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Characterizing the CN S Protection induced by systemic administration of the
oncolytic mmrtant virus AM51-VSV
By
Lukxmi Balathasan
Chairpersons of the Supervisory Committee: Dr Robert G Korneluk' and Dr. David F Stojdl®

'Professor, Department of Biochemistry, Microbiology and Immunology, University of Ottawa
’Adjunct Professor, Department of Paediatrics, University of Ottawa

ABSTRACT

Direct brain infection with VSV in mice, including the attenuated AM51 strain, results in
widespread viral replication, leading to irreversible and often fatal damage. When AM51-VSV is
administered i.v., a trace amount of the virus is found within the brain, but is eventually cleared
leaving the animal physically undamaged. In response to a peripheral infectiqn, it seems that the
host is able to mount an antiviral state in the CNS. Here, I show that by “priming” the host with
mutant VSV prior to direct injection of VSV into the CNS, the host is able to send “warnings” in
the form of cellular messengers and/or chemical signals preparing the brain to protect itself by
any means possible against VSV. I used # tizo imaging techniques coupled with direct labelling of
brain tissue sections to assess the effects of priming and CNS protection. My experiments indicate
that priming mice with the interferon inducing mutant VSV, AM51-VSV, is in fact CNS
protective. Priming limits VSV spread in the brain not by preventing infection of neurons, but by
rapid induction of apoptosis in either infected cells or cells neighbouring areas of active infection.
Further investigation into the factor(s) or mechanism(s) mediating viral clearance and CNS
protection indicates that the innate immune system is able to control and clear AM51-VSV from

the CN'S before an adaptive response is required.
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CHAPTER E INTRODUCTION

11 Vesicular Stomatitis Virus (VSV)

Vesicular stomatitis virus (VSV) is an arthropod borne insect virus belonging to the
Rhabdoviridae family of viruses under the genus, Vesiculovirus '. Thus far, 28 Vesiculoviruses
have been discovered that infect vertebrates and invertebrates, including two serotypes of VSV,
VSV Indiana and VSV New Jersey "2 In animals, especially livestock, VSV causes a self-limiting
disease characterized by ulceration of the tongue, oral tissues, feet, and teats °. VSV is highly
cytopathic and can illicit a strong humoral and cellular immune response. In most cases animals
recovered from infection * . In man, VSV infection causes a temporarily distressing disease
characterized by mild flu-like symptoms and only one case of viral induced encephalitis has been
reported in a young boy >. VSV infections have been endemic in southeastern United States and
northern South America in the agriculture population and still remain problematic °.

VSV carries an 11kb single-stranded negative sense RNA genome that encodes five viral
proteins: nucleocapsid (N), phosphoprotein (P), matrix (M), glycoprotein (G), and polymerase or
“large” protein (L) ° (Figee 1.1). VSV infects its host by using the G protein to bind
phosphatidylserine (PS) molecules found on the host cell’s outer membrane and makes its way
into the cell via endosome mediated entry ® & The low pH environment within the endosome
mediates viral release into the cytoplasm where viral transcription and replication occurs. The viral
polymerase, composed of the L and P proteins and host factors, produces a 47 nucleotide leader
RNA sequence along with five monocistronic mRNAs that correspond to the five viral proteins *

. The N protein is responsible for coating and protecting the viral genome, while the G protein

12



coats the outer membrane of the bullet-shaped capsule encasing the viral genome. The M protein
mediates interaction between the nucleocapsids and the cytoplasmic tails of the G protein
molecules. The M protein is also fundamental for cytopathology. It is involved in host gene-
expression shut-oft thereby allowing viral genes to be expressed and translated. Furthermore, this
prevents host action against VSV because the host can no longer express proteins that counteract
viral infection, the most important of which is the cytokine interferon IFN). IFN is the first line
of host defence against VSV. Therefore, virus mediated host shut down not only exclusively
allows for viral replication, it allows the virus to further spread and infect. The M protein prevents
host gene expression through several mechanisms including interfering with host polymerases ",
inhibiting nuclear export of host mRNAs ** and by inhibiting host translation ' . This quickly
leads to the induction of caspase-dependent cell death (apoptosis) . The M protein also assists in
the breakdown of the cytoskeleton as part of the apoptotic process '. These events lead to rapid

tissue destruction and allow viral progeny to be released into the extra-cellular environment.

13



Figure L1 Schematic representation of VSV particles and genomic organization

The bullet-shaped virion encompasses an 11 kb negative sense RNA genome which codes for
five viral products. The diagram of the VSV genome depicts the non-transcribed leader (D, and
five consecutively transcribed mRNAs blocks. Gene order dictates the quantity of each protein
produced with N being made most abundantly. Each letter refers to the proteins and numbers
below each block represents the lengths in nucleotides of the genes. Adapted from J. Patterson

14
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12 VSV and Neurotropism

Experimental VSV infections in murine models have been studied extensively in order to
understand host-virus relationships. Infections in neonatal mice are generally fatal. However, in
adult mice the disease depends not only on the type of Vesiculovirus, but also on dose and route
of infection "', Systemic low grade VSV infection is limited by the host immune system and the
virus is eventually cleared, leaving the host intact. However, VSV has been shown to be
neurotropic when the virus enters the central nervous system (CNS) and systemic delivery can
lead to infection of specific sites in the brain if the immune system fails to clear the virus * %
Sabirhad initially characterized VSV infection of the CNS and had reported that upon intra-nasal
(in.) instillation, this virus invades the CNS along the olfactory pathway. Initial infection of the
olfactory receptor neurons, if not cleared by host mechanisms, results in subsequent spread of
VSV into the olfactory bulb (OB) and caudally through periglomerular and granule cells to the
ventricluar zone %, VSV spreads deeply into the CNS via mature olfactory neurons but can also
infect basal cells and other non-neuronal cells. VSV is thus able to use trans-neuronal, non-
neuronal and cerebrospinal fluid (CSF) routes for entry and spread ** %, The i.n. infection results
in encephalitis, ventriculitis, and total overt necrosis of grey matter leading to hind limb paralysis

(HLP) between 6-8 days post-infection followed by death ™%,

15



13  VSV: A Naturally Occurring Oncolytic Virus

VSV is an important virus for science and many crucial observations made in immunology
and virology are credited to information obtained by studying this virus. It is in fact used as the
standard virus when titrating IFN levels due to its exquisite sensitivity to IFN *2. Much of the
research carried out by others has thus far focused on using VSV for vaccine development.
However, our group and others are interested in the potential use of VSV as a cancer therapeutic.

When viruses infect their host organism, the host responds by activating its defensive
mechanisms to protect itself from uncontrolled viral infection. Tumour cell types generally lack
the ability to produce or respond to such protective mechanisms since these anti-viral factors are
often accompanied by anti-proliferative properties. Oncolytic viruses are defined as those viruses
that infect and replicate preferentially in cancer cells specifically, leaving the normal cells
unaffected . These viruses take advantage of the defects in the antiviral responses of tumour cell
types thereby causing widespread destruction of the tumour. Defects in the ability to produce or
respond to IFN are a frequent finding in a vast array of transformed cell types **. IFN not only has
anti-viral properties, but it is also pro-apoptotic as well as anti-proliferative — two factors that are
not conducive to tumour formation and survival. Therefore, many tumour cell lines have evolved
defects in their IFN signalling pathway allowing them to grow and spread unchecked (7alle 1.2).
With a defective IFN system and thus lacking any anti-viral potential, these tumour types are a
perfect niche for viruses to replicate unabated.

Being extremely sensitive to the antiviral effects of IFN makes VSV a naturally occurring
oncolytic virus. Armed with this knowledge, preliminary studies have shown that VSV-Indiana,
while relatively non-infectious in normal cell types, replicates freely in tumour cell lines ** *. Any

replication taking place in normal cells can be prevented by pre-treatment with exogenous IFN. Iz
16



uizo testing with human xenograft tumour models in thymus deficient nude mice also shows VSV
to be a highly selective and effective killer of tumours. Although defects in nude mice are known
to make them more susceptible to VSV, pre-treatment of tumour bearing nude mice with IFN,
allowed for sclective killing of the cancerous mass while enabling the mice to survive *.

Taking the natural backbone of a virus with oncolytic potential and manipulating its
simple genome enables us to engineer superior viruses with a greater therapeutic window.
Improving the therapeutic window involves providing better tumour killing potential yet
maintaining the non-permissive character of normal cells. Naturally occurring mutants of VSV
exist and are not only effective oncolytic agents, but also potent inducers of IFN ** ¥, The AV1
mutant has a single amino acid switch at position 51 (methionine to arginine — M51R), while the
AV2 mutant has two amino acid substitutions (V221F and S226R). Mutations of the M protein
prevents viral mediated shut-down of host mRNA, therefore allowing the cell to initiate an
antiviral response and protect surrounding uninfected cells. Both of these mutant viruses can be
delivered at higher doses #: tizo to specifically target cancer cells while leaving host cells intact
without the need for exogenous IFN treatment. To account for potentially lethal revertants, a
genetically engineered version of AV1, termed AV3 was constructed by deleting the amino acid at
position 51 of the M protein. AV3 (more commonly referred to as AM51) has subsequently been
shown to be a safe yet efficacious oncolytic virus i uitro as well as i vizo against a vast panel of

tumour cell lines %,

17



Table 11: The majority of cell lines in the N CI 60 panel show defects in IFN signalling

Cell lines of commonly occurring cancers from the NCI 60 panel were tested for their ability

to respond to either IFN-o or IFN-f pre-treatment. Cell lines were deemed unresponsive if
IFN pre-treatment was unable to significantly affect (<10 fold) the EC50 of cells infected with
WT VSV (Indiana serotype) for 48h. Data courtesy of J. Bell Laboratory.
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14 VSV and Brain Cancers

The therapeutic potential of VSV in treating many forms of cancer in the periphery is
highly promising. However problems arise when attempting to use VSV to treat cancers of the
brain. Primary brain tumours, defined as cancers originating in the CNS, account for 1.5 percent
of all cancers in the US adult population but can be as high as 20-25 percent in the paediatric
population **, Individuals with benign forms of brain tumours can survive for several years but in
cases such as glioblastoma multiforme, the most aggressive type of primary astrocytoma, the
survival time is limited to a few months * ®. Therapeutic options for primary tumours are
currently limited to surgical removal of as much of the mass as possible, followed by radiation or
chemotherapy. In most instances recurrence of the tumour is likely due to residual cancer cells
after surgery. Metastatic brain cancer is defined by cancerous cells from the periphery that make
their way into the CNS and are more prevalent than primary tumours. Furthermore, metastatic
brain disease is generally more difficult to control and treat. Given the frequency and prognosis of
brain cancers, there is clearly a great need for a better therapeutic intervention and the use of
oncolytic viruses might prove to be a useful tool.

In uitro experiments using AM51-VSV have shown its capability in infecting and killing a
wide range of brain tumour cell lines ® Whitt’s group has also shown that in organotypic brain
tissue slice — glioma co-cultures, VSV replicates well in the glioma but however does cause some
damage to normal neurons ®. In uizg, our group in collaboration with others had shown that
AM51-VSV was capable of targeting human gliomas implanted in the brains of nude mice. A
green fluorescent protein (GFP) expressing recombinant AM51-VSV delivered i.v. was able to
reach the site of the primary tumour as well as smaller metastatic sites as seen by GFP expression

in these tumour cells. Normal brain tissue appears to have been unaffected, since no detectable
19



GFP signal was found when brains were examined post-mortem (unpublished data). Although
systemic administration of AM51-VSV was capable of selective replication in the glioma, only 25
percent of all treated mice were cured of their disease. The fatality seen here was not due to the
neuropathogenic nature of VSV but a result of inefficient viral delivery to the tumour, allowing for
continued tumour expansion. In hopes of attaining maximal virus replication in the tumour, we
attempted local delivery of virus via intra-cranial injection (i.c.). However, i.c. injection results in
complete fatality (unpublished results). Even in immunocompetent, cancer-free Balb/ ¢ mice, low
doses of AM51-VSV (<100 pfw injected into the brain results in viral induced pathology that
manifests itself as hind limb paralysis. The IFN-inducing mutant VSV still targets neurons but
only when delivered directly to the brain. However, indirect delivery of virus to the brain via the
circulatory system is able to set-up an antiviral state in the brain prior to the appearance of VSV in
the CNS. A system is in place that this mutant virus is not able to shut down which signals to the
CNS when virus is first detected in the periphery. The local immune response is then triggered in
the CNS, which prepares it to combat a potential viral attack and effectively limits AM51-VSV
infection of normal brain tissue. VSV that encodes wild-type (wt) M protein blocks this response

and thus does not possess this therapeutic window.

15  Host Defense against VSV

The host defense against VSV has been examined # uifro and in experimental i vizo
infections and is attributed to both the innate and adaptive arms of the immune system. Infections
outside of the CNS in immunocompetent mice generally do not equate to disease and the host is
able to mount a robust and long-lasting immunity. The host response starts with rapid virus-
induced type 1 interferon (IFN) production, leading then to a specific cytotoxic T-lymphocyte

20



(CTL) response and antibody production. When a systemic infection finds its way into the CNS,
or due to direct in. inoculation, most of the infected animals will succumb due to VSV-induced
encephalitis. Mortality is seen in immunocompromised mice lacking T-cells (nude), B-cells or type

I IFN regardless of route of infection (7alle 1.1).

151 Imterferon
Interferon, an inducible cytokine, belongs to a multigene family and is the first line of

defence against VSV. Initially characterized as an antiviral protein, IFN is now known to have a
plethora of effects including regulation of cell growth, differentiation, apoptosis and modulation
of the immune response against a pathogen #. There are two types of IFN: “antiviral” or type I
IFN and “immune” or type II IFN. IFN-o, IFN-B and the lesser known IFN-w are classified as
type I IFN. IFN-« is produced by all leukocytes while IFN-8 is produced by fibroblasts. Type 2
IFN consists of IFN-y and is produced by natural killer (NK) cells, CD4+ T helper 1 cells (ThD),
and CD8+ cytotoxic T suppressor cells ? %, Type I IFN is a key component of host innate
defences, whereas type II IFN-y plays a role in both innate and adaptive immunity. RNA viruses,
such as VSV, trigger the IFN response when cells detect double-stranded RNA (dsRNA).
Production of IFN turns on a cascade of events that stimulate the production of IFN-inducible
proteins within the infected cell and in surrounding cells (reviewed in *). The subsequent antiviral
protein systems stimulated by IFN act to limit and cdlear the viral infection by various means
including mRNA translation inhibition, RNA degradation and/or editing and induction of cell
death. Since virtually all viruses trigger the IFN response upon infection, many have evolved
mechanisms that evade this antiviral response. Such is the case with the M protein coded by VSV
which prevents nuclear export of host mRNA resulting in general shut-off of host gene-

expression.
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Table 122 Outcome of VSV in. infection in various strains of wild-type and immune
deficient mice

Outcome of VSV-Indiana infection in different strains of wild-type mice and mice with
genetic defects in specific immune responses have been characterized. I.n. infection of wild-
type mice is lethal half of the time but is completely fatal in mice that lack T-cells (nude), B-
cells or both (SCID) and in mice that lack a functional Type I IFN receptor. Adapted from %
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Spread of VSV infections i uifro is arrested by IFN-mediated antiviral activity. /7 vitrg,
freshly harvested mouse peritoneal macrophages have been shown to be resistant to VSV
infection due to the presence of low levels of IFN %, This protection can be transferred to other
cells lines grown on top of these macrophages #. Longer times in culture render these
macrophage cultures susceptible to VSV due to loss of endogenous IFN. Inuig IFNe/ 3 receptor
knock-out mice quickly succumb to a systemic VSV infection indicating that type 1 IFNs are
essential for host survival ®. Stgid @ d have also shown the importance of the Protein Kinase
RNA (PKR) antiviral system in limiting VSV infection *. IFN produced by infected cells is able to
exert its effects on surrounding cells to prepare surrounding uninfected cells for viral infection by
inducing large amounts of the antiviral PKR. PKR inhibits translation initiation within the cell
through the phosphorylation of protein synthesis initiation factor elF-2« upon stimulation by
dsRNA *. This leads to inhibition of viral replication within the infected cell. -

Although these observations suggest that type I IFN is critical for host recovery from
peripheral VSV infections, IFN does not seem to be sufficient for protection against CNS
infections. Treatment of immunocompetent mice with exogenous type I IFN results in increased
survival or a delay in pathological outcome compared to untreated, VSV infected mice * *.
Outcome slightly improved when mice were treated with polyriboinosinic polyribocytidylic acid
(poly:C)), a synthetic polymer that resembles double stranded RNA and is used to stimulate the
immune system to produce IFN. This stimulation of macrophages to induce IFN endogenously
increased protection from VSV induced CNS pathology but over half of the animals still
succumbed to virus induced encephalitis *> *. In separate experiments, macrophage depletion
studies indicate that elimination of certain subsets of macrophages renders these mice permissive
to VSV infection even when high titres of IFN are present *. Therefore, with infections of the

CNS, even with an intact IFN system, half of the experimentally infected animals will succumb to
23



the virus. Although type I IFN (IFN-y) may be important in limiting peripheral infections, it is
not essential for protection against neuronal infection®®. As with many host responses to a
pathogen, it seems likely that the IFN antiviral response is not the only participant in eliciting

protection against VSV in the CNS and is likely part of a co-operative effect.

