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ABSTRACT

Apoptosis serves as a powerful defense against damaged and unwanted cells.
The family of Bcl-2 proteins plays a key role in the regulation of apoptosis at the
mitochondria. Members of the Bcl-2 family include pro- and anti-apoptotic members
that collectively determine the state of the cell. Apoptosis is an effective defense
against viral infection, and many viruses, including poxviruses, encode proteins to
prevent or delay apoptosis. In this thesis, we demonstrate that ectromelia virus, the
causative agent of lethal mousepox, encodes an inhibitor of apoptosis, EVM025.
EVMO025 is the orthologue of VACV F1, previously shown to inhibit apoptosis.
EVMO25 contains a large N-terminal repeat and a C-terminal domain that is
essential for localization to the mitochondria. Cells infected with ECTV lacking
EVMO025 undergo apoptosis, highlighting the importance of the anti-apoptotic
activity of EVM025. We further demonstrate that expression of EVMO025 is crucial to
prevent apoptosis triggered by various stimulations. Expression of EVMO025
prevents the activation of Bak and Bax and maintains mitochondrial membrane
integrity upon infection with ECTV. Our virulence studies have established that
ECTVAO025 is highly attenuated in mice, with virus only being detected in the
draining lymph node (D-LN) following footpad inoculation. ECTVA025 was unable
to escape the D-LN and replicate in other organs such as spleen, kidney and liver.
Our studies show that the T cell response is required to limit the spread of the virus
beyond the D-LN.

The vaccinia virus Copenhagen (VACV) E3 protein is essential for virus

replication in a wide range of cells. E3 dampens various innate immune responses
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by inhibiting PKR, thus maintaining efficient protein translation over the course of a
virus infection cycle. In addition to being an inhibitor of PKR, E3 has also been
associated with the inhibition of cellular apoptosis. In this thesis we confirmed that
infection with VACVAE3L triggers the intrinsic apoptotic pathway, and leads to the
cleavage of Caspase-3 and eventual cell death. However, our data suggest that E3
does not directly inhibit the intrinsic apoptotic pathway; instead, it suppresses
apoptosis indirectly, by promoting the accumulation of the VACV anti-apoptotic F1
protein. F1 mRNA is present in cells infected VACVAE3L but the protein product
does not detectably accumulate, suggesting a block at the translational level. F1
expression is restored by ectopic expression of E3 or by knocking out PKR,

reversing the pro-apoptotic phenotype of VACVAE3L.
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Chapter -1- Introduction



1.1. Poxviruses

Smallpox is a contagious, disfiguring, and often deadly disease that has affected
humans for thousands of years. It has been responsible for multiple pandemics
throughout the history of humanity. It is responsible for killing more humans in recorded
history than all other infectious diseases combined. A successful vaccination campaign
lead by the World Health Organization (WHO) was responsible for the eradication of the
disease with the last reported case of small pox in the US occurring in 1949'. The last
naturally acquired case in the world was reported in 1977 in Somalia®. In 1980, the
WHO certified that the world was free of smallpox; thus making smallpox an extinct
human disease’. Variola virus is the causative agent of smallpox, and therefore the most
infamous member of the Poxviridae family. Poxviridae comprises viruses identified by a
single, linear double-stranded DNA (dsDNA) genome, and for their ability to replicate
exclusively in the cytoplasm of infected cells. The earliest classification of poxviruses
was based on the disease symptoms and gross pathology. In addition to Variola virus
(Orthopoxvirus), molluscum contagiosum virus (Molluscipoxvirus) is capable of directly
infecting humans. The members of Orthopoxvirus, Molluscipoxvirus, Parapoxvirus, and
Yatapoxvirus genera can infect humans, though most natural infections have occurred
through zoonosis’. As mentioned earlier, the poxvirus family is most well known for
being the causative agent of smallpox, though many members of the family are currently

being used in the studies of vaccine development, gene therapy and oncolytics.



1.1.1. Poxvirus Classification

Based on their hosts, the Poxviridae are classified into two subfamilies: the
Entomopoxvirinae, virus that infect invertebrates, and the Chorodopoxvirinae, virus that
infect vertebrates®™. The Chorodopoxvirinae sub-family is further divided into ten genera
based on their genetic makeup and host range similarity: orthopoxviruses,
yatapoxviruses, leporipoxviruses, capripoxviruses, cervidpoxviruses, Suipoxviruses,
parapoxviruses, molluscipoxviruses, crocodylipoxviruses and avipoxviruses. An
outstanding feature of the viruses belonging to the chordopoxviruses, is their range of

- .8,10,11
host species™

. In fact, the host range varies drastically even between closely related
species within a single genus. Among the orthopoxviruses, variola virus was stringently

human specific, whereas monkeypox and cowpox viruses naturally infect a wide variety

of mammalian species.

1.1.2. Orthopoxviruses

The Orthopoxvirus genus is comprised of some of the best-studied poxviruses and
the genomes of many of its members have been completely sequenced”'?. In addition to
the variola virus (VARYV), there are other well-known and well-studied poxviruses. One
well-studied poxvirus is the Vaccinia virus (VACV), which was used in the vaccine
against smallpox. Another well-known member of poxviruses is monkeypox (MPXV),
which has been responsible for multiple zoonotic outbreaks of poxvirus in the United
States and Africa. In addition to these viruses, other orthopoxviruses include ectromelia
virus (ECTV), camelpox virus (CMLV), taterapox virus (TATV), rabbitpox virus

(RPXV), horsepox virus (HSPV) and different cowpox virus (CPXV) species’.



Orthopoxviruses are closely related to each other antigenically and these antigenic
similarities result in cross-reactivity and cross-protection against recurrent orthopoxvirus
infection. These features have also allowed for the development of a successful vaccine

against VARV ",

1.1.3. Poxvirus Morphology and Genome

Poxviruses have virion size of approximately 360 x 270 x 260 nanometers (nm).
Poxviruses are typically described as being barrel- or brick- shaped and have a
characteristically uneven surface (Fig. 1.1 A)". The overall morphology of poxviruses is
consistent throughout the Chorodopoxvirinae family. Poxvirus virions are found in
various morphologically distinct states during the infection process, all of which contain
a proteinaceous core that houses their genomic material. Poxvirus virions come in two
infectious forms: the mature virion (MV, also known as intracellular mature virus, IMV)
and the enveloped virion (EV; also known as extracellular enveloped virus, EEV)'>'°.
The MV is the basic infectious unit that is enveloped by a single lipid membrane, while

15-18 .
. Poxviruses also have a

the EV is an MV encased by an additional membrane
complex, asymmetrical, internal, dumbbell-shaped, nucleoprotein core which is flanked
by heterogeneous protein aggregates in concavities called ‘lateral bodies’. This core
houses the dsDNA genome along with all of the enzymes required for early mRNA
transcription (Fig. 1.1 B)'.

The poxvirus genome is a single, linear, covalently closed molecule of dsDNA.

The dsDNA genome is held within the core of the virion by a nucleoprotein structure'”.

Poxvirus genomes range in size from 134 kbp in Parapoxviruses to over 350 kbp in



Avipoxviruses, and contain on an average around 200 open reading frames, about ninety
of which are conserved among all chordopoxviruses'”. Chordopoxvirus genomes have an
extremely consistent genome organization. The central region of their genome consists
of highly conserved genes. This region includes genes required for essential functions
like replication, mRNA synthesis, protein processing, virion assembly, and structural
components. In contrast, genes involved in immune evasion or host-specific interactions
are found immediately flanking the central conserved region. The two end regions are
more variable among genera and species, differing in both gene content and nucleic acid

20,21

content (Fig. 1.1 C) These genes are largely involved in pathogenicity, host range,
and immune system modulation. The poxvirus genomes contain inverted terminal repeats
(ITRs), which form hairpin loops to connect the two strands of DNA. The naming
convention for VACV genes was created using HindllI restriction endonuclease fragment
letters, followed by the open reading frame number (ORF) within the fragment, then L or

R depending on the transcriptional direction of the gene®'**.

1.1.4. Poxvirus Life Cycle

1.1.4.1. Virus Entry

As mentioned earlier, two types of infectious vaccinia virus particles exist: the MVs and
the EVs. The MV extracellular virions have an additional membrane envelope derived
from the cellular trans-golgi membrane or the cellular endosomal cisternae. This

23,24

membrane is made by the insertion of multiple viral proteins™*". Previous work has
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Figure 1.1. Poxvirus structure and genome. (A) An electron micrograph of a single VACV. (B) A VACV
viron electron micrograph cross-section compared to the schematic diagram of the virus. (C) Schematic
diagram of the VACV genome.

Source: Condit, R. C., Moussatche, N., & Traktman, P. (2006). In A Nutshell: Structure and Assembly of the
Vaccinia Virion (Vol. 66, pp. 31-124)
Copyright Conformation Number:3943040786051



shown that MV can use a variety of cellular molecules including chondroitin sulfate,
heparin sulfate, glycosaminoglycans, and laminins as entry receptors'®'>**. Studies have
shown that receptor used by the MV depends on the cell type, virus strain and
experimental condition. During a VACV infection of cells, MVs are observed inside
vesicles and seen fusing with the cellular plasma membrane. These events are followed
by release of the core into the cytoplasm'™'’. For EV entry, the outermost membrane
must first be disrupted to expose the entry-fusion complex. The exact events that lead to
the disruption of the membrane are yet to be understood. There is evidence suggesting a
pH-dependent manner or that direct fusion can occur at the plasma membrane following

macropinocytosis of the virion (Fig 1.2)""*.

1.1.4.2. Virus Uncoating, Gene Expression and DNA Replication

Following the removal of the MV membrane or both the membranes of the EV,
the core of the virus makes it way deeper into the cytoplasm using the host’s microtubule
machinery. As mentioned earlier, the viral core consists of viral structural proteins, a
compacted DNA, and transcriptional enzymes required for immediate gene
transcription”'. These viral cores accumulate near the perinuclear region of the cell, and
the viral genomes are partially uncoated to enable the viral DNA-dependent RNA
polymerase to transcribe immediate early genes into mRNAs. Poxviral gene expression is
temporally regulated; early genes of the virus encode immune evasion proteins, a DNA-
dependent DNA polymerase, and proteins involved in viral DNA replication. Early
transcripts can be detected within the first 20 minutes post infection®®. Termination of the

early transcription phase coincides with core disassembly, when exposure of viral
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genomes to the cytoplasm initiates the DNA replication phase. Replication of viral
genomic DNA and transcription of viral genes occurs in cytoplasmic regions termed
“viral factories”. Following the replication of viral DNA, intermediate genes are then
expressed. These intermediate genes encode transcription factors that facilitate late gene
expression”’. The intermediate genes transcription is followed by the transcription of late
genes. Poxvirus late proteins consists of structural proteins and proteins that aid virion
assembly”®. Following late protein synthesis, virion morphogenesis begins in the viral

factory (Fig 1.2)*"*°.

1.1.4.3. Virion Morphogenesis and Egress

Poxvirus virion morphogenesis and egress consists of a series of complex steps,
which are yet to be completely understood. During the late stages of infection,
membrane crescents made of lipids and viral core proteins form. These viral structures
are stabilized by the activity of viral scaffolding proteins. The origin of the lipid
membranes remains uncertain. However, recent studies have suggested that these
membranes might be derived from the cellular endoplasmic reticulum (ER)"™%. As the
infection progresses, the membranes completely close around the viral core proteins. At
this stage, the virions are called immature virions Iv)*>. Encapsidation of the dsDNA in
the IVs, followed by the proteolytic cleavage of the core proteins, leads to the maturation
of the IVs to the MVs. A majority of the progeny virus are MVs and they get released
upon cell lysis. A small percentage of progeny MVs are transported along microtubules
away from the virus factory. Additional double membranes that originate from the trans-

Golgi cisternae or endosomal membranes further wrap these MVs, resulting in a wrapped



virion (WV)’!. These wrapped viruses are transported to the cell periphery along actin
filaments where they fuse with the plasma membrane and lose their outermost membrane,
leading to the release of the virus into the extracellular space. These viruses are now
known as EVs'®. Some of the exocytosed EVs may remain attached to the plasma
membrane of infected cells as cell-associated EV (CEV). Viral proteins induce the
formation of actin projectiles, propelling the CEV towards surrounding uninfected host
cells. This phenomenon is responsible for the cell-to-cell spread of the virus within an
infected host and is an efficient method of cell-to-cell spread for the virus to avoid the
host immune system (Fig 1.2)!1832,

For the purpose of this thesis, two Orthopoxvirus family viruses are will be

considered further: 1. vaccinia virus (VACV) and 2. ectromelia virus (ECTV)

1.1.5. Vaccinia Virus

VACV was used as the vaccine strain used to immunize humans against the
deadly VARV’. As such, VACV does not normally cause a human disease, but as
previously mentioned, is antigenically similar enough to VARV to provide long-term
immunity. This, combined with the high stability of the vaccine strains, aided in the
immense, unparalleled success of the WHO vaccination program'. While the natural host
for VACV is currently unknown, the virus is capable of infecting a wide variety of hosts.
In humans, VACYV produces a localized benign lesion and the virus is rapidly cleared by
the immune system of healthy individual with the lesion eventually healing'”"’.

Formerly believed to have originated from either HSPV or CPXV, VACV has been

cultivated primarily by human-to-human passage or growing the virus in tissue culture.
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Due to the long passage history of the virus, it has been well adapted to grow in tissue
culture. VACV has been extensively used to study virus-host interactions, poxviral life
cycle and poxviral gene expression””. In addition, VACV is also being pursued as a
vector for a number of vaccines including HIV, Hepatitis B and Hepatitis C>°.
Furthermore, VACV possesses oncolytic activity, and thus, is being studied for possible
use in cancer therapeutics. As VACV is not naturally selective for cancerous cells, to

make it more specific to actively replicating cancer cells***”.

1.1.6. Ectromelia Virus

Ectromelia virus (ECTV) is the etiological agent of the disease mousepox, a
disease specific to susceptible strains of mice. Infectious ECTV was identified in 1930
when the mouse was first introduced as an experimental small animal model for poxvirus

infection®®®

. It is believed that wild populations of mice and other rodents in Europe are
susceptible to natural infection. ECTV and VARV are genetically similar, and this
similarity has led to the use of ECTV as a model of smallpox and exanthematous diseases
in mice®®”. ECTV manifests as a foot lesion followed by swelling of the foot and lesions
on the liver and spleen in addition to the foot, indicating that infectious ECTV is a
systemic infection. Mice that survive the acute phase of the disease, recovered weight
steadily and a rash is observed at the site of infection ***'. Thus, ECTV has been a good
model to improve our understanding of a native poxvirus infection in the small animal
model. Since 1930, multiple ECTV strains have been isolated from outbreaks in Europe

and the USA, with differences in pathogenicity. ECTV strain Moscow (ECTV-Mos)

isolated by V. Sololiev is the most virulent strain isolated yet. ECTV strain Naval
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(ECTV-Nav) manifests a fatal disease in BALB/c mice and a mild disease with mild
morbidity and mortality in CD-1 mice. The genomes of ECTV-Nav and ECTV-Mos have

38,42,43

been sequenced and are approximately 208 to 210 kbps in size . The sequence

alignment shows that the two viruses are about 99.5% similar.

1.1.6.1. Mousepox Infection

The natural route of infection of ECTV is believed to be through the skin. The
virus is transmitted through direct contact with an infected animal or through fomites®**,
In addition, the spread of the virus through the respiratory route has also been observed.
Micro-abrasions provide the virus with direct entry to the lower layers of the dermis,

where the virus initiates infection (Fig 1.3)’%*

. The initial replication occurs in the
epidermis at the site of infection. The viral progeny released from the initial site of
infection results in spread to the lymph nodes. At high doses the virus reaches the
draining lymph node (D-LN) within the first 12 hrs of infection, and infects the spleen,

liver and bone marrow 3 or 4 days after the initial infection*'**

. When infected spleens
were studied, majority of the lymphocytes were found to be infected with the ECTV. The
phagocytic Kupffer cells are the first infected cells that appear in the liver. Here, the virus

spreads from the Kupffer cells to the parenchymal cells. Necrosis of the infected organs

leads to the releases the virus in the blood. At a low infectious dose about 80-90 % of
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highly susceptible mouse strains like BALB/c, A, and DBA/2 will succumb by day 7-8
post infection®®. Most mice will perish from the infection due to severe necrosis of the
liver and spleen*'. Mice that survive the mousepox infection or susceptible mice that are
infected with avirulent strains may show the following clinical signs after about 10 days
of infection: ruffled fur, hunched posture, facial edema, swelling of limbs, conjunctivitis,
cutaneous pustules and ulceration (Fig. 1.3)***. Conversely, in resistant mice such as the
C57BL/6, the systemic infection has few clinical signs and results in a less severe
infection®. Disease progression, severity and outcome depend on virus strain, dose and
route of infection. In addition to these, the disease also depends on the genetic

background of the mice.

1.1.6.2. The Role of Genetics in Mousepox Susceptibility and Resistance

The genetic background of mice plays an important role in their susceptibility to a
mousepox infection. Various studies have identified the genetic determinants that play an
important role in determining the genetic susceptibility and resistance to an ECTV
infection. By crossing susceptible stains with resistant strains, the gene loci responsible
for the resistance to the mousepox infection were identified. These regions were termed
as resistance to mousepox (rmp) loci*”*’. Four different rmp loci have been identified.
The rmp-1 is located on chromosome 6. This region maps to the NK gene complex NKR-
P1, a region that is responsible for the signal transduction and activation of NK cells™.
The rmp-2 locus is on chromosome 2 and maps near the complement component C5
gene. Delayed or impaired recruitment of the complement system has been shown to

38,49

delay the recruitment of circulating leukocytes to the site of infection . The rmp-3
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locus is gonad-dependent and is linked to the MHC (H-2)*""*. The rmp-4 locus maps to
the selectin gene complex. The members of this gene complex are involved in encoding
type II membrane proteins, which are involved in leukocyte recruitment®. In addition to
the above-mentioned rmp, studies have also elucidated the importance of the cytokine-
inducible nitric oxide synthase (NOS2) gene, and the IFN-y responses’>*~’. Thus the
severity of ECTV depends on a balance between the swiftness of virus replication and
spread in the host and the swiftness and strength of the immune response, and this

balance is affected by the genetic background of the mouse.

1.1.7. Poxvirus and Immunity

As mentioned earlier, smallpox was a devastating disease. If a previously
unexposed population is exposed to smallpox, the death rate was estimated to be 50% or
greater amongst the very young and those over 40 years in age. However, it was observed
that the individuals that recovered from smallpox were resistant to subsequent exposure

%1342 pBqward Jenner made similar observations in that milkmaids who

of the diseases
acquired cowpox were resistant to smallpox infection. Edward Jenner’s observations lead
to the development of the smallpox vaccine. As described earlier, the vaccine used in the
eradication of smallpox consisted of a VACV strain, although Jenner initially used a
CPXV strain’. Later studies have revealed that orthopoxviruses are closely related and
can elicit a cross reacting immune response. As the eradication of VARV occurred prior

to modern advances in biological sciences, there is a deficiency in our understanding of

the immune responses during a smallpox infection. A majority of our understanding
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about the immune responses and immune evasion strategy of the orthopoxviruses comes

from the study of viruses such as VACV, ECTV, CPVX and MPVX*7385152

1.1.7.1. Immune Responses against Poxvirus

Both the innate and adaptive immune responses are involved in controlling the
poxvirus infection. The adaptive arm of the immune response involves the cell mediated
cytotoxic T-lymphocyte (CTLs) and the humoral immunity (B-cells). Vaccinia virus

13:33:3% A strong CD8" T cell response

induces a strong CD4" and CD8" T cell response
was usually detected by 7 days post infection. A strong CD8" T cell (CD8 T cells) is
detected with in the first 30 days of exposure™. Similar to the CD8" response, vaccinia
virus-specific CD4" T-cell responses also peak at about 7 days post infection. Recent
studies have also shown that most effector CD4" T cells (CD4 T cells) produced high
amounts of IFN-y and IL-12, and these cytokines are crucial in controlling virus
infection’®. Previous studies have shown that the smallpox vaccine induces a strong
humoral response. Not a lot is known about the B-cell response in the case of a poxvirus
infection in humans, but recent work has demonstrated that vaccinia specific antibodies
persist for decades post immunization®*. In addition to the adaptive arm of the immune
response, poxvirus inhibits a wide array of innate immune responses including apoptosis,
the PKR pathway, the NF-kB pathway, interferon responses, inflammasomes and

57-59

production of inflammatory cytokines” ™. For this thesis, we will revisit apoptosis and

the PKR pathway in greater detail in the later sections.
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1.1.7.2. Immune Responses against Ectromelia Virus

Like VACV, both the innate and adaptive immune responses are involved in
limiting the lethality of ECTV. One of the major strengths of the ECTV model is the
ability to study the pathogenesis and immunobiology of acute poxvirus infection in this
natural host’. The immune response against ECTV depends on the route of infection.
The natural route of infection is believed to be skin abrasion®®. The micro abrasion allows
access to the lower layers of epidermis and dermis. The abrasion would cause an injury
and lead to the release of cytokines such as interleukin (IL)-103, IL-18 and other growth
factors®. ECTV has to overcome this response to establish itself at the site of infection.
In the infected cells, toll like receptors recognise the virus infection and this leads to the
production of IFN and the activation other innate anti-viral genes °'. Knock-out studies
have shown that TLR-9 and MyD88 are required for the protection against ECTV
infection®. An interferon response is crucial in clearing an ECTV infection. It acts as a
first line of defense against an ECTV infection. Studies have shown that type-1

38,63
. In

interferons (IFNa/f) are required to protect B6 mice against ECTV infection
addition to the activation of the type-1-interferons, the virus is also able to activate the
NFkB pathway®. ECTV encodes multiple inhibitors to help it overcome the multitude of
cell intrinsic defense mechanisms®*®. Once ECTV has established itself at the primary
site of infection, it spreads to the primary D-LN. Type-1 interferons are detected in the D-
LN before the virus is detected in the D-LN. Similarly, the upregulation of interferon and
NFkB stimulated genes is detected as early as 12 hrs post infection in B6 mice %",

Studies using B6 mice have shown that early activation of innate responses are crucial in

. . 46
resistance of these mice ™.
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In addition to above mentioned response, NK cells play a pivotal role in the innate
response to ECTV infection in resistant strains. An appropriate NK cell response is
crucial in limiting the spread of the virus in resistant strains****. In B6 mice, the NK cell
population starts expanding approximately 24 hrs post infection in the primary draining
lymph-node. A similar trend was observed in other tissues like spleen and liver were NK
cell population levels increased within the first four days of infection®®. BALB/c mice are
unable to mount an appropriate NK cell response, allowing the virus spread beyond the
D-LN*®. In addition to this, the resistant strains that are deficient in complement C5 and

50,68 .
% These knock-out mice

NOS are also unable to prevent the early spread of the virus
studies helped demonstrate the importance of a functional complement and NOS
response during an ECTV infection. During an ECTV infection NK cell secrete IFN- vy in
the D-LN, suggesting a role in establishing a Thl response®. In addition, granzymes A

. . . 4569
and B are required for recovery from a mousepox infection™

. Thus, a strong cell
mediated and innate immune response is required for the resistance to mousepox
infection.

A wide array of work has shown that CD8 and CD4 T-cells are essential for
resistance to primary ECTV infection. As the ECTV virus spreads from the D-LN to the
spleen and liver of B6 mice, the virus generates a robust T-helper type 1 (Thl) response.
The early activation of NK cells, macrophages, dendritic cells, and monocytes produce
the IFN-y, IL-2 and TNF that aids in the robust Th1 response to ECTV®. The appropriate
Th-1 response is crucial in giving rise to a cytotoxic T cell response. The importance of a
cytotoxic T-cell response to protect against ECTV infection is demonstrated in mice that

56,70

are either missing or depleted in their CD8 T cells’®”’, or are knock out of granzyme A®.
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An expansion of T-cells is observed after 4-5 days of infection of resistant strains with
ECTV*. The role of B-cells and antibodies produced by them during the primary
infection is yet to be completely understood. As mentioned earlier, poxviruses encode a

wide range of proteins that help the virus to avoid the immune responses.

1.1.7.3. Poxvirus and evasion of immune system

Viruses are obligate intracellular pathogens, and thus must contend with the host
cellular, innate and adaptive immune responses. As mentioned earlier, poxviruses have
large coding capacity and thus have an expansive diversity of proteins to interfere with
host anti-viral responses. Poxviruses encode proteins that inhibit both the adaptive and
innate arms of the immune response. In addition to this, they also encode proteins that
interfere with cell responses such as the NFkB pathway, inflammasomes, apoptosis and
the PKR pathway. In this thesis we will discuss the inhibition of apoptosis by ECTV and
the inhibition of PKR pathway by VACV. Poxviruses encode numerous proteins that
inhibit apoptosis and the PKR pathway, and thus ultimately the outcome of many

immune responses.

1.2. Apoptosis

Apoptosis is a genetically programmed mechanism of triggered cell death found
in all multi-cellular life forms. Apoptotic mechanisms play crucial roles during
embryonic development, tissue and organ homeostasis and removal of dead or aberrant
cells”"’*. Apoptosis also acts as a defence mechanism against pathogens, and cancerous
cells. Cells undergoing apoptosis display a number of characteristic morphological

changes which include: cell shape change, mitochondrial dysfunction, condensation of
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the chromatins, fragmentation of the nuclear DNA, and plasma membrane blebbing’™.

As apoptosis progresses the dying cell produces small membrane-bound fragments,

known as apoptotic bodies, that are engulfed by phagocytic immune cells”"°.

1.2.1. Caspases

Regardless of the trigger that initiates apoptosis, it always ends with the activation
of a group of protein known as caspases. Caspases are a group of highly specific cysteine
aspartate proteases that cleave target proteins after the aspartic acid residue in the
tetrapeptide motif X-X-X-Asp (where X differs for each caspase)’”’®. In healthy cells, the
caspases are present in an inactive pro-enzyme from. The pro-enzyme must undergo

8
77,7 In

proteolytic processing to form an active enzyme, often an active hetero-tetramer
mammals, the caspase family consists of 14 members. Seven of these fourteen caspases
are associated with apoptosis. The activation of the apoptotic pathways can trigger the
dimerization and auto-activation of the “initiator” caspases-2, -8, -9, and -10. The
activated initiator caspases cleave and activate the “executioner” caspases-3, -6, and -7.

TLT17980 The events that

The executioner caspases cleave hundreds of cellular proteins
lead to the activation of the initiator caspases can be divided into two cellular signaling

pathways: the extrinsic apoptotic pathway and the intrinsic apoptotic pathway.

1.2.2. Extrinsic Apoptotic Pathway
Extrinsic apoptosis gets triggered in response to extracellular cues provided by

“death ligands” to their associated transmembrane receptors (Fig. 1.4). The activation of
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Figure 1.4 - The extrinsic apoptotic pathway. The extrinsic apoptotic pathway begins with the trimerisation
of a death receptor (FAS/TNFR) by the binding of death ligands (FAS/TNF-4). The adaptor protein TRADD
and/or FADD recruit the initiator caspases pro-caspase-8 or -10, which become auto-catalytically activated
and go on to cleave a variety cellular substrate proteins.
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death receptors such as tumor necrosis factor receptor (TNFR) by TNF-a or apoptosis
stimulating fragments (FAS) by FAS ligand (FasL)*'™ leads to the activation of the
extrinsic apoptotic pathway. The activation of TNFR and FasL leads to the trimerisation
of these receptors. The trimerisation of FAS results in the recruitment of FAS ligand
associated death domain (FADD). Once activated, TNFR recruits FADD through a
TNFR-associated death domain (TRADD). FADD also possesses a ‘“death effector
domain” (DED) that interacts with a similar domain in the pro-caspases-8/10***. Upon
activation caspases-8/10 goes on and cleaves effector caspases-3 and 7. These caspases

will start cleaving the cellular target proteins (Fig. 1.4)78’82’85 86,

1.2.2. Intrinsic Apoptotic Pathway

Mitochondria play a crucial role in the intrinsic pathway (Fig. 1.5)*". The
mitochondrion maintains a pool of proteins, such as cytochrome ¢ (Cyto c¢), Second
mitochondrial-derived activator of caspase (Smac/Diablo), and apoptosis inducing factor

8889 The release of these

(AIF) which when released in the cytoplasm activates caspases
molecules into the cytoplasm is due to a change in mitochondrial outer membrane
permeability (MOMP) *°. Upon a change in MOMP, Cyto ¢ is released from the
intermembrane space of the mitochondria to the cytoplasm, where it activates a signaling
cascade that results in caspase activation. Cyto ¢ binds to apoptotic protease-activating

factor 1 (APAF1) and promotes a conformational change in APAFI that results in its

oligomerisation and the ATP-dependent assembly of a heptameric complex known as the

91-93 9 71,94

apoptosome” . The apoptosome undergoes activation, and it recruits pro-caspase-
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Figure 1.5 - The Intrinsic Apoptotic Pathway. The intrinsic apoptotic pathway is triggered by intracellular
stress that leads to the activation of one or multiple BH3- only proteins. Once activated, BH3- only proteins
inhibit the anti-apoptotic Bcl-2 family members and/or directly activate Bak and Bax. Once activated, Bak and
Bax form homo-oligomers that destabilize the integrity of the outer mitochondrial membrane (OMM) and this
results in the release of cytochrome c. Cytochrome ¢ complexes with APAF1 to form the apoptosome, which
activates caspase-3. The intrinsic pathway is bisected by the extrinsic pathway with the caspase-8-mediated
cleavage of the BH-3 only protien Bid, which, once cleaved into its active form, tBid, can induce Bak and Bax
activation (Fig. 1.3).
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Activated caspase-9 activates caspases-3 and 7, there by committing the cell to apoptotic
death.

