3.1 1 .  Effects of intraturnoral reovirus treatment administered 

intracerebrally to the human malignant glioma cell lines U251N or U871acZ. 5 x 10'' 

U871acZ cells were implanted stereotactically in the right putamen of SCID NOD mice. 

Two weeks later a single injection of 10' PFUs of live or dead (W-inactivated) reovirus 

was delivered stereotactically i.t. (A) Representative coronal H&E sections of SCID 

NOD mouse brains with U871acZ tumors (top) and X-gal stained (bortont) show a marked 

reduction in tumor size in the live virus-treated group. (B) The size of the intracerebral 

tumors was dramatically reduced in the live virus-treated group as compared to the 

control group (U25 1 N: 3.2% = 0.53 versus 3 8.3% = 6.22 of the brain hemisphere; t-test. 

p = 0.0026. U871acZ: 2.4% = 0.63 versus 40.5% 5 7.97 of the brain hemisphere; t-tcsr. 

p = 0.0048; n = 10 for each group). 
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Figure 3.12. Effects of reovirus treatment delivered intratumorally to U87 human 

malignant glioma implanted intracerebrally in SCID NOD mice. H&E staining of the 

remaining US7 i.c. tumor mass 4 weeks after treatment of live (d.e,f) and dead (a.b.c) 

virus [a,d:25X; b,e:40X; c,E IOOX]. Few viable tumor cells remained foollowin$ 

histological examination of the brains of the reovirus treated animals. 
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3.6. Reovirus causes tumor regression in a subcutaneous immunocompetent animal 

glioma model 

A potential challenge to virai therapeutics is the host immune system, which could 

inactivate viruses with host antibodies. We examined the effects of reovirus on the 

growth of 9L allografts in Fischer 344 rats (Figure 3.13A). In rats treated with live or 

dead virus, tumor area was measured thrice weekly beginning on "Day 0" (Figure 3.13B). 

Due to the presence of a competent immune system, the rats were given a series of 

intraturnoral injections of reovirus over 2 1 days (6 injections of 1 o8 PFUS each for the 

first 7 days, followed by injections of 10' PFUS every 2 days for the next 14 days). The 

control group was injected with equivalent amounts of dead virus. After 14 Days of 

treatment there was a significant difference in tumor size (3.7 + 0.235 cm2 versus S i 

0.933 cm'; t-test, p = 0.000 1 (day 2 1)). Repeated administration of virus caused the 

subcutaneous tumors to become quite soft and spongy. Dissection on the day of sacrifice 

showed most "tumors" to be fluid filled sacs without any underlying solid tumors. The 

cutaneously measured "tumor" areas therefore grossly overestimated the true tumor size. 

On Day 2 1, complete regression of palpable tumors was seen in 7 of 16 (430/b) reovirus 

treated rats and no residual tumor was found histologically. In the other 9 of 16 (56%) 

animals that had palpable "tumors" of various sizes no histological evidence of tumor 

was found in 4 (25 %). The other 5 tumors (3 1 %) had varying sizes of tumor nodules, all 

of which were smaller than the tumors from the dead virus group. Therefore, 1 1/16 (69 

%) animals had complete tumor regression clinically and on histologic examination. This 

experiment was repeated once and similar results were obtained. 



Figure 3.13. Effect of reovirus on rodent 9L cells grown subcutaneously in Fischer 341 

immune-competent rats. (A) Photographs of live and dead virus-treated animals, at the 

time of sacrifice. (B) Immunocornpetenr Fischer 344 rats were implanted with a single 

syngeneic 9L gratt. Following tumor establishment, animals were given a series of 

intraturnoral injections of reovirus (open circles: n = 16 tumors) or dead reovirus (closed 

circles: n = 12 tumors). After 14 days of treatment, a significant difference in tumor size 

between the nvo groups can be seen. By Day 21, complete tumor regression was seen in 

7 of 16 (43%) of reovirus treated rats. Histologic examination of tumor-host architecture 

of the remaining tumor foci showed 11/16 (69%) to have been cured. 
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3.7. In the presence of pre-existing, circulating antibodies reovirus causes tumor 

regression in an immunocompetent animal gliorna model 

We nest determined if pre-existing antibodies to reovirus would abrogate the oncolytic 

effects of the virus. Anti-reovirus antibodies were raised in Fisc her rats following 

challenge with an intramuscular injection of reovirus (10' PFUs). These animals were 

then implanted with 9L allografts subcutaneously and treated with reovirus for 27 days. 