152 Nitric Oxide Synthases (N OS) and Nitric Oxide (NO)
Nitric oxide synthases (NOS) are a group of enzymes that convert L-arginine into nitric

oxide (NO) and citrulline *. NO is an important biological signalling molecule and plays a role in a
variety of biological functions including neurotransmission, vessel dilation and the antiviral
response. Small amounts of NO are constitutively expressed by neurons through NOS-1 and
endothelial cells via NOS-3. Much greater amounts can be produced by inducible NOS
(INOS/NOS-2). iINOS is expressed by many cells in the periphery including macrophages, and in
the CN'S by activated astrocytes and microglia ***. These cell types produce NO upon stimulation
with lipopolysaccharide (LPS), IFN-y or tumour necrosis factor o« (TNF-) “. NO is an important
part of innate immunity in the CNS and has been shown to inhibit VSV # vitro Pretreatment of
NBHI1A3 neuroblastoma cell lines before VSV infection with S-nitrosyl-acetylpenicillamine
(SNAP), a NO donor or N-methyl-D-aspartate (NMDA), an activator of NOS,  increases cell
survival “. The protective effect of NMDA was reversed by treatment of the cell line with the
competitive NOS inhibitor NG-monomethyl-L-arginine (L-NMMA) but not by pre-treatment
with haemoglobin, a NO binding protein. Since NMDA is able to diffuse into the cell whereas
haemoglobin cannot, the protective response is most likely taking place within the NO producing
cell.

In vy, iINOS is seen 3 days after an in. infection with VSV in the OB and in the

hippocampus by day 4. The majority of NO is produced by microglial cells and is concentrated
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around areas of VSV infection *. Knock-out studies in mice for each type of NOS have shown
that NOS-1 production of NO is important for surviving i.n. infection with VSV while NOS-2
synthesized NO further exasperated the pathological effects . Thus far, NO produced via NOS-1
within neurons is hypothesized to be the most important factor of CNS innate immunity against

VSV infection of neurons and may lead to non-cytolytic clearance.

153 Apoptosis
Apoptosis is an active, gene dependent program of cell death * It is a carefully

orchestrated biological process that is necessary to maintain homeostasis within an organism. Too
much cell death can lead to host malfunction while too little results in cancerous cell growth.
Apoptotic cells detach from surrounding cells and contain a compact shrunken cytoplasm and
nucleus. The chromatin condenses and is marginalized to the periphery of the nuclear membrane
and the DNA gets cleaved into regular fragments at late stages. The cell shrinks, with the plasma
membrane forming blebs. These little vesicles or apoptotic bodies are cleared by scavenger cells by
phagocytosis and do not trigger an inflammatory response.

VSV is known to trigger apoptosis and two mechanisms have been characterized. One
mechanism is solely dependent on the inhibition of host gene transcription mediated by the M
protein and occurs through the intrinsic caspase-dependent apoptotic pathway that is associated
with the mitochondria ' % ®, The other mechanism involves a pathway distinct from the first, and
is attributed to other viral proteins not yet determined. This second mechanism is hypothesized to
act via the extrinsic death receptor mediated pathway and is a characteristic of the AV1 mutant
strain of VSV > %, This mutant is replication competent but in certain cell types shows slower

kinetics of apoptosis induction. As previously mentioned, the AV1 mutation prevents VSV M
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protein form shutting down host gene expression and therefore allows IFN to be expressed by the
host. The extrinsic apoptotic pathway is typically activated when IFN is induced by dsRNA *,

In urg, neurological damage has been attributed to the induction of apoptosis by either
direct or indirect mechanisms . I situ hybridization and terminal transferase dUTP nick end
labelling (TUNEL) studies looking at VSV infected and apoptotic cells in the CNS show that in
certain areas such as the brain stem, the extent of the VSV RNA positive area is equivalent to the
amount of apoptosis detected by TUNEL. In other areas, there is considerably more cells infected
with VSV than apoptotic cells. This may be due to the difference in susceptibility of neurons, glial
cells and inflammatory cells to the effects of infection and apoptosis . In general, the majority of
CNS cells are not double labelled for VSV RNA and apoptosis suggesting that uninfected cells
cither die due to a cytokine-dependent pathway induced by inflammatory cells. Alternatively,
TUNEL positive apoptotic cells may have already degraded or altered cytoplasmic viral RN A, are

therefore, underestimated by experimental methods .

154 Adaptive Immmune response
Although the type 1 IFN response is required to prevent an active and robust viral

replication in the periphery ®, the absence of a functional adaptive immune response can also
allow VSV to reach the CNS **°'. Experiments in which splenic cell populations are transferred to
nude mice indicate that cell mediated immunity is not sufficient to prevent VSV spread to the
CNS and subsequent death * *'. Immune serum harvested from mice infected with VSV for 5
days contains neutralizing IgM antibodies. Transfer of this day 5 serum delays the onset of disease
progression in B-cell deficient mice but is still fatal. However, day 14 serum containing
neutralizing IgG antibodies significantly improves survival *. The IgM antibody response to VSV

is T-cell independent. IgM is able to delay the spread of VSV to the brain but an IgG response is
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needed for effective control and prevention of spread to the CNS. Thus a delay in the onset of
morbidity only requires B-cell production of antibodies, but long term survival depends on the

interaction of B-cells with CD4+ T helper cells *.

16  The CNS response to Viral Infections

The CNS consists of the lepto-meninges, brain and spinal cord and is anatomically well
protected. It is comprised of highly complex tissue whose demise is detrimental to the host. The
cell types found within this protected area are the neurons and the neuroglia. Neurons are non-
dividing terminally differentiated cells and are the structural and functional units of the nervous
tissue. Neurons consist of a cell body (soma) with extended processes (axons and dendrites) used
to perform sophisticated functions such as conduction of electrical signals and to communicate
with each other and their surroundings through synaptic connections. The non-neuronal
supporting cells of the CNS are collectively called neuroglia and include oligodendrocytes,
astrocytes, microglia, and ependymal cells. Oligodendrocytes are found in grey and white matter.
They function to form the myelin sheaths around multiple axons. Microglia are also found in both
grey and white matter regions of the CNS and are the main phagocytic cell population. In
response to tissue damage, these cells migrate to the site, proliferate, and become reactive in order
to phagocytose dead or foreign tissue. Astrocytes are found attached to capillary endothelial cells
and neurons and support metabolic exchange between the two. Ependymal cells are special
epithelial cells that line the ventricles of the brain and the central canal of the spinal cord.
E pendymal cells contain cilia that assist in CSF movement throughout the CNS. The CSF is a
clear colourless fluid that bathes the brain and spinal cord not only to cushion and protect against
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physical injuries but also provides an optimal chemical environment for neuronal function. Small
vascular cells covered by epithelium called the choroids plexus, extend into the ventricles and
secrete CSF continuously in the lateral, third and fourth ventricles.
The CNS is isolated from the rest of the host by the blood-brain barrier (BBB)

and the brain-CSF barrier. The BBB is made of tightly joined endothelial cells surrounded by
astrocyte foot processes and the basal lamina while the CSF barrier is found at the choroids plexus
and consists of endothelium with fenestrations and tightly joined choroid plexus epithelial cells.
Even with this tight seal, microbes are still able to find ways into the CNS mainly though blood
vessels, nerves and local invasions through sinuses. Penetration of the BBB or brain-CSF barrier
occurs when microbes infect cells that make up the barrier, by passive transport in intracellular
vacuoles, or can be carried across by infected white blood cells. Blood-borne invasion across the

BBB results in encephalitis while across the CSF barrier results in meningitis.

16.1 Local Immune Response in the CNS
Microglia, the resident macrophages found throughout the CNS are the first cell type to

respond to a variety of CNS injuries ”. \When the BBB is compromised during encephalitis, this
allows for an increase in microglia from blood-borne monocytes . Astrocytes and other cells of
the BBB produce the chemokine monocyte chemoattractant protein (MCP-1) in the parenchyma
that directs the migration of monocytes to the brain 7 7. Once inside the CNS, the monocytes
quickly take on microglia like properties ”°. In the normal brain, microglia are in a resting state and
are referred to as ramified microglia and possess many processes. In the injured brain, the
processes retract, the cells increase in volume and become reactive microglia. These activated
microglia do not always act as phagocytes. This role is only possessed when cell death occurs and

microglia are needed to engulf and dispose of the dead cell and residual debris.
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Microglia only acquire antigen presenting qualities once the brain is in a state of pathology.
CD200 expression by neurons suppresses microglia from becoming antigen presenting cells
(APCs), but maturation of microglia occurs upon stimulation by certain cytokines (GM-CSF,
IFN-y) and co-stimulatory signals 7. Therefore, activation of microglia involves up-regulation of
MHC dass IT antigens, converting them into antigen-presenting cells capable of releasing a slew of
potential neurotoxins, including NO, superoxide, platelet activating factor (PAF), pro-
inflammatory cytokines and cysteine ®. Activation is amplified by the autocrine effects of TNF-«
and at later stages by IFN-y which is released by activated lymphocytes ®. This inflammatory
response is also amplified by cytokines secreted by activated microglia and some have neurotoxic
potential. On the other hand, microglia can also produce neuroprotective factors and cytokines.
The response depends on the type on injury and the signals emitted from injured neurons or

activated astrocytes.

16 1a Local Cytokine Response
Although there is not the same breadth of knowledge about CNS cells and the soluble

factors they secrete and respond to, it‘ is becoming increasingly clear that soluble factors have
important implications for viral infections in the CNS. Cytokines mediate communication
between cells of the peripheral immune system and CNS immune cells allowing them to work in
concert to defend the host against a pathogen (Figwe 1.2). Infected cells, CNS immune cells and
infiltrating lymphomononuclear cells can secrete cytokines within the CNS to act on surrounding
brain tissue as well as the cells of the immune system ®. As with cell-mediated immunity,
cytokines can be a double-edged sword. They are important factors in stimulating humoural and
cell-mediated responses leading to host antiviral immune responses but in many instances

propagate CNS pathogenesis instigated by infection. Cytokines induce antiviral proteins such as
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Mx and up regulate cell surface molecules like MHC antigens *. The early presence of the
immunoregulatory molecule, MHC I1, on astrocytes and microglial cells due to infection function
in protection but can also lead to pathology and disease when MHC 11 is expressed days or weeks
post infection ¥, MHC I expression is usually absent or expressed at low levels on neurons but

can be up-regulated in order for efficient cell-mediated defence against brain pathogens.

Interferon
As described previously, the IFN family of cytokines is usually the first line of defence

against viral infections. Although IFN made in the periphery can diffuse into the CNS, local
production of IFN within the CNS has been noted *%. Receptors for both types of IFN are
expressed by astrocytes, microglia and oligodendrocytes and they respond by inhibiting a pro-
inflammatory cytokine response, inducing IL-10 as well as suppressing matrix metalloproteinases
¥, Type I IFNs have been detected in the brain and CSF of mammals during viral infections of
the CNS and has been reported to be beneficial against neurotropic viruses. However, over-
expression of Type I IFN has been shown to be detrimental due to inflammation and
neurodegeneration ®. More recently, it has become evident that infected neurons produce IFN-8
in response to infection by some but not all viruses *®. TFN- is preferentially produced locally in
the CNS over IFN-a because IFN-$ possesses neuroprotective roles while IFN-« may be neuro-
toxic %,
IFN-y is predominantly pro-inflammatory in nature and is secreted by Th1 cells for

Th1 mediated immune responses. IFN-y does have a protective effect against neurotropic viruses,
but can also produce detrimental effects including post-infection encephalitis and autoimmue
diseases. IFN-y expression in the brain leads to infiltration of NK, CD8+ T —cells and Th1 type

T-cells and induces antimicrobial, cytotoxic, and antigen-presenting functions of microglia * ®.
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Astrocytes and Schwann cells express MHC and adhesion molecules in response to IFN-y*,
Combined with the cytokines IL-18 and/or TNF, IFN-y also induces the production of NO in
these cells, which allows for killing of intracellular pathogens * . Some CNS inflammatory
inhibition properties are exhibited by IFN-y due to the induction of apoptosis in encephalitogenic
T cells and microglia .

Interleukin-10 (IL-10) belongs to the IFN family and is made in the CNS by astrocytes
and microglia and these cells also carry the IL-10 receptor. IL-10 receptor is constitutively
expressed in the brain and following infection the IL-10 protein is made by infiltrating
monocytes/ macrophage and resident cells ¥. In the CNS, stimulation of IL-10 promotes cell
survival and has both an immunosuppressive and an anti-inflammatory role which act to inhibit
expression of the pro-inflammatory cytokines TNF-o, IL-1f, IFN-y, IL-6 and IL-12 *. By
inhibiting expression of MHC II, CD40 and B7 expression on cells, IL-10 also inhibits the T-cell
response within the CNS. Astrocyte expression of IL-10 prevents intracellular adhesion molecule
(ICAM-1) and tumour necrosis factor alpha (INF-o) expression and inhibits microglia from
cytokine and chemokine expression * . In addition, oligodendrocytes produce IL-10 to protect

against LPS/IFN-y induced cytotoxicity ™.

Other key cytokines and chemokines in the CNS
It is becoming increasingly evident that a rapid innate local response plays an

important role in controlling brain infections. Studies with several neurotropic viruses indicate that
specific cytokines/ chemokines are quickly up-regulated in the CNS in response to infections.
Thus far a number of soluble factors have been catalogued that are produced by local immune
cells and by neurons. These factors can have both inflammatory and anti-inflammatory properties

that serve to contain the infection or in some cases propagate viral induced destruction.
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The IL family of cytokines have long been known to be important signalling molecules
involved in the peripheral immune response and it is becoming increasingly evident that they are
also critical in the CNS. IL-la and IL-18 are considered to be master pro-inflammatory cytokines
and are made predominately by macrophages and microglia. IL-1p is seen in many viral infections
of the CNS and mediates the inflammatory response by inducing the expression of cell adhesion
molecules and production of chemokines that recruit neutrophils, monocytes and macrophages .
The infiltration of these cell types exacerbates neuronal damage because they function to release
noxious substances. Astrocytes and Schwann cells also express IL-18 in pathological conditions
and can act on these cells alone or with the aid of TNF-« and IFN-y to induce the expression of
inflammatory genes and neurotrophic factors *. Microglia also produce IL-1ra, an IL-1 receptor
antagonist that has anti-inflammatory functions and is neuroprotective *.

The IL-6 receptor is expressed on neurons and astrocytes and expression increases in

an inflammatory setting. Astrocytes secrete IL-6 during a viral infection and copious amounts are
seen in culture *. After infection is detected in the CNS, IL-6 activates a quick pro-inflammatory
response allowing the immune mediated clearance of virus and promotes leukocyte recruitment.
The levels and source of IL-6 are critical in determining the outcome of infection. IL-6 produced
by astrocytes results in CNS inflammation and neurodegeneration, but when expressed by
neurons results in microgliosis and astrogliosis but does not cause neuronal damage *. IL-6 also
possesses anti-inflammatory properties because it can act to inhibit other pro-inflammatory
cytokines and induce the secretion of IL-1ra which acts to decrease inflammation %.