The induction of Cyto ¢ induced apoptosis can be inhibited by the cellular protein
known as X-linked inhibitor of apoptosis(XIAP). To counteract the activity of XIAP,
Smac/Diablo is also released from the dysfunctional mitochondria. Smac/Diablo binds to

889596 1n addition, AIF and endonuclease G are also

XIAP and prevents its function
released form the intermembrane space upon MOMP. These proteins facilitate apoptosis
by contributing to DNA cleavage’’.

Mitochondrial integrity is extremely crucial in preventing or triggering apoptosis.
The mitochondrial integrity is tightly governed by the Bcl-2 family of proteins, all of
which are united by the presence of one or more Bcl-2 homology (BH) domains. Bcl-2
members contain both activators (pro-apoptotic proteins) and inhibitors (anti-apoptotic
proteins) (Fig. 1.6)°. A delicate balance exists between the anti-apoptotic and pro-
apoptotic proteins, and tipping of the scale can trigger apoptosis. The proteins Bak and

h’%1% Tn viable cells,

Bax are considered to be the gatekeepers of mitochondrial cell deat
the pro-apoptotic proteins Bax and Bak, which share homology in BH domains 1-3, exist
as non-activated monomers. Bax is cytoplasmic and Bak is directly associated with the

%1 Upon apoptotic stimuli, a conformational

outer mitochondrial membrane (OMM)
change in Bax exposes its C-terminal hydrophobic transmembrane tail region, thus
facilitating its integration into the OMM. Homotypic interactions between the pro-
apoptotic proteins Bak and Bax leads to the loss of mitochondrial membrane integrity,

101-104

which lead to the release of pro-apoptotic factors . Bak and Bax are crucial proteins

in this process due to the fact that Bak or Bax alone are sufficient to enable the
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Figure 1.6 - The Bcl-2 Family. The Bcl-2 family of proteins can be separated into two classes: (1) the anti-apoptotic
multi-domain proteins, which typically possess all four BH domains (BH1-4); (2) the pro-apoptotic multi-domain
proteins (Bak and Bax), which contain BH1, 2, and 3 domains; and the BH3-only proteins, which possess only the BH3
domain, and certain members possess a transmembrane tail (TM) for mitochondrial localization.
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release of cyto ¢; and both proteins must be disabled to alleviate apoptotic events' . The
activation of Bak and Bax requires an additional set of Bcl-2 proteins, the BH3-only
proteins (Bim, Bid, Bad, Bmf, Noxa, Puma, Hrk and BNIP3)98. BH3-only proteins can
induce apoptosis via two distinct methods. Bim and Bid are capable of directly activating
Bak and Bax; Bad and Noxa act by indirectly activating Bak and Bax by antagonizing the
anti-apoptotic proteins such as Bcl-2, Bel-xL and Mcl-1 %' Anti-apoptotic Bcl-2
members such as Bcl-2, Bel-xL, Bel-w, Bfl-1 and Mcl-1 are required keep Bak and Bax
inactive in healthly cell (Fig. 1.5). These anti-apoptotic proteins are distinguished by the
presence of homology in all four BH domains. These proteins are generally in the OMM,
however, they have also been shown to reside within the cytosol and at the ER
membrane®®”*!%%,

Cross-talk exists between the extrinsic and intrinsic pathways. A triggered
apoptotic pathway activates the effector caspases-8, which in turn can cleave a BH3-only
protein Bid. The cleaved form of Bid is known as tBid**'**'%"!'° " At the mitochondria,
tBid interacts with other Bcl-2 proteins to facilitate the release of cytochrome c, which
then results in the activation of caspases. Cross-talk exists between the extrinsic and
intrinsic pathway in type-2 cells. In type 2 cells, the activation of the extrinsic pathway
leads to the activation of the feedback loop by the cleavage of Bid, that leads to the
release of cytochrome-c. HeLa cells is an example of type-2 cells. No such cross talk

exists in type-1 cells! 04109111

1.2.3. Virus and Apoptosis
In higher vertebrates, apoptosis is a key defense mechanism to eliminate viral

infections. Thus, not surprisingly, viruses have evolved mechanisms to either inhibit, or
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delay apoptosis depending on the life cycle stage. The first clue about viral proteins
blocking apoptosis came from a Human Adenovirus''>. Years of research on virus-host
interaction revealed that viruses have evolved mechanisms to interfere at several key
regulatory points in the apoptotic pathway. One mechanism by which viruses interfere
with apoptosis is by inhibiting or altering the function of cellular protein p53. p53
stimulates the transcription of Fas receptors, Bax and other proteins that are involved in

death signal propagation through the mitochonria’>'"?

. In addition, p53 downregulates the
expression of Bcl-2, an anti-apoptotic protein that antagonises the function of Bax and
Bak''". Human papillomavirus E6'"°, and adenovirus E1B-55K''® facilitate the
degradation of p53. Hepatitis B virus pX protein complexes with p53 and thus inhibits
the expression of p53 dependent genes''*. As previously mentioned, caspases play a
crucial role in apoptosis. Thus, viruses encode orthologues of cellular inhibitor of
apoptosis protein (IAPs)''”. IAPs are a group cellular protein that bind to caspases and
inhibit their function®*°. Cowpox virus-encoded cytokine response modifier A (CrmA),
also known as Spi-2, inhibits both Fas ligand and tumor necrosis factor (TNF) induced

118,119 .
8 ™. Viruses have

apoptosis by inhibiting the activity of caspase 1 and caspase
multiple strategies to modulate the TNF receptor (TNFR) superfamily. Neutralization of
TNF by soluble decoy receptors is one of the most commonly observed strategies. TNFR
orthologues have been found all throughout the genomes of lepri- and orthopoxviruses'*’.
Human CMV contains a TNFR ortholog encoded by the UL144 orf'*'. Adenovirus E3
region encodes proteins that function by removing the FAS, TRAILR1 and TRAILR2

from the surface of the cell''*. In addition to the above mentioned strategies, multiple

viruses encode orthologs of cellular anti-apoptotic Bcl-2 proteins, and is one of the most
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widely used strategies. Adenovirus E1B-19k is similar in function and structure to
cellular Bcl-2'">'**' This protein has been shown to block apoptosis and thereby

promote viral replication by interacting and sequestering the pro-apoptotic proteins Bak

122,123

and Bax Furthermore, human cytomegalovirus (hCMV) encodes a well-

characterized protein known as the viral mitochondrial inhibitor of apoptosis (vVMIA) that
is capable of preventing cell death by recruiting Bax to the mitochondria and preventing

124,125

the formation of Bax oligomers . Interestingly, VMIA functions by preventing

apoptosis despite sharing limited sequence similarity to members of the Bcl-2

125,126

family . Notably, many poxviruses code for viral Bcl-2 proteins (v-Bcl-2) which

despite limited sequence similarity to Bcl-2 members, fold like Bel-2 and exert anti-

apoptotic functions known as '*7'**

. M11L, an anti-apoptotic protein from myxoma virus,
contains limited sequence homology to Bcl-2 proteins, yet also interacts with both Bak
and Bax and prevents mitochondrial membrane permeabilization. Other anti-apoptotic
proteins include FPV039 from fowlpox virus, DPV002 from deerpox virus, SPPV014

129-133

from sheeppox virus . Furthermore, VACV contains another anti-apoptotic protein

with limited sequence homology yet folds in a similar fashion with Bcl-2, known as F1

134,135

1.2.4. Vaccinia Virus F1
The observation that VACV-infected cells are resistant to apoptosis prompted the
search for an anti-apoptotic protein in VACV. Using a series of vaccinia virus containing

large deletion mutations, the anti-apoptotic activity was mapped on to the F1 ORF by our
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laboratory. Based on the elucidated x-ray structure, it is believed that F1 adopts a
domain-swapped Bcl-2 like fold, even though there is no primary sequence similarity
(Fig. 1.7 A)"°. F1 is an anti-apoptotic protein that localizes to the outer mitochondrial
membrane and protects the cell against a variety of apoptotic stimuli’***""**  Studies
performed have convincingly shown that F1 can block the release of Cyto ¢ and prevent

138

the loss of mitochondrial membrane potential (MOMP) . F1 also inhibits the activation

of pro-apoptotic activity of Bax and Bak. F1 is capable of interacting with Bak and this

138-140

interaction prevents the oligomerization of Bax . The Barry lab had also shown that

F1 is able to interact with Bak using the divergent BH3 domain; this kind of interaction is

141

similar to the ones observed in the case of Mcl-1 (Fig. 1.7 B) ™. F1 indirectly inhibits the

activation and oligomerization of Bax. It is probable that F1 is able to inhibit Bax

136,139 142

activation by interacting with BH3 only protein Bim or Noxa . Thus in a virus
infected cell F1 can functionally replace the cellular Mcl-1 to act as an anti-apoptotic
modulator. In addition to the inhitbiton of apoptosis, F1 is also shown to inhibit the
activity of inflammasomes'*’. The orthologues of F1 can be observed in other
orthopoxvirus family members.

In chapter 3 and 4 of this thesis we will study EVMO025, the orthologue of F1
protein in ECTV. The natural host for VACV is currently unknown. Thus, it is not
possible to study F1’s role in virulence in an appropriate animal model. However, the
mouse is the natural host of ECTV. This provides an excellent opportunity to study the
role of an anti-apoptotic protein in its natural host-pathogen role. Therefore, I set out to

characterize the EVMO025 protein in tissue culture, and understand the role of the protein

during virus infection. In chapter 5 we wanted to understand why VACV devoid of E3
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(B)

Figure 1.7 - F1L adopts a Bcl-2 like fold. (A) A ribbon digarm of F1L from MVA. F1L forms a helical bundle
highly reminiscent of Bcl-2 family members. FIL forms a domain swapped dimer; a helix, al, of one
monomer is swapped into the structure of the second monomer. (B) The schematic diagram of F1L depicts the
location of the transmembrane domain (TM) and the location of the BH domains.

Source- Kvansakul, M., Yang, H., Fairlie, W. D., Czabotar, P. E., Fischer, S. F., Perugini, M. A., et al. (2008).
Vaccinia virus anti-apoptotic F1L is a novel Bcl-2-like domain-swapped dimer that binds a highly selective
subset of BH3-containing death ligands. Cell Death and Differentiation, 15(10), 1564—1571.

Copyright Conformation Number:3943010171390
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triggers apoptosis upon infection. Published literature has shown that MVA missing the
E3 OREF triggers apoptosis in a manner that is similar to the virus that is missing F1 ORF.
This led to the question, why would VACV encode two anti-apoptotic proteins that
function to inhibit apoptosis at the same point. This would thus lead us to question the

mechanism underlying the anti-apoptotic activity of VACV E3.

1.3. Response to Double-Stranded RNA

1.3.1. Viral dsRNA

One major source of dsRNA is a viral infection. RNA viruses with a dsSRNA
genome trigger the innate immune response through their genome itself. ssSRNA and
DNA viruses produce dsRNA molecules during replication, or produce ssRNA that
anneal to form dsRNA. As previously described VACV is a dsDNA virus, and VACV
genes are expressed in a temporal manner’>*’. VACV infection produces dsRNA during
the transcription of the intermediate and late genes. Poxvirus intermediate and late gene

. . 144,145
transcripts are heterogeneous at their 3’ ends ™

. Thus, transcripts from one DNA
strand often run through into regions of the VACV genome that are transcribed from the
opposite strand. This would result in the formation of complementary RNA, which would

anneal to form dsRNA which can elicit an innate response in infected cells'*.

1.3.2. dsRNA-induced Translational Block
dsRNA induces a wide variety of responses in the host cell. One such host
response is activation of mechanisms that inhibit the translation process. In mammalian

cells, dsRNA activates distinct proteins that block translation: the dsRNA-activated
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protein kinase(PKR) (Fig. 1.8) and the 2'-5’-Oligoadenylate synthetase 1(2'-5'OAS) (Fig

1.9).

1.3.2.1. The PKR pathway

PKR protein is constitutively expressed at low levels in the cell cytoplasm in an
unphosphorylated state; a very small amount of PKR is also present in the nucleus'*’"'*.
dsRNA strands shorter than 30bp does not bind stably to the PKR and is not an effective
activators of the pathway. As a result, a minimal dsRNA of 30bp is required for the

150

activation of the PKR pathway ™. Upon the binding of an appropriate dsSRNA to the

PKR, it undergoes a conformational change which exposes the domain for

autophosphorylation of the protein'*>"!

. The phosphorylated PKR, can subsequently
phosphorylate multiple substrates. One important and well characterized substrate of
phosphorylated PKR is eukaryotic initiation factor 2c. (eIF-2ct)'*’. The phosphorylation
of elF-2a at serine 51, results in the binding of the elF-2a to the Eukaryotic initiation
factor 2B (elF-2B). The “frozen” elF-2c prevents the initiation of future translational
events, resulting in the block of cellular translational processes'~>'**. Studies have shown
that as little as 20% of elF-2a being phosphorylated is sufficient for the inhibition of

148

translation . Thus, activated PKR leads to protein synthesis inhibition and confers an

antiviral state in the cell. In addition to the phosphorylation of elF-2a, PKR
phosphorylates IkB via the IKK complex leading to the activation of NF-xB pathway'>*.

Furthermore, PKR can activate cellular apoptosis pathway by activating NF-xB pathway.

Studies have shown that the activation of PKR stimulates the expression of Fas, Bax and

p53147,153
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Figure 1.8 - Mechanism of action of PKR. PKR is constitutively expressed, and is also induced by type-1
interferon. PKR accumulates in the cytoplasm and the nucleus of the cell in an inactive monomoric form. The
protein is activated directly by viral RNA. Following activation, PKR monomers are phosphorylated and
dimerise to form the active enzyme. Actived PKR regulated a multitude of pahtways. A crucial function of
PKR in viral defence is the inhibitition of translation by phosphorylation of elF-2a..

Source: Sadler, A. J., & Williams, B. R. G. (2008). Interferon-inducible antiviral effectors. Nature Reviews
Immunology, 8(7), 559-568.
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1.3.2.2. 2'-5'-Oligoadenylate synthetase 1 (2’-5'OAS) Pathway

2’-5” OAS is an interferon inducible gene in mammalian cells. This enzyme is
activated by dsRNA strands that are larger than 15bp. In the presence of dsSRNA with
secondary structures OAS undergoes a conformational change which leads to its
activation'”. Activated 2’-5° OAS catalyzes the oligomerization of cellular ATP to 2’
,5°-linked oligoadenylate (pppA) ranging from dimers to oligomers up to 30-mers' ",
These pppA in turn can bind to the inactive RNase L and activate the enzyme. Activated
RNase L degrades both viral ssSRNA and cellular mRNA that is present with in the cells,
resulting in the drop in protein synthesis'>’. The mechanism operates using a positive
feedback loop. As the viral infection proceeds, there is an increasing amounts of viral
dsRNA consequently activates additional RNase L'**!*®, Thus a viral dsRNA overload

leads to the dysregulation of the cellular translation pathway to the extent that apoptotic

pathway could be triggered.

1.3.2. dsRNA-activated pathways in transcriptional response

In mammalian cells Toll-like receptors recognize components of pathogens and
trigger an innate immune response. Toll-like receptor 3 (TLR3) is a major mediator of
cellular response to viral infection as it is capable of detecting dsRNA that is produced

. . . . 154
during virus infection'>*'>’

. TLR3 in turn initiates NF-xB signaling, and also induces
phosphorylation of the transcription factors IRF3 and IRF7 which are normally
sequestered in the cytoplasm. Phosphorylation of IRF3/7 leads to their nuclear

translocation, and initiates transcription of type I interferons'>*'®. Activation of both NF-
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Figure 1.9 - 2°-5> OAS - RNaseL. Pathway. 2°-5" OAS is expressed constitutively at low levels and is
upregulated by type-1 interfereons. 2°-5 OAS protein is present in an inactive monomeric form in the
cytoplasm. Following activation by viral dsSRNA, the enzyme oligomerizes to form a tetramer. The tetramer
leads to synthesis of 2’ ,5’-linked oligoadenylate(pppA). The pppA inturn activates the constitutively present
RNaseL. The activated RNaseL forms dimers, and this leads to the clevage of viral RNA.

Source: Sadler, A. J., & Williams, B. R. G. (2008). Interferon-inducible antiviral effectors. Nature Reviews

Immunology, 8(7), 559-568.
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kB and interferon pathways by infection leads to a second round of cellular responses:
NF-kB signaling initiates expression of cytokines such as TNFa and IL-6, which are
regarded as “pro-inflammatory” because they initiate localized inflammation at the site of
infection or tissue damage. The type I interferons, which include IFNa and IFNf, induce
expression of a range of interferon-stimulated genes, and mediate other responses that are

particularly important in dealing with viral infections'>®1>%101,

1.3.3. Viral evasion of cellular dsRNA response

PKR pathway is a very potent inhibitor of virus replication, and this is highlighted
by the observation that all classes of virus encode proteins that target the PKR pathway.
As previously mentioned, in order for PKR pathway to get activated, PKR must bind to
dsRNA. Thus, many viruses encode proteins that inhibit the activation of PKR by
sequestering the dsSRNA. One such protein is the HSV protein US11 that consists of a
dsRNA binding domain which can sequester dsRNA, and is also able bind PKR'®. In
addition, VACV encodes E3'®, Influenza A NS1'*, Ebola Virus encodes VP35'® and

: . 166
Rotavirus encodes sigma3

that are all capable of sequestering dSRNA and preventing
the activation of PKR pathway. Another strategy adopted by viruses to prevent the
activation of the PKR pathway is to encode proteins that act as substrate of the activated
PKR. One such protein is K3 encoded by VACV. K3 shares 30% amino acid homology
with elF-2a. Activated PKR phosphorylates the K3L in place of the cellular elF-2a,

146,167,168

allowing the cellular translation to continue Viruses can also target

phosphorylated elF-2a.  for dephosphorylation. HSV produces an early protein ICP34.5
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Figure 1.10 - Schematic Diagram of VACV E3L and E3L mutants. (A) A schematic diagram of the 190
animo acid E3L protein encoded by VACV. The protein possecess a C-terminus RNA binding domain and a
N-terminus z-DNA binding domain. (B) Schematic diagram of the VACV-E3LA26C mutant virus. (C)
Schematic diagram of VACV-E3LA83N mutant virus.
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which recruits protein phosphatase 1 alpha, which in turn dephosphorylates eIF-20.'%'7°,

171
1 In

Human Papilloma Virus 18 encodes E6 that also dephosphorylates elF-2c
addition, to inactivating the PKR pathway, viruses also inhibit the activation of RNase L.
RNase L is activated by the binding of dsRNA to 2'-5'OAS. Thus, any virus protein that
sequesters dSRNA will also inhibit the RNase L activation. Another unique mechanism
adapted by viruses is to inhibit the activity of PKR by expression dSRNA homologues
that bind directly to PKR. Adenovirus encodes the virus-associated RNAs I (VAI),
Epstein Barr Virus (EVB) EBER1 and HCV IRES all consists of extensive secondary
RNA structures. These structures mimic dsRNA and bind to PKR and impede its

function' . For the purpose of this thesis VACV E3 protein is important, and is discussed

in the next section.

1.3.4. Vaccinia Virus E3
The vaccinia virus E3 protein is essential for virus replication in a wide range of

173
cells 7

. E3 suppresses the interferon response by inhibiting PKR, thus maintaining
efficient protein translation over the course of a virus infection cycle. E3 also suppresses
interferon induction in some cells by inhibiting phosphorylation of IRF3 and IRF7. E3 is
a 190-amino-acid protein with well-conserved N-terminal DNA-binding and C-terminal
RNA-binding domains (Fig. 1.10 A). Many early in vitro studies suggested that the C-
terminal RNA-binding domain is necessary and sufficient for PKR inhibition and virus

C e 163,174,175
replication ''7*!7

. These studies were based on observations that vaccinia virus lacking
E3 (AE3L) and mutant virus lacking only the RNA-binding domain of E3 (E3LA26C)

(Fig. 1.10 B) are interferon-sensitive and replication-defective in many cell lines. In

38



contrast, a mutant virus retaining the RNA-binding domain, but lacking the amino-
terminal DNA-binding domain (E3LA83N) is interferon-resistant and replicates normally
(Fig. 1.10 C). Nevertheless, several lines of evidence point to an essential role of the E3
protein in viral pathogenesis. The E3LA83N virus causes considerable mortality in
susceptible mice as compared to the AE3L virus, though it is still attenuated with respect
to the wildtype virus '"®'”’. In HeLa cells, VACV E3L masks virtually all dsRNA
synthesized by the viruses'’®. The deletion of E3 in MVA (Modified Vaccinia
Ankara) results in defective late protein synthesis. Viral early transcripts are detected,

while intermediate transcripts are being accompanied with r-RNA degradation'”'”

Previous work suggests that vaccinia virus E3 can act as an inhibitor of apotosis'®. In

this thesis we try to understand the mechanism underlying this observation.

1.4. Thesis Objective

Published work has shown that VACV protein F1 acts as an important inhibitor of
apoptosis during infection in the tissue culture model**"*%!4%14! " A single study has also
shown that VACVAFIL virus is less virulent then its parent wild type strain'®. As we
have previously mentioned, the natural host of VACV is unknown. Hence, a high
infectious dose of virus is required to observe mortality. Thus, VACV infection of mice
does not provide an appropriate model to study the importance of the poxvirus anti-
apoptotic gene during viral pathogenicity. In the first part of the thesis, we examined the
orthologue of F1 in ECTV. Since ECTV is a natural pathogen of mice, it provides an
excellent model to study the importance of an anti-apoptotic gene during viral infection.

This research is divided into two objectives:
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Chapter. 3: To characterize EVMO025, the F1 orthologue in ECTV. Based on the sequence
similarity we hypothesized that EVMO025 like F1 will be able to inhibit apoptosis by

inhibiting the activity of Bak and Bax.

Chapter. 4: In chapter 1, we describe data showing that EVMO025 functions in a manner
similar to F1. Based on this we hypothesized that EVMO025 is a virulence factor. In this
chapter we describe the effect of EVMO025 deletion on ECTV virulence, and the spread of
the virus in the mice. In this chapter we also describe the immune response that mice

generate against the ECTVA025 mutant.

The second part of the thesis asks a different question. A single study suggests
that VACV E3 protein acts an anti-apoptotic protein'®’. Another study shows that E3
deleted MVA mutant triggers apoptosis in a manner that is similar to MVA that is

1'%, These published works led me to question the

missing the anti-apoptotic protein F
reason behind having two anti-apoptotic proteins that inhibit apoptosis at the same point.

In the last chapter (Chapter 5) of this thesis we are attempting to understand the

relationship between E3 and F1 during an infection of HeLa cells.
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Chapter-2- Methods and Materials
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2.1. Buffer Formulas

1X Tris, acetic acid, EDTA (TAE) buffer
40 mM Tris (Invitrogen)

20 mM Sodium acetate trihydrate (EMD)

1 mM Ethylenediaminetetraacetic acid (EDTA) dihydrate (EMD)

5X Protein sample buffer

200 mM Tris-Cl (pH 6.8) 5% (wW/v)

Sodium dodecyl sulphate (SDS) (BIORAD)
50% (v/v) Glycerol (Fisher)

1.43 M 2-mercaptoethanol (Sigma)

10X DNA loading dye

100 mM Tris-Cl (pH 8.0)
10 mM EDTA
50% Glycerol

0.02 g (w/v) Bromophenol blue (Sigma)

0.02 g (w/v) Xylene cyanol (Sigma)

2% CHAPS Lysis buffer

2% CHAPS
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150mM NaCl
50mM Tris pH 8.0

1X cOmplete (EDTA-free) protease inhibitor cocktail

10X MOPS gel buffer

20mM EDTA

200mM 3-(N-morpholino) propanesulfonic acid (MOP)
50 mM Sodium acetate

Adjust pH to 7.0 using NaOH.

20X SSC Buffer
3M Sodium chloride

0.3M Sodium citrate

Cell Lysis Buffer
1.2% SDS

50mM Tris pH 8.0
4mM EDTA
4mM CaCl,

0.2mg/mL proteinase K (Fermentas)

Church Buffer

1 % (w/v) bovine serum albumin
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1 mM EDTA
0.5 M NazHPO4 (pH 7.2)

7% (w/v) SDS

Church Wash 1
2x SSC 50mL

0.1% SDS 2.5mL

Church Wash 2
0.2x SSC

0.2% SDS

Digitonin lysis buffer
1 mM Sodium phosphate monobasic (NaH,PO4)
8 mM Sodium phosphate dibasic (Na,HPOj)

75 mM NaCl 250 mM Sucrose
190 pg/mL Digitonin (Sigma)

1X cOmplete (EDTA-free) protease inhibitor cocktail (Roche)

Digitonin permeabilization buffer
75nM NaCl
ImM NaH2PO4

250mM sucrose
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190pug/mL of digitonin (Sigma-Aldrich)

Luria-Bertani (LB) medium
1% (w/v) Bacto-tryptone (BD)
0.5% (w/v) Yeast extract (BD)

1% (w/v) NaCl

Luria-Bertani (LB)/agar plates
LB medium
15 g/L Agarose

Antibiotic: 50-100 pg/mL ampicillin (Sigma), 30 pg/mL chloramphenicol (Sigma), or 30

pg/mL kanamycin (Sigma)

SOC medium
20mg/mL tryptone,
Smg/mL yeast extract,
0.5mg/mL NaCl,

2.5mM KCl (pH 7.0)

Nick translation reaction buffer

33 mM Tris-Cl (pH 7.9) 10 mM

Magnesium chloride (MgCl2)

50 mM NacCl
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33 uM dATP/dGTP/dTTP (Invitrogen)

20 puCi [a-32P]-dCTP (PerkinElmer)

5U Escherichia coli DNA polymerase I (New England Biolabs)

Oligo labelling buffer

44 mM Tris-ClI (pH 8.0) 4.4 MgCl,
9 mM 2-mercaptoethanol
17.6 uM dATP/dGTP/dTTP )

181 mM HEPES (pH 6.6)

20 puCi [a-32P]-dCTP (PerkinElmer)

Phosphate buffered saline (PBS) (pH 7.4)

137 mM NacCl
2.7 mM KCl
8.3 mM Sodium phosphate dibasic (Na2HPO,) (Caledon)

1.7 mM Potassium phosphate monobasic (KH2PO,) (Caledon)

Radioimmunoprecipitation assay (RIPA) buffer
50 mM Tris-Cl (pH 8.0)

150 mM NacCl
1 mM EDTA

1% (v/v) IGEPAL CA-630
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0.1% (w/v) SDS

0.5% (w/v) Sodium deoxycholate

1X cOmplete (EDTA-free) protease inhibitor cocktail

Triton-X-100 lysis buffer
25mM Tris pH8.0

0.1% Triton-X-100 (Fisher Scientific)

Resolving gel buffer

375 mM Tris-Cl (pH 8.8)
7.5, 10%, or 12.5% Acrylamide:Bis-Acrylamide (37.5:1) (Fisher)

0.1% (w/v) SDS 0.05% (w/v) Ammonium persulfate

0.05% (v/v) Tetramethylethylenediamine (TEMED) (Sigma)

SDS-PAGE running buffer (pH 8.3)

25 mM Tris 1

92 mM Glycine

0.1% (w/v) SDS

Stacking gel buffer

125 mM Tris-Cl (pH 6.8)

4% Acrylamide:Bis-Acrylamide (37.5:1)
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0.1% (w/v) SDS
1% (w/v) Ammonium persulfate

0.1% (v/v) TEMED

Transfer buffer
192 mM glycine,
25 mM Tris-HCI

20% methanol

Urea/SDS buffer

10 mM Tris-C1 (pH 7.8)
7 M Urea (GE)

350 mM NaCl

10 mM EDTA

1% (w/v) SDS

2.2. DNA manipulation methodology

2.2.1. Polymerase Chain Reaction
The polymerase chain reaction (PCR) was used to amplify regions of viral DNA,

which were subsequently used for various other downstream steps. PCRs were made up
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in a total volume of 50uL and contained the appropriate buffer, 2.5mM MgCl,, 0.2mM of
each deoxyribonucleotide triphosphate (ANTP) (Invitrogen), 1 pmole of each forward and
reverse primer, and 2.0-2.5 U of Tag DNA polymerase (Invitrogen) or LongAmp® Taq
DNA Polymerase (New England Bio Labs). PCR reactions were carried out in a Bio-rad
C1000 Touch™ Thermal Cycler for 30-40 cycles comprised of a 95°C denaturing step
for 30 s, a 55-61°C annealing step for 30 s, and an elongation step which was performed
as described in enzyme manufacturers manual. The primers used for this study are listed

in Table-2.1.