Reovirus treatment consisted of 6 injections of lo8 PFUs each for 7 days, followed by 

injsctions of lo7 PFUs every 48 hours for the next 7 days; this 2-week treatment regimen 

was then repeated for the remaining 13 days. Previous exposure to reovirus did not affect 

the ability of the virus to destroy glioma tumor cells (Figure 3.14A). For example, on 

Day 27 the tumor sizes were dramatically different between the hvo groups (3.7 2.5 

cm' versus 19 k 2.75 cm2; t-test, p = 0.001). These results are similar to rats without anti- 

rsovirus antibodies (i.e. Figure 3.13B) as 6 of 14 (43%) of the live virus treated animals 

were completely "cured" as no residual tumor was found histologically. The live-virus 

treated group remained healthy at the time of sacrifice as determined by consistent weight 

gain and normal physical appearance. 

3.8. Reovirus causes glioma regression at sites distant from the site of virus 

administration in immunocompetent animals 

A major barrier to effective glioma treatment is their highly invasive nature where 

invasive glioma cells are found several centimeters away from the main tumor mass. We 

determined if reovirus would kill gliorna cells remote fiom the site of viral administration 

(Figure 3.14B) in immunocompetent animals. Immunocornpetent Fischer 341 rats were 

implanted subcutaneously with bilateral 9L tumors. Following the establishment of both 

tumors, reovirus was administered i.t. to the ipsilateral tumor only (live virus ipsilateral) 

but not to the contralateral tumor (live virus contralateral) [injections of 10' PFUs of 

virus was given everyday for 29 days]. Dead virus was administered to the control group 



and again only the ipsilateral (dead virus ipsilateral) tumor was injected. Tumor growth 

inhibition and regression were seen in live virus ipsilateral tumors. No contralateral 

tumors regressed completely but the difference in live and dead virus groups was 

significant (12 k 4.42 cm2 versus 21 k 3.22 and 23 * 2.31 cm2; t-test, p = 0.0087 (day 

29)). Immunohistochemical analysis confirmed that viral proteins were present in both 

ipsilateral and contralateral tumors confirming that cell killing occurred directly by 

reovirus infection. Reovirus was not detected in other tissues (brain, heart. liver. lung. 

kidney, or spleen). 



Figure 3.14. In vivo effect of reovirus on local and remote glioma allografts. (A) 

Oncolytic effect of reovirus in rats with previous circulating reovirus antibodies. Fischer 

344 rats were given a single intramuscular injection of reovirus and antibodies to reovirus 

were detected 2 weeks following. Rats were then implanted with 9L subcutaneously and 

tumon allowed to grow. Tumors in rats with previous exposure to reovirus injected were 

injected either with live (open circles: n = 15 tumors) or dead virus (closed circles: n = 15 

tumon). Reovirus antibodies or previous viral exposure to reovirus did not affect glioma 

cell killing as 411 4 (35%) test animals were cured of their tumor. (B) 111 viva effect of 

reovirus on remote glioma allografts. Immune-competent 341 rats were implanted with 

nvo 9L allograRs overlying each of their hind flanks. Following the establishment of 

both tumon, reovirus treatment was administered intratumorally to the ipsilateral tumor 

Q& (open circles and triangles: n = 9). W-inactivated virus was administered to the 

control group, again to the ipsilateral tumor only (closed circles and triangles: n = 8). 

Tumor regression, while not identical, was seen in the ipsilateral, injected tumor (live 

virus ipsilateral) and contralateral, uninjected tumor (live virus contralateral) Gllowing 

reovirus administration. This experiment was repeated once with similar results. 
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3.9. I n  vivo effects of reovirus injected intracranially in immunocornpetent rats 

without tumors. 