The IL-12 family of cytokines (IL-12, 15, 18) helps develop both the innate and
adaptive immune response and regulate IFN-y production. Secretion of IL-12 in the brain by
infiltrating macrophages and microglia favours inflammation and acts to recruit and activate T-

cells ¥, Microglia also express the IL-12 receptor, which upon stimulation activates these cells to
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produce NO . The expression IL-15 receptor on microglia also stimulates the production of
NO™. IL-18 mRNA is detected in the normal brain although it is predominately made by
macrophages and DCs *. It induces IFN-y and promotes IL-12 induced Thl response and plays a
role in the dearance of neurotropic viruses %,

Along with the IL family of cytokines, several other families of soluble signalling
molecules play a role in the CNS. The ones that have been studied in relation to viral infections
of the CNS include the Colony Stimulating Factors (CSF), Transforming Growth Factors B family
(TGF-B) and the Tumour Necrosis Factor (TNF) family. CSFs are haematopoietic cytokines and
include IL-3, macrophage CSF (M-CSF), granulocyte macrophage CSF (GM-CSF), and
granulocyte CSF (G-CSF). All of these are produced in the CNS and their common theme
includes proliferation and activation of microglia **. TGF-1, is the most studied member of the
TGF-f family in relation to the nervous system. It is expressed by both neurons and glia and
functions to regulate responses to injury and inflammation by modulating several activities
including astrocyte proliferation, extracellular matrix synthesis, vascular changes, maintenance of
macrophage, microglia activation and leukocyte recruitment to the CNS *', TGF-1 is dlassified as
a neurotrophic cytokine that suppresses apoptosis and is neuroprotective *. TGF-§1 acts on
astrocytes to increase proliferation and activates them to increase production of IL-6, leukemia
inhibitory factor (LIF), nerve growth factor NGF), platelet derived growth factor (PDGF) and
monocyte chemo-attractant protein-1(MCP-1/CCL2) ®. Both TNF Family members, TNF-a and
TNF-B (lymphotaxin) have pleotropic actions and are mainly secreted by activated macrophages
and microglia. The receptors for these ligands (TNFR1, TNFR2) are co-expressed on neurons,
glia and cerebrovascular endothelial cells. Both cytokines play a key role in the regulation of

neuro-inflammation %,
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Chemokines, as the name suggests, are small proteins that direct the movement of nearby
cells in accordance to environmental signals and are important mediators that connect the
peripheral and CNS immune systems. They can be released by many different cell types and serve
to guide leukocytes (monocytes and neutrophils) of the innate immune system and also the
lymphocytes to sites of infection. Chemokines are made in the CNS by neurons and glia and all
neurons express chemokine receptors . Constitutive chemokines in the brain include stromal
derived factor (SDF-1/CXCL12), and fractalkine/ CX3CL1 *. MCP-1/CCL2 is made by
astrocytes in response to a pathological condition and acts to recruit monocytes/ macrophages

into the brain during infection *.

16.1b Apoptosis inthe CNS

Effective elimination of the invading virus may sometimes only be achieved after host cell
death. Apoptosis is an altruistic approach to infection in which the cell sacrifices itself for its
neighbours in order to limit viral spread. Cell suicide can be an effective first line of defence
against a viral infection in the periphery but cannot be applied to neurons due to the fact that they
are virtually irreplaceable and vital to host survival. To prevent compromising the survival of the
whole organism, it is preferable to have infected, live neurons than dead ones. Neurons are likely
not programmed to trigger a suicide response since they lack expression of MHC I, preventing
surveillance of infection and death induction by cytotoxic T-cells ®. However, the consequence of
neuronal resistance to cytotoxic T-cells is viral persistence, neuronal dysfunction and disease.

Experimental virus infection # wuzo shows that in the developing rodent CNS,
neurotropic viral infection results in widespread apoptosis ®. In contrast to the developing brain,
virally induced apoptosis of the mature CN'S seems to depend on the virus strain and cell type “>*

%7, As neurons mature and reach post-mitotic status, they increase their resistance to apoptosis

34



but this varies depending on the neuronal population because of distinct cell type expression
pattern of regulatory proteins and their expression levels. OB neurons are formed late in
development and are still renewed throughout adult life either as a need for neuronal plasticity or
because the olfactory nerve has direct access to the CNS from the outside environment. Most
natural CNS viral infections occur via the nasal passages and, therefore, the cells of the OB may
remain susceptible to apoptosis in order to help prevent spread of the virus. Once access is
gained past the OB, many viruses can still induce apoptosis in the adult brain as seen with the TE
strain of Sindbis virus, F strain of Herpes Simplex Virus and with VSV ©. Potentially, neuronal
death may be due to the ability of the virus to overcome endogenous cell factors that keep the cell

alive in order to allow the virus to spread or the infection exceeds the threshold needed to cause

apoptosis.

16.2 The Systemic Inmmmne Response in the CNS
Unlike systemic viral infections where tissue can be sacrificed and later replaced by stem

cells, the CNS has a limited regeneration capacity, thus rendering neuronal populations essentially
irreplaceable. Immune responses within the CNS are thus unique and distinct from those of the
periphery. The CNS is an immune privileged site because induction of cell-mediated immunity is
kept to a minimum. Lymphatic drainage is scarce, and there is a lack of constitutive major
histocompatibility complex (MHC) expression ®. Lack of class IT and to a lesser extent even class
I MHC expression ensures protection from the systemic immune system™. Activated T-cells enter
the CNS to perform surveillance duties, but in the absence of a specific threat, T-cells leave the
CNS or are induced to die . Although the CNS contains its own immune system consisting of
the macroglia that serve as antigen-presenting cells and immunomodulatory cells during CNS

insult, in response to a viral insult, a local protective response is unlikely without the participation
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of the peripheral immune system. The CNS does not have a proper lymphatic drainage system,
but interstitial fluid and CSF proteins can make their way into the cervical lymph nodes, thereby
connecting the CNS to the periphery ®. When danger is detected in the CNS, the BBB is often
compromised, allowing for an increase in leukocyte traffic. Antigen-specific immune response
ensues and activated T-cells traffic into the CNS ®. Antibody is produced locally in the CNS by
plasma cells since only minute amounts of antibody are available from the blood ¥ ®. These
immune reactions are aimed at eliminating the infection but due to the delicate nature of the CNS,
these actions can often cause more harm than benefit.

In most well characterized CNS viral infections, control depends on the generation of a
humoral and cell-mediated immunity that leads to viral clearance (reviewed in ). Humoral
immunity involves antibody formation which primarily attacks extra-cellular particles to limit virus
spread. If CNS infection occurs concomitantly with an acute peripheral infection, there can be a
rapid recruitment of pre-existing virus-specific antibody-secreting plasma cells into the brain.
However, if this is not the case, the immune response needs to be initiated in the peripheral
lymphatic system via the cervical lymph nodes thus giving the virus more time to replicate within
the CNS until humoral effector cells gain access ¢’. A late non-specific humoral immunity leads to
viral spread within the CN'S and destruction of important neuronal cells.

Antibody mediated action against viral CNS infections or cell surface molecules acts
without compromising cell integrity. In contrast, T-cell protection is mediated by cell destruction
that often leads to pathology. If the T-cell response encounters a site of limited infection, the
benefits are usually outweighed by pathological costs to the host. A robust and vigorous response
that is beneficial outside the CNS is highly destructive within the CNS. The balance of kinetics of
response and virus-host interactions is vital to the outcome and depends on the type of neuronal

cell infected. A CD4+ helper T—cell response is predominant over a cytotoxic CD8+ response in
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the CNS . Outside the CNS, the opposite holds true. Acute and chronic viral infections of the
periphery are fought with a cytotoxic MHC I restricted CD8+ T-cell attack in hopes of protecting
the whole organism through destruction of infected or otherwise dangerous cells. Although each
virus-host relationship differs, in the CNS the antiviral cell-mediated activity is largely dependent

on CD4+ T-cells ®,
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Figure 1.2: Cytokine mediated interaction of the peripheral and CN S immmne cells

Cytokines secreted from peripheral immune cells (macrophages, T-cells, B-cells) can act on
each other and distally on the immune cells of the CNS (astrocytes, microglia,
oligodendrocytes). The same interaction is observed with CNS cells which secrete soluble
factors to stimulate surrounding local cells and to communicate with peripheral immune cells.
Solid arrows (black) indicate effects mediated by cells of the systemic immune system while
stippled (grey) arrows indicate cytokine effects mediated by CNS cells. Adapted from ™',
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17  Rationale for Experiments and Objectives

VSV is a potent oncolytic agent with promising therapeutic potential as demonstrated by
studies in mouse models of peripheral cancers. The “IFN inducing” mutant AM51-VSV provides
superior clinical value because this mutant is restricted from replicating in normal host cells.
However, this restriction does not apply to neurons, since the AM51-VSV strain maintains its
neurotropic potential and infection in the CNS is detrimental to the host. Previous data indicates
that systemic infections proceed to the CNS to preferentially replicate in implanted CNS tumours
while leaving normal neurons intact. In contrast, virus directly injected into the brain is lethal. We
thus propose that prior exposure to the virus in the periphery sets up a protective state in the
brain. Since virus traveling through the host to find its way to the CNS is relatively harmless, we
hope to prevent fatality in mouse models of VSV infection by pre-infecting mice with a substantial
dose of AM51-VSV systemically (herein called the “priming” dose) prior to challenging mice
intra-cranially with the same mutant virus. The first objective of this thesis was to assess
whether or not systemic priming induces CNS protection against a subsequent i.c. dose
of AM51VSV. We employed the recombinant AM51-VSV expressing both green fluorescent
protein (GFP) and firefly luciferase (FLuc) reporter genes allowing #2zizo imaging IVIS, Xenogen
Corp.) and tracking of virus replication in a non-invasive fashion in the same animal over the
time-course of infection.

Host immune response to wt VSV infection of the periphery has been characterized
in detail. However information is limited with respect to host defence mechanisms in the CNS
against wt or the AM51 mutant VSV. Thus far, it is known that type I IFN is critical for
immediate action against VSV and infection of IFN o/ receptor knock-out mice is fatal ® >,
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However, active immunization with VSV immune serum provides complete protection against
VSV induced fatality in IFNa/ B receptor knock-out mice *'. Neutralizing antibodies are effective
in limiting infection in peripheral organs and preventing spread to the CNS, but once the virus
makes its way to this site, antibodies cannot provide sufficient protection to prevent lethal
encephalitis ***" %, Immunocompetent mice produce a cytotoxic T-cell (CTL) response which
peaks at 6 days post infection and T-cells are seen in the CNS after i.n. infection with VSV 7, As is
the case in the periphery, cytokines, chemokines, and growth factors work in concert to influence
survival, proliferation, and functional activity of all cell types in the CNS. Thus far type I IFN is
the only cytokine implicated in protecting the entire host against VSV * %, In terms of other key
soluble factors, TNF-a, IFN-y, IL-1a, IL-12, and IL-6 may be important in defending the CN'S
against VSV since the mRNAs for these cytokines have been detected soon after neurotropic
infections with a number of difference viruses ®. Although others are actively characterizing host
responses to mutant VSV in the periphery, little is known about AM51-VSV and CNS infections.
Therefore, the second objective of this thesis is to study the host response to AM51-VSV
infection of the CNS. This will not only allow us to understand a fundamental host-virus
relationship, but we can then exploit this knowledge to improve VSV based therapy for cancers of

the brain,
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CHAPER 2 MATERTALS AND METHOD
2.1Viral Maintenance and T itration
The AM51-VSV GFP (Indiana serotype) and AM51-VSV GFP Firefly luciferase (FLuc)

were constructed and provided courtesy of the John Bell laboratory. Stocks were maintained by
viral propagation on VERO cells lines. Briefly, each mutant VSV was used to infect confluent
150mm dishes of VERO cells at an multiplicity of infection (MOI) of 0.1 plaque forming units
(PFU) and incubated for 45 minutes at 37°C in a tissue culture incubator, after which 20ml of
complete (10% fetal bovine serum (FBS) + 1% L-glutamine) «-MEM was added to each plate and
left to incubate overnight. The supernatant was then spun down to remove residual VERO cells
and then filtered through the 22uM Nalgene filters. Filtered supernatant was spun at 30,000 x g
for 1.5 h. The resulting pellet was re-suspended in sterile PBS and stored at -80°C. Virus titres

were determined by standard plaque assay as described in ',

2.2 Animal Expetriments
6 to 8 week old Balb/c, C57BL/6, FVBN, CD-1 nude and IFN-y knock-out mice

(Jackson Laboratories) were housed at the Apoptosis Research Centre. Animal use protocols were
approved by the University of Ottawa committee on the Use of Live Animals in Teaching and
Research. Mice were kept in sterile isolation cages with sterile food, water and bedding on a daily
12h day-night cycle and were handled in compliance with all institutional guidelines for the
humane treatment of experimental animals. Unless otherwise stated, all mice were primed by tail
vein injection with 1x10°* pfu of AM51-VSV-GFP in 100ul of sterile PBS or mock primed with
just 100ul of PBS. All mice were challenged i.c. with 2x107 pfu AM51 VSV-GFP-FLuc 24h after
receiving the priming dose. Mice were weighed daily and given fluids when required until endpoint

was reached (hind limb paralysis or loss of more than 209 of initial body weight).
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2.31VIS Imaging
D-luciferin, potassium salt (Molecular Imaging Products) was dissolved in sterile PBS to

obtain a concentration of 20mg/ml. Weekly stocks were made and stored at 4°C or long term
stocks were stored at -80°C. Mice were injected i.p.. with 4 mg of luciferin and maintained under
isofluorane anesthesia for 5 minutes prior to imaging (Figee 2.7). All mice were imaged using a
cooled CCD camera Xenogen IVIS 200). D-luciferin dependent photon flux was produced from
cells infected with the luciferase encoding VSV, and thus serves as a quantitative surrogate marker
of virus replication. Images were collected and integrated for a period of 3 minutes unless
otherwise stated. Images were processed using Living Image software (Xenogen). To quantify the
measured light, IGOR image analysis software (WaveMetrics) was used to draw regions of interest
(ROD over the head and/or spine area showing light signal, and maximum
photons/ sec/ cm’/ steridian (sr) were obtained. Background photon levels were determined by

drawing equivalent ROIs over areas devoid of luminescence.

24 Interferon o, B, y ELISA
Blood samples were collected by exsanguinations of heavily anaesthetized mice via cardiac

puncture. In cases where CSF was also required, mice were anaesthetized with Euthansol and the
scalp was cut to expose the skull. About 5-10ul of CSF was collected from the cisterna magna
using a pipette and stored in eppendorf tubes on dry ice. After CSF collection, blood was quickly
collected via exsanguinations and heart blood was collected in lithium heparin treated Microvette
CB 300LH tubes kept on ice. All blood samples were spun at 10,000 x g for 10 minutes and the
top plasma layer was collected and stored at -80°C. Individual enzyme linked immunosorbent
assay (ELISA) for detection of interferon «, f, and y (PBL Biomedical Laboratories) were
performed in triplicate to detect levels of these proteins in the CSF and blood using the

manufactures recommended procedure. A Spectramax 340 PC (Molecular Devices) automated
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plate reader was used to measure the optical density at 450 nm. For some assays, the readings were
also taken at 550 nm to correct for imperfections in the 96 well plates. Data was acquired using

Softmax Pro version 4.7.1 (Molecular Devices).

2.5 Plaque Reduction Assay
Blood was collected from mice and plasma was separated and stored at -80°C as described

above. In order to determine the plaque reduction ability of plasma collected at various times after
priming or mock priming, plasma was diluted 1:100 and incubated with various serial dilutions of
either AM51-VSV-GFP or AV1 mutant viruses at 37 C. After 45-60 minutes, 65mm dishes of
confluent VERO cells were infected with the plasma-virus mixture. Negative controls consisted of
virus incubated with «-MEM media in place of plasma while positive controls included virus
incubated with plasma taken from mice known to contain neutralizing antibodies against VSV.
After infection of VERO cells for 60 minutes at 37°C, a 1:1 mixture of 2x «-MEM containing
20% FBS and agarose overlay was placed over the cells and left overnight in a tissue culture

incubator at 37°C. Plaque count was determined the next day.
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Figure 2.1: Schematic of experimental set-up for imaging of AM51-VSV infected mice

In vro imaging techniques (IVIS 200, Xenogen Corp.) were utilized in order to detect and
quantify viral replication taking place after the i.c. challenge dose of AM51-VSV. Mice were
either primed or mock primed and challenged i.c. a day after priming using the indicated viral
doses. The challenge virus encoded the luciferase gene allowing photon flux to be collected from
only virus injected into the brain. Imaging always commenced 24h after the challenge dose. D-
luciferin was administered i.p.. 5 minutes prior to imaging. All images and photons were
collected using identical parameters within an experiment with the IGOR Pro software. Photon
flux was quantified using Living Image software.
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2.6 Immunohistochemistry (IHC), immunoflorescence (IF), microscopy
Tissue prepanation. Mice were anaesthetized using Euthansol and trans-cardially perfused with 60 ml

of sterile PBS and then with 4% paraformaldehyde (PFA) made fresh weekly. Brains were
dissected from the skull and placed in 4% PFA overnight at 4'C. The next day, brains were
washed in 5-6 changes of 20% sucrose for five minutes each and then left for 24-48h in 20%
sucrose at 4 C. After equilibration in sucrose solution, brains were flash frozen in isopentane on
dry ice and stored at -80°C. 10-micrometer (um) thick horizontal or sagittal sections were cut
using Micromax HM 500 OM microtome cryostat set at -20 to 25°C. Sections were mounted on
Superfrost Plus (Fisher Scientific) glass slides with 4-5 sections per slide giving a representative
view of either the entire brain (horizontal sections) or of one hemisphere (sagittal sections). Slides
were stored at -20°C.