2.2.2. Restriction Endonuclease (RE) Digestion

All restriction digestions were performed with commercially available enzymes
using conditions and buffers recommended by the manufacturer. Double digests were
performed simultaneously in a buffer in which the maximum activities of the enzymes
were attained. All RE digestion were performed for 1-3 hrs at 37 °C. If DNA purification
was required following RE digestion, the product was electrophoresed on a 0.8-1%

agarose gel, and the anticipated band was purified using QiaQuick gel extraction kit

(Qiagen).

2.2.3. Agarose Gel Electrophoresis, Gel-Purification of DNA

DNA fragments were analyzed by gel electrophoresis. Prior to loading, the DNA
was mixed with 10x gel loading dye (Invitrogen) and was then loaded on to a 1X TAE
Agarose gel containing 1:15,000 SYBR safe (Invitrogen). The concentration of agarose

varied from 0.8-1.2% depending on the size of the amplified/RE digested fragment.
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Table 2.1- List of Primers Used

Primer Name

Primer Sequence
(5’ t03%)

Restriction
Site

EVMO025koF1 AGAATAGCTCAGCTAATCTAT None
EVMO025koR1 AATGCAGATCTGGATCTACGATATTATA Bglll
CATAAACATCGA
EVMO025koF2 GATCCAGATCTGCATTTCGCATACTATA Bglll
TGCGATGAT
EVMO025koR2 TGGATCCTTATCATATCATGTATTTGAG BamHI
EVMO025-Forward | TGAATTCTTATGGACAATAGTATTTTGTCG None
EVMO025-Reverse | TGGATCCTTATCATATCATGTATTTGAG None
JRS-968-F2L- TATGCGGGATCCAGTTTTATGTTCAACATG BamHI
Forward AATATTAACTCACCAGTT
JRS-970-F2L- GATAGACTCGAGCTATTGTTTATTATCTAA Xho-1
Reverse
EVM107-Forward | GTAGAACGACGCCAGAATAAGAATA None
EVMI107-Reverse | AGAAGATATCAGACGATCCACAATC None
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GeneRuler 1kb DNA Ladder Plus (Fermentas) was used to approximate the size of the
DNA fragments. Following separation by electrophoresis, DNA was visualized using UV
light. If additional sensitivity was required, the gels were stained with SYBR Gold
(Invitrogen), diluted in 1X TAE buffer for 30 minutes. The gel in this case was visualized
using a FLA-5100 imager (Fujifilm).

The required fragment of amplified/RE digested DNA was either gel purified or
directly purified, using the QiaQuick gel extraction kit or QiaQuick PCR purification kit

respectively. The manufacturer’s instructions were used for the purification kit.

2.2.4. Cloning and DNA ligations

Ligation of PCR products and RE digestion products into pGEMT-T was
performed using the pGEMT-T Easy Vector Kit (Promega), as per the manufacture’s
instructions. The ligations were typically carried out at 4 °C overnight. PCR products
generated using 7ag DNA polymerase were directly ligated into intermediate pGEMT-T
vector using the pPGEM®-T Easy Vector Systems (Promega) or the pJet Vector using the
pJetl.2 vector using the CloneJet PCR Cloning Kit (Thermo Fisher Scientific). All
ligations were carried out using T4 DNA ligase (NEB) according to NEB’s instructions.
Ligation reactions were made up in a total volume of 20uL and contained ratios of insert
DNA to backbone plasmid DNA of 4:1 or 8:1. These reactions were carried out at 16 °C
overnight. Ligations were transformed into Escherichia coli DH5a. The transformation

protocol is described in section 2.2.5.
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2.2.5. Bacterial Transformation

Chemically competent E. coli DH50 were prepared using CaCl, as described ™.
Ligations or plasmids for amplification were transfected into E. coli DH5a by the heat
shock method. Competent DHS5a were incubated with plasmid DNA or ligation mixture
on the ice for 30 minutes and then placed at 42 °C for 1 min followed by a 2 minute
recovery on ice. The transformed bacteria were allowed to recover in SOC media at 37
°C for 45 minutes. After the recovery period the bacteria were plated on LB agar plates
containing 80pg/mL of ampicillin and supplemented with 80ug/mL 5-bromo-4-chloro-3-
indolyl-B-D-galactopyranoside (X-gal) (Rose Scientific) and 0.5mM isopropyl B-D-1-

thiogalactopyranoside (IPTG) (Rose Scientific) to allow for blue-white selection.

2.2.7. Plasmids

Plasmid DNA was normally isolated from 1.5 mL of overnight bacterial culture
using the commercially available High-Speed Plasmid Mini Kit PD100/PD300
(Geneaid). To obtain large quantities of endotoxin free DNA for mammalian
transfection, the Qiagen Maxi-Prep Kit (Qiagen) was used. For the maxi-prep 100 mL of
overnight bacterial culture was used as the starter culture.

The list of plasmids used and generated for this thesis is outlined in Table 2.2.

2.2.8. Sequence alignments
The following sequences were used: VACVCop FIL (AAA48014), VARV Bangladesh
C5L (AAA60773), VARV Garcia E1IL (CAB54625), MPXV Zaire C7L (AAY97031),

CPXYV Brighton Red CPXV048 (NP_619836.1), ECTV strain Moscow EVMO025

52



Table 2.2 — List of plasmids used in this study.

Plasmid Name Description Source
pEGFP-C3 EGFP expression vector; CMV promoter Clontech
pcDNA3 Expression vector; CMV promoter Invitrogen
pcDNA3.1 Expression vector; CMV promoter Invitrogen
pEGFP-FIL EGFP-F1L fusion
pEGFP-Bcl-2 EGFP-Bcl-2 fusion
pEGFP-EVMO025 EGFP-EVMO025 fusion This Study
pEGFP-EVMO025(A435-453) EGFP-EVMO025(A435-453) This Study

pEGFP-FIL

EGFP-FIL fusion

pEGFP-Bcl-2

EGFP-Bcl-2 fusion

pcDNA3-FLAG-Bak

FLAG-tagged wildtype Bak

G. Shore (184)

pcDNA3-HA-Bak

HA-tagged wildtype Bak

G. McFadden
(216)

pcDNA3-Flag-BimL

Flag-tagged wildtype BimL

pcDNA3.1-F2L

F2L expression vector

This Study

pMX-E3L(Human-Codon)

Synthesised from GeneArt with a human
codon bias

Invitrogen

pEGFP-E3L(Human-Codon)

EGFP-E3L fusion with human bias codons

This study

pGMET-EVMO025 Knock Out
Vector

The vector used to generate the ECTVA025
and ECTVA025ACmrA Mutants

This study
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(NP_671543). ClustalW using the BLOSUM32 matrix was used to perform the multiple

alignments ',

2.3. RNA Methodology

2.3.1. RNA extraction

HeLa cells were infected with vaccinia virus (VACV), VACVAE3L,
VACVAFI1L, VACVAF2L for the indicated times. Post infection, the total RNA was
extracted using the RNAzol RT (Sigma) reagent using the manufacturers instructions.
The mock infected or infected HeLa cells (2 x 10°) were lysed in ImL of RNAzol RT
solution and frozen at -80 °C overnight or for up to one week. The samples where thawed
on ice, and RNA was harvested according the manufacturer’s instructions. The RNA

pellet was resuspended in 50uL of water (Dnase/Rnase Free) (GIBCO).

2.3.2. RNAseq

For the RNAseq experiment HeLa cells were infected with VACV and
VACVAE3L. The cells were lysed in RNAzol RT solution 0.5, 1, 2, 3, 5, and 12 hrs post
infection. The RNA was extracted as mentioned earlier. RNA samples were qualified
using the Agilent technologies 2100 Bioanalyzer (Total RNA Nano kit), all samples
displayed RIN values >9, with the exception of VACAE3L-12-1 and VACdE3L-12-2.
These samples displayed obvious 28S and 18S RNA peaks with some limited
degradation that interfered with the RIN value calculation. RNA concentration was

obtained from duplicate measurements using the Qubit™ platform. All samples
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were deemed of high enough quality for library preparation using the Illumina
TruSeq Sample Preparation v2 kit. Approximately one 920 ng of RNA was used for
library generation following the manufacturer’s protocol. After an initial poly-A
selection step, the RNA was fragmented for 8 minutes, and converted to cDNA (1st
and 204 strand synthesis). The double-stranded DNA (dsDNA) was purified from the
reagent mixture using AMPureXP beads. The dsDNA was then processed to create
libraries through a series of steps as follows; end repair (in-line controls added), A-
tailing and Adapter ligation, followed by a second clean-up with AMPureXP beads.
The samples were then amplified by PCR to enrich for fragments with appropriate
ends, and subjected to a third round of purification with AMPureXP beads. The
resultant libraries were quantified by Qubit and qualified using the Agilent
Bioanalyzer (DNA1000 kit). 10nM stocks of each library were prepared using the
average fragment length and concentration for each library. Pooled libraries (25
microlitres at ~2.6 nanograms/microlitre) were submitted for sequencing
(2x125bp) on an Illumina HiSeq2500 at The Centre for Applied Genomics (TCAG),

Toronto.

2.3.3. Generation of radiolabelled probes for Northern blotting

We generated random-primed probes of VACV-FIL and F2L gene for
Northern Blot analysis. The template for F1L was obtained by the digestion of F1L wild-
type gene out of the pEGFP-F1L plasmid using the BamHI and Xhol restriction enzymes.

Similarly, F2L template was obtained by the digestion of F2L wild-type gene out of the
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pcDNA 3.1-F2L plasmid using the BamHI and Xhol restriction enzymes. The template
was combined with 2 pg/ul random hexamers, heated at 95°C for five minutes, and then
cooled on ice. The template/hexamers were then incubated with oligo labelling buffer,
bovine serum albumin (New England Biolabs), and Klenow for 30 minutes at 37°C. The
reaction was diluted 1:1 with 1X TAE, phenol/chloroform extracted once, and passed
through an illustra NICK column (GE, 17-0855-01). All radiolabelled products were

quantitated using a LS6500 scintillation counter (Beckman).

2.3.4. Agarose gel electrophoresis and Northern blot analysis

RNA samples for Northern blots were resuspended in RNase free water. Ten
micrograms of RNA samples were combined with 3uL of 10X MOPS buffer, SuL of
37% formaldehyde, and 15uL of deionized formamide. The samples were heated at 55 °C
for 15 minutes and then immediately moved to ice. The samples were then subjected to
electrophoresis through a 1% agarose gel containing 6% formaldehyde. Electrophoresis
was carried out at approximately 8 V/em for 2 hrs in 1x MOPS buffer containing 6%
formaldehyde. The gel was stained with SYBR Gold (Invitrogen), diluted in 1X MOPS
for 30 minutes. The stained gel was visualized using the FLA-5100 imager (Fujifilm).
RNA was then transferred to a Zeta-Probe Membrane (Bio-Rad) in 10x SSC, then UV
cross-linked using the Auto-crosslink option(Stratalinker 2400; Stratagene).

Church Buffer was used to prehybridize the Zeta-Probe membrane at 65°C in a
hybridization oven for 4 hrs. The prehybridization buffer was removed and replaced with
7 mLs of Church buffer. To this 1,000,000 cpm/mL of **P- labeled probe was added. The

probe was allowed to hybridize at 65°C for 13-17 hrs. The membranes were then washed
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two times with Church Wash Buffer 1 for 20 minutes each. This was followed by two
washes with Church Wash buffer 2 for 20 minutes each. The Zeta-Probe membrane was

subjected to autoradiography using Kodak X-OMT AR film.

2.4. Cells

HeLa cells were obtained from the American Type Culture Collection (ATCC),
Human embryonic kidney 293T (HEK293T) (ATCC), Baby mouse kidney (BMK) and
CV-1 cells (ATCC) were grown in Dulbecco’s Modified Eagle’s Medium (DMEM) (Life
Technologies) supplemented with 10% fetal bovine serum (FBS) (Life Technologies),
2mM L-glutamine (Life Technologies), 50U/mL penicillin (Life Technologies), and
50pg/mL streptomycin (Life Technologies). HeLa PKR KOI1 (PKR knock out cells)

were kindly provided by Dr. J. Smiley'®.

Wild type and Bak”Bax™ deficient mouse
embryonic fibroblasts (provided by Dr. S. Korsmeyer) and Baby hamster kidney
fibroblasts (BHK) were cultured in DMEM containing 10% FBS, 2mM L-glutamine,
50U/mL penicillin, 50pg/mL streptomycin and 100uM MEM Non-Essential Amino Acid
Solution (Life Technologies). Buffalo green monkey kidney (BGMK) cells were
obtained from ATCC and maintained in DMEM containing 10% newborn calf serum
(NCS) (Life Technologies), 2mM L-glutamine, 50U/mL penicillin, and 50pg/mL
streptomycin. Jurkat cells were maintained in Roswell Park Memorial Institute 1640
medium (RPMI) (Life Technologies) supplemented with 10% FBS, 50U/mL penicillin,
50pg/mL streptomycin, and 100uM B-mercaptoethanol (Bioshop Canada Inc.). Jurkat

cells stably expressing Bcl-2 were generated as previously described '**. African Green

Monkey Kidney Fibroblast (BSC40) cells were provided by Dr. D. Evans, and cultured in
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media containing MEM containing 5% FBS, 2mM L-glutamine, 50U/mL penicillin and
streptomycin. All cells were maintained at 37°C with 5% CO,.

The cells were propagated in either T75 or T150 flasks in the appropriate media.
The monolayers were passaged upon reaching ~90-95% confluence. The cells were
washed with phosphate buffered saline (PBS) and treated with 0.25% trypsin (Gibco).
The trypsin was inactivated using media containing FBS. The cells were reseeded
between 10-20% confluence with the 13 to 20 mLs of appropriate media.

Cell counts were performed using 10ul aliquot of the cells, and mixed with 1:1
volume trypan blue dye (Invitrogen), and cell numbers determined using a hemo-
cytometer. The cells were then diluted and desired number of cells was added to the

tissue culture plates.

2.5. Viruses

Dr. G. McFadden (University of Florida, Gainesville, Florida) provided vaccinia
virus (VACV) strain Copenhagen (VACV), VACV expressing the enhanced green
fluorescent protein (EGFP), VACV-EGFP. VACYV devoid of E3L (VACVAE3L) was
provided by Dr. B. Jacobs (Arizona State University, Tempe, AZ) '*>. VACV lacking the
F1L open reading frame (ORF), was generated in the Barry Lab '*®. Vaccinia virus strain
Western Reserve (VACVwr), and mutant strain with the disrupted F2L (VACVwrAF2L)
orf were provided by Dr. D. Evans (University of Alberta, Edmonton, Alberta). All
vaccinia viruses except VACVAE3L were propagated in BGMK cells as described

previously '*. VACVAE3L was propagated in BHK-21 cells as described previously '*.
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Ectromelia virus strain Moscow (ECTV), and ECTVACrmA were provided by
Dr. M. Buller (St. Louis University, St. Louis, Missouri). All viruses were propagated in

L.929 cells and purified as previously described '**'*.

2.5.1. Generation of Recombinant Viruses

To generate an ECTV virus lacking EVMO025, we cloned enhanced green
fluorescent protein (EGFP) under the control of a synthetic poxviral early/late promoter
(E/L) with flanking Bgl/II sites. The poxviral early/late promoter (pE/L) and EGFP was
amplified from pSC66-EGFP using primers E/LSynFor and EGFP (Bglll) and the final
product was cloned into pGEM-T (Promega). To generate the EVMO025 knockout
cassette, a region of EVMO025 containing 158 base pairs upstream of EVMO025 and the
first 45 base pairs of the 5’ end of EVMO025 was amplified using the forward primer
EVMO025koF1 5’-AGAATAGCTCAGCTAATCTAT-3* and reverse  primer
EVMO025koR1 5’-AATGCAGATCTGGATCTACGATATTATACATAAACATCGA-3’.
The downstream region consisting of the last 159 base pairs of EVMO025 was amplified
using the forward primer EVMO025koF2 5’-GATCCAGATCTGCATTTCGCAT
ACTATATGCGATGAT-3’ and reverse primer EVMO025koR2 5-
TGGATCCTTATCATATCATGTATTTGAG-3’. EVMO025koR1 and EVMO025koF2
both contain an overhanging linker region that encodes a BgllI restriction site. The PCR
products were included in an overlapping PCR reaction to obtain a continuous fragment
of the upstream and downstream fragments of EVMO025 separated by the BglII restriction
site. The 347 base pair fragment was cloned into a pGEMT vector (Life Technologies).

An EGFP cassette under the control of a synthetic early/late poxviral promoter was
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inserted using the BglII restriction site between the upstream and downstream EVMO025
fragments (pGEMT-EVMO025/b-EGFP). This effectively encodes a disrupted non-
functional version of EVMO025 lacking approximately 80% of the EVM025 ORF. ECTV
wild type was used to generate ECTVA025 by homologous recombination.

In order to generate a version of ECTV deficient in CrmA and EVMO025, we
generated an EVMO025 knockout using the vector described above in the background
strain ECTVACrmA. BGMK cells (1 x 10°) were infected with ECTV at an MOI of 0.05
and transfected with pGEMT-EVMO025/d-EGFP using Lipofectamine 2000.

Recombinant viruses were selected by EGFP fluorescence and plaque purified.

2.5.2. Analysis of Recombinant Viruses by PCR

Recombinant virus purity and integrity was confirmed by PCR analysis. HeLa for
VACYV or L929 cells for ECTV were infected with virus at an MOI of 5 for 18-24 hrs,
after which the media was replaced by cell lysis buffer and incubated for 6 hrs in the
incubator.

This mixture was extracted with buffer-saturated phenol (Sigma) and centrifuged
at 18,000g for 15 minutes. The aqueous layer was transferred to a new tube and the DNA
precipitated with ice cold 95 % ethanol (2:1 volume) and 3 M sodium acetate pH 5.2
(1:20 volume), and centrifuged for 30 min at 18,000g. The pellet was washed with 70%
ethanol, and the DNA resuspended in H20. DNA was quantified. PCR reactions using
different primer pairs were used to confirm the mutations of each virus. In addition, the

PCR products were sequenced to confirm the mutations.
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2.5.3. Virus Titration

The virus stocks/samples were serially diluted 10-fold by suspending the virus in
PBS or DMEM media. The dilutions were plated in triplicate for the titration of virus
stocks, or in duplicate for the titration of virus from experiments. Infected monolayers
were incubated for 24-48 hrs. The monolayer was then fixed by methanol overlay for 30
minutes at room temperature. Post fixation, the cellular monolayers were stained with 0.5
% crystal violet.

To determine pfu per mL of ECTV, serial titrations were performed on BSC-40
cells. The virus stocks/samples were serially diluted 10-fold by suspending the virus in
PBS. The cells were infected, and one-hour post-infection, 2mL of cell culture media
with 1% w/v carboxymethylcellulose (CMC) (Sigma-Aldrich), was added to each well.
The plates incubated at 37°C for 4 days. The infected plates were fixed and stained with a
crystal violet solution containing 20% v/v ethanol and 0.1% w/v crystal violet by
rocking overnight at room temperature.

Visible, isolated plaques were counted and viral titres were calculated by
multiplying the number of plaques in one well with the reciprocal dilution factor used to
infect that well and then dividing by the volume of medium used to infect that well
[(number of plaques)x(1/dilution factor)/volume]. The pfu/mL for duplicate plates was
averaged to obtain the titer of each virus stock. For all infections the MOI was calculated
by multiplying the number of cells in a monolayer by the desired number of particle
forming units per cell and then dividing by the titer of the virus stock [(number of

cells)x(pfu)/(virus titer)].
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2.5.4. Growth Curves

For the high MOI single-step analysis of virus growth 6 well dishes of nearly
confluent cells (1x10°) were infected at a MOI of 5 (~ 1x107 pfu). Following 1 hour of
infection the cells were washed with PBS and cell culture media. At indicated times, the
virus-cell mixture was harvested by scrapping cells into the medium. Virus was then
released from cells by freeze-thaw and titred on BSC-40 cells. The experiments were

performed in triplicate.

2.6. Protein Methods and Techniques

2.6.1. Cell Lysis and Sample Preparation

Transfected or infected cells were washed in PBS and lysed in RIPA buffer for
15-20 minutes at 4 °C or on ice. DNA in the lysates was sheared using a 28-gauge
hypodermic needle. The lysates were cleared by centrifugation at 20,000g for five
minutes at 4 °C. All lysates were mixed with 5X protein sample buffer prior to storage at

-20 °C.

2.6.2. SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

Prior to running the SDS-PAGE, the samples were boiled at 98 °C for 20 minutes.
The protein samples were separated in 7.5%, 10%, or 12.5% acrylamide gels by SDS-
PAGE using the Bio-Rad Mini-PROTEAN Tera Cell system (Biorad). The PageRuler

Pre-stained Protein Ladder (Fermentas) was used to approximate the size of the reduced
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protein bands. Protein samples were separated at 80-150 V in SDS-Page running buffer

until adequate resolution was achieved.

2.6.3. Western blotting

Proteins that were resolved in SDS-PAGE were transferred on to Immobilon-P
PVDF membrane (Milipore) via semi-dry transfer apparatuses. The PVDF membrane
was activated using methanol for 30 seconds. All filter papers, and gels were incubated in
transfer buffer for five minutes. For the semi-dry transfer of protein, the sandwich
consisting of filter paper, membrane, and gel were placed in a semi-dry transfer (Tyler)
and transferred at 450 mA for 1 hour. Membranes for chemiluminescent detection were
blocked in TBST (Tris-buffered saline containing 0.1% Tween-20) containing 5% skim
milk powder for one hour at room temperature or overnight at 4 °C. Primary antibodies
were incubated with membranes for 1 hour at room temperature or overnight at 4 °C. The
blots were subsequently washed with TBST five times, and then stained with horseradish
peroxidase-conjugated goat anti-mouse or goat anti-rabbit secondary antibodies for one
hour at room temperature. All antibodies were diluted in TBST containing 1% skim milk.
Proteins were visualized using ECL Plus (GE Healthcare). All western blots performed in
chapter-3 where performed using ECL

For infrared imaging the Immobilon-FL PVDF membrane (Milipore), the
membranes for infrared imaging were in 1:1 Odyssey Blocking Buffer (LI-COR):TBST
for one hour at room temperature. Primary antibodies were incubated overnight at 4 °C
and secondary antibodies (Alexa Fluro 680 goat anti-rabbit (Invitrogen) and secondary

antibodies Alexa Fluro 790 goat anti-mouse (Invitrogen)) were incubated for one hour at
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room temperature. All antibodies were diluted in TBST. Proteins were detected using
Odyssey Infrared Imagining System (LI-COR). The images were analyzed using LI-COR
ImageStudio Lite software. All western blots performed in chapter 5 were performed
using LI-COR.

The list of antibodies used in this study and their sources are tabulated in Table
2.3
2.6.4. Immunoprecipitations

To detect an interaction between EVMO025 and endogenous Bak, BMK cells
(5x106) were transfected with Sug of pEGFP-C3 (Clontech Laboratory Inc.), pEGFP-
Bcl-2, or pEGFP-EVMO025 using X-tremeGENE HP DNA reagent (Roche Diagnostics).
Transfected cells were lysed 16 hrs post-transfection in 2% CHAPS (Sigma-Aldrich)
containing 150mM NaCl, 50mM Tris pH8.0 and Complete Protease Inhibitors (Roche
Diagnostics). Cell lysates were immunoprecipitated with anti-goat GFP antibody.
Immune complexes were isolated using protein A-Sepharose (GE Healthcare). Isolated
immune complexes were subjected to Western blot analysis. To study the interaction of
Bax and BimL with EVMO025, HeLa cells were transfected with 4ug of pEGFP-C3,
pEGFP-Bcl-2, or pEGFP-EVMO025 and 2pg pcDNA3-HA-Bax or pcDNA3-Flag-BimL
using Sul of Lipofectamine 2000 (Life Techonologies). Transfected cells were lysed 16
hrs post-transfection in 2%CHAPS lysis buffer. Cell lysates were immunoprecipitated
with anti-goat GFP antibody. Immune complexes were isolated using protein A-

Sepharose. The isolated immune complexes were subjected to Western blot analysis.
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Table 2.3- List of Antibodies.

Antibody

Species

Application

Characteristics

Source

anti-B-tubulin | Mouse | Western Blot (1:4000) ECM Bioscience
anti- B-actin Rabbit | Western Blot (1:5000) Sigma-Aldrich
anti-g-actin Mouse | Western Blot (1:5000) Sigma-Aldrich
. . Recognizes Oncogene Research
anti-Bak Ab-1 | Mouse | Flow cytometry (1:50) active Bak Products
anti-Bak NT Rabbit | Western Blot (1:2000) Regogmzes Upstate
active Bak
anti-Bax 6A7 | Mouse | Flow cytometry (1:400) Recpgmzes BD Biosciences
active Bax
anti- . .
Cytochrome ¢ Mouse | Western Blot (1:1000) BD PharMingen
anti-PARP Mouse | Western Blot (1:2000) BD PharMingen
. Immunoprecipitation .
anti-EGFP Goat (1: 7000) L. Berthiaume
anti-EGFP Mouse | Western Blot (1:10000) Covance
anti-NK1.1 .
(PK136) Mouse | Flow cytometry (1:400) K. Kane
anti-FLAG M2 | Mouse | Western Blot (1:5000) Sigma-Aldrich
anti-HA Mouse Microscopy (1:200) Clone 12CAS Roche Diagnostics
anti-I3L Mouse Western Blot (1:20) VACV Protein D. Evans
anti-I5L Rabbit | Western Blot (1:5000) | VACV Protein
anti-F2L Rabbit | Western Blot (1:7000) Ge‘}frrjéi‘f by This Study
anti-F1L Rabbit | Western Blot (1:10000) | VACYV Protein Barry Laboratory
Anti-A36R Rabbit | Western Blot (1:5000) | VACYV Protein D. Evans
Anti-A34R Rabbit | Western Blot (1:10000) | VACYV Protein D. Evans
Anti-B5SR Mouse | Western Blot (1:10000) | VACYV Protein S. Isaacs
Anti-F4L Rabbit | Western Blot (1:5000) | VACYV Protein D. Evans
anti-mouse- . Jackson
HRP Donkey | Western blot (1:25,000) Immunoresearch
anti-rabbit HRP | Donkey | Western blot (1:25,000) fackson
Immunoresearch
PE-conjugated . Absorbance at Jackson
anti-mouse Goat | Flow cytometry (1:100) 545nm Immunoresearch
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2.7. Apoptosis Assays

2.7.1. Loss of Mitochondrial Membrane Potential

Following the apoptotic trigger, cells were stained with 0.3 uM TMRE
(Thermofisher) for 30 mins at 37 °C. TMRE positive cells were measured through the
FL-2 channel equipped with a 586/15 nm filter and GFP positive cells were measured
through the FITC channel equipped with 530/30nm filter. Data was acquired by counting
30,000 cells was performed on a BD LSRFortessa. Dividing the total number of EGFP
positive and TMRE negative cells by the total number of EGFP positive cells determined
the percentage of cells undergoing mitochondrial dysfunction. Standard deviations were
determined from three independent experiments. Statistical significance was calculated

using Student’s-T-test.

2.7.2. PARP Assay

To study poly-ADP ribose polymerase (PARP) cleavage assay, Jurkat cells
(1x10°) or MEF cells were lysed at the indicated time and following the appropriate
stimuli in SDS-PAGE sample buffer containing 8M urea. Samples were subjected to

SDS-PAGE and immunoblotted with anti-PARP, anti-f-tubulin, and anti-I3L antibody.

2.7.3. Cytochrome c Release Assay
After the STS apoptotic stimuli, cells were permiablized using digitonin
permeabilition buffer (SmM NaCl, ImM NaH,PO,, 8mM Na,HPOj,, 250mM sucrose, and

190pg digitonin/mL (Sigma-Aldrich) for 10 min on ice. Mitochondrial and cytoplasmic
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fraction were separated by centrifugation for 10 minutes. The mitochondrial pellet was
resuspended in Triton-X-100 lysis buffer containing 25mM Tris pH8.0 and 0.1% Triton-
X-100 (Fisher Scientific). Mitochondrial and cytoplasmic fraction were subjected to

SDS-PAGE and blotted with anti-cytochrome ¢ antibody.

2.7.4. Detection of DNA fragmentation by TUNEL

Apoptosis was stimulated using 2uM STS for 2 hrs for Jurkat cells, or 3 hrs for
MEF cells. To induce apoptosis with UV-light, cells were subjected to 200 mJ/cm* of
UV-C in PBS without a lid using a Stratalinker UV Crosslinker (Stratagene),
supplemented with fresh media and allowed to recover for the indicated times. Post
infection, the cells were fixed with 4% PFA. The fixed cells were stained with 25U of
TUNEL enzyme per manufacturer’s instructions (Roche Diagnostics). Cells were
washed with PBS containing 1% (v/v) FBS and analyzed on a BD LSRFortessa flow
cytometer. In each experiment 50,000 cells were analyzed. TUNEL positive cells were
counted through the FL-2 channel equipped with a 561nm filter (586/15 nm band pass),

and data were analyzed with FlowJo (Tree Star, Inc.).