Virus (lo9 PFUs) was injected into the right putamen of Fischer 344 rats at time "0". At 

subsequent time points, beginning at 1 hr aRer infection, brains were harvested and the 

amount of reovirus as well as its location (local versus remote) in the both brain 

hemispheres was determined (Figure 3.15A). At 12 hrs post-infection, virus was found to 

be present by plaque titration in the ipsilateral (the hemisphere that received the injection) 

at 2.8 x lo8 PFUs. In the contralateral (uninjected) hemisphere, at 12 hrs post-infection. 

the l j ~ i c  capacity of recovered virus \\.as found to be 3 x 10' PFUs when assayed on L929 

cells. By 72 hrs post-infection. virus was found distributed at almost equivalent levels 

throughout the brain (7.8 x 10' PFUs in left versus 6.5 x 10' PFUs in right: 1 a 1 ob 
PFUs/mL of virus was found circulating in the blood stream on average). Histo- 

pathological examination of the live virus-treated brains showed mild inflammatory 

responses to viral infection in the brain. Further immunofluorescent analysis showed 

viral proteins present in activated microglia (confirmed by neuropathologist; NBR). A 

uniform pattern of virus distribution was evident by 72 hrs post-infection (Figure 3.158). 

These results show that a generalized reovirus infection occurs in the brain fairly rapidly 

following intracranial inoculation. 

Given that repeated injections of virus were required to reduce tumor burden in a 

subcutaneous location in immunocompetent Fischer 344 rats, we nest needed to 

determine the 50% lethal dose (50% animals surviving; LD of a lo9 PFU dose 

inoculated into the brains of these animals. Animals (n = 5) receiving a single dose were 

entirely well (displayed normal behaviors and consistent weight gain) and were electively 

sacrificed at 3 months following infection. Subsequent histological examination of the 

live virus-treated brains showed no evidence of abnormal histology when compared with 

that of the control group (injected with PBS; Figure 3.15C). lmmunofluorescence 

analysis showed no evidence of persistent viral replication. In a second experiment (n = 



lo), animals were repeatedly administrated 109PFUs of reovirus every 48 hrs until it was 

determined that animals had to be sacrificed (i.e. they were unresponsive to touch or 

exhibited consistent weight loss; Figure 3.16A). Following the 3 dose administrations 

5/10 (50%) of the live virus-treated animals had to be sacrificed. Given the difficulty of 

administering virus through a small cannula, animals were anaesthetized for each 

injection with halothane. One dead virus- and one live virus-treated animal did not 

survive the stress of the anaesthetic following a fifih dose. Gram staining showed co- 

existent bacteria-induced encephalitis to be present in the brains of these animals. 

Whether this infection was in fact caused the death of the live virus-treated animals in 

currently under investigation. Bacterial infection could possibly have been the result of 

the cannula system where repeated wound opening was required to administer virus 

through the cannula. The observation that bacteria were more commonly present in the 

live virus-treated animals (9/10) had a positive gram stain versus the dead virus-treated 

animals (4I10) suggests the possibility that reovirus administered intracerebrally could 

predispose the animals to a bacterial rneningo-encephalitis. 



Figure 3.15. (A) Titers of reovirus produced in Fischer rats inoculated with a single 

injection of reovirus intracerebrally at various times post-infection. 1 x 10' PFUs of 

reovirus was stereotactically injected into to right putarnen of Fischer rat brains. The 

brains were then harvested at various indicated times, split in half and virus yields were 

determined by plaque titration on L929 cells. (Virus titer at time 0 was 1 x lo6 PFU/mL) 

(B) Imrnunofluorescence of representative sections of virally infected brains at 72 hrs 

post-infection shows viral protein along the needle tract as expected (left). Stimulated 

microglial ceils, activated in response to a presumed virally (or bacterially)-induced 

immune response, show viral proteins to be present (right). Magnification for pictures 

was 1 0 X  (lefr) and 100X (right). (C) Representative sections of both dead ((e/r) and live 