Immurdbistadbenistry: Slide mounted sections were removed from the freezer, incubated at 37°C for
30 minutes, and immersed in 4% PFA for 20 minutes. Sections were rinsed with PBS for 5
minutes (3 times) then incubated with 3% hydrogen peroxide in PBS for 15 minutes to block
endogenous peroxidase activity. Sections were then rinsed 3 minutes ( 3 times) in PBS, then each
slide was wiped clean of residual PBS and incubated in 1.5% normal goat serum in PBS for 1
hour. Sections were incubated with avidin for 15 minutes and then biotin for another 15 minutes
in order to block endogenous biotin (Vector Laboratories). Sections were then incubated with the
primary antibody (7ahle 2.1 diluted in 1.5% normal goat serum (Vector Laboratories) for 2 hours,
rinsed 3 times in PBS for 3 minutes, and incubated with a biotinylated secondary antibody (7Tdahe
2.1 corresponding to the primary. As a negative control for each antibody, normal goat serum
rather than primary antibody was added on parallel slides. Sections were rinsed again for 3

minutes, 3 times each, and incubated in avidin-biotin-peroxidase complex (ABC Kit, Vector
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Laboratories) according to the manufacture’s protocol. Sections were then rinsed 4 times for 3
minutes each, and DAB (KLP Laboratories) mixture was added to each section for 2 minutes
each. DAB reaction was performed according to the manufacture’s protocol. The reaction was
stopped by immersing the sections in distilled water. Sections were rinsed three times for three
minutes each in PBS, counterstained with hemotoxylin, rinsed with acid alcohol, dehydrated in
decreasing grades of ethanol and xylene and coverslipped.

Immungfluoressee Frozen slides were thawed at 37°C for 30 minutes and then each section on the
slide was partitioned off with a PAP hydrophobic marker (ESBE Scientific). Thawed sections
were rinsed in PBS (pH 7.4) and then incubated in 4% PFA for 20 minutes. The sections were
rinsed again and washed 3x 5 minutes in PBS. Non-specific interactions were blocked using serum
from the same animal species the secondary was raised against for one hour at room temperature.
The primary antibody (Table 2.1) was then added for 2 hours at room temperature or at 4°C
overnight. For negative controls, primary antibody was omitted and the sections were kept in
normal blocking serum. Antibodies were diluted in PBS containing 0.03% Triton X-100 or
commercially available antibody diluent (BD PharMingen). The sections were washed 3x 5mins in
PBS and then the secondary antibody was applied for 30 minutes to an hour at room temperature.
Counter-staining was done to visualize all nuclei using Hoechst 33258 stain at a 1/1 000 000
dilution in PBS for 1 minute followed by 3 washes in PBS for 5 minutes each. The slides were
then mounted using anti-fade fluorescent mounting medium (Vector Laboratories), cover-slipped
and stored in the dark at 4°C.

For double labelling the first primary (if multi labelling with anti-VSV, the anti-VSV

antibody was always added first) was applied after blocking with normal goat serum for 2 hours
and then rinsed before the corresponding secondary was added for 30 minutes. The secondary

was then washed off with PBS 3x 5 minutes, after which the second primary was added diluted in
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antibody diluent for 3h. After washing off the second primary, the corresponding secondary was
added. Hoechst 33258 counter staining was performed as described prior to cover-slipping the
sections. TUNEL staining was performed using the ApopTag Plus 72 Situ Apoptosis detection Kit
(Chemicon International) according to the manufacture’s instructions. TUNEL was always
performed prior to any other antigen labelling.

Miawsapy: Sections were viewed using Zeiss axioskop 2 mot plus epi-fluorescence microscope
(Carl Zeiss Canada) fitted with a QICAM digital CCD camera (QImaging,). Northern Eclipse

software (EMPIX Imaging Inc.) was used to acquire all images.
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Table 21: Primary and secondary antibodies used in IHC and IF experiments

THC was used to detect T-cells, B-cells or VSV infected cells in the CNS using the indicated
antibodies at the appropriate dilution. Fluorescent labelling of brain sections was carried out to
detect CNS glial cells astrocytes and microglia and also to detect neurons. IF was done when
co-labelling was required with the CNS cell markers and VSV or TUNEL to detect apoptotic
cells.



Table 2.1

Primary Primary Secondary Secondary
Cell Antibody dilution Antibody dilution
Type/virus (source) (source)
T-cells hamster anti-mouse 1:50 biotin conjugated 1:50
CD-3¢ (BD mouse anti-hamster
Pharmingen) (BD Pharmingen)
B-cells rat anti-mouse 1:100 biotin conjugated 1:100
CD45R/B220 (BD mouse anti-rat Ig, ¥
Pharmingen) light chain (BD
Pharmingen)
Astrocytes 1) rabbit polyclonal 1) pre-diluted 1) goat anti-rabbit 1) 1:400; 1:800
anti GFAP Alexa-488; goat
(Abcam) anti-rabbit Cy3(BD
2) chicken 2)1:100 Biosciences)
polyclonal anti- 2) goat anti-chicken 2) 1:100
GFAP(Abcam) IgY H&I. Texas red
(Abcam)
Microglia biotinylated 1:1000 Texas red 1:200
Ricinus Communis streptavidin (Vector
Agglutinin 1 Laboratories)
(Vector
Laboratories)
Neurons mouse anti- 1:100 1) goat anti-mouse 1) 1:400
neuronal nuclei Alexa 488 (BD
(NeuN) (Chemicon Bioscience)
International) 2) goat anti-mouse 2)1:100
rhodamine (Abcam)
VSV rabbit anti-mouse 1:5000 1) goat anti 1) 1:400
(Dr. Earl Brown, rabbitAlexa 488
University of (BD Biosciences)
Ottawa) 2) goat anti rabbit 2)1:800

Cy3 (BD
Biosciences)




CHAPTER 3: RESULTS — CHARACTERIZING THE PRIMING PHENOMENON

3.1 Intravenous priming with AM51-VSV induces an anti-viral state in the CN S

To assess whether injecting mice in the periphery with the AM51 mutant VSV prior
to challenging i.c. is CNS protective, six to eight week old female Balb/c mice were iv.
injected or “primed” with 100ul of 1 x 10° pfu/ml AM51-VSV-GFP. Control groups were
mock primed with 100ul PBS. Twenty-four hours after priming, all mice were i.c. challenged
with 5ul of 4 x 10° pfu/ml of AM51-VSV-GFP. Mice were weighed daily and assessed for
activity levels, status of fur, and ability to walk. End point was established to be when the
animal had lost 20% of its initial body weight or had developed hind limb paralysis (HLP). All
mice primed with AM51-VSV-GFP initially lost some weight and showed signs of pilo-
erection. However, by 48h after the challenge dose, these mice recovered to a healthy status.
Mock primed mice rapidly lost weight, became inactive, never recovered from pilo-erection
and developed HLP within 6-8 days after i.c. challenge. These initial experiments were based
on phenotypic observations using AM51-VSV-GFP as the priming virus and the challenge
Vvirus.

Previously, we had constructed the mutant virus, AM51-VSV to not only express
GFP but also encode for firefly luciferase (FLuc). Coupled with the i zizo imaging system
(IVIS, Xenogen Corp.), the AM51-VSV-GFP-FLuc was used as the challenge virus allowing
us to track the i.c. challenge dose of the virus in the same mouse in a non-invasive fashion
over time. This technique therefore enabled us to not only assess priming based on survival
but also in terms of replication and/or spread of VSV in a living animal. IVIS imaging

commenced 24h after the i.c. challenge and continued everyday until either luminescence
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signal diminished to near background levels, or the mice had reached endpoint (Figwe 3.1).
Images were taken using Igor Pro software (Xenogen Corp.) using the same capture
parameters throughout the experiment. In mock injected Balb/c mice, luminescence was
detected within 24h after challenge in the brain, and seen in the spinal cord within 72h (Figee
3.1 A). By 120h post i.c. challenge, all mock primed mice had reached endpoint. In contrast,
AMS51-VSV-GFP primed mice initially emitted luminescence from within the head, but by 72h
after challenge, signal diminished from the head and minimal luminescence, if any, was seen in
the spine of most mice. All primed mice recovered from initial weight loss and survived past
15 days.

In order to determine if priming is strain specific, parallel experiments were
performed in the C57Bl/6 strain of mice. Signal strength was generally lower in C57Bl/6
mice, probably due to the dark colour of their fur which absorbed most of the luminescence.
However, difference in signal was evident between the mock primed and the VSV primed
cases and the final outcome was consistent with Balb/ ¢ mice (Figwe 3.1 B). Although signal
was not detected in the spine of the mock primed C57Bl/6 mice, all of them developed HLP
by 120h post i.c. challenge. As expected, primed C57Bl/6 mice survived the i.c. challenge.

The possibility of gender influence was addressed in a similar experiment using
groups of male and female FVB/N mice. As seen in figwe 3.1 C, no gender differences were
observed in that virus primed mice survive an i.c. challenge with virus while mock primed
mice develop HLP. These experiments indicate that CNS protection induced by priming is
not strain or sex specific. Due to the optimal signal detected with white haired mice, female

Balb/ ¢ mice were chosen as the model strain for further characterization.
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Figure 3.1: Priming induced CN S protection is not strain or sex specific

Balb/c (A) or C57Bl/6 (B) strains of mice were either mock primed G.v.. injected with 100ul
PBS — top row) or primed with 1x10°* pfu/100ul AM51-VSV-GFP (bottom row). 24h after
priming, mice were i.c. challenged with AM51-VSV-GFP —FLuc at a dose of 2x10” pfu/5ul.
IVIS imaging commenced 24 hours after the i.c. challenge. Each mouse was injected i.p. with
3mg of luciferin (in 200ul PBS) just prior to imaging. Photons were integrated for 3 minutes at
medium resolution for all images. Only images taken at 24h and 72h after i.c. challenge are
shown. (C) Survival curves for the various strains (Balb/c, C57Bl/6 — top graph) and sexes
(FVBN strain — bottom graph) are shown. Mock or AM51-VSV-GFP primed mice were
challenged 24h after with AM51-VSV-GFP —FLuc. Endpoint was determined to be when the
mouse either developed HLP or death. (F) female; (M) male
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3.2  Correlation of photon flux with viral titre

In order to validate the use of the IVIS as a quantitative tool to measure replicating virus,
brains were harvested after imaging to compare the quantity of photons emitted from the brain to
actual viral titres. Balb/ ¢ female mice were primed with AM51-VSV-GFP and another set were
mock primed with PBS. Both groups of mice were challenged i.c. with AM51-VSV-GFP-FLuc
24h after priming. Three mice from each group were imaged 24h post i.c. challenge, euthanized
and brains were collected. During imaging, photons were collected and integrated for 3 minutes
per each set of mice. Two brains from each group were weighed and frozen in PBS while one
brain was flash frozen in isopentane for IHC studies. This was repeated with the remaining mice
at 72h and 120h post i.c. challenge (three mice per group per time point). Figre 3.2 A depicts the
images taken each day indicated before the mice were euthanized. Total amount of photons
emitted from the head were measured using Living Image software from all six mice at each time
point, but only data from the mice euthanized for viral titration was plotted (2 of 3 animals) since
the third animalﬂwas used for IHC studies. To quantify the detected luminescence, regions of
interest (ROT) were either drawn manually over areas of the head region showing luminescence or
were automatically generated by the software and the maximum photons/sec/cm?/sr was
obtained. No significant difference in values was noted when luminescence was detected using
regions of interest (ROI) created manually versus automatically plotted by the program. The ROIs
shown in figre 32 A are the result of contours generated by the Living Image program and
software generated photon values. ROI log values taken from the two mice whose brains were
titrated were plotted against time post i.c. challenge (Figse 3.2 B). Log values of viral titres in the
brain, as determined by standard plaque assay, plotted against time post i.c. challenge are shown in

Figwe 3.2 C. Figwe 3.2 B indicates that within 24h post i.c. challenge there is a two-log decrease in
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viral replication when mice are primed. There is a slight increase in luminescence later in infection,
but by 5 days post challenge, the signal in the head reaches background levels. Background
luminescence was quantified by creating ROIs in areas where the signal is not present or by
imaging mice without administering D-luciferin. Mock primed mice maintained a high level of
luminescence and all mice showed spread of virus to the spine by 72h post i.c. challenge. At the
time when primed mice showed clearance of virus from the CNS (120h), mock primed individuals
still emitted two-log more photons from the head and two of three mice showed signs of HLP.
AM51-VSV primed mice were at a healthy weight at time of sacrifice and displayed normal activity
levels.

To validate the fact that luminescence is representative of actual viral replication, we
plotted the total amount of photons quantified from each mouse against actual viral titre as
determined by the plaque assay. Values from VSV primed mice at 120 hours post i.c. were omitted
because photon values were at background levels and therefore negligible. Plotting total amount
of photons emitted from the head region using software created ROIs versus viral titres produces
a correlation value of 0.95 and manually created ROI values produce a correlation of 0.938.
Therefore, luminescence detected using the IVIS is a quantitative measure of replicating VSV in

living mice.
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Figure 3.2: IVIS data correlated with viral titres

A)

B)

o))

Mice were i.v. primed with either 1x10*pfu/ 100ul A51VSV-GFP or mock primed with
100ul of sterile PBS. 24h after priming, both groups were i.c. challenged with 2x10"pfu
of A51VSV-GFP-FLuc in 5ul of sterile PBS. Three mice from each priming group
were imaged using the IVIS at different times post i.c. challenge as indicated in the
figure and then euthanized. The brains were isolated and homogenates were titered on
VERO cells using a standard plaque assay. Regions of interest were drawn over
luminescent areas of the head were quantified using Living Image software. The scale
bar on the left indicates the quantity of photons emitted from the mice according to
the colour code.

Luminescence emitted from each mouse quantified using Living Image software is
plotted against time post i.c. challenge. Background indicates the average amount of
luminescence captured from non-luminescent areas on the mice. Each data point is the
average taken from three mice.

Actual viral titres from primed and mock brains imaged in (A) are plotted against time
post challenge. Each data point represents the average titre from two mice per time-

point.

D) Photons emitted from the head are plotted against viral titres from the same mouse.