2.7.5. Bak and Bax activation

Post the appropriate apoptotic stimulation, cells were permeabilized using 500pM
digitonin and stained with 2pg/mL Bak AB-1 or 3pg/mL Bax6A7 antibody or 2ug/mL of
an isotype control antibody specific for NK1.1. The cells were counter stained with a
Phycoerythrin-conjugated antibody before analysis on a BD LSRFortessa flow cytometer

using the FL-2 channel equipped with a 586/15 nm filter. Phycoerythrin-conjugated
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antibody was used to counterstain cells before analysis on BD LSRFortessa using the FL-
2 channel equipped with a 586/15 nm filter and 50,000 cells were analyzed using FlowJo

(TreeStar, Inc.).

2.8. Microscopy methods and techniques

HeLa cells for live cell imaging growing in chambered coverglass dishes (Nunc)
were used for all live cell imaging experiments. The HeLa cells were transfected using
Lipofectamine 2000 with 2pg of pEGFP, EGFP-EVMO025 and EGFP-EVMO025(1-255)
for 14 hrs.. Fourteen hrs post transfection, the cells were stained with 50 nM MitoTracker
Red CMXRos (Invitrogen) for 30 minutes, washed three times with PBS+2%FBS, and
covered with warm HeLa medium containing 20mM HEPES pH-7.4. All images were
obtained using the Olympus IX-81 spinning disk confocal microscope. Images were

analyzed using Image J software.

2.9. Animal Assays

2.9.1 Animals used in the study

All animal husbandry and experimental procedures were performed in St. Louis
University in collaboration with Dr. Mark Buller. The protocols were in accordance with
PHS policy, and approved by the St. Louis Institutional Animal Care and Use Committee.
The University of Alberta Animal Ethics Committee also approved the protocols in this
study as a part of the collaborative work. Six to eight week old female BALB/c, SCID

and Nude mice were obtained from Taconic, USA. The animals were housed in filter-
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top microisolator cages and fed commercial mouse chow and water, ad libitum. The mice

were housed in an animal biosafety level 3 containment area.

2.9.2. Infection of mice

BALB/c mice were infected with 600, 6000 or 10° PFU of the indicated viruses
subcutaneously (s.c.). These mice were anesthetized with CO2/O2 prior to infection.
ECTV was diluted in PBS without Ca2+ and Mg2+ to the required PFU/mL and 10ul
was used to infect mice via footpad injection. Nude and SCID mice were infected with
600 PFU s.c.. The mice were monitored daily for signs of mouse pox infection such as
coat conditions, body paralysis limb swelling and body weight. Mice were monitored for
body weight daily for up to 21 days. Mice that demonstrated a drop in body weight to
70% of their original mass, or mice that exhibited severe disease or signs of extreme
distress were euthanized. The mortality was used to calculate the LD-50 and also the

virulence of each of the ECTV strain.

2.9.3. Virus titration of organs

BALB/c mice were infected with 600 PFU s.c. as previously mentioned. The mice
were euthanized 2, 4, and 7 days post infection for organ and serum collection. Popliteal
lymph node (P-LN), spleen, lung, liver, kidney were collected in PBS. The organs were
weighed and homogenized for 5 minutes at room temperature using Bullet Blender
Homogenizer (STL Scientific). The homogenates were subjected to three rounds of

freeze thaw to release the virus. Each tube was then centrifuged at 1000g for 3 minutes,
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and the supernatant was used to perform the titration on BSC-1 cells as mentioned in
section 2.5.3. Virus levels were reported as pfu/g of organ.

To determine the viral load in the footpad and P-LN, BALB/c mice were infected
with 600 PFU s.c. as previously mentioned. Footpad and P-LN were harvested and DNA
was extracted using the DNeasy Blood & Tissue Kit (Qiagen). The DNA was quantified,
and 1pg of DNA was used for Quantitative PCR (qPCR). qPCR was performed on tissue
DNA samples using the Power SYBR Green PCR Master Mix on a 7500 Real Time PCR
System (Applied Biosystems, Foster City, CA) [83]. The primers (10 pmol) SP028
(GTAGAACGACGCCAGAATAAGAATA, 5 at 120627 bp) and SP029
(AGAAGATATCAGACGATCCACAATC, 5" at 120462 bp) were used to amplify 165
bp of gene EV107. The amplification product cloned into a pGEM-T (Promega) was used
as a standard to estimate copies of DNA/1ug of total DNA of the harvested organ. Each

sample was assayed in triplicate.

2.9.4. Cytokine Analysis

Serum samples were collected from infected mice at day 4 and 7 post infection.
The serum sample were processed according to manufactures’ instructions for 32
cytokines simultaneously using a Milliplex array (Millipore). The following cytokines
and chemokines were measured: Eotaxin (CCL11), granulocyte colony-stimulating factor
(G-CSF), GM-CSF, IFN-y, interleukin-1a (IL-1a), IL-1p, IL-2, IL-3, IL-4, IL-5, IL-6, IL-
7, IL-9, IL-10, IL-12p40, IL-12p70, IL-13, IL-15, IL-17, IFN-y-inducible protein (IP)-10
(CXCL10), keratinocyte-derived chemokine (KC/CXCLI1), LIF, lipopolysaccharide

(LPS)-induced chemokine (LIX/CXCLS), MCP-1 (CCL2), M-CSF, mitogen-inducible
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gene (MIG/CXCLY), MIP-1a (CCL3), MIP-1B (CCL4), MIP-2 (CXCL2), RANTES
(CCL5), tumor necrosis factor alpha (TNF-a), and vascular endothelial growth factor
(VEGF). ELISA (R&D) determined samples that were out of range for LPS-induced

chemokine (LIX/CXCLS5) from multiplex analysis.

2.9.5. Flow-cytometer

Whole blood or splenocytes were harvested at day 7 post infection from mock
infected mice, and from mice infected with ECTV, ECTVA025 and ECTVAO025rev virus.
Whole blood RBCs were lysed using BD Pharm Lyse (BD Pharmingen). The remaining
white blood cells were suspended in PBS with 2% FBS. The spleen tissues were
harvested from euthanized mice, and disrupted with a Bullet Blender (STL Scientific) for
~2 minutes at room temperature using the lowest setting in PBS. The cells suspension
was filtered and the cells were suspended in PBS with 2% FBS. Cells were stained with
Fixable Viability Dye eFluor® 506 (eBioscience). Cells were stained for flow cytometry
using Anti-Mouse CD16/CD32 (Fc Block) (eBioscience) and the described antibody
cocktail in PBS with 2% FBS for 20-30 minutes on ice. Cells were washed twice with
PBS containing 2% FBS then fixed on ice with PBS containing 2% FBS and 1%
methanol free formaldehyde. Stained cells were analyzed on a BD LSRII. The antibody

cocktail used for this study are in table 2.4.
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Table 2.4 — List of Antibody used in Animal Studies

Specificity Fluorophore Source Catalogue No.

CD4 GK1.5 eFluor450 eBioscience 48-0041

CD8 53-6.7 BV605 BD 563152

C;Z ic(fl:lé;éCsl)l 145-2C11 PerCP-Cy5.5 eBioscience 45-0031
1L-2 JES6-5H4 PE-Cy7 eBioscience 25-7021
CD49b (NK) DX5 APC eBioscience 17-5971
CD44 M7 AF700 eBioscience 56-0441
IFN-y XMG1.2 APC-Cy7 BD 561479
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2.10. Statistical Analysis

Statistical analysis of data was performed using Graphpad Prism V6. Analysis
of variance (ANOVA) tests with either one-way, or two-way tests were used to
compare data comprising multiple viruses or time points. For analyses comparing
two groups of data a student’s T-test, either paired or unpaired was used. Survival
curve comparisons were calculated using the Log-Rank (Mantel-Cox) test built into

the software. * P<0.05, ** P<0.01 and *** P<0.001.
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Chapter-3-Ectromelia virus encodes an anti-apoptotic protein

Portions of this chapter have been published:
Mehta, N., Taylor, J., Quilty, D., & Barry, M. (2015). Ectromelia virus encodes an anti-
apoptotic protein that regulates cell death. Virology, 475(c), 74-87.

The experiments for this chapter were performed under the supervision of Dr. Michele
Barry, and the manuscript was reviewed and written under the supervision of Dr. Jim
Smiley.

The ECTVAO025ACrmA mutant was generated John Taylor. The initial cloning for the
ECTVAO025 deletion mutant was done by John Taylor and Douglas Quilty. All the
experiments presented in this chapter were done by Ninad Mehta. The repeats for section

3.2.8 were performed by Megan Brown, a undergraduate honors student mentored by
Ninad Mehta
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3.1. Introduction

Ectromelia virus (ECTV) is the causative agent of mousepox and a member of the
Orthopoxvirus family that is closely related to VACV and variola virus *°. Being a
member of the Orthopoxvirus family, we suspected that ECTV also encoded an inhibitor
of the intrinsic apoptotic pathway. Using genome analysis we identified EVMO025. Based
on the C-terminal homology between EVMO025 and F1, we hypothesized that EVMO025
could inhibit apoptosis. Here we report that human and mouse cells infected with ECTV
are resistant to staurosporine (STS) and UV-induced apoptosis. We generated a
recombinant ECTV lacking a functional EVMO025 that replicated efficiently in tissue
culture but was unable to protect against staurosporine-induced apoptosis. Expression of
EVMO25 is critical for maintaining the mitochondrial membrane potential and inhibiting
apoptosis during viral infection. EVMO025 localizes to the mitochondria through the C-
terminal transmembrane domain and prevents Bak activation. EVMO025 prevents Bax
activation by sequestering the BH3-only protein Bim. Collectively, our data suggest that
the ECTV protein EVMO025 is a inhibitor of the intrinsic apoptosis pathway, which
functions together with other viral anti-apoptotic proteins to prolong the life of an

infected cell.
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3.2. Results

3.2.1 Ectromelia virus infection inhibits apoptosis
ECTV encodes a known anti-apoptotic protein, CrmA, that inhibits caspase-8
activation following treatment with TNFa or FasL, but CrmA is unable to inhibit the

intrinsic apoptotic cascade ''*'"

. To determine whether ECTV has the ability to inhibit
the intrinsic apoptosis pathway, we treated poxvirus-infected cells with STS
(staurosporine), a compound that exclusively triggers induction of the intrinsic apoptosis

pathway'®®

. Jurkat cells were either mock-infected (Fig. 3.1, panel a, b), infected with
VACVCop (Fig. 3.1, panel c, d), or ECTV (Fig. 3.1, panel e, f). Six hrs post infection the
cells were treated with 2uM STS to induce apoptosis (Fig. 3.1, panel b, d, f, h). Jurkat
cells constitutively expressing Bcl-2 were used as a positive control (Fig. 3.1, panel g, h).
Mock-infected Jurkat cells, cells infected with VACVCop or ECTV, and Jurkat-Bcl-2
were left untreated and displayed basal levels of DNA fragmentation indicative of healthy
cells (Fig. 3.1, panel a, c, e, and g). Jurkat cells treated with STS exhibited an increase in
fluorescence that is characteristic of DNA fragmentation and apoptosis (Fig. 3.1, panel
b). Infection with VACVCop inhibited STS induced DNA fragmentation (Fig. 3.1, panel
c and d). Additionally, cells infected with ECTV were also protected against STS
induced apoptosis (Fig. 3.1, panel d and e).

Since mice are the natural hosts of ECTV, we assessed the ability of ECTV to
block cell death in murine cells (MEFs). MEFBak” Bax™ cells were used as a positive

control since they are resistant to mitochondrial apoptosis '*"'®. Untreated MEF and

MEFBak” Bax™" cells, as well as MEF cells infected with VACVCop or ECTV were
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Figure 3.1- ECTYV infection inhibits STS induced apoptosis in Jurkat cells. Jurkat cells were either mock-in-
fected (a, b), infected with VACVcop (c, d) or infected with ECTV (e, f) at an MOI of 5. Jurkat cells overexpressing
Bcl-2 were also mock-infected (g, h). After 6 hours of infection cells were either treated with 2uM STS for 120 min
to induce apoptosis (b, d, e, h) or mock-treated (a, c, e, g). Apoptosis was assessed by TUNEL fluorescence.
Untreated controls showed low levels of TUNEL fluorescence, while mock-infected cells exposed to Staurosporine
(STS) were TUNEL positive due to DNA fragmentation. Data are representative of at least three independent

experiments.
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stained using the TUNEL labeling kit, and displayed minimal basal levels of DNA
fragmentation (Fig. 3.2, panel a, c, e, and g). MEF cells treated with STS exhibited an
increase in TUNEL fluorescence characteristic of apoptosis (Fig. 3.2, panel b). Infection
with either VACVCop or ECTV significantly inhibited STS-induced DNA fragmentation
in MEF cells (Fig. 3.2).

UV-light potently induces the intrinsic apoptotic cascade and readily induces Bax

e e 90,191
actlvatlon1 ’

. Infections were carried out as previously mentioned in both human and
mouse cell lines with VACV, or ECTV. Six hrs post infection the cells were subjected to
200 mJ/cm” of UV-C in PBS to induced apoptosis. The cells were allowed to recover for
5 hrs, and the cells were stained with the TUNEL kit. These experiments followed a
similar trend as what was observed in cases of STS induced apoptosis. Uninfected Jurkat
cells (Fig 3.3) and uninfected J774 (Fig. 3.4) cells were susceptible to UV induced
apoptosis. VACV and ECTV infected Jurkat cells (Fig 3.3) and J774 (Fig. 3.4) were
protected against UV induced apoptosis.

Intrinsic apoptosis is associated with the activation and cleavage of caspase-3 and
poly-ADP ribose polymerase (PARP)'*>. Caspase-3 is an initiator caspase, while PARP is
a nuclear protein that is cleaved upon caspase activation '**'*>. To confirm that ECTV
can inhibit the intrinsic apoptotic cascade, we monitored caspase-3 and PARP activation
following treatment with STS. Jurkat cells were mock infected, or were infected with
VACVCop or ECTV at an MOI of 5. Six hrs post-infection, cells were treated with 2uM
STS for 2, 4 or 6 hrs to trigger apoptosis. Activated caspase-3 and cleaved PARP were

detected in mock-infected Jurkat cells treated with STS two hrs post-treatment, and

PARP was completely processed into the cleaved form following four hrs of STS
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Figure 3.2- ECTYV infection inhibits STS induced apoptosis in MEF cells. MEF cells were either mock-infected
(a, b), infected with VACVCop (c, d) or ECTV (e, f) at an MOI of 5. MEFBak”"Bax™ cells were mock-infected (g,
h). Six hours post-infection cells were treated with 3uM STS for 120 min to induce apoptosis. Apoptosis was
assessed by TUNEL fluorescence. Untreated controls showed low levels of TUNEL fluorescence, while mock-in-
fected cells exposed to Staurosporine (STS) were TUNEL positive due to DNA fragmentation. Data are representa-
tive of at least three independent experiments.
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Figure 3.3- ECTYV infection inhibits UV induced apoptosis in Jurkat cells. Jurkat cells were either mock-in-
fected (a, b), infected with VACVcop (c, d) or infected with ECTV (e, ) at an MOI of 5. Jurkat cells overexpress-
ing Bcl-2 were also mock-infected (g, h). After 6 hours of infection cells were either treated with 200 mJ/cm of
UV to induce apoptosis. The cells were incubated for 5 hours. Apoptosis was assessed by TUNEL fluorescence.
Untreated controls showed low levels of TUNEL fluorescence, while mock-infected cells exposed to Staurospo-
rine (STS) were TUNEL positive due to DNA fragmentation. Data are representative of at least three independent

experiments.
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Figure 3.4 - ECTV infection inhibits UV induced apoptosis in J744. J744 were either mock-infected (a, b),
infected with VACVcop (c, d) or infected with ECTV (e, f) at an MOI of 5. After 6 hours of infection cells were
either treated with 200 mJ/cm of UV to induce apoptosis. The cells were incubated for 5 hours. Apoptosis was
assessed by TUNEL fluorescence. Untreated controls showed low levels of TUNEL fluorescence, while mock-in-
fected cells exposed to Staurosporine (STS) were TUNEL positive due to DNA fragmentation. Data are representa-
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tive of at least three independent experiments.
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treatment (Fig. 3.5). In contrast, infection of Jurkat cells, with either VACVCop or
ECTV prevented the activation of caspase-3 and PARP following STS treatment.

These data would suggest that ECTV is capable of inhibiting apoptosis triggered
by STS and UV; two stimuli that are specific to the intrinsic pathway in both human and

murine cell lines.

3.2.2. ECTV encodes EVMO025 a homologue of VACYV F1

134,138,139,141
BI04 and

VACV encodes F1, an inhibitor of mitochondrial apoptosis
orthologues of F1 are only found within members of the Orthopoxviridae (Fig. 3.6).
EVMO025, the ectromelia virus (ECTV Moscow) orthologue, is 95% identical to F1, but
encodes a large N-terminal extension comprised of up to 30 copies of an eight amino acid
motif, “Asp-Asn-Gly-Ile-Val-Gln-Asp-Ile” (DNGIVQDI). This eight amino acid motif is
also present twenty-five times in EVMO025 from ECTV strain Naval, and so far is unique
to EVMO025 of ectromelia virus as it is absent in other orthopoxvirus F1 orthologues, nor
is it present in any other known cellular or viral proteins. Intriguingly, variola virus
(VARYV) Garcia orthologue of F1 also contains a large N-terminal extension, consisting
of 36 aspartic acid-rich repeats (DDI) that are absent in VARV Bangladesh, and the
function of these repeat regions is currently unknown.

The C-terminal half of EVMO025 shares 95% sequence identity with VACV Cop
F1, although there are multiple substitution mutations, as well as a single DI insertion
mutation (Fig 3.6). Given the high degree of sequence identity between F1 and

EVMO025, we hypothesized that EVM025 might also act as an anti-apoptotic protein to

facilitate ECTV pathogenesis.
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Figure 3.5 - ECTYV protects cells from staurosporine-induced apoptosis. Jurkat cells were mock infected or
infected with VACVcop and ECTV at an MOI of 5. Six hours post infection cells were treated with 2uM STS.
Samples were collected 2, 4, and 6 post STS treatment. The cells were lysed in 1% NP40. Samples were subject-
ed to SDS-PAGE and immunoblotted for PARP and Caspase 3 to determine the trigger of apoptosis; B-tubulin
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was used as a loading control and I3L as a control of infection.
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Figure 3.6 - Sequence alignment of EVMO025 and its orthologs. Sequence alignment of the following
orthologs: VACVCop FIL (AAA48014), VARV Bangladesh C5L (AAA60773), VARV Garcia EIL
(CAB54625), CPXV Brighton Red CPXV048 (NP_619836.1), MPXV Zaire C7L (AAY97031), ECTV strain
Naval EVMO025 (VP0042282), and ECTV strain Moscow EVMO025 (NP_671543). Sequence alignments were
generated using the ClustalW program with a BLOSUM32 matrix. The conserved BH (BH homology) domains
and transmembrane tail of the proteins are marked with the over-lines. The black shaded regions are amino acids
conserved though all the proteins. The grey shaded regions are amino acids conserved among most proteins.
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3.2.3. EVMO025 expression protects cells against intrinsic apoptosis

To further elucidate the anti-apoptotic mechanism of EVMO025 and its importance
in modulating the cellular apoptotic response during virus infection, we generated two
recombinant viruses; one virus that is devoid of EVM025 (ECTVA025), and a double
deletion virus that is missing both EVMO025 and CrmA (ECTVAO025/ACrmA). The
genetic profile and purity of the knockout and revertant (ECTVAO25rev) virus were
confirmed by PCR in MEF cells (Fig. 3.7b).

To determine the contribution of EVMO025 during virus infection, MEF cells
were mock-infected or infected with ECTV, ECTVA025, ECTVACrmA,
ECTVA025/ACrmA and ECTVAO025rev at a MOI of 5. After 6 hrs of infection the cells
were treated with 2uM STS for an additional 2 hrs to trigger apoptosis, and the

194,195‘ In the

mitochondrial membrane potential was monitored using TMRE staining
absence of STS treatment, mock-infected cells retained TMRE in healthy respiring
mitochondria and demonstrated high levels of TMRE fluorescence (Fig. 3.8, panel a). In
contrast, mock-infected cells treated with STS showed a clear loss of TMRE
fluorescence, indicative of the loss of inner mitochondrial membrane potential and
apoptosis (Fig. 3.8, panel a). MEF cells infected with ECTV were protected against the
loss of inner mitochondrial membrane potential following STS treatment (Fig. 3.8, panel
b). Interestingly, loss of TMRE fluorescence was observed in MEF cells infected with
ECTVAO025 and subsequently treated with STS (Fig. 3.8, panel c). Similar to ECTV,

MEF cells infected with ECTVACrmA and ECTVAOQ25rev were protected against loss of

mitochondrial respiration upon STS treatment. However, MEF cells infected with
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Figure 3.7 - Characterization of the recombinant ECTV devoid of EVMO025. (A) Schematic Diagram of the
strategy employed for the generation of ECTVA025 virus. The binding site of the EVMO025 sequencing primers
is also indicated in the figure. (B)Viral DNA was extracted from BGMK cells infected with ECTV, ECTVA
EVMO025, ECTVACrmA, ECTVAEVMO025/ACrmA, and ECTVAEVMO025rev. Successful deletion of EVM025
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was confirmed by PCR using EVMO025-Forward primer and EVMO025-reverse primer.
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Figure 3.8 - EVM025 OREF is required to prevent STS induced loss of mitochorial membrane potential
during infection. EVMO025 protects cells from STS-induced loss of the outer mitochondrial membrane
potential. Jurkat cells were mock-infected (a), infected with ECTV (b), ECTVA025 (c), ECTVACrmA (d),
ECTVAO025/ACrmA (e), or ECTVA025rev (f) at an MOI of 5. Six hours post-infection cells were treated with
2uM staurosporine for 90 mins or mock-treated and stained with 2uM of TMRE. Untreated cells, (shaded
histogram); staurosporine treated cells, open histogram. Data are representative of three independent
experiments. Apoptosis was assessed by TMRE fluorescence, which measures loss of the inner mitochondrial
membrane potential.
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ECTVA025/ACrmA were unable to maintain the inner mitochondrial membrane
potential. These data indicate that EVMO025, and not CrmA, is required for ECTV to
inhibit STS-induced apoptosis.

Following loss of mitochondrial membrane potential, cytochrome c is released
which triggers the activation of the apoptosome leading to intrinsic apoptosis *°. We next
assessed the role of EVMO025 in preventing cytochrome c release during virus infection.
Jurkat cells were infected with ECTV, ECTVA025, ECTVACrmA, and
ECTVAO025/ACrmA, treated with 2uM STS and analyzed at 2, 4, and 6 hrs post-
stimulation (Fig. 3.9) for cytochrome c release analysis by western blot. While
cytochrome ¢ was rapidly released from mitochondria into the cytosol in mock-infected
cells treated with STS (data not shown), Cytochrome ¢ was retained in the mitochondria
of ECTV-infected Jurkat cells, indicating that ECTV protected cells from STS-induced
cytochrome c release. Similar protection was also observed in Jurkat cells infected with
ECTVACrmA. In contrast, cells infected with ECTVA025 or ECTVA025/ACrmA and
treated with STS demonstrated abundant cytosolic cytochrome c¢. Together these data
suggest that EVMO025 is important in preserving the mitochondrial membrane integrity to
block apoptosis.

Jurkat cells were analyzed for STS-induced PARP cleavage after infection with
ECTV, ECTVAO025, ECTVACrmA, and ECTVA025/ACrmA. Mock-infected Jurkat cells
rapidly processed full length PARP into the cleaved form upon STS treatment. Four hrs
post-STS treatment full-length PARP was completely converted into the 89kDa cleaved
form (Fig. 3.10). Infection was confirmed using an antibody to the early ECTV protein

I3L, and B-tubulin was used as a loading control (Fig. 3.10). As expected, ECTV and
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Figure 3.9 - EVMO025 ORF is required to prevent STS induced Cyto-c release during ECTYV infection.
EVMO025 expression inhibits STS induced cytochrome c release. Jurkat cells were infected with ECTV, ECTVA
025, ECTVACrmA, and ECTVA025ACrmA at an MOI of 5 for 6 hours. Six hours post-infection, the samples
were treated with 2uM STS. Cells were collected at 2, 4, and 6 hours post-STS treatment. The cytosolic fraction
was obtained by permeabilization using digitonin. The pellet fraction was resuspended in 0.1% Triton lysis
buffer. Both the pellet and the supernatant fraction were immunoblotted with anti-cytochrome c.

89



Time 2 4 6 6 kDa

Staurosporine + + + -

WB: a-PARP
— 80

—118

Mock

_go WB: c-PARP

ECTV wt WB: a-13

WB: a-B-Tubulin

WB: a-PARP
ECTV ACrmA WB: a-13

WB: a-B-Tubulin

WB: a-PARP
ECTV AEVMO025 WB: a-I3

WB: a-B-Tubulin

WB: a-PARP
ECTV AEVMO25ACrmA

WB: o-13

WB: a-B-Tubulin

Figure 3.10 - EVMO025 ORF is required to prevent STS induced PARP cleavage during infection. Jurkat cells were
mock-infected, infected with ECTV, ECTVACrmA, ECTVAO025, or ECTVA025/ACrmA at an MOI of 5. Six hours
post-infection, samples were treated with 2uM STS. Cells were collected at 2, 4, and 6 hours post STS treatment, and
cells were lysed in RIPA buffer and reduced in SDS sample buffer containing 8 M urea. Samples were subjected to
SDS-PAGE and immunoblotted for PARP. B-tubulin was used as a loading control and I3L as a control of infection.
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a ECTVACrmA protected against STS-induced PARP cleavage. However, infection with
ECTVAO025 and ECTVA025/ACrmA was unable to protect against STS-induced PARP
cleavage.

In addition to assessing the ability of ECTV to block STS-induced apoptosis, we
also asked whether EVMO025 was sufficient to protect against infection-induced cell
death, as virus infection can induce apoptosis. MEF cells were either mock-infected or
infected with ECTV, ECTVAO025, ECTVACrmA, or ECTVA025/ACrmA. MEF cells
infected with ECTV and ECTVACrmA showed no change in the amounts of full length
PARP for 48 hrs post-infection. In contrast, MEF cells infected with ECTVA025 or
ECTVAO025/ACrmA induced PARP cleavage as early as 12 hrs post-infection, and by 36
hrs post-infection, no full length PARP was detected in these infected cells (Fig 3.11).
These data indicate that EVMO025 prevents the induction of apoptosis during ECTV
infection. This experiment highlights the importance of EVMO025 during in-vitro

infection.

3.2.4. EVMO25 is a tail-anchored protein that localizes to the mitochondria
The anti-apoptotic protein Bcl-2 possesses a C-terminal tail anchor that targets

proteins to the mitochondrial membrane **'*®

. Sequence analysis of EVMO025 confirmed
the presence of a thirteen amino acid hydrophobic domain flanked by positively charged
lysines at positions 436 and 450 in EVMO025, suggesting that EVMO025 localizes to the
mitochondria. To evaluate whether EVMO025 localizes to the mitochondria, HeLLa cells

were transfected with either pEGFP, pEGFP-EVMO025, or pEGFP-EVMO025(A438-453), a

mutant construct that lacked the predicted transmembrane domain. Sixteen hrs post-
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Figure 3.11 - EVMO025 ORF is required to prevent apoptosis in MEF cells during infection. MEF cells were
mock-infected or infected with ECTV, ECTVACrmA, ECTVAO025, or ECTVA025/ACrmA at an MOI of 5. Cells were
collected 12, 24, 36 and 48 hours post-infection, and lysed in SDS-PAGE sample buffer containing 8 M urea. Samples
were subjected to SDS-PAGE and immunoblotted for PARP to determine virus induced apoptosis. B-tubulin was used
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transfection cells were stained with MitoTracker to visualize the mitochondria (Fig.
3.12). Cells transfected with the control vector pPEGFP showed a diffuse pattern of GFP
expression (Fig. 3.12, panel e.). In contrast, cells transfected with pEGFP-EVMO025
displayed a reticular fluorescence pattern that co-localized with mitochondrial staining
(Fig. 312, panel g.). When the predicted transmembrane domain was removed
(EVMO025(A438-453)), a diffuse pattern similar to the empty vector was observed (Fig.
3.12, panel j). These data suggest that like Bcl-2, EVMO025 is a mitochondria-localized

protein, and this localization is dependent on the C-terminal transmembrane domain.

3.2.5. EVMO25 interacts with Bak to prevent Bak activation
The activation of Bak is an essential step in the intrinsic apoptotic pathway that

precedes the release of cytochrome ¢ from the mitochondria '“*'’.