(right) virus-treated brains following a single injection of 1 0 " ~ ~ s  olreovirus 

administered intracerebrally. Animals (n = 5) were electively sacrificed 3 months after 

virus injection. Histologic examination of the brains of both live and dead virus-treated 

animals were normal and showed no evidence of chronic active inflammation or other 

pathology. Chronic inflammation would have been demonstrated by the presence of 

macrophages and CD8+ T cells at the original tumor site, in addition to microglia and 

astrocyte activation in the brain following reovirus therapy but was not seen using this 

route and schedule of administration. Magnification 100X. 
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Figure 3.16. (A) Survival plot for the percentage of Fischer rats with 9L intracranial 

tumors sunriving repeated intracranial reovirus administration through an intracranial 

cannula. Animals were injected every 48 hours with 1 o9 PFUs of reovirus until they died 

or had to be sacrificed because of behavior changes or consistent weight loss. Animals 

were given 3 doses of lo9 PFUs of reovirus at which time 5/10 animals (50%). Therefore, 

LDso of 1 o9 PFUs given i.c. through a chronic indwelling cannula was 3 doses. (B) H&E 

sections (a,b) of live virus-treated brains Following repeated intracerebral reovirus 

administration. Histologic examination showed a possible virally-induced encephalitis 

evident by focal neuronal loss and phagocytosis, lymphocytic "cuffing" of vessels with 

an increase in microglial cells in response to the local inflammatory response as well as 

an astrocytic reaction (increase in number and size ofastrocytes in response to the loss of 

neurons). Gram staining of these brains (c,d) showed bacteria to be present throughout 

the subarachnoid space. Bacterial colonies (shown by blue staining) were not limited to 

the live virus-treated animals however their population was much more dense then that 

seen in the brains of' dead virus-treated controls. Magnification 40X (0.c) and 1OOX ( b . 4 .  
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3.10. Effects of reovirus infection in intracranial 9L gliomas 

To determine the effect of reovirus on 9L gliomas implanted intracranially, 5 x 10'' cells 

were implanted stereotactically into Fischer 344 rats. Animals receiving a single 

injection of 5 x 10' tumor cells alone, with no subsequent surgery o r  virus, were 

moribund in a predictable and uniform fashion with survival ranging from 2 1 -25 days 

(Figure 3.17.A). The survival results of animals repeatedly administered reovirus (live or 

dead) are shown in Figure 3.17B. Rats receiving repeated injections of reovirus at 1 o9 
PFUsidose died faster than their dead virus-treated counterparts. Seven days after the 

first injection of reovirus (animals received a dose every 48 hours), 7 of the 14 virus- 

treated group had died (50%). On day 14 however, hvo dead virus-treated animals were 

too weak to survive the repeated administration of anaesthetic and did not wake up after 

receiving treatment. By day 14, only 1/14 animals (7 %) in the live virus group was still 

alive (This animal received a total of 6 doses of 10' PFUs of reovirus) and on day 17 this 

animal had to be sacrificed due to consistent weight loss and abnormal unresponsiveness 

to touch. 

Although reovirus treatment decreased animal survival, a dramatic difference in tumor 

size was evident behveen the live and dead virus-treated groups (Representative sections 

of animals sacrificed in pairs on day 10). In the live virus-treated animals, tumor 

occupied 8 = 1.7 % of the right brain hemisphere, whereas 52 * 5.2 % was occupied by 

tumor in the dead virus-treated group (Figure 3.16C). Histopathological examination of 

seriaI sections of the brain from reovirus-treated animals showed a dramatic decrease in 

tumor cells at the site of tumor implantation. This experiment was done as a "proof of 

concept". From these experiments we learned that repeated administration of reovirus 

elicits an oncolytic effect. The optimum dose of virus/schedule and route of its 

administration (taking into account the effect of repeated anesthesia) however has yet to 

be determined (LDso = 3 doses/ 1 dose every 48 hours/ 10' PFUs of reovirus). Gram 

staining showed a co-existent bacteria-induced encephalitis to be present in the brains of 

these animals. Furthermore, meningitis resulting from great numbers of bacteria 



populating the subarachnoid space of these animals may have had a dramatic effect on 

their survival. Whether this bacterial infection was in fact the cause of death of the live 

virus-treated animals in currently under investigation. Bacterial infection could possibly 

have been the result of the cannula system where repeated wound opening was required 

to administer virus through the cannula. 