The data point for primed mice imaged 120h after challenge was omitted due to
negligible viral titres and IVIS signal. Total photons emitted correlates with actual viral
titre in the head.
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3.3  Kinetics of priming

We have shown that priming 24h prior to i.c. challenging is effective at protecting the
host, but we wanted to determine the exact onset and duration of protection. Balb/ ¢ mice were
primed with AMS51-VSV-GFP and at various time points, mice were ic. injected with the
challenge dose of AM51-VSV-GFP-FLuc. Again, mice were imaged starting 24h after the
challenge dose. The times chosen to challenge were 12h, 24h, 48h, 72h, and 96h after priming,
Past 96h, it is known that a robust antibody response is initiated by the host to limit VSV infection
of the periphery and also by this time point, primed mice have recovered > ”. Visual comparison
of the amount of light emitted from the heads of the mice indicated that the longer the challenge
dose was delayed after priming, the less viral replication was seen in the head (Figwe 3.3). Viral
challenge at 12h or 24h after priming still allowed for virus to replicate extensively in the brain and
then eventually spread to the spine. However, in these mice the signal eventually cleared and all
mice survived. Waiting past 96h produced the best result, minimizing the initial amount of
replication taking place in the brain. Figee 3.4 quantitatively compares viral replication at the
various challenge times. When compared to signal emitted from mock primed mice, it was evident
that even as early as 12h, there was a substantial decrease in the amount of replicating virus in the
brain. The greatest drop in signal occurred 96h after the priming dose, regardless of when the
mice were challenged. This is evident from figee 3.3, where the mice challenged after 96h emit
signal just above background and were clear 48h post i.c. challenge. From these results, it was
apparent that protection commenced as early as 12h but the strength of the protective response

increased the longer the challenge dose was delayed.
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Figure 3.3: Kinetics of Priming

15 mice were primed iv. with 1x10*pfu/100ul AM51VSV-GFP. At different times (12h, 24h,
48h, 72h, 96h) after priming, 3 mice were challenged i.c. with 2x10”pfu/5ul A51VSV-GFP-
FLuc. Imaging commenced for each set 24h after the i.c. challenge and continued each day
until signal diminished or mice reached end-point. All images were collected with Igor Pro
software (Xenogen Corp.) using the same parameters. The images shown are taken after 24h
and 72h hours post i.c. and are normalized to the same minimum and maximum values. All
A51VSV-GFP primed mice survived the i.c. challenge dose indicating protection is induced as
early as 12h. Mock primed mice (not shown) all developed HLP by 6 days after i.c. challenge
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Figure 3.4: IVIS quantification of kinetics of priming

Total photons emitted from the head of all mice i.c. challenged at various times after the
priming dose is plotted against time post i.c. challenge. The data shown is the average photons
from three mice per time-point quantified using Living Image software. The mock primed
(PBS) negative control mice were i.c. challenged 24h after priming. All primed mice survived
whereas the mock primed all succumbed to HLP. IVIS data indicates that the longer the i.c.
challenge is delayed after priming, the less replication takes place in the head and virus is
cleared at an accelerated rate.
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3.4  Route of priming

To determine if CNS protection can be altered depending on how the virus is initially introduced
into the periphery, different routes of priming were attempted. Mice were primed with AM51-
VSV-GFP via intra-peritoneal (i.p.), intra-muscular (i.m.), or sub-cutaneous (sub.cu.) injection.
Mock primed and positive controls were primed via the i.v. route. All mice were i.c. challenged
48h post priming and were imaged commencing 24h post i.c. challenge. As expected, mock
primed mice demonstrated 1-2 log more viral replication in the head in comparison to all VSV
primed mice and replication remained high throughout the experiment (Figee 3.5 A). No data
points are shown for these mock primed mice at the last time point because by 120h post
challenge, one mouse had died and the other mouse had developed HLP. All AM51-VSV-GFP
primed animals survived except the sub-cu. primed group where only oﬁe mouse survived.
Examination of the luminescent signal emitted from the heads of these mice revealed that ip.
priming is the most effective route, because at 24h post i.c., this route of priming resulted in the
least amount of signal in the head and the virus cleared from the mice at an accelerated rate. By
48h post i.c., there was more than 1-log decrease in signal detected in the head from mice primed
ip. in comparison to all other routes. By 96h post i.c., i.p. primed mice had deared VSV from the
head whereas some luminescence was detected in the heads of mice primed by other routes. This
experiment was repeated just comparing the iv. and ip. routes but challenging the mice 24h post
priming, Figee 3.5 B compares these two routes of priming at the various challenge times.
Challenging 24h after priming via the i.p. route still resulted in a decrease of viral replication in the
head and quicker clearance of signal when compared to iv. priming. In terms of outcome, both

routes of priming were effective in protecting the CNS.
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Figure 3.5: Influence of priming route on viral replication in the brain

A) Mice were primed with 1x10® pfu/ 100ul A51VSV-GFP via 4 different routes: intra-
muscular (.m), intra-venous (.v.), subcutaneous (sub.cu.) and intra-peritoneal (i.p.). Three
mice were included in each group and two mice were included for the PBS iv. mock
primed negative controls. 48h after priming, mice were challenged i.c. with 2x10” pfu/5ul
A51VSV-GFP-FLuc and imaging commenced 24h post ic. challenge. Photons were
integrated for 3 minutes and images were taken at high resolution. The photons emitted in
the head region of each mouse was quantified and plotted vs. time post i.c. challenge. All
primed mice survived the challenge dose except the sub-cu. primed mice where only one
survived (indicated in legend). I.p. priming was the most effective in restricting VSV
replication in the head and enabled quicker clearance of virus from mice. One mock
primed mouse succumbed to the virus at 120h post i.c. and the other developed HLP.

B) The above experiment was repeated but mice were challenged 24h after priming via
the iv. and i.p. routes only (n=3). Again, all primed mice survived. The graph compares
signal in the heads of mice challenged via the two different routes at 48h (data from A) and
at 24h after priming.
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3.5 Priming restricts viral replication in the CN S
IVIS imaging allows for a global view of viral replication within a living animal, but can
not resolve specific regions of infection. To determine the areas of the brain that are infected by
VSV, IHC studies were performed looking for VSV antigen in mouse brain tissue sections. Figse
3.6 compares various areas of the brain at different time points after i.c. challenge from primed
and mock primed mice. The mice were imaged prior to extracting the brains (Fig#e 3.2), therefore,
we expected to detect virus in these brain tissue sections.
The sections shown in figwe 3.6 A are from mice that were i.v. primed with AM51-VSV-
GFP or PBS and i.c. challenged 24h after priming with AM51-VSV-GFP-FLuc. VSV antigen was
detected using antibody against the VSV G protein using the standard IHC technique. The brown
areas are indicative of VSV antigen positive areas. Hemotoxylin counterstaining was used to stain
all nuclei blue. Horizontal sections of the brains were taken at 24h post i.c. and sagittal sections
are shown at 72 and 96h post i.c.. In mock primed brains, VSV antigen was seen at 24h post i.c.
challenge around the ventricles and in the hippocampus. At the same time-point, in primed brains,
VSV antigen was only detected around the ventricles.

At 72h, sagittal sections taken approximately 2.5-2.8 mm lateral to the midline were
analyzed for both the mock primed and VSV primed scenarios. In the mock primed section, VSV
positive staining was seen around the midsection near the lateral ventricle (LV) and spread
extensively around the hippocampus. In the primed brain section at 72h, staining was restricted to
areas around the LV and there was some infection of the hippocampus. It was evident that VSV
infected the same type of cells thippocampal cells) at this time point whether the mice were
primed or not, but there was significant differences in the extent of viral spread. Priming via the

ip. route (Figwe 3.6 B) resulted in the same pattern of infection where the hippocampus was

60



infected but with much more spread along the ventricles and along the entire hippocampus when
mice were mock primed.

Comparable sagittal sections are shown for brains harvested at 96h post i.c.. Extensive
VSV positive staining is seen in the mock primed section around the dorsal third ventricle (D3V)
and third ventricle (3V). The hippocampus was positive for VSV as well as the caudate, thalamus
and OB. VSV was seen also by the fourth ventricle (4V) at this later time point. Primed brain
sections were only positive for VSV around the 3V and D3V and were also concentrated in the
granule cell layer of the OB but staining was not seen in the 4V.

Comparing the images taken from VSV primed and mock primed brains, it was clear that
viral priming restricted VSV spread to the area around the ventricles. Without priming, VSV
spread from the LV, 3V and D3V specifically to the hippocampus, thalamus, and striatum,
eventually making its way to the 4V where it then spread to the spinal cord. VSV i.c. infection had
a specific route of spread and did not differ whether the mice were primed or not. The
hippocampus was always targeted but there was a difference in the extent of viral replication and
spread. No differences in infection pattern were detected from brains of mice primed via the i.p.
route but there was a decrease in the extent of VSV positive areas. As shown by IVIS imaging, i.p.
priming resulted in less viral replication, therefore, less viral antigen was expected in these brain

sections.
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Figure 3.6 Priming restricts AM 51-VSV spread through the mouse brain

A) Brains taken after i.c. infection of mice either i.v. primed 24h prior with AM51-VSV-
GFP or mock primed. IHC analysis was carried out to detect VSV antigen using
antibody against the G protein and is shown as the dark brown staining on the
sections. All nuclei were counterstained blue with hemotoxylin. Horizontal sections are
shown at 24h post i.c. challenge and sagittal brain sections are shown at 72 and 96h
post i.c. challenge. At each time point, relatively similar areas of the brains are
presented for each route of priming. 24h after i.c. challenge, very little VSV antigen is
detected in primed brains and are restricted to the ventricles. More VSV positive areas
are seen when mock primed at 24h post i.c. and are seen by the ventricles and at distal
sites. Whereas, primed sections showed less VSV positive areas over time, mock
primed brains showed an increase in VSV infection. All images were scanned using the
UMAX Astra 1220S scanner and VistaScan32 version 3.55 software

B) 10x image of brain tissue section around the hippocampus labelled for VSV antigen
(brown) and counterstained with hemotoxylin (blue). Mice were primed i.p. 24h before i.c.
challenge. The images shown here are from primed and mock primed brains taken 72h
after i.c. challenge. Images were taken with Zeiss Axioskop 2 mot plus microscope using
Northern Edipse software.
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3.6 VSV infection of CNS cells

When wt VSV finds its way to the CNS, it has specific affinity for neurons and is
neuropathogenic "and this property was not altered with the AM51-VSV virus. However, we
documented that priming allowed mice to survive and this may be due to restricting infection of
neurons. To determine if priming changed the type of cells that are infected by VSV, a double
labelling immuno-fluorescence (IF) technique was used. The cell types tested were
astrocytes/ ependymal cells, microglial cells and neurons. Fig#e 3.7 compares primed and mock
primed brains at 72h post i.c. challenge that are double labelled for either VSV and anti- glial
fibrillary acidic protein (GFAP) or VSV and ricinus communis agglutinin-1 (RCA-1). GFAP is a
member of the intermediate filament family and provides support and strength to cells. Several
molecules of GFAP oligomerize to form the main intermediate filaments in astroglial/ ependymal
cells '®. RCA-1 is a lectin that binds to p —D-galactose residues and labels microglial cells and
endothelial cells ', GFAP positive staining was seen around areas of VSV infection but did not
directly overlap with VSV positive cells. GFAP expression was not seen in areas where there was
no viral infection. RCA-1 positive cells were also not positive for VSV antigen indicating that
these cells were also not the primary target of a VSV infection. As a negative control, primary
antibody was omitted and confirmed that there was little or no non-specific binding taking place
with either marker.

Figwre 3.8 depicts double IF labelling of VSV and anti-NeuN. Anti-NeuN stains
neuronal nuclei and some reactivity is also seen in the cytoplasm, dendrites and axon '®. It reacts
with most neuronal cell types except for Purkinje, mitral and photoreceptor cells '®. As shown
with IHC images, VSV infection was primarily seen around the hippocampus at 72h post i.c.. The
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overlay of the individual stains indicated that VSV infected cells are also positive for NeuN in
both the primed and mock primed brain sections. The 40x zoomed image of the CA1 region of
the hippocampus (Figure 3.8 B) clearly showed an overlap of VSV positive cells and NeuN positive
cells. From these images it was clear that although priming significantly reduces replication in

neurons, it however does not alter neuronal targeting by AM51-VSV.



Figure 3.7: VSV does not infect neuroglia cells

10pm mouse brain sections were co-labelled for the astrocyte marker GFAP (red) and VSV
antigen (Alexa 488 - green) or for the microglia and endothelial cell marker, RCA-1 (red) and
VSV (green). Texas red fluorescent secondary antibody was used to label the cells while Alexa-
488 secondary was used to label VSV. Hoechst counter-staining stains all nuclei blue. In both
the VSV primed case (A — 10x) and the mock primed brains (B — 20x), no VSV positive
staining was seen in astrocytes at anytime during brain infections. VSV also does not infect
endothelial cells or microglial cells. All images were captured using the same parameters using
the Zeiss Axioskop 2 mot plus epi-fluorescent microscope and Northern E clipse software. No
background staining is seen when the primary antibody is omitted ©.
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Figure 3.8 Priming reduces but does not prevent VSV replication in neurons

10um thick brain sections were taken from primed or mock primed mice 72h after ic.
infection with AM51-VSV-GFF-FLuc. Fluorescence antigen labelling of the brain sections
were used to detect neurons (anti-NeulN) using Alexa-488 secondary antibody (green) and
VSV antigen using Cy3 secondary antibody (red). Hoechst counter-stains all nuclei of every
cell type blue. (A) Comparison of equivalent areas of infection in primed and mock primed
brains. In the AM51-VSV primed case, VSV antigen staining overlaps with NeuN positive cells
of the hippocampus indicating priming does not prevent VSV infection of neurons. As
expected, in the mock primed case VSV positive cells also overlaps with neuronal cells.
Therefore priming acts to restrict infection but does not prevent infection of neurons. PBS
mock i.c. challenged mice show no VSV positive staining (lower left) and no background is
seen when all primary antibodies are omitted (lower right) (B) depicts a 40x zoom of the
hippocampus where it can be clearly seen that neurons are infected by VSV in both primed
and mock primed brain sections. All images were initially captured using the identical
parameters for each colour at the same magnification using a Zeiss axioskop 2 mot plus
microscope and Northern E clipse software.
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3.7  Priming sensitizes the CN 'S to undergo apoptosis

Given the difference in outcome seen when mice were primed, we were interested to
determine if priming affected VSV’s ability to induce apoptosis of infected neurons. Brain sections
from primed and mock primed mice were assayed by i situ fluorescent labelling of DNA breaks
(TUNEL assay), a marker of apoptosis, and co-labelled with anti-VSV. At 24h, TUNEL positive
cells were evident in primed but were even more abundant in the mock primed brain section
(Figwe 39 A). In both cases, apoptosis occurred predominately in cells of the ventricles, and at
this snapshot in time, apoptotic cells did not overlap with VSV positive cells. In mock primed
brains, extensive VSV infection was evident in the parenchyma near areas of apoptosis. Not many
VSV infected areas were seen in primed brains and were concentrated in and around ventricles.
However, by 72h post i.c. challenge, there were more apoptotic cells than VSV infected cells in
the VSV primed brains (Figae 3.9 B). Apoptosis was only evident around areas of VSV infection
and was not widespread throughout the section. On the other hand, mock primed brains still
contained more VSV positive cells than apoptotic cells. Again, the majority of the TUNEL
positive cells at this time point did not overlap with VSV infected cells. F igre 3.9 C compares the
hippocampus and hypothalamus of primed and mock primed mice at 96h post ic.. Here,
apoptosis started to increase in mock primed brains whereas VSV infection decreased significantly
in primed brains. In the hippocampus, very little VSV antigen was present in primed brains but
apoptotic cells were still spread around the area of infection. In mock primed brain tissue,
apoptosis was more evident in comparison to earlier time points but there continued to be a

significant number of infected cells.
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Figure 3.9: Priming induces more apoptosis around sites of infection

Brain sections (10um) were taken from brains 24h, 72h and 96h after i.c. challenge with
AM51-VSV-GFP-FLuc. All mice were i.p. primed with the standard priming dose of AM51-
VSV-GFP or PBS. Sections were co-labelled for TUNEL (thodamine - red) and anti-VSV
(Alexa-488 - green). (A) shows that by 24h after i.c. challenge, there was intense VSV positive
staining seen in the hippocampus (above left image) in mock primed brains with few spots of
apoptosis in and around the ventricles (bottom left image). Not much VSV staining was seen
in primed brains at this time point and only a few spots of apoptosis were seen. By 72h post
i.c. challenge (B), more apoptosis was evident in the parenchyma of primed brains. In mock
primed brains, apoptosis was still restricted to the ventricles and there were less apoptotic cells
than VSV positive cells. 96h after challenge (C), the number of apoptotic cells increased in the
mock primed sections while it decreased in primed brains. All images were taken with Zeiss
Axioskop 2 mot plus using Northern E clipse software using the same parameters.
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Figure 3.10: VSV infected cells do not overdap with apoptotic cells

Images were taken of fluorescently labelled mouse brains that were ic. challenged 96h after
AMS51-VSV-GFP primed or PBS mock primed via the i.v.. route. VSV positive cells were labelled
using anti-VSV-G protein primary and Alexafluor-488 secondary antibody (green). TUNEL
staining technique was used to label apoptotic cells using rhodamine (red). A) 20x section from a
mouse brain mock primed with PBS. There were more cells positive for VSV antigen then
apoptotic cells and there were only a few apoptotic cells that overlap with VSV staining (shown by
the arrow). B) 20x section from a mouse brain VSV primed. There were significantly more areas
that were apoptotic then infected with VSV. All the infected cells were not positive for apoptosis.
In A and B, the pictures to the right are a zoomed view of what is outlined in the boxes. C)
Negative control where VSV primed mice were i.c. challenged with PBS. There was no positive
staining for apoptosis or VSV. D) VSV primed mouse, i.c. challenged with VSV where the
primary antibody for VSV and the TUNEL TdT enzyme was omitted from the experimental
setup. No background staining was seen. All images were taken with Zeiss Axioskop 2 mot plus
using Northern E clipse software using the same parameters for each fluorescent filter.
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Figre 3.10 also shows images taken at 96h post i.c. challenge but after i.v. priming, In this
figure it was also seen that apoptosis was occurring in VSV rich areas in mock primed brains (figae
3.10 A), but again when looking at the primed section, TUNEL positive cells outnumbered VSV
positive cells. Magnification of infected cells indicated that most of these cells were not
undergoing cell death at that time but apoptosis was occurring in neighbouring cells not positive
for VSV. There were some instances where in both mock primed and VSV primed brains, some
infected cells were also apoptotic (see figwe 3.10 inserts), but these double positive cells were in the
minority. From all sections examined at various time points past 24h post i.c. challenge, VSV
primed brain sections always correspond with more apoptotic cells near the area of infection,
whereas mock primed brains show a higher ratio of VSV infected cells than to apoptotic cells.