Following an
apoptotic stimulus, Bak undergoes a conformational change that results in the exposure
of the N-terminus, resulting in destabilization of the outer mitochondrial membrane
potential, loss of mitochondrial membrane integrity, and the release of molecules like
cytochrome ¢ and SMAC/Diablo *®. To determine whether EVMO025 could prevent the
conformational change of Bak, we assessed Bak activation following apoptotic
stimulation. Jurkat cells were either mock-infected or infected with ECTV,
ECTVACrmA, ECTVAO025, or ECTVA025/ACrmA, and activation of Bak and exposure
of the Bak N-terminus was induced by STS treatment (Fig. 3.13). Exposure of the Bak

N-terminus during Bak activation was detected with a conformation-specific anti-Bak

AB-1 antibody and analyzed by flow cytometry. The Bak AB-1 is able to detect the
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Figure 3.12 - EVMO025 localizes to the mitochondria. HeLa cells were mock-infected transiently transfected
with pEGFP, pEGFP-EVMO025(1-456) or pEGFP-EVMO025(A438-453). Fourteen hours post-transfection the
mitochondria were stained with 15ng/ml of MitoTracker Red CMXRos (Invitrogen Corp.). The cells were
observed under a spinning disc confocal microscope.



conformation change in the N-termius of Bak when it is activated. As expected,
uninfected cells treated with STS exhibited a significant increase in fluorescence intensity
(Fig. 3.13 panel a), indicating the conformational change and activation of Bak.
Infection of Jurkat cells with ECTV or ECTVACrmA, on the other hand, inhibited the
exposure of the Bak N-terminus following STS treatment (Fig. 3.13 A panel b). Infection
with ECTVA025 and ECTVA025/ACrmA did not inhibit STS-induced Bak activation
(Fig. 3.13, panels c and d), suggesting that EVMO025 is necessary to inhibit the activation
of Bak in infected Jurkat cells. We next determined if EVMO025 could interact with the
pro-apoptotic molecule Bak. BMK cells were transfected with pEGFP, pEGFP-Bcl-2, or
pEGFP-EVMO025. Cells were lysed in 2% CHAPS, a detergent known to preserve the

conformational integrity of the Bcl-2 family members '*°.

Immuno-complexes were
precipitated using a GFP antibody and detected using anti-Bak antibody (Fig. 3.14).
Interestingly, EGFP-EVMO025 associated with endogenous Bak, while no Bak co-
immunoprecipitation was seen with GFP alone. pEGFP-Bcl-2 also co-precipitated Bak,
as has been demonstrated previously. Overall, our data suggests that EVMO025 can
associate with endogenous Bak.

Next, we asked whether EVMO025 could inhibit the induction of apoptosis
following Bak over-expression. Ectopic expression of Bak saturates the mitochondrial

membrane resulting in the activation of the apoptotic cascade '**.

HeLa cells were co-
transfected with HA tagged Bak, along with pEGFP, pEGFP-EVMO025, or pEGFP-Bcl-2.
Cells transfected with empty EGFP underwent a loss of TMRE fluorescence following
over expression of HA-Bak (Fig. 3.15). Cells transfected with EGFP-EVMO025, on the

other hand, were protected from Bak-induced apoptosis (Fig. 3.15). Similar results were
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Figure 3.13 - EVM025 expression inhibits Bak activation. Jurkat cells were mock-infected (a), infected with
ECTV (b), ECTVACrmA (c), ECTVAO025 (e) or ECTVA025/ACrmA (f) at an MOI of 5 for 4 hours, followed by
treatment with 0.25uM STS for 2 hours to induce apoptosis. Exposure of the N-terminus of Bak was monitored
by flow cytometry using a conformation-specific N-terminal Bak Ab-1 antibody. Untreated cells, (shaded
histogram); STS treated cells (open histogram). Data are representative of at least three independent experiments
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Figure 3.14 -EVMO025 interacts with endogenous Bak. BMK cells were transfected with pEGFP,
pEGFP-Bcl-2, or pEGFP-EVMO025. Cells were lysed in CHAPs buffer and cellular lysates were
immunoprecipitated (IP) with anti-GFP. The immuno-precipitates were immunoblotted with anti-Bak NT or
anti-GFP antibody. Cell lysates were immunoblotted with anti-EGFP to check the expression of the EGFP
constructs, and anti-Bak NT to determine the levels of endogenous Bak.
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observed in cells transfected with EGFP-Bcl-2 (Fig. 3.15), a protein known to inhibit
Bak-induced apoptosis. Overall, these data indicate that EVMO025 directly interacts with
Bak during the overexpression of these proteins and this interaction prevents the
activation of Bak-induced apoptosis.
3.2.6 EVMO025 prevents apoptosis induced by Bax

The other key pro-apoptotic mitochondrial regulator, Bax, exists in an inactive
form in the cytoplasm and undergoes a conformational change in response to an apoptotic
stimulus, resulting in the exposure of its N-terminus and localization to the mitochondria
19 Activated Bax undergoes homo-oligomerization facilitating mitochondrial damage
and ultimately results in the release of cytochrome ¢ **. To determine if EVM025 could
inhibit Bax activation, we used flow cytometry to monitor the conformational change of
activated Bax. Jurkat cells were either mock-infected, or infected with ECTV,
ECTVACrmA, ECTVAO025, or ECTVA025/ACrmA. Six hrs post-infection, the activation
of Bax was induced by STS treatment, and the conformational change in Bax was
detected by staining with anti-Bax6A7, an antibody that recognizes the Bax N-terminus, a
domain only exposed during apoptosis. Upon STS treatment of uninfected Jurkat cells, a
significant increase in anti-Bax 6A7 fluorescence was seen as compared to untreated
cells, indicating that Bax was activated and underwent a conformational change exposing
its N-terminus (Fig. 3.16, panel a). Conversely, cells infected with ECTV (Fig. 3.16,
panel b) or ECTVACrmA (Fig. 3.16, panel ¢) completely inhibited the activation of Bax
upon STS treatment. In contrast, cells infected with ECTVAO025 (Fig. 3.16, panel d) or
ECTVAO025/ACrmA (Fig. 3.16, panel e) were not protected from STS-induced Bax

activation, suggesting that EVMO025 can inhibit Bax activation.
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Figure 3.15 - EVMO025 expression inhibits Bak induced apoptosis. HeLa cells were co-transfected with
pEGFP, pEGFP-Bcl-2, and pEGFP-EVMO025 and pcDNA-Flag-Bak for 16 hours and stained with 50nM TMRE
to label mitochondria, and apoptosis was analyzed in EGFP-positive cells using two-color flow cytometry.
Assays were performed in triplicate and were quantified as the mean percentage of EGFP-positive cells (+S.D.)
demonstrating a loss of TMRE. Flag-Bak expression levels from transfected cells were analyzed by Western
blotting with an anti-Flag antibody. ***, P < 0.001.

99



Mock ECTV

600 600
-STS
+STS

400 400+
200 - 200
o] 2 3 4 5 0-

0 10 10 10 10 o 102 10° 10 10°

PE-A PE-A
ECTV ACrmA ECTV AEVMO025
600

400

# Cells
# Cells

200

[
10° 10t 10°

0 102 10° 10t 10° o 10?
PEA

PE-A

ECTVACrmAAEVMO025

600

400+

Cells

# Cells

200+

o 10° 10° 10t 10°
PE-A

\4

a-Bax 6A7 Staining

Figure 3.16 - EVMO025 expression inhibits Bax activation. Jurkat cells were mock-infected (a), infected with
ECTV (b), ECTVACrmA (c), ECTVAO025 (d) or ECTVA025/ACrmA (e) at an MOI of 5 for 4 hours, followed by
treatment with 0.25uM STS for 2 hours to induce apoptosis. Exposure of the N-terminus of Bax was monitored
by flow cytometry using a conformation-specific N-terminal Bax 6A7 antibody. Untreated cells, (shaded
histogram); STS treated cells (open histogram). Data is the representative of at least three independent

experiments.
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Next we determined if EVMO025 could inhibit apoptosis induced by Bax over-
expression. HeLa cells were co-transfected with HA-Bax, and pEGFP, pEGFP-Bcl-2, or
pEGFP-EVMO025, and apoptosis was quantified in transfected cells by measuring
mitochondrial membrane potantial TMRE (Fig. 3.17 A). Overexpression of Bax resulted
in the artificial activation of Bax and subsequent loss of the mitochondrial membrane
potential in 45% of EGFP-transfected cells. Interestingly, transfection of EGFP-
EVMO025 protected the cells against Bax-induced apoptosis. Similarly, transfection of
EGFP-Bcl-2 significantly inhibited apoptosis induced by Bax over-expression, as
expected. We failed to detect any interaction between EVMO025 and Bax (Fig 3.17 B).
The lack of interaction between Bax and EVMO025 suggests that EVMO025 functions by

interacting with a BH3-only protein upstream of Bax to prevent its activation.

3.2.7. EVMO025 inhibits Bim-induced apoptosis

EVMO025 expression inhibited Bax activation, but no direct interaction between
EVMO025 and Bax was detected, suggesting that EVMO025 may function upstream of Bax.
The BH3-only protein Bim acts as a direct upstream activator of Bax, and is activated

during cellular stress such as virus infection '%**!

. To examine the possible interaction
between EVMO025 and BimL, HeLa cells were co-transfected with FLAG-BimL and
either EGFP, EGFP-Bcl2, or EGFP-EVMO025, and immunoprecipitated with anti-GFP
(Fig. 3.18). Western blotting with anti-Bim demonstrated that both EGFP-EVMO025 and

EGFP-Bcl-2 co-precipitated with BimL, whereas no interaction was observed with

EGFP. These data indicate that EVMO025 can associate with BimL.
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Figure 3.17 - EVMO025 expression inhibits Bax activation. HeLa cells were co-transfected with pEGFP,
pEGFP-Bcl-2, and pEGFP-EVMO025 and pcDNA-Flag-Bak for 16 hours and stained with 50nM TMRE to label
mitochondria, and apoptosis was analyzed in EGFP-positive cells using two-color flow cytometry. Assays were
performed in triplicate and were quantified as the mean percentage of EGFP-positive cells (£S.D.)
demonstrating a loss of TMRE. Flag-Bax expression levels from transfected cells were analyzed by Western
blotting with an anti-Flag antibody. (B) EVMO025 interacts with does not transfected Bax. HeLa cells were
transfected with pEGFP, pEGFP-Bcl-2, and pEGFP-EVMO025 and pcDNA-Ha-Bax for 12 hours. The cells were
lysed in 2% CHAPS buffer, lysates were immunoprecipitated (IP) with anti-GFP (goat) antibody and subjected
to western blotting with anti-GFP or anti-HA antibody to detect the interaction. Whole cell lysates were
subjected to western blotting with the anti-GFP or anti-HA antibody to detect the expression levels of the
transfected protiens.
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Figure 3.18 - EVMO025 interacts with BimL. HeLa cells were transfected with pEGFP, pEGFP-Bcl-2, and
pEGFP-EVMO025 and pcDNA-Flag-BimL for 14 hours. The cells were lysed in 2% CHAPS buffer, lysates were
immunoprecipitated (IP) with anti-GFP (goat) antibody and subjected to western blotting with anti-GFP or
anti-Flag antibody to detect the interaction. Whole cell lysates were subjected to western blotting with the
anti-GFP or anti-Flag antibody to detect the expression levels of the transfected protiens.
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We next sought to determine if EVMO025 could prevent apoptosis induced by
BimL over-expression. HeLa cells were co-transfected with Flag-BimL and pEGFP,
pEGFP-Bcl-2 or pEGFP-EVMO025 for 12 hrs, and apoptosis was assessed by staining
with TMRE and flow cytometry (Fig. 3.19). In cells transfected with pEGFP, and Flag-
BimL, approximately 40% of the cells showed a loss of TMRE staining. Conversely,
only 3% of cells showed a loss of TMRE when Flag-BimL was co-expressed with EGFP-
Bcl-2, a cellular antagonist of BimL protein. Similar results were observed in cells
transfected with BimL and EVMO025, in which only 7% of the transfected population
showed a loss of TMRE staining. These results indicate that EVMO025 interacts with the
BH3 only protein BimL and prevents BimL-induced apoptosis. Thus it is likely that
EVMO025 inhibits the activation of the pro-apoptotic protein Bax by interacting and

inhibiting the activity of its upstream regulator Bim.

3.2.8. Deletion of N-terminus of EVMO025 improves EVMO025’s interaction with Bim
ECTV EVMO025 consists of a N-terminal repeat region that is not present in other
orthologues of the protein. The function of this N-terminal region is currently unknown.
We thus sought to determine the importance of this region. To test whether the N-
terminus had any impact on interaction with Bim, we used constructs that had deletions at
the N-terminus of the protein. We used two new constructs for the experiments, one
which lacked the entire repeat, EVMO025 (E255), and a second construct which contained
two copies of the ‘DNGIVQDI’ repeat, EVMO025 (D237) (Fig. 3.20). HeLa cells were
either mock transfected or transfected with pEGFP, pEGFP-Bcl-2, pEGFP-F1L, pEGFP-

EVMO025, pEGFP-EVMO025(E255), and pEGFP-EVMO025(D237) or pcDNA-flag-BimL
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Figure 3.19 - EVMO025 expression inhibits BimL overexpression induced apoptosis. HeLa cells were
co-transfected with pEGFP, pEGFP-Bcl-2, and pEGFP-EVMO025 and pcDNA-Flag-BimL for 16 hours.
Transfected cells were stained with SOnM TMRE to label mitochondria, and apoptosis was analyzed in
EGFP-positive cells using two-color flow cytometry. Assays were performed in triplicate and were quantified as
the mean percentage of EGFP-positive cells (£S.D.) demonstrating a loss of TMRE uptake. Flag-Bax expression
levels from transfected cells were analyzed by Western blotting with anti-Flag antibody. ***, P < 0.001.
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Figure 3.20 - EVMO025 interacts with BimL. HeLa cells were transfected with pEGFP, pEGFP-Bcl-2,
pEGFP-FIL pEGFP-EVMO025 pEGFP-EVMO025(E255), or pEGFP-EVMO025(D237) and pcDNA-Flag-BimL
for 14 hours. The cells were lysed in 2% CHAPS buffer, lysates were immunoprecipitated (IP) with anti-GFP
(goat) antibody and subjected to western blotting with anti-GFP or anti-Flag antibody to detect the interaction.
Whole cell lysates were subjected to western blotting with the anti-GFP or anti-Flag antibody to detect the
expression levels of the transfected protiens
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for 16 h. The cells were subsequently lysed using 2% CHAPS detergent, and the
immuno-complexes were precipitated using a GFP antibody and anti-Flag antibody was
used to detect BimL. As expected, EGFP-Bcl-2 interacts with BimL and so does EGFP-
F1L. As previously discussed, EGFP-EVMO025 interacts weakly with BimL. In contrast
to full length EVMO025, the two deletion mutants, pEGFP-EVMO025(E255) and pEGFP-
EVMO025(D237) interact relatively strongly with Flag-BimL especially when compared
to full length EVMO025. This experimental data essentially showed that the interaction
with BimL was somehow hindered by the presence of the long N-terminal repeat region.
Based on this observation, we sought to determine if the N-terminus of EVMO025
had any effect on protection against the apoptosis induced by BimL over-expression.
HeLa cells were co-transfected with Flag-BimL and pEGFP, pEGFP-Bcl-2, pEGFP-
EVMO025, pEGFP-EVMO025(E255), or pEGFP-EVMO025(D237) for 12 hrs, and apoptosis
was assessed by staining with TMRE by flow-cytometery (Fig. 3.21). In cells transfected
with pEGFP, and Flag-BimL, approximately 40% of the cells showed a loss of TMRE
staining. Conversely, only 3% of cells showed a loss of TMRE when Flag-BimL was co-
expressed with EGFP-Bcl-2, a cellular antagonist of BimL protein. Similar results were
observed in cells transfected with BimL and EVMO025 and all of the N-terminus mutants,
in which only about 10% of the transfected population showed a loss of TMRE staining.
These results indicate that though the N-terminus of EVMO025 has some effect on the
binding of BimL to EVMO025, it has no effect on the ability of EVMO025 to protect against

BimL induced apoptosis.
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Figure 3.21 - EVMO025 expression inhibits BimL overexpression induced apoptosis. HelLa cells were
co-transfected  with  pEGFP, pEGFP-FIL, pEGFP-EVMO025, pEGFP-EVMO025(E255), or
pEGFP-EVMO025(D237) and pcDNA-Flag-BimL for 16 hours. Transfected cells were stained with 50nM TMRE
to label mitochondria, and apoptosis was analyzed in EGFP-positive cells using two-color flow cytometry.
Assays were performed in triplicate and were quantified as the mean percentage of EGFP-positive cells (£S.D.)
demonstrating a loss of TMRE uptake. Flag-Bax expression levels from transfected cells were analyzed by

Western blotting with anti-Flag antibody. *** P < 0.001.
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3.4. Summary

Here we show that like VACV, ECTV infection was able to inhibit STS and UV
induced apoptosis. ECTV was capable of inhibiting apoptosis in both mouse and human
cells. ECTV infection protected human and mouse cell lines against STS induced
activation of caspases-3 and caspase-mediated cleavage of PARP. Genome analysis of
ECTV revealed that EVMO025 has a long N-terminal repeat region consisting of an eight
amino acid motif ‘DNGIVQDI’ repeated 30 times. The functional importance of these
repeated regions remains unknown, the repeat regions are absent in VACV Copenhagen,
VARV Bangladesh, MPXV Zaire, and CPVX Brighton Red. Despite the variability
present at the N-terminal region of the F1 orthologues, F1 and EVMO025 share 95%
sequence homology at the C-termini. We were able to establish that the expression of
EVMO025 prevents the triggering of the intrinsic apoptotic pathway. EVM025 was crucial
in preventing the loss of mitochondrial membrane potential and loss of Cytochrome-c
during an ECTV infection. Our experiments also suggest that EVMO025 is crucial in
preventing virus-induced apoptosis in MEF cells. The data would insinuate that EVM025
is necessary to prevent apoptosis during virus infection. Like VACV F1, EVMO025 is a
tail anchored protein that localizes to the mitochondria, where it inhibits the activity of
Bak by direct interaction. In addition, EVMO025 is also able to inhibit Bax activation, and
this is likely achieved by interactions with other BH3-domain proteins such as BimL.
The deletion of N-terminus of EVMO025 improved its ability to interact with BimL, but
had no measureable effect on EVMO025s ability to protect against BimL induced

apoptosis.
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Chapter-4- Ectromelia Virus EVMO025 acts as a Virulence Factor

Experiments in this chapters are unpublished

The experiments were performed under the supervision of Dr. Mark Buller, Dr. Jim
Smiley and Dr. Michele Barry.

The experiments were performed at Molecular Microbiology & Immunology, Saint Louis
University (SLU), School of Medicine.

Dr. Scott Parker, Kristin Burles, and Ryan Crump helped with the experiments in this
section.

Dr. Scott Parker was responsible for helping me with infections and organ collections.
Ryan Crump performed the footpad infections and the LD-50 infection.

Kristin Burles helped weigh the mice post infection, and performed the titration in section
4.2.4.

SLU animal facility staff helped in housing, and care of the animals. They also performed
the blood collection from the infected and mock infected mice.

All experiments in this chapter were performed by Ninad Mehta with the help of the
above-mentioned people with the exception of Section 4.2.2. This experiment was
planned by Ninad Mehta but executed by Ryan Crump from Dr. Buller’s laboratory.
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4.1. Introduction

In the previous chapter, we have demonstrated that EVMO025 acts as an anti-
apoptotic protein during ECTV infection. The data also show that the protein is
analogous to VACV F1 in function. Previous work has shown that VACV missing the F1

ORF displays reduced virulence in mice '*

. The study provided no information on the
spread of the virus, and the immune response against the virus in the absence of the anti-
apoptotic gene. The natural host for VACYV virus is currently unknown, and infection of
mice with VACV requires a relatively high dose. We sought to study the importance of
the orthopoxvirus anti-apoptotic protein in a poxvirus with its natural host. In this
chapter, we attempted to understand the importance of EVMO025 during a ECTV

infection, and how the absence of this gene affects the spread of the virus and the

immune response.

4.2. Results

4.2.1. Deletion of EVMO025 does not compromise virus growth in vitro

We have previously demonstrated that EVMO025 acts as an inhibitor of apoptosis
in a tissue culture system>”, but the effect of the EVM025 ORF on growth and virulence
of the virus is yet to be understood. To determine whether EVMO025 is required for
efficient replication in vitro, a single step growth curve was performed in mouse cell
lines. MEF cells were infected with ECTV, ECTVAO025, and ECTVAO025rev at an MOI of

5. In MEF cells we observed that ECTV, ECTVA025 and ECTVAO025rev all exhibited a
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similar growth pattern (Fig. 4.1 A). These results would suggest that the EVMO0250REF is
not crucial for the growth of the virus in vitro.

In addition to the single step growth curve, we performed a multi-step growth
curve. The multi-step growth curve was performed using ECTV, ECTVA025 and
ECTVAO025rev on MEF cells. This experiment was performed to help us determine the
role of EVMO025 in the spread of the virus in tissue culture. We did not observe any
difference in the growth between ECTV or the EVMO025 deletion mutant (Fig. 4.1. B).
This data would suggest that the absence of EVMO025 has no negative effect on the

growth and spread of the virus in vitro.

4.2.2. BALB/c mice are highly susceptible to ECTV infection

It is known that BALB/c mice are highly susceptible to ECTV infection®>****¥,
The LDso for BALB/c varies between 2 PFU/mouse to 20 PFU/mouse; this variation was
based on the source of BALB/c mice, handling conditions and route of infection. We
wanted to determine the LDsy of ECTV in our experimental conditions. Disease signs,
such as disheveled coat, foot swelling, movement impairment, and mortality were
recorded daily and scored. Mice that demonstrated a drop in body weight to 70% of their
original mass, or signs of severe morbidity were euthanized. BALB/c mice were infected
with 0, 1, 10, 100, 1000, and 10,000 PFU of ECTV subcutaneously (s.c.) in both hind leg
foot pads in a total volume of 30 pul phosphate-buffered saline (PBS) (15 ul per leg). At
1000 and 10,000 PFU, animals infected with ECTV exhibited a sudden loss of weight. At

lower dose the mice experienced a drop of body weight as well, but the surviving mice

regained their body weight (Fig. 4.2. A). At higher infectious dose of 10,000, 1000 and
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Figure 4.1. EVMO025 deletion has no effect on growth or spread of the virus. (A) MEF cells were infected
at an MOI of 5 with ECTV, ECTVAO025, or ECTVAOQ25rev for a single-step growth analysis. The infected cells
were harvested at 4, 8,12, 24 and 48 hours post-infection and lysaed to release infectious particles. Serial
dilutions of infectious virus were plated on Bsc-40 cells. The infected monolyer was fixed and stained with
crystal violet and plaques were counted. (B) MEF cells were infected at an MOI of 0.01 with ECTV, ECTVA
025, or ECTVAO025rev for a multi-step growth analysis. The infected cells were harvested at 0, 12, 24 and 48
hours post-infection and lysed to release infectious particles. Serial dilutions of infectious virus were plated on
Bsc-40 cells. Infected monolyer was fixed and stained with crystal violet and plaques were counted.
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Figure 4.2. Survival of BALB/c mice in response to ECTV infection. Female BALB/c mice were
mock-infected or infected with 1, 10, 100, 1000, 10000 pfu of ECTV via the foot-pad. Mice were monitored

daily for body weight (A) and mortality (B).
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100 all the infected mice succumbed to the infection. Only 20 % of the infected mice
survived at an infectious dose of 10 PFU per mouse (Fig. 4.2 B). At a PFU dose of 1,
60% of the infected mice survived. Mortality of mice was then used to calculate the LDsg
for each strain of ECTV using the Reed-Muench analysis®”’. The LDso was 5.7 PFU per
mouse.

Based on the observations in this pilot study, we decided to use an infectious dose
of 600 PFU per mouse. We determined this dose was appropriate as it was 100 times
higher than the calculated LDsy, and we would expect 100 percent mortality during an

ECTYV infection and a detectable immune response.

4.2.3. ECTVAOQ02S is avirulent

We have previously shown that EVMO025 acts as an inhibitor of apoptosis.
Previous results have shown that this gene is dispensable during the replication of the
virus in tissue culture. Next we wanted to determine if EVMO025 acts as a virulence
factor, or is dispensable during an animal infection. We mock infected BALB/c mice or
infected with ECTV, ECTVAO025 or ECTVA025rev virus. We used two different doses of
the virus: 600 PFU and 6000 PFU. The weight and mortality of infected and mock
infected mice were recorded every day. All mock infected mice survived until the
experimental end-point. Mice infected with 600 PFU ECTV survived a maximum of 9
days. Similar results were observed in the case of mice infected with ECTVAOQ025rev virus
(Fig. 4.3 A). In contrast, ECTVAO025 infected mice all survived the infection. In addition,

we also observed that mice infected with ECTVA025 showed a lower magnitude of
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Figure 4.3. BALB/c mice survive a ECTVA025 infecton. Female BALB/c mice were mock-infected or
infected with ECTV, ECTVA025 or ECTVA025-rev at 600 pfu (A and B) or 6000 pfu (C and D) via the
foot-pad. Each group consists of five age and sex matched mice. Mice were monitored daily for mortality (A

and C), and body weight (B and D). Weight loss for individual animals was normalized to their starting weight,
and mean SEM is shown.
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weight loss when compared to mice infected with ECTV or ECTVAO25rev. The weight
loss of mice infected with ECTVAO025 stabilized at day 10 post infection. A recovery in
body weight was observed in ECTVAO025 infected mice. The weight gain is a sign of
recovery, as the mice returned to their normal feeding pattern (Fig. 4.3 B). Similar results
were observed in the case of mice infected with 6000 PFU of ECTV, ECTVAO025,
ECTVO025rev (Fig. 4.3 C and D). Mice infected with ECTV survived a maximum of 10
days, and mice infected with a similar PFU of ECTVA025rev succumbed to the infection
by day 9. But all mice infected with ECTVAO025 survived the 6000 PFU infection (Fig.
4.3 C). With respect to weight, we again observed a trend that was similar to the mice
infected with 600 PFU of the wild type and mutant viruses (Fig. 4.3 D). In addition,
BALB/c mice survived 1x10° PFU of the ECTVA025. All mice infected with this high
dose survived (Fig. 4.4 A). The mice infected with 1x10° PFU lost the same amount of
body weight as mice infected with lower infectious doses. The weight of the mice
dropped drastically at day 8 post infection, and started stabilizing at day 10 (Fig. 4.4 B).
These data suggest that EVMO025 plays a crucial role during virus infection. The
results show that though EVMO025 was unnecessary during ECTV infection of tissue
culture cells, it is indispensable during mouse infections. Hundred percent of mice
infected with EVMO025-deficient viruses survived the infection, although some signs of
illness, including disheveled coat, conjunctivitis, and limb swelling were observed
throughout the course of infection. As the time post infection progressed, the mice started
recovery and the signs of infection subsided. The absence of EVMO025 renders the virus

severely attenuated.
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Figure 4.4. BALB/c mice can survive a high dose ECTVA025 infecton. Female BALB/c mice were
mock-infected or infected with ECTVA025 at 600, 6000 or 100000 pfu via the foot-pad. Each group consists
of 5 age and sex matched mice. Mice were monitored daily for mortality (A), and body weight (B). Weight loss
for individual animals was normalized to their starting weight
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4.2.4. ECTVAO02S5 spread is restricted to the P-LN

Mice infected with ECTV succumb to the disease due to multiple organ failure as
a result of virus infiltration’®. The virus replicates uninhibited in infected tissues causing
necrosis. It was thus of interest to understand the effect of EVMO025 on the spread of the
virus. To determine virus spread we infected BALB/c mice with 600 PFU of the ECTV,
ECTVAO025 and ECTVAO25rev viruses. Popliteal lymph node (P-LN), spleen, liver,
kidney, and lung were collected from the infected mice at day 2, 4 and 7 post infection.
At day two post infection, we did not detect any virus in the harvested tissue. This result
would indicate that ECTV, ECTVA025, ECTVAO025rev were unable to make it to the P-
LN during the first 2 days of infection. At day 4 post infection, all the viruses were
detectable in the P-LN. ECTV and ECTVA025rev were detected at around 10° PFU/g. In
contrast to ECTV and ECTVA025rev, ECTVA025 was detected at 10° PFU/g. We also
detected ECTV and ECTVAO025rev in the spleens at about 10° PFU/g. At day four, we did
not detect any ECTVAO025 in the spleens of infected mice. This result would suggest that
ECTVAO025 is unable to make it to the spleen within the first four days of infection. In
addition, ECTV and ECTVAO025rev were detected at low levels in the lung and kidney of
infected mice (Fig. 4.5 B). At day seven, we detected increased levels of ECTV and
ECTVAO25rev virus in the P-LN and the spleen. The level of virus in the spleen
increased to 10° PFU/g. By day seven the wild type ECTV and revertant had spread to
the liver, lung and kidneys of the infected mice. In contrast, the level of ECTVA025 was
reduced by half a log in the draining lymph node. ECTVA025 remained below detectable
limit in spleen, liver and kidney. Low levels of ECTVA025 were detected in the lungs in

3 of 5 mice (Fig. 4.5 C). We think that the infection of the lungs was due to a reinfection
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of mice through the nasal route. The data would suggest that unlike the wild type virus
and the revertant, ECTVA025 was unable to efficiently spread to organs beyond the
draining lymph node. As mentioned earlier, death caused by ECTV is due to multiple
organ failure due to virus infiltration. ECTVA025 does not spread beyond P-LNs, an

observation that can explain the inability of ECTVAO025 to kill infected mice.