Figure 3.1 7. Effects of reovirus treatment delivered through a chronic indwelling 

cannula to 9L cells implanted intracerebrally in Fischer 344 immune-competent rats. (A)  

Growth curve of 5 x 10' 9L cells implanted intracerebrally into Fischer 344 rats (n = 3 for 

each time point). (B) Survival plot for the antitumor capacity of reovirus lor 9L gliomas. 

Animals were injected intracerebrally with 5 x 10'' 9L glioma cells and 3 days later 

received 5 pl intratumoral injection of reovirus (1 o9 PFUs). Live or dead virus was 

subsequently administered every 48 hours through an implanted cannula until animals 

became moribund. The rats were killed when uncharacteristically unresponsive to touch 

(live virus group, n = 14; dead virus group, n = 1 I ) .  (C) Representative coronal HSlE 

sections of rat brains with 9L tumors administered repeated doses of reovirus. A 

dramatic difference in tumor size can be seen between the two groups, as 8% = 1.7 (t-test. 

p = 0.0036) of the right brain hemisphere was occupied by tumor in the live virus-treated 

group in comparison to 5296 + 5.2 (t-test, p = 0.0071) in the dead virus-treated group. 

Histologic analysis of live virus-treated brains showed evidence of meningitis, vasculitis 

and diffuse encephalitis. Great populations of polymorphs were seen surrounding the 

injection site as well as in the ventricles (polymorphs present in the choroid plexus) (P).  

Encephalitis, characterized as such by the presence of perivascular cuffs and microglial 

nodules, was seen in areas throughout the brain (E). An induced bacterial meningitis was 

evident following gram staining of the same sections. Bacteria were found present 

throughout the subarachnoid space of the meninges. A co-existent bacteria-induced 

encephalitis might also be present in the brains of  these animals and whether this 

infection was in fact caused the death of the live virus-treated animals in currently under 

investigation. Bacterial infection could possibly have been the result of the cannula 

system where repeated wound opening was required to administer virus through the 

cannula. 
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CHAPTER 4: DISCUSSION 

This study illustrates the potential benefits and limitations of reovirus as a novel anti- 

cancer agent for malignant gliomas. Susceptibility of glioma cells to reovirus suggested 

that: (a) human glioma tumor cells were effectively killed within a 48 hour period by br 

vitro exposure to doses of 40 PFUs/cell in both established cell lines and ex r i ~ ~ o  glioma 

specimens; (b) reovirus effectively reduced tumor volume in vivo in both subcutaneous 

and intracerebral SCID NOD models, in most instances curing these mice of their tumors; 

(c) reovirus caused tumor regression in the presence of pre-existing anti-reovirus 

antibodies in immunocompetent Fischer rats; (d) reovirus killed tumors remote from the 

site of administration in immunocompetent hosts; and (e) considerable toxicity was found 

with this viral approach when repeatedly administered intracerebrall y. 

The proportion of gliomas potentially treatable by reovirus may be high, even though the 

number of glioma lines/specimens we tested was small. 80% of the lines tested were 

sl.sceptible to reovirus infection. A single injection of reovirus caused dramatic tumor 

regression of human U87 and U25 1N malignant glioma xenogratts in SCID 

immunodeficient mouse models. Reovirus also caused marked tumor regression in an 

intracerebral model of human malignant glioma. The percentage of total brain occupied 

by tumor size was dramatically different between the live and dead virus treated groups 

(U25 IN: 38.3% vs. 3.2%; t-test, p = 0.0026. U87: 2.4% vs. 40.5%; t-test. p = 0.0048) as 

the oncolytic effects of reovirus were comparable against both U87 and U25 1 N tumors. 