PBS i.c. challenged mice were used as controls and show no indication of apoptosis (figae 3.10 C).

3.8 VSV brain infection, apoptosis, and resident CN S cells

As with determining the type of CNS cells infected by VSV, the type of cells undergoing
apoptosis was also analyzed TUNEL and the individual cell markers for astrocytes,
microglia/ endothelial cells and neurons were assayed. Figwes 3.9 and 3.10 illustrate that initially at
24h post i.c, TUNEL positive cells were seen in the ventricle areas where VSV infection was first
found and by 96h post i.c. challenge, apoptosis was more evident in the parenchyma when
primed. Apoptosis in the parenchyma was not as extensive in mock primed brains at later time
points. The top panel of figse 3.11 indicates that TUNEL positive cells did not overlap with
GFAP staining but GFAP expression was predominantly seen surrounding areas of apoptosis.

The bottom panel is a 20x image taken of an RCA-1 and TUNEL co-labelled section. Microglia
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were also not undergoing apoptosis at this time-point. Negative control slides (no primary
antibody) indicate that non-specific binding was minimal.

Figwe3.12 A and 3.12 B are representative images of brains primed i.p. either with PBS
or VSV and labelled with anti-NeuN and TUNEL. Again, more apoptosis was seen in sections
where the mice were primed with virus and was more evident in areas away from the ventricle.
Mock primed section only had apoptotic cells within the ventricle. Figwe 3.12 B illustrates a 40x
zoom of areas of apoptosis from primed and mock primed mice. The image taken for the mock
primed section is of an apoptotic area near the ventricle. The hippocampus is shown for the VSV
primed section. From the overlay, it seems that the TUNEL positive red cells did not overlap with
the NeuN positive green cells. The TUNEL positive cells were shrunken and also stained very

weakly for Hoechst, a DN A binding fluorescent molecule.
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Figure 3.11 Apoptosis of CNS glial cells

Lv. Primed or mock primed brain sections were assayed for apoptosis (TUNEL- green) and
co-labelled for astrocytes or microglia cells. Astrocytes were detected using the anti-GFAP
primary and using Cy3 (red) as the secondary. Microglia were detected using biotin conjugated
RCA-1 primary antibody coupled with a streptavidin conjugated Texas red secondary. The
images shown were from primed brain sections taken 96h after i.c. challenge. There was no
overlap seen with GFAP positive cells or RCA-1 positive cells and TUNEL positive apoptotic
cells. GFAP positive astrocytes were seen predominately surrounding areas of apoptosis
whereas RCA-1 positive microglia cells were detected in areas of cell death. Negative control
sections where the primary antibody or the TUNEL Tdt enzyme was omitted indicated that
there was minimal non-specific background staining.
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Figure 3.12: Apoptosis of neurons

72h after i.c. challenge of ip. primed or mock primed mice, brain sections were co-labelled for
apoptosis (red) using the TUNEL assay and neurons using anti-NeuN and Alexafluor 488
secondary antibody (green). A) 20x image of hippocampus area where VSV infection was usually
seen. In mock primed brains apoptosis was seen predominately in the ventricles but was evident
in the parenchyma as well as the ventricles in primed brain section. TUNEL positive cells were
not seen with PBS mock i.c. challenged brain sections (lower right image) and there was no non-
specific staining seen when primary antibody was omitted (lower left image). B) 40x zoom of the
ventricle area of mock primed section and of the hippocampus for the primed section. There is no
overlap of apoptotic cells and NeuN positive cells. All images were taken using the Zeiss
Axioskop 2 mot plus epi-fluorescent microscope using Northern E clipse software.
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CHAPTER 4 RESULTS - FACTORS INVOLVED IN PRIMING INDUCED
PROTECTION

Our initial work focused on assessing priming induced CNS protection. Although the
neuro-pathogenic nature of VSV has previously been described, we have shown that priming mice
prior to a brain infection does in fact protect the brain from viral induced fatality. Although
priming does not alter VSV’s affinity for neurons, it accelerates the rate and amount of cell death
occurring at the site of infection. Another fundamental result was the kinetics of protection.
Others have put importance in the adaptive immune system in preventing VSV induced
encephalitis, but we have shown that with our mutant AM51-VSV that priming induces CNS
protection as early as 12h. At this early time, it seems unlikely that the adaptive immune response
is solely responsible for immune mediated clearance of virus from the CNS. This leaves us with a

fundamental question — what are the host factors involved in dearing the CNS of AM51-VSV

infection and therefore preventing fatality?

41  Infiltrating immmne cells are not involved in CN S protection or pathology

Experiments characterizing wt VSV infection in the CNS via an in. challenge indicate
that B-cells are not seen in CNS until day 14 post infection. At this time, surviving mice are
recovering from the infection and viral antigen is not detected in these brains . It has also been
established that neutralizing early IgM (induced by day 3 post infection) or late IgG antibody
response are only effective in preventing viral spread to the CNS but is not effective in protecting

mice once virus has already gained access to neural tissue *.
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Figure 4.1 IHC to detect infiltrating immmine cells into the brain

Mice were i.c. challenged with AM51-VSV-GFP-FLuc 24h after i.v. priming with AM51-VSV-
GPB or PBS. Brains were harvested over a time course after i.c. challenge and processed for
THC analysis. The images shown here are from sections assayed for the presence of T-cells
(anti-CD3 ¢) and for B-cells (anti CD45 receptor) from brains taken at 6 days post ic.
challenge. Control sections where mice were mock challenged with PBS after priming showed
that B-cells or T-cells are not seen in brains that are not virally infected (20x images). B-cells
were also not seen in primed or mock primed brains that were challenged with VSV at this
time (20x images). However, T-cells were present in both primed and mock primed brains 6
days after VSV i.c. challenge (40x images). T-cells were not seen in the brain prior to this time
(not shown). The positive control (spleen) indicates that the antibody we use here was able to
detect B and T cells (10x). All images were taken using Zeiss Axioskop 2 mot plus and
Northern E dlipse software using the same parameters.
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Priming experiments with wild-type virus three days prior to an i.c. challenge with 1000
pfu of wt VSV have shown that although a robust antibody response is detected in the serum, the
mice still succumb to lethal encephalitis *. We therefore wanted to determine if there was a role
for B-cells in our model of CNS infection and priming, Brains and spleen were harvested from
primed or mock primed mice and processed for IHC analysis to detect CD45R positive cells.
CD45R is a surface molecule and that is mainly expressed by the B-cell lineage. Figwe 4.1 (bottom
row) indicates that CD45R immunoreactivity is not detected in any of the brain sections by day six
of infection, but was detected in the spleen (positive control). Priming did not cause B-cells to
infiltrate into the CNS during our time course of infection and thus local antibody production is
an unlikely mechanism induced in explaining the limited VSV infection of the CNS.

Previous data has shown that CD8+ T cells are seen in the OB as soon as 1 day after in.
challenge with VSV and CD4+ T-cells soon follow *’. We looked for T-cells in the brains of mice
to see if we could detect similar patterns of infiltration with AM51-VSV. Figwe 4.1 reveals that
CD3, a pan T-cell marker, was detected in the brains of both mock primed and virally primed
mice only six days after i.c. challenge. T-cell immunoreactivity was never seen prior to this time
point in any of the sections examined (data not shown). By the sixth day of infection, primed mice
had deared the virus while mock primed animals had either developed HLP or were close to
paralysis. CD3+ cells were not detected in control PBS i.c. challenged mice but were detected in

the spleen (positive control).
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4.2 Factors in serum neutralize VSV in vitro

Although B-cells were not detected in the brain after an i.c. infection with AM51-VSV,
peripheral antibody production can have effects in the CNS. Blood was collected 24h after
priming and tested for the ability to neutralize VSV in vitro. Mock primed mouse blood was also
collected 24h after PBS priming to serve as the antibody-free negative control. Blood that was
known to have antibodies against VSV was obtained from mice that had previously survived a
priming experiment (2 month survivors). Plasma samples were collected from three mice from
each group (primed, mock primed, positive control) and were incubated with serial dilutions of
AM51-VSV-GFP or media («-MEM). All plasma samples were diluted 100-fold in a-MEM. The
virus-plasma/ control mixture was incubated on VERO cells overnight and plaques were counted
the next day. Normal mouse plasma did not neutralize the VSV (177 plaques) and neither did
VSV primed plasma at 24 hour post priming (178 plaques) (Tahle 4.1 B). This same result was
obtained from mice that were i.v. primed (7able 4.1 A). The positive control serum incubated with
VSV resulted in no plaque formation indicating that mice that had previously survived an i.c.
infection carried factors in their plasma that were able to neutralize VSV. Therefore, at the time of
the challenge (24h post priming), there were no factors present in the blood capable of
neutralizing VSV.

Table 4.2 summarizes the plaque reduction ability of primed and mock primed plasma
obtained 24h and 48h post i.c. challenge. This corresponds to plasma at 48 and 72 hours post
priming, At 24h post i.c. (48h post priming), the mock primed plasma plaque value is comparable

to VSV incubated with «-MEM or normal mouse plasma (both at about 400 plaques).



Table 4.1: There are no factors in the blood within 24h after priming that neutralizes
VSV

Plasma collected from mice 24h after priming with AM51-VSV-GFP or PBS was incubated
with different dilutions of stock AM51-VSV-GFP. These mice were never i.c. challenged. The
virus — plasma mixture was incubated on VERO cells overnight and plaques formed were
counted the next day and shown here. Virus was also incubated with sham media to serve as
the negative control. Plasma obtained from mice who had previously survived a priming-
challenge experiment was used as the positive control since they should carry neutralizing
antibody against VSV. Table A indicates the average plaque counts (n=2) from virus incubated
with plasma taken from mice i.v. primed and table B shows the plaque counts from mice i.p.
primed (n=2) and incubated with AV1 VSV. While no plaques were seen when the virus was
incubated with positive serum (contains VSV neutralizing antibodies), plasma from 24h
primed mice show no VSV neutralizing ability. As expected, mock primed serum also does not
neutralize VSV.

* indicates an estimated plaque count
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Table 42: VSV neutralizing factors are present in the blood 48h after virus inoculation

Mice were primed or mock primed ip. and then i.c. challenged with AM51-VSV-GFP-Fluc
24h priming, Mice were sacrificed either at 24h (n=3) or 48h (n=3) after challenge and plasma
was assayed to test for its ability to neutralize VSV. Plasma was incubated with different
dilutions of AV1 VSV. AV1 VSV was also incubated with media, normal plasma from
uninfected mice and positive control plasma from previously primed and challenged mice to
serve as controls. Plasma or media and virus were incubated together then plated on VERO
cell lines overnight and plaques were counted the next day. Positive control serum was able to
neutralize AV1 at all dilutions whereas (last column) media and normal mouse plasma had no
neutralizing ability (column 2 &3). 24h post i.c., primed plasma had some neutralizing ability
that was amplified by 48h. Mock primed plasma has no VSV neutralizing ability 24h after
challenge but showed immense plaque reduction 48h after challenge. Regardless of route of
infection, neutralizing factors form in the serum 48h after virus infection.

v-v — AM51-VSV-GFP primed/ AM51-VSV-GFP-FLuc i.c. challenge

p-v—PBS primed- AM51-VSV-GFP-FLuc i.c. challenged

o-MEM — media

* indicates estimated plaque count
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However, VSV primed plasma results in a significant reduction in plaque numbers (97 plaques).
Neutralizing factors therefore accumulated in the blood 48h after priming with virus. At 48h post
i.c. (72h post ip.) there was an even greater reduction in plaque formation (18 plaques). Mock
primed plasma only started to show virus neutralizing properties 48h after i.c. challenge (126
plaques). Comparing the plaque numbers from plasma at 24h post i.c., VSV primed and 48h post
i.c., mock primed (97 vs. 126), it indicates that 48h past virus infection in mice, regardless of route

(.p. vs. ic), VSV neutralizing factors start to be produced and are carried in the blood.

43  T- Cells are not involved in CN S protection or pathology

Although we did not detect T-cells in the brain until 5 days after virus challenge, T-cells
can exert effects in the brain from the periphery. To conclusively determine if educated T-cells
play a role, nude mice (CD-1 nu/nu) were primed and challenged. Nude mice are born without a
thymus and therefore cannot generate mature T-cells but do carry peripheral T-cells. This restricts
these mice from producing certain types of immune responses such as antibody formation
requiring T helper cells, cell mediated immune responses and killing of virus infected or malignant
cells that require CTLs '”. Nude mice were i.p. primed or mock primed and then i.c. challenged
48h later. Mice were imaged 24h after challenge and visually assessed. IVIS images taken of the
mice are shown in figee 4.2. The top panel represents AM51-VSV primed nude mice. These
primed mice showed very little viral replication by 24h post challenge. Although signal increased

slightly at 72-120h after challenge, virus replication was never detected in the spine.
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Figure 4.2: 'T-cells are not involved in priming induced CN'S protection

CD-1 nude mice were primed ip. with 2x10° pfu/100ul AM51 VSV-GFP (n=3) or 100ul
sterile PBS (n=3). 48h after priming, both groups were challenged ic. with 2x10"pfu/5ul
AM51-VSV-GFP-FLuc. IVIS imaging commenced 24h post i.c. challenge and continued until
168h post i.c. Primed mice were able to clear the virus and survived the i.c. challenge, whereas
the mock primed mice showed intense VSV replication in the head with subsequent spread to
the spinal cord. One mock primed mouse developed HLP by 120h post i.c. and the remaining
2 showed HLP by 168h post i.c. challenge. The scale bar shown on the right indicates the total
amount of photon flux emitted from the mice according to the colour scheme.
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Signal was still present in two of the three mice at 168h post challenge, but the mice were active
and maintained a healthy weight. All primed nude mice survived the i.c. challenge and lived past
15 days. Mock primed mice showed significantly more signal at 24h post challenge in comparison
to the primed mice. By 72h after challenge, VSV was detected in the spine of the mock primed
mice and they had also lost a significant amount of weight. The mice with the most signal at 24h
(middle) was the first to develop HLP and did not survive past 5 days post challenge and by 7
days after challenge, the remaining 2 mice were dragging both hind legs. The significant weight
loss that occurred when mice were mock primed was more evident in nude mice. At the fifth day
post i.c. challenge, all mock primed mice had extensive wrinkly skin due to the extreme weight
loss and their hunched spinal cords were visible. Primed mice initially lost some weight in the first

couple of days after challenge but quickly recovered to a healthy status.

44  Intetferon expression in VSV infected Balb/ ¢ mice

The above results indicate that CNS protection induced by systemic priming with AM51- -
VSV did not require T-cells to propagate and sustain the priming effect. B-cells were never seen
infiltrating into the brain over the course of the protective phenomenon and there were no factors
in the serum within 24h after priming that are able to neutralize the virus. Combined with
previous data indicating that protection commences as early as 12h post priming, it seems likely
that the innate immune system is primarily involved in protection. IFN is an antiviral protein, and
its rapid induction is an important host defence mechanism against most viral infections in the
periphery . Although treatment of mice injected i.n. with VSV with exogenous IFN-« (6.4 x 10°
U/ day) produced only marginal survival 2, AM51-VSV might be more sensitive to the antiviral
effects of IFN. However, we wanted to first determine the kinetics and amount of IFN produced
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in mice after an i.p. verses i.c. injection of the recombinant AM51 VSV. The induction of IFN «,
B, and y in the serum and CSF of primed and mock primed mice was assayed using ELISA.
Samples were collected from mice 6h and 12h after i.p. or i.c. injection with AM51-VSV (3 mice
per time point). Controls included serum and CSF collected at 6h and 12h from mice i.c. injected
with PBS or UV inactivated AV1 VSV. Figure4.3 depicts the kinetics of induction of various IFN's
after AM51-VSV infection. The average of three individual samples was used for serum values
while only 2 samples were processed for CSF due to the minute quantities available. There was no
induction of any IFNs in the serum or CSF when mice were i.c. injected with PBS or UV
irradiated AV1 VSV.