4.2.5. Deletion of EVMO025 causes a lower level of viremia in infected mice

After a foot pad infection, ECTV replicates at the site of inoculation and in the
primary draining lymph node, giving rise to primary viremia that seeds the spleen and
liver with the virus. Virus released from these target organs causes a secondary viremia™".
The secondary viremia seeds other tissues. Avirulent ECTV strains show decreased levels
of viremia. Thus, we wanted to determine if the absence of EVM025 had any effect on
the viremia caused by the virus. To study this, whole blood was collected from mice at
days 2, 4 and 7 post infection. Whole blood was used for detection of virus as it provides
an unbiased method to detect viral genomic DNA in the plasma or in infected cells.
Quantitative PCR was employed to detect viral DNA in whole blood. At day 2 post
infection, the levels of ECTV, ECTVA025 and ECTVAO025rev remained below the
detection limit of the assay. In contrast, by day 4 post infection, we detected all three
viruses in the blood. ECTVA025 was detected at levels 10% lower than the levels of
ECTV and ECTVAO025rev (Fig. 4.6 A). At day 7 post infection, the difference between

levels of ECTV, ECTVA025rev and ECTVA025 was more pronounced. The levels of
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Figure 4.6. ECTVAO025 infection results in a lower virema. BALB/c mice were mock-infected or
infected with 600 pfu of ECTV or ECTVAO025 via the foot-pad. Each group consists of 5 age and sex
matched mice. Blood was collected 4 and 7 days post infection. The levels of viral DNAin the blood were

measured using qPCR using ECTV specific primers at day 4 (A) and 7 (B) post infection. These data
respresents the mean of the five samples. **** p<0.0001
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ECTV and ECTVAO025rev were found to be approximately 3 log higher than the mutant
ECTVAO025 (Fig. 4.6 B). The increased viremia correlates with the ability of ECTV and
ECTVAO25rev to spread to the secondary organs. The lower levels of ECTVAO025
detected in the blood likely accounts for its inability to spread effectively to secondary

organs.

4.2.6. Early spread of ECTVA025

Our previous results demonstrate that ECTVAO02S is unable to spread beyond the
P-LN. Thus, we next sought to determine the dynamics of spread at the site of infection
and the draining lymph node. BALB/c mice were either mock infected or infected with
ECTV or ECTVAO025. The footpad and the P-LN of the mice were harvested at days 1, 2,
3 and 4 post infection. A qPCR-based approach was used to determine the level of viral
DNA present in the footpad and the P-LN. On days 1 and 2, ECTV was below the
detection threshold in the foot pad of infected mice. At days 3 and 4 post infection we
detected increasing amounts of viral genomic DNA in the footpad of ECTV infected
mice. In contrast, we detected lower amounts ECTVAO025 in the footpad at day 3 and 4
post infection. The difference in the levels of ECTV and ECTVAO025 levels in the footpad
were statistically significant at day 4. This result would indicate that ECTVAO025 cannot
replicate efficiently in the footpad (Fig. 4.7 A). Next we looked at the kinetics of virus
spread to the P-LN. In mice infected with ECTV, the number of ECTV genome copies
per ug of DNA remained below detectable limit at days 1 and 2 post infection, and

become detectable at day 3 and 4 post infection. The levels continued to rise between the
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Figure 4.7. The early spread of ECTVAO025 is slower. BALB/c mice were mock-infected or infected with
600 pfu of ECTV or ECTVAO02S5 via the foot-pad. Each group consists of 5 age and sex matched mice. Foot
pad (A) and P-LN (B) were collected at 1, 2, 3 and 4 days post infection. Total DNA was isolated from the
isolated tissues. Viral genome number was quantified though qPCR using ECTV specific primers. This data
represent the mean of the five samples. **** p<0.0001
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two time points. In contrast, ECTVA025 remained below detection at day 3 post
infection. ECTVAOQ25 was detected at significantly lower levels than ECTV at day 4 post
infection (Fig. 4.7 B). This difference between ECTV and ECTVAO025 was statistically
significant. The results would suggest that ECTVAO025 takes longer to make it into the P-
LN when compared to the wild-type ECTV. The stark difference between the number of
ECTV and ECTVAO025 genomes detected by day 4 of infection suggests that there is a
defect in virus growth that starts at the site of initial infection. This defect in the footpad
accounts for the failure of ECTVAO025 to effectively spread to the P-LN. The replication

in the P-LN also is negatively affected in the absence of the EVM025 ORF.

4.2.7. EVMO2S5 infections are lethal in the absence of T-cells.

The previous experiments show that the spread of ECTVAO02S5 is restricted to the
lymph nodes of the infected mice. Previous work has shown that CD8" are crucial in
preventing lethality caused by ECTV infection®”. Cell mediated immunity is crucial in
keeping the virus in check in the lymph node and limiting the spread of the virus®®. Next
we questioned whether cell mediated immunity is necessary to control the spread of
ECTVAO025. BALB/c-SCID mice lack both T and B cells, while BALB/c-Nude mice lack
functional T-cells. Using the SCID and Nude mouse would help us determine the
importance of B or T cells during an ECTVAO025 infection. BALB/c, BALB/c-Nude and
BALB/c-SCID mice were mock infected or infected with ECTV or ECTVAO025. The
mice were monitored for weight change and morbidity. As previously observed, BALB/c
mice infected with ECTV succumbed to the infection by day 9. In contrast, the mice

infected with ECTVAO025 survived the 21 day experiment end point (Fig. 4.8 A).
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BALB/c-SCID mice infected with ECTV succumbed to ECTV infection with in the first
10 days post infection. BALB/c-SCID mice infected with EVMO025 survived until day 13
(Fig. 4.8 B). A similar trend was observed in BALB/c-Nude mice infected with ECTV or
ECTVAO025. This increase in survival is statistically significant (Fig. 4.8 C). Thus the
data would suggest that innate immunity or cell intrinsic immunity is able to slow the
early spread of the ECTVAO02S5. But, in the absence of a cell mediated immune response,
the virus eventually causes mortality in infected mice. This result suggests that T-cells are
important in the protecting cells against ECTVAO025 infected mice. B-cells in the absence
of T-cells are not sufficient to protect mice infected with ECTVA025. The current
experiments are not sufficient to discern the role or importance of NK cells during an

ECTVAOQ25 infection.

4.2.8. ECTVAQ2S infection results in elevated number of splenocytes

The preceding data suggest that cell mediated immunity is crucial in preventing
the mortality caused by ECTVAO025 infection. A large body of evidence supports the role
of a strong cellular response in controlling the spread of virus. Resistant strains of mice
are able to produce a rapid, stronger and more sustained NK and cytotoxic T-lymphocyte
response’>***°. To examine the effect of the EVMO025 deletion on the splenocytes of
BALB/c mice, we collected spleens from mock, ECTV and ECTVAO025 infected mice at
day 7 post infection. The spleens from ECTV infected mice are smaller in size and show
clear signs of tissue necrosis. The tissue necrosis is likely due to the high virus titers
detected in the spleen at day seven post infection. Other studies have also associated

38,41,45

tissue necrosis with the presence of high ECTV titers In contrast, in mice infected

with ECTVAO025, we did not observe any necrosis of the spleen. The spleens in
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Figure 4.8. ECTVAO025 is lethal in the absence of cell mediated immunity. Female BALB/c mice, (A)
BALB/c-SCID (B), BALB/c-Nude and were mock-infected or infected with ECTV, or ECTVAO025 at 600 pfu
pfu via the foot-pad. Each group consists of five age and sex matched mice. Mice were monitored daily for
mortality. p<0.0023
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ECTVAO025 infected mice were approximately twice as large as those of uninfected mice
(Fig. 4.9 A), which is indicative of splenocyte proliferation. Next we counted the number
of splenocytes present in mock, ECTV or ECTVAO025 infected mice. The number of
splenocytes in ECTV infected mice was similar to uninfected mice. The total number of
splenocytes was at least 2-fold higher in mice infected with ECTVAO025 (Fig. 4.9 B). The
data would suggest that there is cell proliferation or infiltration in the spleen during a

VACVAO025 infection.

4.2.9. CD8 T-cell and NK cells response is enhanced in the absence of EVM025

As mentioned earlier, CD8" T-cells and NK cells are crucial in conferring
resistance to ECTV infection. It has been demonstrated that the depletion of CD8" T-cells
and NK cells results in greatly increased mortality in the ECTV resistant C57BL/6 mouse

204,205

strain . In addition, CD4" T-cells are required for cytolysis-independent clearance of

. 204
the virus

. We wanted to establish the significance of these populations of cells in the
control of the spread of ECTVAO025. Next we assessed the relative proportion of CD4",
CD8" T-cells and NK cells in the spleens and blood of infected mice. We gated on the
CD3 marker, a T cell co-receptor, to differentiate the T-cells from the rest of the
splenocytes. The CD3" cells were then sub-gated to determine the CD8" and CD4" T- cell
populations in the spleen and blood samples. We observed elevated percentages of
CD3'CDS8" T-cells in ECTVA025 infected compared to that in ECTV infected mice (Fig
4.10 A). In addition, we also stained cells for the presence of intracellular IFN-y. We did

not observe elevated levels of IFN-y in the CD3'CDS8" T-cells in ECTVA025 infected

mice. Higher levels of IFN-y were detected in mice infected with ECTV or ECTVA025
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Figure 4.9. ECTVA025 infection leads to increased number of splenocytes. BALB/c mice were
mock-infected or infected with 600 pfu of ECTV, ECTVA025 or ECTVAO025rev via the foot-pad. Each group
consists of 5 age and sex matched mice. Spleens were harvested at day 7 post infection. The harvested spleen
are photographed to document the change in size and morphogology (A). Subsequently the spleens were
homogenized and the number of splenocytes counted using a hemocytometer. **** p<0.0001
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Figure 4.10. CD8 and NK cells are elevated in the spleen during ECTVA025 infection. BALB/c mice
were mock-infected or infected with 600 pfu of ECTV, ECTVA025, ECTVAO025rev via the foot-pad. Each
group consists of 5 age and sex matched mice. Spleens where harvested at 7 days post infection. The organs
were homogenized and the RBC were lysed. Subsequently cells were stained with CD4, CD8, CD3, CD49b
(NK) for 1 hour at 4 C. Post staining the cells were fixed and permeabilized and stained for IFN-y. The cells
were analyzed using a flow-cytometer. The data analysis was done using FlowJo. Live cells were gated for the
precence of CD45 marker. The CD45 cells were gated on the CD3 marker, to differentiate the T-cells from the
rest of the splenocytes. The CD3* cells were then sub-gated to determine the CD8" and CD4" T- cell
populations in the spleen.The NK cell population was determined by gating on CD45"and CD49b" cells. This
data represents the mean of the five mice.
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Infected mice (Fig. 4.10 B). This increased levels did not correlate with survival. The
level of CD3'CD4" T-cells were slightly lower in ECTVA025 infected mice, when
compared to the ECTV and ECTVAO025rev infected mice (Fig 4.10 C). Next we looked
at the NK cell population in the spleen of infected mice. We found elevated levels of NK
cells in ECTVAO025 mice, then the levels observed in ECTV or ECTVAO025rev infected
mice (Fig 4.10 D). A similar trend was observed in case of the white blood cells of the
infected mice (Fig. 4.11). In the blood, we also observed elevated levels of CD3'CD8" T-
cells (Fig. 4.11 A) and NK (Fig. 4.11 D) cells in ECTVAO025 infected mice. The elevated
levels of CD8" T-cells and NK cells may contribute to limiting the spread of the
ECTVAO02S5 virus.

Further work is required to understand the role of CD8 T-cells and NK cells in the
control of ECTVAO025 infection. It would also be interesting to understand the ECTV
specific response in the mice. In addition, the current experiment does not rule out the

importance of CD4 T cells in controlling the spread of ECTVAO025 infection.

4.2.10. Elevated chemokine and cytokine responses to ECTVA025 infection

Our previous experiment suggests that CD8 T-cells are important in limiting the
spread of ECTVAO025 in infected mice. This finding would suggest a role for chemokine
and chemokine receptor-mediated recruitment of CD8 T-cells following a ECTVA025
infection. Therefore, we examined the levels of cytokines and chemokines using the

ThermoFisher Scientific Cytokine Mouse 20-Plex Panel for the Luminex™ platform
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Figure 4.11. CD8 and NK cells are elevated in the blood during ECTVAO02S infection. BALB/c mice were
mock-infected or infected with 600 pfu of ECTV, ECTVA025, ECTVA025rev via the foot-pad. Each group
consists of 5 age and sex matched mice. Spleens where harvested at 7 days post infection. The blood was
collected in EDTA tubes and the RBC were lysed. Subsequently cells were stained with CD4, CDS8, CD3,
CD49b (NK) for 1 hour at 4 C. Post staining the cells were fixed and permeabilized and stained for IFN-y. The
cells were analyzed using a flowcytometer. The data analysis was done using FlowJo. Live cells were gated
for the precence of CD45 marker. The CD45" cells gated on the CD3 marker, to differentiate the T-cells from
the rest of the splenocytes. The CD3" cells were then sub-gated to determine the CD8* and CD4" T- cell
populations in the spleen.The NK cell population was determined by gating on CD45" and CD49b" cells. This
data represents the mean of the five mice.
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(GM-CSF, TNF-a, IL-2, IL-1B, IL-4, FGF-Basic, IL-1a, IFN-y, IL-13, MCP-1, IP-10
(CXCL10), MIG (CXCL9), KC, VEGF, IL-17, MIP-1a, IL-12, IL-10, IL-6, IL-5). The
Luminex analysis was performed on serum collected from mice infected with ECTV or
ECTVAO025 at day 2, 4 and 7 post infection. The levels of GM-CSF, TNF-a, I1L-2, IL-1p,
IL-4, FGF-Basic, IL-1a, MCP-1, KC, VEGF, IL-17, MIP-1a, IL-12, IL-6, IL-5 were not
markedly changed in ECTV or ECTVAO025 infected mice when compared to uninfected
mice or remained below detectable levels.

ECTVAO025 infected mice presented higher levels of CXCL9 and CXCL10 at day
2 post infection. CXCL9 and CXCL10 cytokines remained undetectable at this time point
in mice infected with ECTV. The levels of CXCL9 and CXCL10 peaked at day 4 and
then declined in mice infected with ECTVAO025 by day 7. In contrast, mice infected with
ECTYV showed an increase in CXCL9 and CXCL10 production at day 4 and maintained
the level of production at day 7 (Fig. 4.12 A and B). In addition, the blood of mice
infected with ECTVAO025 showed elevated levels of IFN-y at day 2 and 4 post infection
as compared to uninfected mice or ECTV infected mice. In addition to the elevated levels
of IFN-y, we also observed elevated levels of IL-10. Mice infected with ECTVA025
showed elevated levels of IL-10 at day 2 and 4 post infection. In contrast, by day 7 the
levels of IFN-y and IL-10 were comparable between ECTV and ECTVAO02S5 infected
mice (Fig. 4.12 C and D). CXCL9 and CXCL10 are involved in the recruitment of CD8 T
cells and NK cells at the site of an intra-cellular infection. These results and the previous
experiment suggest that the earlier increases in CXCL9 and CXCL10 might lead to an
earlier and increased recruitment of CDS8 cells, which would limit the spread of

ECTVAO025 in infected mice. The elevated levels of IFN-y and IL-10 early post infection
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Figure 4.12. ECTVAO02S infected mice show altered cytokine levels. BALB/c mice were mock-infected or
infected with 600 pfu of ECTV, ECTVAO025, or ECTVA025rev via the foot-pad. Each group consists of 5 age
and sex matched mice. Blood was collected at days 2, 4 and 7 post infection. Blood from uninfected mice was
collected at day 7. The ThermoFisher Scientific Cytokine Mouse 20-Plex Panel for the Luminex™ was used

for the analysis of the blood for the presence of cytokine. The samples represent the mean of the 5 different
samples.
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might help in mounting a Th-1 type cytotoxic T-cell response, which in turn may help
prevent the spread of ECTVA025. We also detected elevated levels of IL-9 and IL-13 in
infected cells, but we are unable to explain the role of these cytokine during infection

(Fig. 4.12 E and F).

4.3. Summary

The data in the previous chapter show that EVMO025 is involved in the inhibition
of apoptosis. In this chapter, we show that although EVM025 ORF is dispensable for in-
vitro growth of the virus, it is critical in the in-vivo replication of the virus. We could
establish that ECTVAO25 is severely attenuated, and typically susceptible BALB/c mice
can survive high doses of ECTVA025. We were also able to establish that the mutant
ECTVAO025 is unable to spread beyond the draining lymph-node. In addition, we
demonstrated that cell mediated immunity was crucial in controlling the spread of
ECTVAO025 and is required to prevent the lethality caused by the mutant virus. Additional
work is needed to understand the spread of the virus in the Nude and SCID BALB/c
mice. Our data also shows that there is a Th-1 type cytokine response, and CD8 T cells
and NK cells are elevated in ECTVAO025 infected mice. Additional work needs to be done

to study the effect of changes in the levels of ECTV specific CD8 T-cells.
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Chapter-5- Expression of the vaccinia virus anti-apoptotic F1
protein is blocked by PKR in the absence of the viral E3 protein.

Experiments in this chapters are unpublished

The experiments were performed under the supervision of Dr. Jim Smiley.

All experiments in this chapter were performed by Ninad Mehta with the help of Theodor
Dos Santos. Theodor Dos Santos, helped with performing repeats and helped generating
all the plasmids used in this chapter.

Dr. Emeka Enwere helped develop the initial idea of the project.

Dr. Bart Hazes helped with the initial analysis of the RNAseq results.

Megan Desaulniers generated the VACVAF2L virus used in this study.

The members of Dr. David Evans’ laboratory have been extremely helpful during this
project.
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5.1. Introduction

A variety of functions have been assigned to the VACV innate immunity
modulator E3. These functions include the ability to modulate the cellular dsRNA
response, inhibition of the NF-xB and IRF3 pathways and inhibition of apoptosis.
Previously work done by Ficher S F et al. and Zhang et al. has demonstrated that vaccinia

136,142 "
»*°, In addition,

virus missing the E3 protein triggers apoptosis during infection
published research by Kwon J et al. presented data suggesting that E3 is an active
inhibitor of hygromycin B induced apoptosis'™. Ficher S F et al. demonstrated
MVAAE3L infected cells undergoes apoptosis through the intrinsic pathway, which is
similar to cells infected with MVA missing the F1 ORF'*. Intriguingly, F1 is an early
protein and thus should be present during VACVAE3L infection. It has previously been
demonstrated that F1 is an apoptosis inhibitor, and can inhibit apoptosis in the absence of
other viral proteins. Thus, we wanted to understand why F1 was is unable to inhibit
VACVAE3L or MVAAE3L induced apoptosis. Thus, we sought to understand the

mechanism underlying the apoptosis triggered by VACVAE3L infection and its

dependency on the VACV protein F1.
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5.2. Results

5.2.1 Infection of HeLa cells with VACVAE3L triggers the intrinsic apoptotic
pathway

Previous work on the highly attenuated vaccinia virus MVA strain and the MVA
mutant devoid of E3L (MVAAE3L) has shown that MVAAE3L triggers apoptosis

6

through the intrinsic pathway'*®. In addition, earlier work on VACV strain Copenhagen

has demonstrated that infection of HeLa cells with VACVAE3L triggers apoptotic cell

death?”’

. As a prelude to our study we wanted to confirm the aforementioned studies. To
this end, HeLa cells were either mock infected or infected with VACV or VACVAE3L
for 24 hrs, and then stained with Alamar Blue, a dye that measures cellular health.
Ninety-eight percent of HeLa cells infected with VACV survived, but only 50% of the
VACVAE3L-infected cells survived (Fig. 5.1). Treatment of VACVAE3L infected HeLa
cells with zZVAD.FMK blocked cell death, suggesting that the mechanism of death was
apoptotic (Fig. 5.1). Since Alamar Blue staining is a non-specific assay, we decided to
characterize mitochondrial cell death by evaluating mitochondrial potential and PARP

. . 3.78
cleavage in infected cells”’

. PARP is a nuclear protein that is cleaved upon activation of
cellular caspases, a characteristic event that occurs during apoptotic cell death. HeLa cells
were infected with VACV or VACVAE3L. The cells were stained with 0.3uM TMRE, a
dye retained in healthy mitochondria, after 12 and 24 hrs of infection. At the 12-hour

time point, most of the VACV-infected cells retained TMRE; in contrast, circa 30% of

the VACVAE3L infected cells lost their TMRE staining. A similar trend was observed in
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Figure 5.1- VACVAE3L infection induces cell death. HeLa cells were mock infected, infected with VACV, infected
with VACVAE3L, or infected with VACVAE3L with 100 uM zVAD.fmk for 24 hours. As a control, HeLa cells were
treeated with 2uM STS or 2uM STS+100 uM zVAD.fmKk for 6 hours. Post the infection and treatment, the HeLa cells
were stained with Alamar Blue for 1 hour at 37 °C in a humidified incubator with 5% CO,. The conversion of
Alamar Blue dye to a reduced product was measured using a fluorecent platereader.
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HeLa cells infected for 24 hrs, in that about 24% of VACV-infected cells showed loss of
mitochondrial potential, while approximately 51% of VACVAE3L-infected cells showed
a loss of TMRE straining (Fig. 5.2). This result suggests that the mitochondria of HeLa
cells infected with VACVAE3L undergo loss of TMRE staining. The depolarization of
the mitochondria can be associated with apoptosis. Next we directly assessed apoptosis
by measuring PARP cleavage. HeLa cells were infected with VACV or VACVAE3L for
2, 4, 6, 12 and 24 hrs and then were analyzed by western blot for PARP cleavage.
VACV-infected cells did not process full-length PARP into its 89kDa cleaved form.
However, HeLa cells infected with VACVAE3L did process the full-length PARP into its
cleaved form 12 hrs after infection. Since PARP is a substrate for activated caspases, our
data suggest that cells infected with VACVAE3L have activated caspases and are
undergoing apoptotic cell death. These results are in accordance with previously

136207 n addition to virus induced cell death, we wanted to test

published studies
whether VACVAE3L could prevent STS induced apoptosis (Fig. 5.3). Previous studies
have demonstrated that VACV is capable of resisting cell death triggered by STS'®. To
test if VACVAE3L can inhibit STS induced apoptosis, HeLa cells were mock infected or
infected with VACV or VACVAE3L for six hrs. Post infection the cells were treated with
2uM STS for a further six hrs. STS treatment of uninfected cells resulted in increased
levels of apoptosis as determined by TUNEL assay. Similar results were observed in the
case of VACVAE3L-infected cells. In contrast, VACV-infected cells were protected

against STS induced apoptosis (Fig. 5.4). Thus, our data suggests that VACVAE3L is

capable of triggering virus induced cell death and is unable to prevent

140



60
= Il 12 Hours
§ % :I: 24 Hours
N =
§g -
£
g _,g
)
32 0 I
QO Q
0
=
E -_
0-—-I 1 T
N v
(@) 30)
@o X\q \\VQ/
«

Figure 5.2- VACVAE3L induces loss of mitochondrial membrane potential. HeLa cells were either mock
infected or infected with VACV or VACVAE3L at an MOI of 5. The HeLa cells were stained with 50nM TMRE,
to label mitochondria 12 and 24 hours post infection. Apoptosis was analyzed using flow cytometry. The mean
percentage of cells demonstrating a loss of TMRE uptake is displayed. n=3
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Figure 5.3- VACVAE3L induces PARP cleavage. HeLa cells were infected with VACV or VACVAE3L at an
MOI of 5. Infected cells were collected 2, 4, 6, 12 and 24 hours post-infection, and lysed in SDS-PAGE sample
buffer containing 8 M urea. Samples were subjected to SDS-PAGE and immunoblotted for PARP to determine
virus induced apoptosis. B-tubulin was used as a loading control and I3L as a control for infection.
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Figure 5.4- VACVAE3L does not inhibit STS induced apoptosis. HeLa cells were mock infected or infected
with VACV or VACVAE3L at an MOI of 5 for six hours. Six hours post infection, the cells were treated with either
DMSO (untreated) or treated with 2uM STS for 6 hours. Six hours post treatment apoptotsis was assessed using
the TUNEL assay. The percentage of apoptotic cells was determined using flow-cytometry. n=3, *** p<(0.001
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STS induced apoptosis. These results are consistent with what was observed by P Zhang

et al. and S F Fischer et al. in their studies 27,

5.2.2. Ectopically expressed VACYV virus E3 does not inhibit induced apoptosis in
HeLa cells

A previous report suggested that E3 could protect transfected HeLa cells
against hygromycin B induced apoptosis®0. This observation implies that E3 can act
as an apoptosis inhibitor. We were unable to reproduce the previously published
results. Thus we asked if E3 expressed on its own could inhibit apoptosis triggered
by STS and TNF-a. Previous work on VACV has demonstrated that VACV can protect
against apoptosis triggered by STS and TNF- 138139, HeLa cells were transfected
with pEGFP, pEGFP-Bcl2, pEGFP-F1L and pEGFG-E3L. Fourteen hours after
transfection the cells were treated with 1uM STS for 6 hrs. Apoptosis was assessed
by TUNEL staining. In this experiment pEGFP-Bcl2 and p-EGFP-F1L were used as
positive controls102138139.208  GFP positive cells were gated during the flow
cytometry. In HeLa cells transfected with pEGFP, approximately 55% of the GPF
positive cells were TUNEL positive following STS treatment. A similar percentage of
TUNEL positive cells was observed in the case of GFP positive HeLa cells transfected
with pEGFP-E3L. In contrast, cells transfected with the cellular anti-apoptotic
protein Bcl2 and vaccinia virus anti-apoptotic protein F1 were protected against STS
induced apoptosis with less than 7% of the GFP positive cells TUNEL positive
(Fig.5.5). Next we tested another apoptotic stimulus TNF- a. A similar trend was

observed in HelLa cells that were treated with 10 ng/ml TNF-a
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Figure 5.5- E3 does not inhibit STS induced apoptosis. HeLa cells were transfected with pEGFP, pEGFP-Bcl2,
pEGFP-F1L and pEGFP-E3L for 16 hours. Post transfection, the cells were treated with either DMSO (untreated)
or treated with 2.5uM STS for 6 hours. Six hours post treatment apoptotsis was assessed using the TUNEL assay.
The percentage of apoptotic cells were determined using flow-cytometry. n=4, *** p<(0.001

145



and 5 pg/ml of cycloheximide/ml for 16 hrs to trigger apoptosis. Cells that were
mock transfected or transfected with pEGFP or pEGFP-E3L were not protected
against TNF-a induced apoptosis. GFP positive cells were gated during the flow
cytometry. Approximately 40% of the cells were TUNEL positive in this case. In
contrast, less than 4% of the cells that has been transfected with pEGFP-Bcl2 and
pEGFP-F1L were apoptotic (Fig.5.6). Thus our data would suggest that E3 fails to
protect the cells against STS or TNF-a induced intrinsic apoptotic stimuli. These
data suggest that E3 is unable to act as direct inhibitor of STS and TNF-a induced
apoptosis.
5.2.3. F1L is not expressed during VACVAE3L infection

Our finding that E3 does not serve as a direct inhibitor of apoptosis raised
interesting questions about the mechanisms underlying the pro-apoptotic phenotype of
VACVAE3L. One possibility, suggested previously by S F Fischer et al., is that E3 acts
together in the same pathway as the VACV anti-apoptotic F1 protein, a direct inhibitor of
apoptosis. VACV F1 can inhibit mitochondrial apoptosis in HeLa cells by inhibiting the
activation of cellular apoptotic proteins Bak and Bax'*"*'*%2%  However, this
suggestion is difficult to reconcile with the ability of F1 to prevent apoptosis in the
absence of any other VACV proteins. An alternate possibility is that E3 is required for
the synthesis of F1. This possibility seemed improbable because F1 has been reported to
be an early protein. Previous work with the E3L deletion mutant virus suggested that
early proteins are expressed during infection with this virus®'’. However, this theory has

never been tested in the case of F1 expression.
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Figure 5.6 - E3 does not inhibit TNF-a induced apoptosis. HeLa cells were transfected with pEGFP,
pEGFP-Bcl2, pEGFP-FIL and pEGFP-E3L for 16 hours. Post transfection, the cells were treated with either
PBS(untreated) or 10 ng/ml TNF-a and 5 pg/ml of cycloheximide/ml for 16 hours . Sixteen hours post treatment
apoptotsis was assessed using the TUNEL assay. The percentage of apoptotic cells was determined using
flow-cytometry. n=3, *** p<0.001, **** p<0.0001
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We therefore examined the effect of deleting E3 on the expression of the F1
protein. HeLa, RAW, Jurkat and 293T cells were either mock infected, or infected with
VACYV or VACVAE3L for 6 hrs. The cell lysates were probed for the expression of F1
protein by western blot analysis. We observed that F1 was present in a VACV-infected
cell. To our surprise however, F1 was not detected in cells infected with VACVAE3L.
This observation remained consistent between HeLa, Jurkat, RAW and 293T cells.
Antibody against I3L was used as an infection control. Previous publications have

demonstrated that I3L is present during VACVAE3L infections™"’

. B-tubulin was used as
the loading control (Fig. 5.7). Together these data suggest that F1L remains undetectable
during VACVAE3L infection in a wide variety of infected cell lines.