The ability of reovirus to infect 9L tumor cells allowed us to assess the efficacy of 

reovirus treatment in an immunocompetent host. This was important since the majority 

of human adults have neutralizing antibodies to the virus that could potentially interfere 

with oncolysis at both a systemic and local level. More frequent reovirus injections were 

required in an immunocompetent host to achieve similar regression to that in SCID NOD 

mice and no side effects were seen. In addition, previous exposure to reovirus and the 

presence of circulating anti-reovirus antibodies did not prevent regression of solid 

tumors. The presence of these antibodies therefore would not preclude the administration 



of virus through a systemic route, as tumor regression was seen even when virus was 

administered at distant sites. This would suggest that reovirus could attack and kill 

remotely invasive tumor cells in glioma patients or distant metastases in systemic cancer 

patients despite the presence of an intact immune system or circulating anti-reovirus 

antibodies. It is important to note that the level of antibody present in these animals was 

not titrated. It is therefore possible that differences could exist in the efficacy of reovirus 

treatment depending on the concentration of circulating antibodies. In these experiments 

only the presence of circulating antibodies was determined and as such the results 

obtained are limited in their interpretation as higher antibody titers may or may not 

abrogate the effects of the virus. 

As expected, we found considerable toxicities with reovirus in severely 

immunocompromised mice. It is pathogenic in neonatal (Tyler and Fields, 1996) and 

SCID NOD mice (Sherry et al., 1993) but is not known to cause disease in human adults. 

Various case reports have described associations between reovirus infection and a 

number of diseases (e.g. encephalomyelitis, meningoencephalitis, motor neuron disease. 

and pneumonitis) but its role in the pathogenesis of these diseases has not been 

established or generally accepted (Tyler and Fields, 1990). We knew that the SCID NOD 

mouse was not an ideal model because of toxicities caused by the virus in that host but it 

did allow us to study human gliomas. Two major toxicities occurred in SCID NOD mice: 

1) In SO% (16120) mice treated with live virus both hind limbs (i.e. ipsilateral and 

contralateral, non-tumor bearing limbs) became black and necrotic afler 21 days. At this 

time the tumors had regressed and possibly been "cured". We initially wondered if this 

toxicity was specific for the U87 cell line but it was also seen with the U251N cell line 

and the breast cancer cell line MDMBA468. Histological analysis of the affected limbs 

showed what could be a necrotizing vasculitis, but at present, this toxicity has not been 

properly characterized nor its mechanism determined. 2) All live virus-treated SCID 

NOD animals, both in the subcutaneous and intracerebral models of gliorna, developed 

focal myocarditis. Inflammation however was not prominent. Myocarditis induced by 

reovirus consisted acutely of scattered polymorphonuclear cells and then subsequently of 

lymphocytes and macrophages later in infection. We are encouraged that we do not 



however find these toxicities when we use the less immunocompromised nude mouse. 

No toxicities were encountered in immunocompetent mice or rats. Nevertheless we do 

not know however whether glioma patients, who are at least mildly immunocompromised 

(due to impaired cytotoxic responses and the common use of corticosteroids in these 

patients), will also experience these major toxicities. 

A major potential limitation of this approach for glioma patients is the fatal encephalitis 

seen in immunocompetent rats when it  was administered intracerebrally with repeated 

inoculations. Our preliminary data showed the anti-tumor activity of reovirus against 

gliomas in immunocompetent rats was impressive but the animals died from presumably 
L 

From a co-existent bacteria-induced encephalitis however this is a matter of on-going 

investigation. Therefore, the major question raised is whether these toxicities can be 

modified while preserving the potent oncolytic properties of reovirus. 

Future studies should examine: 1) the optimal dose/schedule of administration. For 

example, is there a "therapeutic window" between its oncolytic dose and that which 

would be fatal? 2) different modes of administration. The effects of intravenous (i.v.) 

and intranasal administration on i.c. gliornas is being studied. It will be determined if. for 

example, reovirus administered i.v. will be able to cross the blood brain banier and kill 

gliomas. The intact blood brain barrier in the normal brain may prevent the encephalitis 

from occurring. 3) The use of less neurovirulent type 3 variants. Such type 3 variants 

have been found to induce T cell responses characteristic of reovirus but were unable to 

invade the CNS of neonatal mice when inoculated into a peripheral site having altered 

capacity to injury selected parts of the brain (Spriggs et al., 1983). If these variants 

prove capable of glioma oncolysis and are less neurovirulent, then they might be better 

candidates for intracerebral inoculation than wild type. Whether these variants would 

prove effective at killing gliomas or reduce brain injury following repeated administration 