Figwe 434 shows that IFN-y was only induced in the serum, and was not detected in the
CSFE. Six hours after ip. injection with AM51-VSV, IFN-y levels reached peak levels at
3166pg/ml, and by 12h levels decreased slightly to 2389 pg/ml. The opposite trend was seen
when mice were ic. injected with virus. At 6h, IFN-y levels averaged 436pg/ml but rose to
2136pg/ml by 12h post i.c. injection. Although significantly more IFN-o was induced in the
blood, the same trend was observed. Serum levels of IFN-a reached a peak at 6h post ip.
injection with VSV (149 022pg/ml) and decreased by 12 h post i.p. 35 473 pg/ml) (figre 4.3 B)
whereas when i.c. injected, levels started off low (1558.1 pg/ml) but rose by 12h (10 548 pg/ mD).
IFN-a was detected in the CSF following the same trend seen in the blood when i.p. injected.
IFN-a was not detected in the CSF using our techniques when mice were i.c. injected. IFN-
values were detected in the serum when VSV is delivered both ip. and i.c. but only in the CSF
when VSV was delivered i.c. (figne 43C). Following the pattern seen with the other two IFNs,
within 6h of ip. injection, serum levels of IFN-B reached 23 234 pg/ml and then decreased to

1067.2 pg/ml.
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Figure 4.3: Induction of intetferon after various routes of infection with AM 51-VSV

Mice were ip. primed with AM51-VSV-GFP and blood and CSF was collected at 6h (n=3)
and 12h (n=3) after infection. Another set of mice were i.c. challenged with either AM51-VSV-
GFP, UV inactivated AV1 or PBS and blood and CSF were collected at 6 and 12h after
infection (n=3 for all groups). ELISA was carried out on all samples to analyze levels of IFN-y
(A) IFN- o (B) and IFN-8 (C). No detectable levels of any IFN was seen when mice were i.c.
challenged with PBS or UV irradiated AV1. All values are shown in pg/ml of blood or CSF.
The average of three data points are shown for blood IFN levels but only the average of two
values are shown for the CSF.
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However, when ic. injected, serum levels start at 1052.2 pg/ml and continue to decrease
(271pg/ mD). In the CSF, a vast amount of IFN-B was induced when mice were i.c. injected. At 6h,
the value in the CSF was only 123 pg/ml but climbs to 24 560 pg/ml by 12h. IFN- was not

detected in the CSF when virus was i.p. injected.

45  The role of interferon in protecting Balb/ ¢ mice from a VSV brain infection

Upon priming, serum IFN-u elevates to high levels within 6 hours and starts to decline
afterwards and the same trend was detected for IFN-« in the CSF. To test if the protection
induced by priming was strictly an IFN-o antiviral response that started in the blood and then
diffused into the brain, exogenous human recombinant IFN-« (universal type I IFN) was used to
treat mice prior to an ic. challenge with AM51 VSV-GFP-FLuc. Two different attempts were
made to pre-treat the mice with IFN-a. In the first preliminary experiment IFN low group),
Balb/ ¢ mice were i.p. injected with 20,000 U of IFN-« or PBS 24h prior to receiving an i.c.
injection of the standard challenge dose of AM51 VSV-GFP-FLuc. On the day of challenge,
10,000 U of IFN-a was also administered i.p. just prior to the ic. challenge with virus. Control
mice were dosed with PBS. 24h post i.c. injection; the mice were again given 10,000 U of IFN « or
100ul PBS and then were imaged that same day. Positive control mice were given the regular dose
of AM51 VSV-GFP 24h prior to the i.c. injection. The results of this experiment are presented in
Sigwe4.4in the form of a survival curve. In the IFN treated group, one mouse died 4 days after the
i.c. challenge and the other developed HLP at day 5 after the challenge. In the mock treated
group, one mouse was dead at day 5 while the remaining mouse had developed HLP (data not
shown). The positive control AM51-VSV primed mice all survived the ic. challenge. The
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experiment was repeated but this time more mice were treated with IFN « at a higher dose. This
group (IFN high group) received 20,000 U of IFN « for all three i.p. treatment injections. A PBS
treated negative control group, and a AM51-VSV primed positive control group were again used.
These mice were not imaged and were only assessed based on survival. Figee 4.4 shows that by
day 6, one of the IFN treated mice reached endpoint and the remaining three succumbed by day
7. All PBS treated mice died while the VSV primed mice survived.

The exogenous treatment with IFN -« did not provide any protection against AM51-VSV
infection of the brain. To confirm this result, mice were primed with a virus that is known to
provide a robust IFN-« response, Respiratory Enteritic Orphan virus (Reovirus) '® '®. In mice,
in. inoculation of Reovirus (Type 3 Dearing) is the most effective route of entry that results in a
productive infection (personal communication); therefore mice were primed with 1 x 107 pfu/50ul
by i.n. inoculation. At this dose and route, Reovirus is not pathogenic in mice. The i.c. challenge
with AM51-VSV was given 48h after priming with Reovirus. Control mice were primed with PBS
or AM51-VSV via the i.p. route and challenged 48h later. The survival data in figae 4.4 show that
by day 4 post i.c., one mouse primed with Reovirus reached endpoint, another died at day 5 and
by day 6, the last mouse had developed HLP. The mock primed mice all died while the VSV
primed mice survived (data not shown). To eliminate the possibility that the i.n. route could lead
to Reovirus leaking into the brain and thus aggravated the AM51-VSV i.c. infection, mice were
again primed with Reovirus but via the i.p. route. 1x 10°® pfu/100ul of Reovirus was administered
ip. into Balb/c mice. We had previously determined by ELISA that this dose of Reovirus

produces approximately 20 000 pg/ ml of IFN -« within 6h of i.p. injection.



Figure 4.4: IFN treatment does not protect mice from i.c. challenge with VSV

A) Survival data from experiments in which exogenous IFN was delivered to mice prior

B)

to i.c. challenge. Low dose IFN -a group was i.p. dosed with 20,000 U 24h prior to i.c.
challenge then 10,000 U was administered the day of and 24h after challenge whereas
the IFN-a high dose group was always dosed with 20,000 U. None of these mice
survived and neither did the mock primed control mice. Mice were also treated with
either 10,000 U of IFN-B or 50,000 U of IFN-y by local i.c. delivery 6h prior to i.c.
challenge with AM51-VSV-GFP-Fluc. All IFN-8 treated mice developed HLP while all
IFN-y treated mice survived. Virus primed mice used as positive controls also all
survived.

Reovirus (T'ype 3 Dearing) was used to induce IFN-a endogenously and 1x10° pfu/ 100ul
was injected i.p. 24h or 48h prior to the i.c. challenge with AM51-VSV-GFP-Fluc. 1x10’
pfu/50ul Reovirus was also administered via the i.n. route and challenged with AM51-
VSV-GFP-Fluc 48h after. None of the Reovirus primed mice survived. Therefore,
endogenous levels of IFN-a were not enough to induce CNS protection.
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Figure 4.5: IFN -y is not involved in VSV induced CN'S protection

IFN-y ligand knock-out mice were primed with AM51-VSV-GFP or PBS and then i.c.
challenged with AM51-VSV-GFP-Fluc 24h later. Normal Balb/c mice were also primed and
challenged as positive controls. IVIS imaging was carried out 24h after challenge and
continued for 5 days.  (A) The graph shows the average photon values quantified from the
head of all challenged mice. The average of three mice is shown for all points. Primed mice
survived whereas all mock primed mice developed HLP by day 5 after challenge (B).
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Half of the Reovirus primed mice were i.c. challenged with AM51-VSV-GFP-Luc at 24h post
priming, and the other set was challenged at 48h post priming. The mice were assessed everyday
and from figwe 44 it can be seen that mice challenged at either time points eventually developed
paralysis. Although Reovirus elicited an IFN-a response, it was not ineffective in protecting these
mice from the VSV i.c. challenge.

From our ELISA data, we know that serum levels of IFN-y rise at 6h after priming but
decline by 12h. Although exogenous IFN-y has been shown to have some protective effects in
experimental i.n. infections with VSV, it was proven to be biologically redundant ®. This also
holds true in our priming model. We had conducted preliminary experiments where mice (n=2)
were primed locally in the brain with 50,000 units of exogenous IFN-y 6h prior to virus challenge.
In comparison to PBS primed controls, IFN-y treated mice survived the subsequent virus
challenge (Figuwe 4.4). However, when we carried out the priming experiments in male FVB/N
IFN-y ligand knock-out mice, IFN-y was shown to be irrelevant. Three knock-out mice were
primed ip. with the standard priming virus while another group of three knock-out mice were
mock primed. Mice were challenged 24h later i.c. and imaged commencing 24h post i.c. challenge.
Two of the mock primed knock-out mice developed HLP by day 4 after challenge and the
remaining mouse was dragging its hind limbs by day 5 (figse 4.5). VSV primed mice all survived
the i.c. challenge verifying that IFN y is not the crucial factor involved in providing model of

infection.
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CHAPTER 5: DISCUSSION

Previous studies have characterized the destructive nature of VSV to the CNS when mice
are infected by ic. or in. routes. VSV is fatal fifty percent of the time when administered
systemically or i.n. to adult mice, ” whereas direct i.c. infection is virtually all lethal '*°. The AM51
mutant strain of VSV, although shown to be safe when administered systemically, maintains its
neurotoxicity when delivered to the CNS and at first does not appear to be a safe treatment for
cancers of the brain. AM51-VSV expressing GFP was used to treat implanted human gliomas in
immunodeficient nude mice and although administered i.v., VSV was able to travel to the site of
the glioma. Replication was only seen in the tumour cell, whereas normal brain tissue escaped
unscathed (unpublished data). Entry into the brain from within the host was somehow able to
limit viral replication in normal healthy brain tissue. However, the lack of any extensive damage to
normal tissue may have been due to minute amounts of virus that found its way into normal
tissue. We tested whether protection could be induced against a higher dose of virus and found
that mice were able to survive an ic. challenge as high as 2 x 10’ pfu of AM51-VSV. This
protective phenomenon was reproducible in various strains of adult mice as well as in both sexes.
Naive unprimed mice were not able to survive the i.c. challenge at this dose and developed HLP

or in some instances died due to extensive viral replication and spread within the CNS.



51  IVIS imaging techniques indicate that AM51- VSV replicationinthe CN S is
restricted when mice are ptimed as eardy as 12h before i.c. challenge

Live imaging technology allowed us to quantify the amount of replication taking place in
the CNS in a primed versus mock primed scenario. This technique enabled us to see that priming
reduced the initial amount of replication in the brain by 1 to 2 log when compared to mock
primed mice and also resulted in accelerated clearance of the virus from the CNS. In contrast,
mock primed mice maintained high levels of viral replication in the CNS until experimental
endpoints were reached. Imaging also allowed us to visualize the pathway taken by the virus
within the CNS of the same animal over the time-course of infection. Priming limited virus spread
from the brain to the spine and in cases where the virus did manage to leak into the spine, host
responses were able to clear the infection and the animal survived. Mock primed animals always
ended up with extensive viral infection of the spine leading to HLP within 5-6 days post challenge.

Previous studies have shown that a robust IgG host response against VSV commences by
day 6 after peripheral infection *. The priming induced protection that we characterized occurred
at a time prior to the induction of neutralizing antibodies against VSV. We thus assessed the
initiation of protection at time points before a robust IgG antibody response against VSV began.
Protection was induced in the CNS against the i.c. challenge dose of AM51-VSV as early as 12hrs
post priming, Although viral replication was very high when mice were challenged 12h after
priming and was eventually detected in the spine, all experimental mice cleared the virus and
survived the challenge. Complete survival was also seen with all mice challenged at later time
points (24h-96h).

Quantification of the amount of luminescence detected in the head indicated that the

longer the challenge dose was delayed after priming, the less viral replication took place in the
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head and the spread to the spine was limited. Although protection was measurable within 12h, the
effect may only reach an optimal stage at later time points. Also, if protection was due to a
concerted effort of different factors, these additive effects may not be in place until after a specific
time-point after priming. Regardless of what time-point the mice were challenged i.c., the greatest
drop in replication in the head always occurred at 120h (5 days) post priming. This was most
evident when comparing signal detected from mice challenged 96h after priming. In this group,
luminescence detected 24h after i.c. challenge (120h post prime) is almost 2-fold less than all other
signal detected at this day of imaging (figse 3.49. Studies with the in. infection route in mouse
model indicate that breakdown of the BBB is not detected until 6 days post infection ”. However,
since we injected directly into the cranium, it is possible that at 120h, there was full BBB
permeability significantly earlier than with the i.n. model. If this was the case, then neutralizing
IgM antibodies that normally have poor access to the CNS and the minute amounts of 1gG
antibodies that start to be produced at later times after infection, would have had unrestricted
admission into the CNS. When mice are challenged after VSV specific antibody starts to cross
into the brain (96-120h post prime), maximal protection is available and virus is neutralized before
it can start to cause excessive damage. Future experiments testing the CSF for neutralizing

antibodies over the length of our experiment will confirm this hypothesis.

5.2  Priming limits but does not restrict AM 51-VSV infection of neurons

Like many other viruses that target the CNS, VSV has a specific affinity for neurons and
HLP and/or death of the host is assumed to be due to widespread neuronal damage . VSV
infection through the in. route specifically infected olfactory bulb neurons and if not rapidly
cleared, the infection spread trans-synaptically to other neurons within the brain . In an i.c.
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infection, VSV spreads in the CNS by targeting specific type of neurons (.e. hippocampal) in
certain regions of the brain . Our THC images indicated that priming did not initially restrict the
areas infected but rather acted to restrict replication and spread within the targeted region (figee
306). VSV-specific staining indicated that VSV infects cells of the ventricles (ependymal,
endothelial, choroid plexus) at first and then makes its way to the parenchyma. From the LV, VSV
displayed an affinity for the hippocampal region and in the absence of priming, infected this entire
region. Priming restricted infection to specific regions of the hippocampus and spread through the
ventricle system was limited. However, the restriction in replication and spreading of VSV seen in
the CNS of primed mice is not a result of preventing infection of neurons. Neurons of primed
mice were also key targets of a VSV infection and overall survival of the host was not due to

altering VSV’s neurotropism.

5.3  Priming sensitizes sutrounding CN'S cells to undergo apoptosis in response to
AMS51-VSV infection

In an attempt to understand how priming enables host survival even though neurons
continue to be infected, we assessed the extent of apoptosis in the CNS. In uifro studies have
previously shown that VSV induced death of neuronal cell lines is due to apoptosis °. Ln. VSV
infection of mice and subsequent neuropathology seen i zizoare a result of neuronal apoptosis *
1 Here, we also showed that apoptosis occurred in brain tissue as a result of an i.c. challenge
with AM51-VSV (figees 3.9 3.10). Mock ic. infected brains did not display apoptotic cells,
indicating that cell death occurred in response to viral infection and not the injection procedure.
At 24h post i.c., primed mice showed very little viral antigen and even less apoptosis whereas

mock primed mice had apoptotic cells in and around the ventricles. The number of apoptotic cells
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was significantly less than the number of infected cells and minimal overlap was seen between
TUNEL positive cells and VSV infected cells. As the infection proceeded, primed brains showed
an increase in the number of apoptotic cells and apoptotic cells started to outnumber infected
cells. These dead cells were not only evident in the ventricular region, but were also seen in the
parenchyma around areas of VSV infection. This was not the case when mice were mock primed.
Apoptosis was still predominately seen in and around the ventricles and there were fewer
apoptotic bodies than VSV infected cells. In both cases, there was also still very minimal overlap
between dying and infected cells. Our data therefore indicated that priming sensitized CNS cells
to rapidly undergo apoptosis in response to VSV infection. Although unlikely, it is possible that
apoptotic cells have lost expression of viral antigen. The sum of current literature and our current
results favour the notion that apoptotic signals from nearby infected cells induced surrounding
cells to trigger cell death in an attempt to limit VSV’s path of destruction. Previous experiments
have shown that apoptosis occurs around areas of infection but VSV RNA positive cells did not
TUNEL stain . Moreover, it was also found that although in some areas of infection there were
equal numbers of infected cells and apoptotic cells, infected cells frequently and significantly
outnumbered dying cells .