The previous observations suggest that the presence of E3 is required for the
expression of F1. To test this possibility, we asked whether ectopic expression of E3 was
sufficient to restore the expression of F1 during VACVAE3L infection. To this end, HeLa
cells were transfected with pEGFP or pEGFP-E3L for 18 hrs. The transfected cells were
infected with either VACV or VACVAE3L virus for 6 hrs. The infected cells were then
subjected to western-blot analysis. In HeLa cells expressing pEGPF and infected with
VACVAE3L, F1 was not detected by western blotting. In contrast, in HeLa cells
transfected with pEGFP-E3L and infected with VACVAE3L virus, the expression of F1
was restored. This result suggests that the ectopic expression of E3 during VACVAE3L
infection is sufficient to restore the expression of F1 (Fig. 5.8). These sets of experiments

help us understand the relationship between E3 and F1 and suggest E3 is required for the

expression of F1.
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Figure 5.7 - F1 is not detected during VACVAE3L infection. The indicated cells were either mock infected,
infected with VACYV, or infected with VACVAE3L at an MOI-5. Six hours post infection the cells were lysed in
RIPA buffer and cell lysates were immunoblotted with anti-F1 antibody to analyse the expression of the F1, and
anti-13 to determine the levels of infection. B-tubulin was used as a loading control.
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Figure 5.8 - Ectopic expression of E3 rescues the expression of F1. HeLa cells were either transfected with
pEGFP (vector) or EGFP-E3L. Eighteen hours post transfection, the cells were infected with VACV or VACVA
E3L atan MOI of 5. Six hours post infection the cells were lysed in RIPA buffer and subjected to immunoblotting.
The samples were subjected to anti-F1 antibody. Anti-I3 to determine the levels of infection, anti-GFP antibody
was used to check expression levels of the transfected plasmid, f-tublin was used as a loading control.
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5.2.4. The ectopic expression of F1 is sufficient to prevent apoptosis triggered by
VACVAE3L

The results from the previous experiment suggest that E3 is required for the
expression of F1 during a VACV infection. Since F1 is an anti-apoptotic protein, we next
wanted to determine if the absence of F1 was the reason behind VACVAE3L’s inability
to inhibit apoptosis. We transfected HeLa cells with an empty pEGFP-C3 vector, or with
pEGFP-FIL. Sixteen hrs post transfection, the cells were either mock infected, or
infected with VACV or VACVAE3L. Twenty-four hrs post infection apoptosis was
measured by TUNEL staining (Fig. 5.9). Low numbers of TUNEL positive cells were
observed in HeLa cells that had been transfected with pEGFP or pEGFP-FIL and
subsequently mock infected. Similar results were obtained for HeLa cells transfected with
pEGFP or pEGFP-F1L and infected with VACV. In contrast, 55% of HeLa cells that had
been transfected with pEGFP-C3 and infected with VACVAE3L stained TUNEL
positive. However, in HeLa cells transfected with pEGFP-FIL and infected with
VACVAE3L the number TUNEL positive cells fell to 25% of the total screened cells
(Fig. 5.9). This result suggests that the ectopic expression of F1 is sufficient to reduce the
apoptosis triggered by VACVAE3L infection. Thus, we infer that the underlying reason

for the apoptosis triggered by VACVAE3L infection is the absence of F1 protein.

5.2.5. The C-terminus of E3 is required for the expression of F1 in VACV-infected
cells
As reviewed in Chapter 1, E3 is a 190-amino-acid protein with N-terminal DNA-

binding and C-terminal RNA-binding domains. Previous work on E3 has shown that the
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Figure 5.9 - Ectopic expression of F1L is sufficient to prevent the apoptosis triggered by VACVAE3L. HelLa
cells were transfected with pEGFP or pEGFP-F1L. Sixteen hours post transfection, the transfected HeLa cells
were either mock infected, infected with VACV or with VACVAE3L at an MOI of 5. The level of apoptosis was
assessed by TUNEL assay. The percentage of apoptotic cells (TUNEL positive) was deteremined by
flowcytometry. n=3,

p=<0.05
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C-terminal RNA-binding domain is necessary and sufficient for PKR inhibition and virus
replication, and the N-terminus of the protein has a Z-DNA binding motif '*>'"*!7,
VACV-E3LA26C is a mutant virus that is unable to inhibit the PKR pathway, while
VACV-E3LA83N virus still inhibits the PKR pathway. In addition, VACV-E3LA26C
infected HeLa cells undergo apoptosis™’. A study by P Zhang et al. has shown that an
E3-N-terminal deletion mutant (VACV-E3LA83N) has no apoptotic activity, and this
virus is able to replicate to a titer similar to that of wild type VACV>"’. In addition, their
data shows that this is not the case with an E3-C-terminal deletion mutant (VACV-
E3LA26C). Infection of HeLa with VACV-E3LA026C triggers apoptosis™’. However,
their data fails to ascertain the reason underlying the apoptosis during a VACVAE3L or
VACV-E3LA26C infection. We initially reproduced the above mentioned results.
Previous work has also demonstrated that VACV is capable of inhibiting STS induced
apoptosis. Thus, we tested the ability the mutants to inhibit both virus and STS induced
apoptosis. In addition, we wanted to determine the status of F1 protein during VACV-
E3LA85N and VACV-E3LA26C. We hypothesize that the apoptosis triggered by VACV-
E3LA26C was due to the absence of F1 protein during infection.

We mock infected HeLa cells or infected them with VACV, VACVAE3L,
VACV-E3LA26C, or VACV-E3LA85N. The infected cells were stained with TMRE at
12 and 24 hrs post infection. The cells were then analyzed by flow-cytometry (Fig. 5.10).
As shown previously in Fig 5.2, at both 12 and 24-hour post-infection cells infected with
VACVAE3L displayed substantially lower levels of TMRE staining than those infected
with wild-type virus, indicating that E3L is required to protect cells from virus-induced

cell death. VACV-E3LA23C infected HeLa cells displayed a similar phenotype to HeLa
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Figure 5.10 - The C-terminus of E3L is required to maintain membrane potential during virus infection.
HeLa cells were infected mock infected, infected with VACV, VACVAE3L, VACV-E3LA83N or VACV-E3LA26C
at an MOI of 5 for 12 or 24 hours. Post infection the infected cells were stained with 50nM TMRE to label
mitochondria, and apoptosis was analyzed in the infected cells using two-color flow cytometry. These data are
representative of at least three independent experiments
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cells infected with VACVAE3L. In contrast, VACV-E3LAS85N failed to trigger any loss
of mitochondrial potential, just like the wild type VACV. Next we assessed the capacity
of the E3L mutants to prevent STS induced apoptosis. HeLa cells were infected with the
same virus as previously described and treated with 2uM STS for 6 hrs. The level of
apoptosis was assayed using the TUNEL assay (Fig. 5.11). As previously observed in Fig
5.4, VACV infected HeLa cells were protected against STS induced apoptosis, while
VACVAE3L infection did not offer the same protection. VACV-E3LA23C was also
unable to protect against STS induced cell death. In contrast, like VACV-infected cells,
VACV-E3LA83N-infected cells were protected against STS induced apoptosis (Fig.
5.11). In summary, the results displayed in Fig. 5.10 and Fig. 5.11 confirm the findings of
Zhang et al, namely that the C-terminal region of E3L is required to block cell death
while the N-terminal region is dispensable *”’.

The afore-mentioned results raised the question of the status of the F1 protein
during VACV-E3LA83N and VACV-E3LA26C infection. To answer this question, we
mock infected HeLa cells or infected them with VACV, VACVAE3L, VACV-E3LA83N
and VACV-E3LA26C. F1 was detected in VACV-infected cells but was not detected in
VACVAE3L-infected cells. This result was consistent with our previous observation (Fig
5.7). F1 was present in VACV-E3LA83N-infected cells but always in lower amounts than
in VACV-infected cells. This observation was consistent for multiple repeats of the
experiment. However, no F1 protein was detected in of HeLa cells infected with VACV-

E3LA26C (Fig. 5.12). These results would suggest that the ability of VACV-E3LA83N to

inhibit apoptosis is due to its ability to express F1 during infection. In addition, the data
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Figure 5.11- VACV-E3LA26C does not protected against STS induced apoptosis. HeLa cells were either
mock infected, or infected with VACV, VACVAE3L, VACV-E3LA26C, or VACV-E3LA83N at an MOI of 5. Six
hours post infection, the cells were either treated with 2ul of DMSO or 2uM STS for six hours. The cells were
TUNEL stained to access the level of apoptosis. The percentage of TUNEL positive cells was determined using

Flow cytometry. n=3, p<0.05.
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Figure 5.12- F1 is absent duing VACV-E3L26C. HeLa cells were either mock infected, infected with VACYV,
VACVAE3L, VACV-E3L83N, VACV-E3L26C at an MOI of 5. Six hours post infection, the cells were harversted
and lysed using the RIPA buffer. The cell lysates were subjected to immunoblotting using the anti-F1L antibody
to detect F1L expression, anti-I3L antibody to detect virus infection and anti-b-Tubulin was used as a loading
control.
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also suggest that low levels of F1 are sufficient to inhibit apoptosis. VACV-E3L83N can
inhibit the PKR pathway, which led us to infer that inhibition of the PKR pathway is

responsible mediating F1 expression in infected HeLa cells.

5.2.6. Activated PKR inhibits the expression of F1 in the VACVAE3L mutant

Zhang et al. have shown that knocking down PKR eliminates the pro-apoptotic
phenotype induced by VACVAE3 infection **’. Their data also shows that knocking
down PKR corrects the growth defect and restores late gene expression in VACVAE3L
infected cells. This led us to inquire about the role of PKR in the expression of F1 during
a VACVAE3L infection. HeLa and HeLa-PKR KO cells were mock infected or infected
VACV or VACVAE3L. As observed in Fig. 5.7, in HeLa cells infected with VACV, F1
was detected. Conversely in HeLa cells infected with VACVAE3L, F1 was not detected.
F1 was detected in HeLa PKR-KO cells infected with VACV. F1 was also detected in
cell lysates of HeLa-PKR KO infected with VACVAE3L (Fig 15.13). These results
indicate that the absence of F1 in VACVAE3L-infected cells could be correlated to a
functional cellular PKR pathway. This was surprising as F1 is an early protein, and
literature would suggest that early proteins should be present during a VACVAE3L

infection.

5.2.7. Intermediate Summary
The experimental results suggest that, contrary to previously published data, E3
cannot act as an anti-apoptotic protein under the conditions of our experiments. Our

western blot data show that F1 is not detectable during a VACVAE3L infection.
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Figure 5.13 - Activated PKR inhibits the expression of F1 in the VACVAE3L mutant. HeLa and
HeLa-PKR-KO cells were either mock infected or infected with VACV or VACVAE3L virus at an MOI of 5. Six
hours post infection, the infcted cells were lysed in RIPA buffer. The cell lysates were subjected to western blot
anlysis using the anti-F1 , anti-I3 and anti-B-actin antibody.
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Moreover, we could establish that the absence of F1 is responsible for the apoptosis
induced during VACVAE3L infection. Previous work has demonstrated that knocking
down the PKR pathway alleviated the apoptosis triggered by VACVAE3L infection. Our
experiments have demonstrated that the expression of F1 during a VACV infection is
dependent on the ability of E3 to inhibit the PKR pathway. VACV transcripts are
classified into three different temporal classes: early, intermediate post-replicative and
late post-replicative. The classification of the VACV transcripts is based on Northern
Blot analysis'’®, microarray experiments, and RNA-seq analysis*®. The classification of
the proteins is based on the time of the appearance of the transcripts. The literature
suggests that intermediate post-replicative and late post-replicative proteins are absent
during VACVAE3L infection '®*'7207219 " previous northern blot analysis on the F1
transcript from MVA strain "*° and RNA-seq data from VACVwr ** would suggest that
F1 is an early protein. In addition, Postigo ef al. were able to demonstrate that F1 was

0 Thus, the literature would

detected by western blot as early as 2 hrs post infection
suggest that early proteins are present during VACVAE3L infection, so the absence of F1

is unexpected. We next wanted to try to determine the reason for the absence of F1

during a VACVAE3L infection.

5.2.8. F1 transcript is present during VACVAE3L infection
As mentioned earlier, Fisher ef al. showed that the F1 transcript is present early
during a MVAAE3L infection, but the levels of F1 transcript diminished quickly after

136

infection °°. No experimental data is available about the F1 transcript during the

VACVAE3L infection. We wanted to determine the fate of the F1 transcript during a

160



VACVAE3L infection. We performed an RNA-seq experiment to determine the presence
and kinetics of the F1 transcript during a VACVAE3L infection. HeLa cells were infected
with VACV and VACVAE3L for 0.5, 1.5, 2, 3, 5 and 12 hrs. The poly(A) RNA from
these samples was used for RNA-seq. The number of sequenced reads obtained at each
point is tabulated in Table 5.1. All the obtained reads were aligned against the VACV
genome to construct a high-resolution map of the VACV transcriptome. The number and
percentage of the reads mapped to the VACV genome can also be found in Table 5.1. We
observed a high variability in the number of reads sequenced in each sample, but the
percentage of reads mapped to the VACV genome was similar between the experimental
repeats (Table 5.1.). The results demonstrate that F1 transcript was present during a
VACVAE3L infection. The F1 transcript in VACV and VACVAE3L infected HeLa cells
were detected in comparable quantities for the first 5 time points (Fig. 15.14). At 12 hrs,
we detected lower numbers of F1 transcripts in VACV-infected cells. Thus, the F1
transcript is present during VACVAE3L infection, and the transcript persists in
VACVAE3L-infected cells. This result was different from what was previously reported
by Fisher et al., where they observed a drop in F1 transcript within the first two hrs of a
MVAAE3L infection®”’. Conventionally it is assumed that if the transcript for the protein
is present then that protein is present during a poxvirus infection. Thus the absence of F1
is especially surprising during a VACVAE3L infection.

Next we asked if any other early protein is absent during a VACVAE3L infection,
or is F1 unique in this matter. Since a limited number VACV antibodies were available
for this experiment, we looked at the expression of 13, N2, F4, F1, B5, A36, A34 and 15

during VACVAE3L infection. Our RNA-seq data would suggest that 13, N2, F4 and F1
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Table 5.1- Summary of RNAseq reads in VACYV infected HeLa cells

Pa pped to ped
0
Experiment-1
VACV 0.5 4770090 3586 0.075
VACV 1.5 6520244 16613 0.25
VACV 2 3770368 14804 0.39
VACV 3 1976210 16479 0.83
VACV 5 3616381 101308 2.80
VACV 12 4735453 1877160 39.64
VACVAE3L 0.5 2849818 15734 0.55
VACVAE3L 1.5 10228508 85174 0.83
VACVAE3L 2 5009717 66268 1.32
VACVAE3L 3 10677165 308978 2.89
VACVAE3L 5 2045295 81723 3.99
VACVAE3L 12 13950672 517101 3.70
Experiment-2
VACV 0.5 6371966 4933 0.077
VACV 1.5 20667487 57058 0.27
VACV 2 18381580 61110 0.33
VACV 3 30450578 221291 0.72
VACV 5 5152132 130837 2.53
VACV 12 6520543 2405997 36.89
VACVAE3L 0.5 18559427 81862 0.44
VACVAE3L 1.5 4332395 38797 0.89
VACVAE3L 2 7925871 122223 1.54
VACVAE3L 3 6786536 199355 2.93
VACVAE3L 5 33761314 1802666 3.33
VACVAE3L 12 6253168 254888 4.07
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are early genes (Fig. 5. 14). B5, A36 are post replicative intermediate genes. A34 and 15
are post replicative late genes (Fig. 5.15). To determine the status of the above mentioned
proteins during VACVAE3L infection, we infected HeLa cells with VACV or
VACVAE3L. We observed that 13, N2 and F4 protein were detected in both VACV and
VACVAE3L-infected cells (Fig. 5. 16). In contrast, F1 was detected at 4 hrs post VACV
infection, however F1 was undetectable in VACVAE3L infected HeLa cells (Fig. 5. 16).
These observations would suggest that during a VACVAE3L infection the F1 protein is
not detected with an altered timeline. VACV protein B5 was detected during a VACV
infection, but B5 was not detected during VACVAE3L infection. This observation is
consistent with the previously published data about BSR during a VACVAE3L infection
27 A similar pattern was observed in the case of the VACV protein A36, in that the
protein was detected at 6-hour post infection but was absent in HeLa cells infected with
VACVAE3L (Fig. 5. 16). This experiment would suggest that F1 is an early protein that
is absent during a VACVAE3L infection. F1 expression is highly sensitive to the
activation of PKR. One possible reason for the higher sensitivity of F1 to the activation of
the PKR pathway, is the time at which we detect the F1 protein. Though Postigo et al.
were able to demonstrate that F1 was detected by western blot as early as 2 hrs post
infection, we do not detect the protein till 4 hrs post infection. The late appearance of F1
could be the reason behind the higher sensitivity to the translational block imposed by the
activation of the PKR pathway.

In addition, the RNA-seq experiment also led to another unexpected observation.
While analyzing the RNA-seq data and the fluctuating coverage depths of the mapped

reads on the VACV genome, we noticed that the coverage depth remained similar
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Figure 5.14- F1L transcript is present during a VACVAE3L infection. Transcripts per Million (TPM
mapped sequence reads) of selected early transcripts on the VACV genome. n=2
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Figure 5.16- F1 expression pattern was not altered during VACVAE3L infection. HeLa cells were infected
with VACV or VACVAE3L infection at an MOI of 5. The cells were harvest at 0, 2, 4, 6, 12 and 18 hours post
infection and the samples were lysed in RIPA buffer. The cell lysates were subjected to immunoblotting using the
anti-I3 antibody, anti-N2 antibody, anti-F4 antibody, anti-F2 antibody, anti-F1 antibody, anti-B5 antibody,
anti-A36 antibody, anti-A34 antibody, anti-I5 antibody.
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between the F/L and F2L orf. There were no fluctuations in coverage depth of RNA-seq
reads that mapped to the F1L and F2L regions of the VACV genome (Fig 5.17 A). In
contrast, when we look at the neighboring region of F3L and F4L, we detect fluctuations
in the coverage depth of the RNAseq reads between this region (Fig. 5. 17 B). Also we
can detect regions which distinctly mark the start site and the end site of the transcripts
for the F3L and F4L genes (Fig 5.17 B black arrow). It was also surprising that no such
region was detected between the FIL and F2L orf (Fig. 5. 17 A). The absence of clear
start and stop sites between the reads that map to the F1L and F2L regions suggests that
there is one message that spans the F1L and F2L orf. Thus, it is possible that F1 and F2

are encoded from the same bicistronic mRNA.

5.2.9. Two distinct mRNAs are detected by an F1L-probe

The data from the previous section suggests that there is a possibility of a
bicistronic mRNA for F1 and F2 proteins. These observations were confirmed using
northern blotting. HeLa cells were mock infected, or infected with VACV or
VACVAE3L at an MOI of 5 for 3 hrs, and the RNA from infected cells was harvested.
For the northern blot analysis, we used a P labelled probe generated by random priming
against the full-length FI1L gene (Fig. 5.19 A). We detected F1 transcript 3 hrs post
infection in VACV and VACVAE3L-infected cells. We observed that the F1 probe
hybridized to two distinct bands of approximately 1.7 kb and 900 kb (band-A and band-
B) (Fig. 5.18). The annotated gene size for F1L is 682 bp and for F2L is 444 bp in size.
Thus, the 1.7 kb message (band-A) can be explained as a sum of the two genes plus a

poly A tail on the mRNA. The binding of the F1L-probe to a larger mRNA was expected
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Figure 5.18 -F1L probe detects a larger then expected message. HelLa cells were mock infected or
infected with either VACV or VACVAE3L at a MOI of 5. Total RNA was isolated 3 hours postinfection
and electrophoretically separated in 1% agarose formaldehyde gels applying 10 pg of total RNA per lane.
In Lane L 2uL of Millennium RNA Markers ladder was also loaded. For loading control RNAs were
stained with Syber Gold. Subsequently, RNA was transferred onto a positively charged nylon membrane
via vacuum blot and hybridised to P*-probes specific for F1L that were generated using the F1 gene PCR
amplicon.
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Figure 5.19. Schematic diagram of the probe biding region and VACV mutants. (A) The green bars
represent the f21 gene product that extracted from the pcDNA3.1-F2L plasmid. The blue bars represent the
f11 gene product that extracted from the pcDNA3-F1L plasmid. These gene products were used to gener-
ate the f21- and f11 -probe respectively. These probes were used in the northern blot experiment. (B) The

schematic diagram represents the the regions of the gene that have been deleted in the VACVAF2L and
VACVAF1L mutants.
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based on the RNA-seq results. But the appearance of the smaller (band-B) mRNA was
surprising. This band likely consist of only the F1L open reading frame. The results from

this experiment indicates that there are two mRNA that potentially contain the F1L orf.

5.2.10. F2L-probe binds only to the large mRNA

The previous experiments suggests that there are two distinct mRNAs that contain
the f11 orf. The RNA-seq results would suggest that a F2L-probe would also bind to this
larger mRNA (Fig. 5.19 A). We performed a northern blot to determine if F1L and F2L-
probe bind to the same mRNA. In addition, we also wanted determine if the F2L-probe
detects more than one mRNA. HeLa cells were infected with VACV, VACVwr,
VACVAE3L, VACVAFIL and VACVAF2L virus for 3 hrs. The VACVAF2L mutant
used in this study has 119 bp upstream of F1 ORF intact and was in the VACVwr
background (Fig. 5.19 B). As previously observed in Fig. 15.18, the F1L-probe detected
two distinct bands in mRNA from VACV, VACVwr, and VACVAE3L infected HelLa
cells. The F1L-probe did not detect any message in the RNA from the VACVAFIL-
infected cells. A similar result was observed in the case of RNA extracted from
VACVAF2L-infected cells. This result was especially surprising because the
VACVAF2L mutant virus has an intact F1L gene, and the promoter was also assumed to
be intact. When using the F2L gene probe we detected a band that was approximately
1.5kb in size in lanes with VACV, VACVwr or VACVAE3L (Fig. 15.20). The F2L-probe
only detected one distinct band which corresponded in size to the large band detected by
Fl1L-probe. In the lane with the RNA from VACVAFIL mutant, the F2L-probe

hybridized to a mRNA that
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Figure 5.20 - F1L and F2L probes detect the same transcript. HeLa cells were mock infected or infected with
either VACV (VACYV Cop), VACVwr, VACVAE3L, VACVAFIL, VACVAF2L at a MOI of 5. Total RNA was
isolated 3 hours postinfection and electrophoretically separated in 1% agarose formaldehyde gels applying 10
pg of total RNA per lane. In Lane L 2uL of Millennium RNA Markers ladder was also loaded. For loading
control RNAs were stained with Syber Gold. Subsequently, RNA was transferred onto a positively charged
nylon membrane via vacuum blot and hybridised to ia vacuum blot and hybridised to P**-probes specific for
F1L and F2L that were generated against the cloned FI1L gene and F2L gene respectivly.

172




was smaller in size. This drop in size is likely due to the deletion of a majority of the F1L
orf in the mutant. The F2L-probe failed to detect any message (Fig. 5.20). These results
would suggest that there is a F2L-F1L bicistronic mRNA. In addition to this bicistronic
mRNA, there is a smaller mRNA that is a monocistronic and hybridizes to the F1L-probe
(Fig. 5.21). This observation of a bicistronic mRNA is unique, as no other evidence of
bicistronic mRNA has been reported in VACV virus.

The western blot results support the results that were observed in the northern
blots. HeLa cells were infected with VACV, VACVwr, VACVAE3L, VACVAF2L, and
VACVAFIL virus. In the cell lysates, F1 was detected in HeLa cells that were infected
with VACV and VACVwr. The protein was absent in the cell lysates of HeLa cells
infected with VACVAE3L and VACVAFI1L mutants. In addition, we were unable to
detect F1 in the lysates from HeLa cells infected with VACVAF2L (Fig. 5.22). This
observation along with the absence of the small monocistronic mRNA in the VACVAF2L
infected HeLa cells (Fig. 5.20) indicates that the promotor is not present directly

upstream of the predicted F1 start site.

5.2.11. The bicistronic and monocistronic FIL transcripts have similar kinetics
Having observed two distinct bands, we wanted to explore the possibility of
difference in kinetics between the two mRNAs. To deduce the kinetics, total RNA from
VACV or VACVAE3L infected HeLa cells was extracted at 1, 2, 3, 4, and 5 hrs post
infection. The F1L transcripts were detected as early as 2 hrs post infection. In VACV or
VACVAE3L-infected cells, both bands appear at 2 hrs and remain detectable until 5 hrs

post infection (Fig. 5.23). Thus, the data indicates that there is no difference in the
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Figure 5.21. Schematic diagrams (A) The schematic diagram of the VACVAF1L mutant. (B) The schematic
diagram of the VACVAF2L mutant. (C)The figure represents the schematic diagram of the possible mRNA
detected by the F1 probe bases on our previous ovservations.
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Figure 5.22 - F1L is absent during VACVAF2L infection. HeLa cells were mock infected, infected with VACYV,
VACVwr, VACVAE3L, VACVAFIL, and VACVAF2L at an MOI of 5. Six hours post infection the cells were
lysted in RIPA lysis buffer with a protease inhibitor. The cell lysates were subjected to western blot analysis using
the anti-F1L, anti-F2L, anti-I3L and anti-Actin antibody.
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Figure 5.23 - F1L transcript time course during VACV and VACVAE3L infection. HeLa cells were
mock infected or infected with either VACV or VACVAE3L at a MOI of 5. Total RNA was isolated 1, 2, 3,
4 and 5 hours post infection (h.p.i) and electrophoretically separated in 1% agarose formaldehyde gels
applying 10 ng of total RNA per lane. In Lane L, 2puL of Millennium RNA Markers ladder was also loaded.
For loading control RNAs were stained with Syber Gold. Subsequently, RNA was transferred onto a
positively charged nylon membrane via vacuum blot and hybridised to P*-probes specific for FI1L
generated against a F1L PCR product.
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kinetics of the two mRNAs detected by the F1L-probe. In addition, the relative intensity

between the two bands also remained consistent at any given time point.

5.2.12. F1 protein is translated from the small mRNA

Next we wanted to determine the mRNA that was used for the translation of F1.
To answer this question, we designed siRNAs against two distinct regions of the
bicistronic mRNA. One set of siRNA (F2L-siRNA) would target the 5’-end of the
bicistronic mRNA. This siRNA would only target the big bicistronic mRNA. The second
set of siRNA (FIL-siRNA) would target the 3’-end of the bicistronic mRNA. This
siRNA set would be able to target both the bicistronic and monocistronic mRNA (Fig
5.24). HeLa cells were transfected with the F2L-siRNAs, control scramble F2L-siRNAs,
F1L-siRNAs, control scramble F1L-siRNAs. The transfected cells were infected with
VACV. Post infection the cell lysates were subjected to a western blot analysis. In cells
that were transfected with F2L-siRNA and infected with VACV we detected less F2
protein. Thus the knock-down was successful. F1 was present in the lysates of the F2L
knock-down cells (Fig 5.25). This result suggests that the bicistronic mRNA is not the
source of the F1 protein. Next we knocked-down the F1 protein in VACV-infected cells
using the F1L-siRNA. We could knock-down the expression of F1 protein effectively in
VACV-infected cells. In cells with the F1 knock-down, the F2 protein was not detected
(Fig. 5.26). The scramble siRNAs had no effect on the expression of the F1 or F2 protein.
In addition, the siRNAs and the scrambled siRNA did not influence the VACV I3

protein. These data would suggest that when we target the small mRNA and the big
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Figure 5.24. Schematic diagram showing siRNA targets. The figure represents the schematic diagram
the mRNAs that would be targetted by the two f21-siRNAs and f11-siRNAs.
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Figure 5.25. f21-siRNA targets the expression of F2 and not F1. HeLa cells were transfected with two
distinct f21-siRNA or the scramble siRNA for 12 hours. Post transfection, the HeLa cells were either mock
infected or infected with VACV at an MOI of 5. Six hours post transfection the cells where harvested and
lysed in RIPA buffer. The cell lysates were subjected to immunoblotting using the anti-F1L antibody,
anti-F2L antibody, and anti-I3L antibody.
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Figure 5.26. f11-siRNA targets the expression of F1 and F2. HeLa cells were transfected with two distinct
f11-siRNA or the scramble siRNA for 12 hours. Post transfection, the HeLa cells were either mock infected
or infected with VACV at an MOI of 5. Six hours post transfection the cells where harvested and lysed in
RIPA buffer. The cell lysates were subjected to immunoblotting using the anti-FI1L antibody, anti-F2L
antibody, and anti-I3L antibody.
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mRNA we can eliminate the expression of F1 and F2 together. Thus, the small mRNA is

responsible for the expression of F1 protein.