has yet to be determined. 4) The use of protective anti-reovirus monoclonal 

antibodies on the prevention of viral pathogenesis. The administration of specific anti- 

reovirus antibodies might also prevent or reduce the diffuse encephalitis seen with 

intracerebral inoculation. Monoclonal antibodies have been shown to inhibit different 



stages of reovirus type 3 pathogenesis in the CNS (Tyler et al., 1989). A monoclonal 

antibody to the type 3 a 1  protein administered by footpad inoculation 24 hrs following 

virus inoculation was found to "save" neonatal NIH Swiss mice previously killed by 

reovirus infection (Tyler et al., 1989). This antibody, called o 1 mAbG5 was found to 

eliminate neuronal necrosis as well as significantly attenuate the initial inflammatory 

response induced by reovirus type 3 in the brain (Tyler et al., 1989). 5) Different reovirus 

serotypes as anti-glioma agents have yet to be investigated. Reovirus type 1 Lang may 

also have innate oncolytic capabilities (preliminary observations) against gliomas but 

may not cause the same lethal, diffuse encephalitis. Reovirus types 1 and 3 have different 

CNS cell tropisms and therefore they have distinct patterns of virulence (Tyler et al., 

1956; Spriggs et al., 1983; Tyler and Fields. 1990). Reovirus type 3 when inoculated into 

newborn mice causes acute encephalitis that is uniformly fatal and causes the destruction 

of neuronal cells (Margolis et al., 197 1). In contrast, intracerebral inoculation of reovirus 

type 1 produces a non-fatal infection of ependymal cells that line the ventricular cavities 

of the brain, with little or no effect on neurons. Hydrocephaius o Ren develops however 

with reovirus type 1 inoculation, as a consequence of ependymal cell damage (Kilham 

and Margolis, 1969; Weiner et al., 1980). Whether repeated inoculation of reovirus type 

1 into the brain of immunocomperent animals \grill successfully kill gliomas and not cause 

any shon- or long-term toxicity has yet to be determined. 

A single injection (lo9 PFUs) of reovirus was found not to cause any short- or Ion,- = term 

effects on the integrity of brain tissues but repeated injections of reovirus at this dose 

were lethal (LDjo = 3 doses/ 1 dose every 48 hours/ lo9 PFUs of reovirus). Histological 

examination of repeatedly inoculated brains showed difhse encephalitis which we 

presumed was induced by reovirus infection. While small regions of periturnoral 

encephalitis would likely be tolerated, and possibly benefit the attack on invasive tumor 

cells, a diffuse encephalitis would likely be lethal. Obviously this is of great clinical 

importance. 

Ultimately, we expect reovirus to be effective in tumor-bearing immunocompetent rats 

inoculated inwcerebrally as long as toxicities can be minimized by different 



doses/schedules, less neurovirulent strains or protective anti-reovirus specific antibodies. 

The mode of administration is bothersome and may not be directly clinically applicable 

as virus could be administered through an Ommaya reservoir if appropriate. Ideally 

reovirus treatment needs to be modified to maximize its cytotoxic ability and then 

evaluated in appropriate gliorna animal models. 

There are several limitations to our model as it is not practical to frequently inject rats 

using the cannulation system. Operative mortality resulting From repeated anesthesia 

and/or difficulties in virus administration to the same intracerebral location are of 

concern. Furthermore, this model is not entirely representative of gliomas in patients. It 

is however commonly accepted and used. 

As previously described (Coffey et al., 1998) we found a strong, but not perfect 

correlation between host infectibility and a high basal level of MAPK activity. lMAPK 

activity was used an indicator of Ras pathway activation. 90% of the cell lines and all 

(1005C) of the glioma surgical specimens found to be susceptible to reovirus infection had 

high levels of MAPK activity. As expected, other brain tumors (U 1 18. U373, 7 

meningiornas and 1 metastatic lung carcinoma specimen) had low MAPK activity and 

were not susceptible to reovirus infection. Interestingly, hvo glioma cells (U343 and 

SF126) showed low MAPK activity and were clearly susceptible to reovirus oncolysis. 