A similar mechanism of spread has been reported with Rabies virus infection of the CNS.
Rabies virus (Rhabdoviridae, genus Lysavirus) also selectively infects neurons but preserves
neuronal integrity so that it maintains a route of spread and propagation while inducing apoptosis
in cells attempting to eliminate the virus (T-cells) 7. Less pathogenic strains of rabies results only
in paralysis and not death of the host because viral spread to the brain is limited due to the
induction of apoptosis '"'. The host-virus paradigm established with Rabies virus thus appears to
be mimicked by VSV. However, we were unable to conclusively determine the cell type that in the

CNS that was sensitized to die. GFAP (marker of astrocytes/ependymal cells), RCA-1
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(endothelial/ microglial cells), and NeuN (neurons) positive cells did not consistently overlap with
TUNEL positive cells. Two of these proteins are cytoskeletal (GFAP) or membrane bound (RCA-
1) markers and is unlikely that their expression would be lost when a cell undergoes apoptosis.
NeuN is a nuclear protein and it is possible that its expression is lost or becomes faint when
apoptosis occurs. In a similar manner, hoechst, the fluorescent counter-stain used to label DNA
also became faint or non-existent in apoptotic positive cells. This suggests that nuclear markers
may not be ideal when characterizing apoptotic cells and alternative approaches such as
Fluorescence activated cell sorting (FACS) analysis may be more conclusive.

Swr & d have decisively shown using ultrastructural studies that when mice are infected
in. with VSV, apoptosis was evident in neurons.  This is most likely similar in our case. In
primed brains, apoptosis is seen in the parenchyma, in areas where neurons are the predominant
cell type (hippocampal formation). In contrast, apoptotic cells in the mock primed brains were
found in the ventricle regions, areas where neurons are not normally located. In our infection
model, we have established that VSV enters the parenchyma from the CSF by infecting cells of
the ventricles. The cells found here are renewable and may be easily persuaded to undergo
apoptosis to allow for viral progeny to infect nearby neurons. When mock primed, VSV
strategically travels from the neuronal cell body down the axon and dendrites (as seen by spotted
VSV staining on tissue sections resembling neuronal processes) to the next targeted neuron while
preserving neuronal integrity. In the absence of the priming signal, apoptosis is delayed or
minimized until VSV has a chance to spread rapidly through the brain neurons eventually making
its way to the spine. When the virus has completely exhausted its resources, eventual cell death of
infected or bystander CNS neurons results in the host’s demise. Priming is a protective

mechanism that sensitizes local neurons around the site of infection to induce apoptosis rapidly,
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thereby cutting off VSV’s route of travel through the neuronal network. Although neuronal loss

may lead to host dysfunction, a few localized dead neurons are more beneficial to host survival.

54  Priming induced CNS protection does not involve the adaptive immune system
and is most likely independent of the IFN -« antiviral response.

We have thus far confirmed that priming is able to protect the CNS from subsequent
VSV i.c. infection and protection commences as early as 12h. At this early time, it seemed unlikely
that the adaptive immune system can respond so quickly to defend the brain, but might be
important for long term survival. Previous studies indicate that T cells are essential for preventing
spread of VSV to the CN'S in immunocompetent mice * and in promoting recovery of mice once
the virus has invaded the CNS "> ', By far the most significant source of CNS protection is the
IgG neutralizing antibodies produced by the adaptive arm of the immune system * *'. However,
IgG is only capable of preventing encephalitis in mice if it is present prior to CNS infection and is
not effective against an established CNS infection. Antibody alone is also insufficient for long
term survival, as IgG serum transfer to nude mice does not prevent VSV infection of neural tissue

and subsequent death *.

To test whether priming induced CNS protection is dependent on the cell-mediated
immunity, we first looked for the presence of T and B cells in brain tissue of primed versus
mock primed mice. IHC studies over the time course of our experiment (24h post i.c. until 120-
144h post i.c.) indicate that T cells are only evident 5 days after the i.c. infection in both primed
and mock primed brains. At this time, the mice have either succumbed to paralysis or have

cleared the virus. It is possible that the infiltrating T-cells are important for clearing up residual
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virus and ensuring life-long survival as shown in previous models with wt VSV %, However, we
had subsequently shown that priming induced protection is possible in nude mice. As seen with
Balb/ ¢ mice, i.p. primed nude mice challenged 48h later survived the VSV brain infection.
Initially, very little viral replication was detected in the heads of primed mice and although there
was some increase, there was never any viral spread to the spine and the signal eventually
cleared. In mock primed mice, there was extensive viral replication in the head and was evident
in the spine two days after challenge. All mock primed mice died due to paralysis. I.v. delivery of
wt VSV to nude mice resulted in fatality in over half the mice infected in the long run, but our
experiments indicated that the attenuated AM51-VSV had no discernable toxic effects when
delivered systematically since all primed mice lived past 15 days. Priming induced protection of
the CNS in nude mice corroborated our IHC studies in showing that T-cells are not involved in

mediating protection.

Bi @ dl have shown that B-cells are only seen in the brains of in. infected mice 14 days
after VSV infection, therefore as expected, we were not able to detect infiltrating B-cells by 6 days
after i.c. challenge in both primed and mock primed brains. However, others have established the
importance of neutralizing antibody action against VSV in limiting infection and spread to the
CNS. Our plaque reduction assay of primed or normal serum indicate that there were also no
factors present in the blood that were capable of neutralizing VSV when mice were challenged
24h after priming. Although some neutralizing effect is seen 48h after priming, it has already been
established that antibody formed after CNS invasion by VSV is ineffective as a means of
protection. Furthermore, the same level of neutralization is seen in blood taken 48h after
challenge from mice mock primed yet we have already established that mock primed never survive

the i.c. challenge. Early production of IgM in the serum cannot establish neutralizing effects in the
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CNS since IgM (the only type produced at this early time), cannot cross the BBB. Although it can
be argued that we have breached the BBB due to the i.c. injection, IgM has been shown to be less
effective than IgG antibodies in neutralizing VSV *" 2, The final outcome of these experiments
indicates that neutralizing factors begin to form in the blood 48h after virus is detected in the host
regardless of route of inoculation (.p. vs. i.c.). Since our positive control serum indicates that by
10 days post i.p. priming, complete neutralization of VSV is possible i vitrg, antibody produced at
the early challenge time points is also an unlikely mechanism mediating priming induced CNS

protection.

Since there was no definitive role for the adaptive immune system in priming induced
CNS protection, we focused our attention on early innate responses to viral infection. VSV is
known to be exquisitely sensitive to the antiviral effects of IFN and its therapeutic use as a
potential oncolytic virus stems from the fact that the virus will preferentially replicate in cells
defective in producing or responding to IFN. The AM51 mutant virus was created to increase
the therapeutic window in order to limit infection of healthy cells with a functionally intact IFN
system. Since the virus we assessed in this study is a potent biological inducer of IFN, a key
antiviral factor, we started our assessment of innate immunity with this family of cytokines. Our
ELISA data showed that within 6hrs of priming, a robust IFN-u response was induced in the
blood of primed mice, and some was also seen in the CSF. By 12h, IFN-« levels significantly
decreased in the blood and were undetectable in the CSF. IFN-a was not present when mice
were injected with PBS or with UV-inactivated virus, indicating that VSV replication was
necessary to activate an anti-viral state. When directly i.c. challenged, levels of IFN-a started to
form in the blood but was not seen in the CSF, indicating that the IFN-o detected in the CSF

(when i.p. primed) was most likely derived from the serum rather than produced locally. It has
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already been established that IFN's can cross the BBB and can exert effects in the CNS although
they are mainly produced in the periphery®. Thus far, there is no evidence of local IFN-«
production in the CNS and most likely does not occur especially in light of the fact that IFN-«
has potential neuro-toxic effects ®. Armed with this knowledge, we primed mice with
exogenous IFN-a 24h prior to challenge, at time of challenge, and 24h after virus infection of
the brain. Despite rigorous dosing, IFN-o was ineffective at preventing fatality. Earlier attempts
at treating mice already infected in. with VSV with exogenous IFN-a proved to be most
effective when IFN-a was induced endogenously using poly i.c. . However, our experiments
using Reovirus to stimulate endogenous IFN-« was not able to protect mice from VSV
infection of the CNS. Reovirus induction of IFN-« in serum was previously assayed and high

levels of this IFN were detected i vizo

Although the kinetics of IFN-f induction were very similar to those of IFN-«, the
absolute levels of proteins were much lower. Furthermore, IFN-8 appeared in the CSF 6h post i.c.
injection, a phenomenon not seen with IFN-«. At the time of induction of IFN-8 in the CSF, only
minute quantities were detected in the serum indicating that this cytokine was being produced
locally in the brain. IFN-8 is not detected in the CSF when VSV is administered i.p. or when UV
inactivated VSV is injected i.c.. Others have shown that neurons secrete IFN-B, but not IFN-« in
response to a viral infection ® %, Rabies virus, as well as the unrelated Theiler’s and La Crosse
viruses induce IFN-B production in neurons # uitro as well as i vizo * ©. Due to the lack of
induction of IFN-§ in the brain when VSV is detected in the periphery and the surge when VSV is
detected locally within the CNS, IFN-8 may act as a compensatory mechanism in the CNS in a
futile attempt to protect itself from excessive viral insult. It is plausible that if IFN- is present
locally before VSV is detected, neuro-protection might be achieved. Given that our preliminary
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priming attempts to administer exogenous IFN-f locally (10,000 U via i.c. injection) had failed, we
tentatively came to the conclusion that even though IFN-g is produced locally and its expression
seems to increase over the course of an i.c. infection, IFN-§ is not protective when delivered
locally. The possibility also exists that IFN-$, made in the brain as an antiviral tactic by neurons
when virus is detected, may in fact be a contributing factor in virus induced lethality.

As described previously, studies with Rabies virus indicate that the attenuated strain of
Rabies limits the disease to just paralysis due to induction of apoptosis in neurons of the spinal
cord "', The pathogenic strain is able to replicate freely within the spine and travel to the brain by
preventing surrounding neurons from dying. Our data showed similar results, in that priming
induces greater amounts of apoptosis around sites of VSV infection when compared to mock
primed mice. IFN-8 may play a key role in this observation since it has been reported that neurons
produce IFN-§ in response to Rabies virus infection®. The induction of IFN-B in the CSF as
seen only after direct i.c. infection with AM51-VSV may serve to protect neurons as occurs with
Rabies, and in doing so enables the virus to spread quickly. Priming may act to wam the CNS of
an oncoming attack by a neurotropic virus and desensitizes neurons to the neuroprotective effects
of IFN-g, allowing individual uninfected neurons to commit suicide in an attempt to preserve the
entire organism. To conclusively show that neuroprotection might in fact be harmful in terms of a
VSV brain infection, experiments depleting IFN-§ using anti-IFN-§ antibodies might prove
fruitful. Type 1 IFN knock-out mice or peripheral IFN- depletion will not be useful since type I
IFNs are necessary to keep VSV infection in check outside of the CNS * *, Therefore we can
attempt to create organ specific knock-out mice that lack IFN-B receptors only in the CNS to
determine if IFN-$ possesses neuroprotective properties that contributes to fatality by preventing

the induction of apoptosis in mock primed mice.
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Assuming that the IFN response necessary to protect the host from widespread VSV
infection of the periphery is not applicable to the CNS, the search continues for the CNS
protective factors that are induced upon priming. Our current data point towards the innate
immune system and most likely a soluble factor secreted by cells important to this early arm of
immunity - macrophages and dendritic cells. Natural killer (INK) cells are also key players in innate
immunity and secrete IFN-y, but NK cell depletion experiments carried out by our group (data
not shown) and the IFN-y knock-out mice studies indicate that these factors are not necessary for
protection. Others have shown through macrophage and dendritic cell deletion that a subset of
these cells is more critical than IFN-« in providing protection from VSV dissemination to the
CNS and subsequent mortality *. Although these cell types are capable of migrating to the CNS,
the rapid protective response we show here points to the importance of fast acting soluble factors.

Preliminary data from adoptive transfer experiments indicate that soluble factors in the
blood that may be vital to CNS protection. Thus far, it seems that transfer of plasma extracted
from mice that were primed 6h earlier with AM51-VSV provides partial protection against AM51-
VSV brain challenge. Protection decreases when mice were primed with 24h plasma or with
splenocytes. We have also started to profile specific factors in the blood using cytokine array
technology (RayBio Cytokine Antibody Array II, RayBiotech Inc). In a preliminary array, the
chemokine MCP-1 was shown to be up-regulated in the plasma of mice within 6h of infection
with AM51-VSV. Others have shown that VSV infection of macrophages i uitro also up-regulates
MCP-1 as well as TP-10"°. MCP-1 is implicated in increasing permeability of the BBB and is not
only secreted by macrophages but also by astrocytes in order to recruit blood monocytes into the
CNS during viral insult 7% ', Further experimentation is underway to verify these results and

hopefully solidify our ground-work.
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CHAPTER & CONCLUSIONS AND FUTURE DIRECTIONS

Direct infection of the CNS with VSV or the “IFN inducing” AM51 VSV is lethal in mice.
However, we have established here that systemic delivery or “priming” with AM51-VSV prior to
an i.c. injection of the same virus affords complete CNS protection. Using current # zizo imaging
techniques allowed us to track viral replication from within a living animal and also enabled us to
quantify the amount of replication taking place over time. Using imaging, we saw that priming did
not prevent VSV from infecting and actively replicating in the brain, but decreased the extent of
initial infection by 1-2 logs in comparison to mock primed mice. Mock primed mice showed
increased viral replication in the head and eventual spread to the spine. However, not all mock
primed mice showed intense viral replication in the brain and spine on the last day. Most animals
showed intense signal 1-2 days prior to developing paralysis and were clear of any signal on the
day they were fully dragging their hind limbs. This is indicative of VSV reaching the end of its
replication capacity because of the lack of new cells to infect or host defences catching up with
viral infection.

Although we know that complete clearance and life-long protection against VSV is likely
due to an antibody response, we have shown that protection is initiated as early as 12h after a
priming event. At this time, the adaptive immune system is not active and others have shown that
immune serum against VSV is not protective once the virus has already gained access into the
CNS *. Our plaque reduction studies also indicated that in our priming model there was no
neutralizing factors present in the blood until 48h after virus infection. Therefore, we conclude
that priming induced protection commences as early as 12h post infection due to an unknown
mechanism or factor(s) and continues to protect the brain from subsequent VSV challenge past

this time point. 96h after priming, the initial protective factor(s) subsides and switches to an
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antibody response or works in concert with a VSV specific antibody response to completely
eliminate any residual pathogen remaining in the CNS and provide life-long immunity. Future
experiments will attempt to determine at what point after priming the IgM response switches to
an IgG antibody response and at what time antibody is present in the CSF or brain tissue.
Although VSV is extremely sensitive to the antiviral effects of type 1 IFN and we are
using an engineered virus that does not prevent the induction of IFN within the host, thus far it
does not seem that IFN is the key protective factor induced upon priming. IFN-« is not reported
to be made locally in the CNS, but neurons have been reported to produce IFN- in response to
viral infection as a neuro-protective measure **®, This is interesting in light of the fact that we had
detected induction of IFN-B in the CSF within 6h after mice where challenged i.c.. Local
production of IFN-B in the brain was not seen when mice were primed i.p.. We had established
that priming restricts infection and spread of VSV in neurons by rapidly inducing apoptosis in
surrounding cells at the site of infection. Although we have not definitively proved that neurons
are undergoing cell death, the areas where apoptosis is seen when mice are primed and what has
been seen by others with VSV infection and the related Rabies virus indicates that it may in fact be
neurons that are primed to die. In our i.c. infection model, the protective nature of IFN-8 might
work against the host by promoting viral infection and spread. Priming inhibits the production of
IFN-$ by neurons, potentially as a means to sensitize neurons to die upon viral infection. Future
experiments will look the anti-apoptotic neuroprotective properties of IFN-f within the CNS and
assess whether this contributed to AM51-VSV’s ability to spread uncontrollably within the
neuronal network.
Our work has raised new questions as to how counteraction to VSV infection of the CNS
occurs that allows for host survival. We are leaning towards a soluble factor(s) in the blood that

acts in the CNS or turns on important protective elements in the CNS. There are many potent
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cytokines that have been implicated to function in the CNS. TNF-«, IFN-y, IL-1a, IL-2, IL-6
mRNA can be detected soon after several neurotropic viral infections % #9193 _Qur goal now
is to show that protection can be passed on to other animals by transferring VSV-depleted primed
serum and if this proves to be valid, we will embark on a series of DNA micro-arrays of brain
tissue and cytokine arrays of the serum and CSF to find the elements that link systemic priming

with CNS protection.
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