We have been unsuccessful as yet in testing the hypothesis that MAPK activation is 

critical for bz vivo oncolysis since tumors with low MAPK activity will not form tumors 

in mice. The precise mechanism behind the selective replication of reovirus in low 

W K  cells has yet to be determined since it may involve the activation of parallel 

signaling pathways. There is some evidence to suggest that activation of the INK stress 

pathway may be required for infection in low MAPK cells. 

Other promising oncolytic viruses that have gained notoriety would include the EB 1 gene 

attenuated adenovirus ONYX-015 (Bischoff et al., 1996; Heise et al., 1997) and the 

genetically altered herpes simplex virus G207 (Toda et al., 1998; Toda et al., 1999; 

Hunter et al., 1999). Advantages as well as shortcomings exist for each of these viral 



therapies. Firstly, while each of these three viruses are relatively benign, both ONYX- 

0 15 and G207 are genetically engineered (Bischoff et al., 1996; Martuza et al., 199 1) 

whereas the reovirus used here is a laboratory strain (since 1959) whose genetic make-up 

has never been intentionally tampered with (Tyler and Fields, 1996). Whether recent 

field isolates of reovirus have similar oncolytic capability remains to be seen. Secondly. 

ONYX- 01 5 targets cancer cells lacking hnctional tumor suppressor protein p53 (mutant 

p53 is found in over half of all human cancers) (Leco, 1992; Bischoff et al., 1996), G207 

has been genetically altered to target cancer cells with a dysfunctional p l6lpRB tumor 

suppressor pathway (Chase et al., 1998) whereas reovirus targets tumors with an 

activated Ras signaling pathway (Strong et al., 1998). The importance of this 

mechanistic distinction is exemplified by the demonstration that the U87 glioblastorna 

cell lines, which contains functional p53 but over-expresses PDGF-R, is resistant to 

ONYX-015 (Bischoff et al., 1996) but is highly sensitive to reovirus treatment. Lastly, 

previous studies using animal models with either ONYX-0 15 and G207 in the brain has 

shown impressive anti-tumoral efficacy but the long-term inflammatory effects of such 

treatments have yet to be determined and therefore current clinical trials for human 

gliomas using these vectors are of concern. The long-term consequences of adenovirus- 

mediated conditional cytotoxic gene therapy for the treatment of malignant gliomas 

remains largely uncharacterized. The induction of chronic inflammation by this vector, 

consequent to tumor eradication in mice, has been found to influence the functional 

integrity of brain parenchyma (Kielian and Hickey, 1999). Further, this phenomenon has 

not been limited to adenovirus vectors. Strong and widespread immunoreacrivity has 

been seen in large areas of rodent brains following herpes-simplex virus-1 -thymidine 

kinase treatment (HSV-1-tk) (Dewey et al., 1999; Kielian and Hickey, 1999). Despite 

tumor eradication, chronic active inflammation has been demonstrated by the presence of 

macrophages and CD8+ T cells at the original tumor site, in addition to microglia and 

astrocyte activation in the brain following Adv/HSV- 1 -TK (gancyclovir) suicide therapy 

(Kielian and Hickey, 1999). Furthermore, this active inflammation was found to persist 

three months following the successful inhibition of glioma growth in a syngeneic rodent 

glioma model (Kielian and Hickey, 1999). These findings are of major concern, as it 

remains to be determined if reovirus inoculation in the brains of immunocornpetent 



animal models, or in patients, will have similar long-term toxicities. We are currently 

determining the efficacy and toxicity of reovirus in immunocompetent (i.e. intracerebral) 

brain tumor models. 

The potential short- and long-term effects of reovirus administration in the brain are 

currently under investigation. Whether chronic active inflammation, seen in both GZ07 

and ONYX-01 5 therapeutic models, will be a consequence of reovirus oncolysis of 

gliomas has yet to be determined. Our study does suggest however that reovirus with its 

relatively mild pathogenicity and potent oncolytic activity against glioma tumors 

warrants further investigations that could lead to future clinical trials for malignant 

gliomas. Following the assessment of its toxicity in the brain, reovirus would be a strong 

candidate to be used in combination with other conventional therapies as whether or not 

such treatments as chemotherapy for example will augment the anti-cancer effects of 

reovims has yet to be determined. 
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