5.3. Summary

Altogether our data confirmed that infection of HeLa cells with VACVAE3L
triggered apoptotic cell death. We show that the apoptosis triggered by a VACVAE3L
infection was a result of the absence of F1 in infected cells. It was observed that the
expression of VACV F1 is blocked by PKR in the absence of E3 protein. Our RNA-seq
results showed mapped reads that spanned the entire region F1 and F2 ORFs. These
results were confirmed using northern blot analysis. The northern blot analysis using the
fl probe revealed two distinct mRNAs, a bicistronic and a monocistronic mRNA. Our
siRNA experiment suggests that the majority of the F1 protein is encoded by the smaller
mRNA. We have yet to determine the start site of the second smaller mRNA and the
reason behind the higher sensitivity of F1 to the activation of PKR pathway in HeLa

cells.
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6.1. EVMO025 inhibits the intrinsic apoptotic pathway

Apoptosis is a critical tool used by the cell to block virus replication, so it is not
surprising that many viruses have evolved strategies to overcome or delay cell death
1412921 Hyman and murine cytomegaloviruses inhibit the apoptotic pathway through a
unique apoptosis inhibitor, vMIA '*°. The gammaherpesviruses Kaposi’s sarcoma-
associated herpesvirus (KSHV), Epstein Barr virus (EBV), and murine
gammaherpesvirus-68 (MHV-68) encode viral homologues of the cellular anti-apoptotic
protein Bcl-2 (v-Bcl-2) to inhibit the intrinsic apoptosis pathway ''*!23126:128.129211213
Other viruses such as African swine fever virus (ASFV) and Adenovirus also encode
vBcl-2 homologues that inhibit apoptosis. Poxviruses are renowned for their ability to
manipulate the apoptotic pathway, and they encode a variety of distinct proteins that
interfere with the Bcl-2 family of proteins '>*'*. Avipoxviruses encode obvious cellular
Bcl-2 homologues, while several other members of the poxvirus family encode anti-

130,215

apoptotic proteins that lack sequence similarity to cellular Bcl-2 proteins . Previous

work performed in our laboratory led to the identification of FIL in vaccinia virus "’
VACV F1 consists of divergent Bcl-2 homology domains and replaces cellular anti-
apoptotic proteins, Mcl-1 and Bcl-2, during infection to prevent apoptosis '*'.

Ectromelia virus (ECTV), more commonly known as mousepox, is a member of
the Orthopoxviridae that was first described in 1930 **. A majority of our understanding
regarding orthopoxviruses has come through the use of VACV, whose natural host is
unknown. ECTV, however, is a natural pathogen of mice. Understanding the virulence of

ECTV will help improve our understanding of poxvirus infection. To date, no work has

investigated the role of EVMO025 in apoptotic inhibition during ectromelia virus infection.
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Our data confirm that ECTV encodes a functional mitochondrial inhibitor of apoptosis,
EVMO025, which inhibits cell death induced at the mitochondria via the intrinsic pathway.
Both human and murine cells infected with wild-type ECTV, but not ECTVAO025 viruses,
were resistant to apoptosis induced by multiple stimuli. We also found that EVMO025
blocks apoptosis at the mitochondria, much like VACV F1 poxviral inhibitors of

127,134
. We were

apoptosis, including M11L and F1, are localized at the mitochondria
able to establish that similar to F1, EVMO025 also localizes to the mitochondria via a C-
terminal hydrophobic tail.

Many of the poxviral mitochondrial anti-apoptotic proteins, such as M11L, FI,
FPV039 and DPV022, are believed to function primarily by inhibiting the activation of
Bak and Bax POP2PRI9216 0 Gur data suggest that the expression of EVMO025 was
similarly sufficient to prevent the activation of Bak and Bax. EVMO025 was able to
interact directly with endogenous Bak, but not with Bax. This is similar to results
previously observed with F1. In contrast, M11L, DPV022, and FPV039 are able to
interact with both Bak and Bax to prevent their activation during virus infection. Since
EVMO025 inhibits the activation of Bax in the absence of detectable interaction, we
hypothesized that EVMO025 may function by interacting with and inhibiting BH3-only
proteins that act upstream of Bax activation. One such upstream activator of Bax is the
BH3-only protein Bim. Bim exists as three isoforms, BimS, BimL and BimEL, and is
able to trigger apoptosis in response to various stimuli. EVMO025 expression significantly
inhibited BimL-induced loss of mitochondria membrane potential, a hallmark of

apoptotic cells, and EVMO025 was also seen to weakly interact with ectopically expressed

BimL. It is interesting to note that previous work done on F1 demonstrates that F1 is able
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to bind to BimL strongly. This is not the case with EVMO025. Addition, work needs to be
done to determine the ability of EVMO025 to interfere with the function of other BH3-only
proteins. The orthopoxviral proteins F1 and EVMO025 appear to function differently from
the other poxviral proteins (M11L, FPV039) despite their similar anti-apoptotic
phenotype suggesting a different biochemical mechanism "',

Sequence analysis of genomes of orthopoxviridae revealed that orthologues of F1L
were found in multiple members of the family. Our analysis showed that FIL orthologs
from VARV Garcia, ECTV Moscow, and ECTV Naval have a distinct repetitive
sequence at the amino terminus of the protein. The repetitive sequence is absent in other
members of the Orthopoxviridae family. EVMO025 consists of a long N-terminal repeat
region consisting of an eight amino acid motif ‘DNGIVQDI’ repeated 30 times. VARV
Garcia contains multiple ‘DDI’ repeats at the N-terminus. These repeat regions share no
sequence homology with any known cellular or viral proteins. Although the functional
importance of these repeated regions remains unknown, the repeat regions are absent in
VACV Copenhagen, VARV Bangladesh, MPXV Zaire, and CPVX Brighton Red.
Additional studies are required to improve our understanding of the functional and
evolutionary importance of these regions. Despite the variability present at the N-
terminal region of the F1 orthologues, F1L and EVMO025 share 95% sequence homology
at the C-termini. Based on the C-terminal similarity it is likely that ECTV EVMO025 will
fold in a manner similar to F1. Previous work has shown that F1L, despite lacking
obvious sequence similarity with cellular Bel-2, folds in a manner similar to cellular Bel-

135,141

2 protein The predicted divergent BH domains of F1 are highly conserved

between EVMO025 and other orthologues of the orthopoxviridae family. Poxviruses have
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recently been shown to encode a variety of proteins that adopt a Bcl-2-like conformation
217218 A52R and B14R both share limited sequence similarity with cellular Bcl-2
proteins but fold like the Bcl-2 proteins. Despite their secondary structure, A52R and
B14R are involved in inhibiting the NF-kB pathway but not apoptosis *'°. Several other
vaccinia viral proteins, such as A46, K7, N1 and C1, have all been reported to possess
Bcl-2-like folds, and thus could be grouped within the same protein family *'"*"”. Of
these proteins, however, only N1 has been shown to have any ability to inhibit apoptosis

220 Other studies has shown that N1 is involved in the modulation of NF-xB pathway

and not apoptosis >'°.

The role of these or any other putative anti-apoptotic proteins
remains to be seen. Our data, however, confirm the hypothesis that EVMO025 is the
predominant anti-apoptotic inhibitor, as EVMO025 knock-out viruses are completely
unable to block apoptosis induced by multiple intrinsic pro-apoptotic stimuli, thereby
casting some doubt on the ability of other ectromelia virus proteins to also contribute to
the inhibition of apoptosis.

EVMO025 is a potent anti-apoptotic poxviral protein, similar to F1. EVMO025 has a
distinct N-terminal end with an unknown function. EVMO025 shares little similarity to
cellular Bel-2 proteins, yet effectively inhibits apoptosis. It is evident from this study that

EVMO025 is evolutionarily related to F1. But the basic function of apoptosis inhibition

still remains to achieve the final goal of keeping the infected cell alive.
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6.2. EVMO025 is a virulence factor

As a natural mouse pathogen, ECTV offers a distinct opportunity to study virus-
host interactions. Orthopoxvirus gene function has been studied in VACV, but the natural
host of the virus is unknown. Thus studying the importance of these genes in virulence is
difficult in the VACV model. At genome level, ECTV is closer to VARV then VACV’
and the similarity extends beyond the genome sequence. ECTV and VARV are highly
pathogenic in their natural host, and cause systemic infection. In addition, like VARV,
ECTV has a relatively narrow host range '°. In chapter-3, we described EVM025 as an
anti-apoptotic protein of ECTV?*”. A single study has shown that VACV F1, an
orthologue of EVMO025, is a virulence factor, but the mechanism underlying this
phenotype is not completely understood'”. In chapter 4 of this thesis, we analyzed
EVMO025’s importance during in vivo infection.

Early work on ECTV has described a route of infection as through skin
abrasions®®. Thus, we infected BALB/c mice through the footpad with a low dose of the
virus. As expected a low dose of wild type ECTV is lethal in susceptible BALB/c mice
(Fig. 4.2), however ECTVAO025 infection was not lethal (Fig. 4.3) at either an equivalent
infectious dose or at 10 and 1000-fold higher doses (Fig. 4.4).Thus, ECTVA025 was
avirulent at even higher infectious doses. Mice infected with the highest dose of virus
showed initial weight loss but all recovered and survived until the experiment end-point.
Work done on ECTV SPI-2, N1 and A36 has shown that, like EVMO025, knocking out a
single gene attenuates the pathogenicity of the virus*?*'**>, ECTVANIL virus caused
lethality at higher infectious doses™', in contrast, dose dependent lethality was not

observed in the ECTVAO025 mutant. Interestingly, the degree of ECTVAQ25 attenuation
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was greater than what was described for VACVwr lacking F1. In addition, the intranasal
infection of mice with VACVAF1L, showed a dose dependent response'**.

One of the most intriguing results was the inability of ECTVA025 to spread
beyond the D-LN. We were unable to detect any mutant virus in internal organs such as
the liver, spleen and lungs. Such a phenotype has been observed in ECTVANIL virus;
but, that study was done using a resistant B6 mouse strain®'. In contrast, ECTVA025’s
spread was limited in susceptible BALB/c model. The wild type ECTV spreads
aggressively into the secondary organs. Thus, the limited spread of ECTVAOQ2S5 illustrates
the importance of EVMO025 in the pathogenesis of ECTV. ECTVA025 was unable to
spread from D-LN to secondary organs such as spleen, liver, kidney and lung. As
previously mentioned, the spread of the virus from the D-LN to the secondary organs is a
result of a viremia. We observed about 2 log lower viremia in mice infected with
ECTVAO025 (Fig. 4.6), which could be the result of reduced ECTVAO025 replications at
the primary site of infection. The lower viremia observed in ECTVA025 by day 7 could
be a combination of lower replication in infected tissues, and an adaptive immune
response that is better able to control the spread of the virus. A similar trend in viral loads
was also observed at the site of infection and primary lymph-node very early after
infection. At day three post infection, the ECTVA025 and ECTV virus was detected at
comparable levels in the footpad. In contrast by day four, ECTV was able to establish
itself in the footpad but ECTVA025 was detected in lower quantities (Fig. 4.7 A). A
similar trend was also observed in the D-LN in that ECTVA025 was detected in the D-
LN a day later than the wild-type virus (Fig. 4.7 B). The above mentioned experimental

data suggests that ECTVAO025 is limited in its spread from the onset of infection. Thus the
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data would imply that ECTVAO02S5 is unable to overcome the mouse cell-intrinsic anti-
viral response or the mouse’s innate immune response. This assumption would be in line
with the previously published literature on EVMO025 and its orthologue F1. We have
shown in the previous chapter that like F1, EVMO025 can inhibit apoptosis. In addition,
previous research on F1 has shown that it can inhibit the activation of caspase-1 and the

inflammasome#%!#*

. Thus, F1 and its orthologue are directly involved in altering the cell-
intrinsic and innate immune responses.

The previous data would suggest that a robust cell-intrinsic or innate immune
response is sufficient to retard the initial spread of the ECTVAO025. The experiments also
show that ECTVAO025 remains detectable at day 7 post infection, suggesting that an
adaptive immune response might be required for the continued suppression of
ECTVAO025. SCID mice that were infected with ECTVA25 succumbed to the infection,
unlike their wild type counterparts (Fig. 4.8). The SCID mice infected with ECTVA025
survived 33% longer than those infected with wild type virus. A similar trend was
observed in ECTVAO025 infected BALB/c Nude mice. The increased survival of mice
infected with ECTVAO025 supports our previous observation that the cell-intrinsic and
innate immune response may help delay the spread of the virus, but those responses are
not sufficient to prevent the spread of the virus and eventual lethality. The SCID mice are
severely deficient in functional B and T lymphocytes™>. Thus, the results observed in the
SCID model implies that an adaptive immune response is critical in limiting the mortality
caused by an ECTVAO025 infection. Nude mice have functionally deficient T

lymphocytes. Thus, the Nude mice experiment demonstrates that T-cells are crucial in

limiting the spread of ECTVAO025 virus. The Nude mouse model has reduced NK cell
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functionality ***

. In addition, previous studies have emphasized the importance of T-cells
and NK cells in survival and recovery from ECTV infection. In agreement with these
studies, our analysis of ECTVAO025 infection of Nude mice demonstrated a clear
dependency on functional T-cell or NK cells in controlling the ECTVAO025 infection. The
BALB/c Nude experiments demonstrates that in the absence of T-cells, the B-cells and
the antibody response against ECTV is not sufficient to limit the spread of the virus.
These current experiments cannot distinguish between the importance of NK cell or T-
cell in limiting the spread of the mutant virus; neither can they help determine which
subset of T cells is important. Individually depleting each population is required to help
determine the importance of these individual cell populations.

Virus attenuation has been observed in VACVAF1L mutants, but this is the first
time that we have been able to demonstrate an increased infiltration of lymphocytes in the
spleens of mice infected with a virus missing the F1 orthologue. The spleens of ECTV
and ECTVAO25rev infected mice showed signs of necrosis, but these signs were not
present in the ECTVAO02S5 infected mice. This observation makes sense as the virus was
unable to spread to the spleen in BALB/c mice when infected through the foot pad. We
observed elevated levels of CD3"CDS8" T-cells and NK cells in the spleen. The elevated
levels of these cells indicate that animals infected with the virus missing EVMO025 are
able to mount a stronger immune response, consisting of higher percentages of NK cells
and CD3'CD8" T-cells (Fig 4.10). As previously observed in the SCID mice experiment,
a stronger adaptive immune response is most likely responsible for virus clearance and
decreased mortality of mice, and the observed inability to spread beyond the D-LN. A

similar trend was observed in the blood of mice infected with ECTVAO025. Elevated
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levels of NK cells and CD8" T-cells have been observed in multiple ECTV mutants

#364221 "In addition, as previously mentioned T-cells and NK cells play a crucial role in

controlling an ECTV infection and recovery from infection®®**%,

We also observed elevated levels of CXCL9 and CXCL10 post ECTVA025
infection (Fig. 4.11). CXCL9 and CXCL10 elicit chemotactic functions by interacting
with the CXCR3 receptor (CXCR3-R) ligands**. CXCL3R is expressed on activated T
cells, NK cells, monocytes, dendritic cells, and microglia. It is preferentially expressed on
activated Thl T cells”®. CXCL9 (also known as MIG) is induced by IFN-y in
macrophages®’. Similarly, CXCL10 is induced by IFN-a, IFN-B, IFN-y, or LPS*****,
CXCL9 and CXCLI10 expression is associated with the recruitment of NK-cells and
activated T-cells. Thus, the elevated levels of CXCL9 and CXCL10 can be correlated to
the importance of activated T-cells and NK-cells in limiting the spread of ECTVAO025.
Previously published research has shown that CXCL9, CXCL10 and CXCLI1 are
important in the recruitment of NK cells by macrophages in CPXV infection of mice*>.
In addition, previous work on HSV-2 has demonstrated CXCL9 and CXCL10 expression

is critical for control of HSV-2 by promoting a Thl response23 0,231

. Thl responses are
required for effective control or clearance of ECTV infection’®. Thus, it is likely that
the higher levels of these two chemokines during the early stages of the ECTVA025
infection help setup conditions that are required for the proper recruitment of NK and T-
cells at the site of infection and D-LN to prevent the further spread of the virus. In
contrast, ECTV infection does not elicit a similar early CXCL9 and CXCL10 response.

The delayed recruitment of T-cell and NK cells may allow the virus to spread the

secondary organs leading to the mortality observed during ECTV infection.
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Interestingly, ECTVAO25 infected mice presented with elevated levels of IFN-y

232,233

by day 2. IFN-y is a crucial cytokine in the recovery from mousepox . Previous work

has shown that IFN-y is crucial for the survival of C57BL/6 mice that were infected with
through the foot pad™”. It is likely that the elevation of IFN-y in early post ECTVA025
infection helps triggers multiple innate immune responses like the NOS pathway, NF-«xB
pathway and activation of NK cells all of which are important in surviving an ECTV
infection®®***. In addition, CXCL9 and CXCL10 are both upregulated in the presence of
IFN-y. Thus, it is likely that the IFN-y produced early during ECTVAOQ25 infection helps
stimulate the chemokines that are required for the appropriate homing of activated NK
cells and NK cells.

The serum of ECTVAO02S infected BALB/c mice had elevated levels of IL-10 at
day 2 and 4 post infection. This was a curious observation, as IL-10 has both
immunostimulatory and immunosuppressive properties. However, its main function is to

234

exert a potent immunosuppressive effect™. Multiple viruses have been shown to

235 1t has been

upregulate the expression of cellular IL-10 to suppress immune functions
previously observed that lymphocytic choriomeningitis virus (LCMV) modulates the
expression of IL-10 to establish chronic infections™. Similarly, HIV also depends on
modulating the expression of IL-10 to establish a latent infection™’. It is very likely that
in the absence of EVMO025, ECTYV triggers IL-10 expression in BALB/c mice and along
with IFN-y, T-cells and NK-cells it creates a balance that would allow a persistent
ECTVAO025 infection to be established. Work done by Sakala I G et al. demonstrates that

238

ECTV is able to establish a persistent infection in C57BL/6 mice””. Thus it is possible

that ECTVAO025 might be able to establish a persistent infection in BALB/c mice.
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However, the experiments presented in this thesis are not sufficient to address this issue.
Additional experiments looking at ECTVAO02S5 titers and its clearance beyond 21 days are
required. We also observed elevated levels of IL-9 and IL-13 post ECTVAO025 infection.
These cytokines are typically associated with a Th2 response. Previous work on Th2
cytokines and orthopoxviruses has shown that a deficiency in the Th2 cytokine response
aggravates an ECTV infection”. IL-9 and IL-13 both affect B-cell development.
Research on respiratory syncytial virus (RSV) has shown that IL-9 has a negative effect
on virus clearance®®’. There is limited literature on the role of this cytokine during a virus
infection. Our current set of experiments are not sufficient to provide clues into the
function of these cytokines during ECTVAO02S5 infection. We also have not evaluated the
role of B-cells during ECTVAO025 infection. Additional experiments using IL-9 and IL-13
knockout mice might help better understand the role of these cytokines during
ECTVAO02S5 infection.

Previously published data on EVMO025, and the work done on F1, has
demonstrated the role of these proteins in the inhibition of apoptosis. Though most of the
previous data would suggest that F1 is required in the inhibition of the cell-intrinsic
defense mechanism, we observe a T-cell response and upregulated cytokines and
chemokines during ECTVAO025 infection. One probable reason for this could be an earlier
and easier exposure of the immune system to ECTV antigens is possible in the absence of
the EVMO025 orf. Alternatively, EVMO025 also affects other signaling pathways. One
possibility is the absence of EVMO025 allows the release of mitochondrial DNA (mt
DNA) in a BAK and BAX mediated manner. This mt DNA may be responsible for the

activation of the cGAS/STING-dependent trigger for IFN production®"'. Additional
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experiments will be required to determine the role of EVMO025 in preventing the
activation of the cell mediated immune response. A study associates VACVAFIL
infection with the activation of the inflammasome and the production of IL-13 though the

activation of caspases-1'". We were unable to detect the production of IL-1p in
ECTVAO025 infected mice. This could be due to the presence of SPI-2 in the ECTV. SPI-
2 is capable of inhibiting caspase-1 during infection preventing the production of IL-1.
Improving our understanding about the immune response will help improving our
understanding on how poxvirus interact with their host.

In conclusion, the data presented here demonstrate that the ECTV EVMO025
protein is a virulence factor in the infection of susceptible BALB/c mice. The protein is
crucial in the spread of the virus beyond the primary draining lymph node. Our
experiment suggests that the spread of the virus is limited very early post infection. Our
current data suggests that the mutant virus spread may be limited due to a combination of
cell mediated immunity and innate immunity. These early host responses are not
sufficient to prevent lethality caused by a mutant virus. Our data suggests a strong
adaptive immune response involving T cells and NK cells help bottle neck the virus in
the primary draining lymph node. The data presented here suggests that EVMO025, either
directly or indirectly interferes with the cell-mediated, innate and adaptive responses to

enable virus spreading.

6.3. Expression of the vaccinia virus anti-apoptotic F1 protein is blocked by PKR in

the absence of the viral E3 protein.
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The VACV E3 protein has also been described as an IFN resistance protein and a
dominant host range protein'?. E3 is a 25 kDa protein that is produced early during the
viral infection cycle, and viruses that are devoid of the E3 ORF have a very limited host
range. VACV E3 protein consists of two distinct domains: the N-terminal Z-DNA
binding motif and the C-terminal dsRNA binding domain'”. The N-terminus of the
protein is dispensable for growth of the virus in tissue culture, while deletion of the C-
terminus of the protein severely impairs the ability of the virus to reproduce in multiple
cell lines*. The dsRNA binding domain is directly involved in the inhibition of the PKR
pathway. In addition to inhibiting the PKR pathway, E3 has previously been associated
with the inhibition of apoptosis’. Infection of HeLa cells with MVAAE3L triggers the
intrinsic apoptotic pathway through Noxa activation’. The results from the previously
published experiments led us to ask why F1 does not inhibit apoptosis. In chapter five we
investigate the role of F1 during VACVAE3L infection.

In previous work by Zhang ef al., they demonstrated that infection of HeLa cells
with VACVAE3L triggered apoptosis’. We were also able to demonstrate triggering of
cell death during the infection of HeLa cells with VACVAE3L (Fig 5.1-5.3). Work done
on VACV anti-apoptotic proteins has demonstrated that infected cells are protected
against STS induced apoptosis™®. In this study, we could demonstrate VACVAE3L was
unable to protect infected cells against STS induced apoptosis. The observations made by
Zhang et al. and Fisher et al. and our observation led us to question whether E3 is an anti-
apoptotic protein. A single previous publication by Kwon J. et al. has associated the Z-
DNA-binding domain of E3 with anti-apoptotic activity in HeLa cells’. In contrast to the

data presented in this paper, we were unable to demonstrate an anti-apoptotic phenotype
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for the E3 protein (Fig 5.5-5.6). A crucial difference between the Kwon J. ef al study and
our experiments was a difference in the stimuli provided as a trigger for apoptosis in the
transfected HeLa cells. We chose to use STS in our experiments as previous work has
demonstrated that wild type VACV can resist STS induced apoptosis. In contrast, the
virus missing E3 was susceptible to STS induced apoptosis. In addition, the ectopic
expression of E3 was not able to inhibit apoptosis in STS treated HeLa cells. Cellular
Bcl-2 protein and VACV F1 protein can protect cells against STS induced apoptosis.
These observations led us to question the validity of E3 as an anti-apoptotic protein, as
well as the reason behind the apoptosis triggered by VACVAE3L mutants.

In the study on MVAAE3L, Fisher et al. suggested that E3 and F1 work together
to prevent apoptosis. In their discussion, they allude to the possibility of diminished F1
levels during a MVAAE3L infection of HeLa cells’. Our experiments show that F1 is not
detectable in HeLa cells infected with VACVAE3L. A similar trend was observed in
multiple cell lines (Fig. 5.8). In addition, in VACVAE3L infected HeLa cells that
ectopically express E3, the expression of F1 is restored (Fig. 5.8). These results show that
unlike the previous assumption by Fisher ef al., the F1 protein is absent during a
VACVAE3L infection. The expression of E3 is sufficient to restore the expression of F1
during a VACVAE3L infection. Another important observation is that the ectopic
expression of F1 was sufficient to alleviate the apoptosis triggered by VACVAE3L
infection of HeLa cells. These results would suggest that the VACV anti-apoptotic
protein was absent during a VACVAE3L infection, and the absence of the protein might
be the underlying reason behind the apoptosis triggered during infection. Zhang et al.

previously described that VACV mutant of E3 with a deleted C-terminus is capable of
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triggering apoptosis in HeLa cells during infection’. We were able to demonstrate a
similar trend in that VACV-E3LA26C-infected cells triggered mitochondrial membrane
depolarization upon infection, and this mutant virus was unable to protect cells against
STS induced apoptosis. VACV-E3LA83N infection protects against STS induced
apoptosis. This observation would suggest that VACV-E3LA26C behaves like a
VACVAE3L mutant, and VACV-E3LA83N mimics the wild type virus. The C-terminus
of the protein is responsible for the inhibition of the dSRNA PKR response. F1 was not
detectable in HeLa cells infected with VACV-E3LA26C while F1 was detected in
VACV-E3LA83N. The level of F1 detected in the VACV-E3LA83N mutant was always
lower than that detected in HeLa cells infected with VACV. It is important to note that
this lower amount of F1 is sufficient to prevent the apoptosis triggered by virus infection.
From the above mentioned results we can infer that the ability of VACVAE3L and
VACV-E3LA26C to trigger apoptosis is directly related to the failure of these mutant
virus to inhibit the PKR pathway. Zhang et al. had previously demonstrated that PKR-
deficient cells are resistant to VACVAE3L infection triggered apoptosis®. To add to this
observation, we were able to demonstrate that F1 expression is restored during
VACVAE3L infection of a PKR-deficient HeLa cells (Fig. 5.13).

The observation that F1 was absent during a VACVAE3L infection was quite
surprising. Previous RNAseq and microarray experiments on VACV have demonstrated
that F1 is an early protein®'’. Yang Z. et al. demonstrated that in VACVwr infected HeLa
cells, the F1 transcript is detectable as early as 0.5 hours post the addition of the virus®.
We were also able to confirm the presence of F1 within the first 0.5 hours of virus

addition. Our RNAseq experiments confirmed the previously published results, we were
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also able to demonstrate that the F1 transcript is present during a VACVAE3L infection.
The level of F1 transcript remain comparable between HeLa cells infected with VACV or
VACVAE3L (Fig 5.14). Our RNAseq data showed early mRNA (I3, N2, F4, and F2)
were present in comparable amounts during a VACV and VACVAE3L infection. In
contrast, intermediate (A36, and B5) and late gene (A34 and I5) transcript levels were
altered during VACVAE3L infection (Fig 5.15). The observation that early transcripts are
present during a VACVAE3L infection, while intermediate and late transcripts are altered
or absent is in agreement with previously described observations''. The western blot
analysis demonstrated that all early gene products except F1 were present during a
VACVAE3L infection. One crucial point to consider is that though F1 has previously
been classified as an early gene, in our western blot analysis we didn’t detect the protein
till 4 hours post infection. In contrast, other early proteins that we tested where detectable
by 2 hours post infection. This delay in the accumulation of F1 may be responsible for
the higher sensitivity of the F1 translation to PKR. The above mentioned data clearly
demonstrates that the F1 protein is absent during VACVAE3L infection of HeLa cells,
but the transcript is present. This observation would indicate that there is a translation
block that is preventing the formation of the F1 protein. This observation also reconciles
the function of E3 during VACV infection, which is to inhibit the function of PKR. The
presence of F1 mRNA but the absence of the F1 protein is a classic sign of a translation
block that is a result of the phosphorylation of elF-2a.. The phosphorylation of elF-2a is
a critical step in the in cellular defense PKR pathway.

During the analysis of the RNAseq reads we observed that the reads mapped to

the F1 region were continuous to the reads that mapped to the F2 region (Fig. 5.17). This
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observation suggested that F1 and F2 may be encoded from a bicistronic mRNA. This
observation was unique because poxviruses have no reported bicistronic mRNAs. To
confirm the RNAseq results, we performed northern blot analysis. In our northern blot
analysis, the probe against F1 the gene hybridized to two distinct bands (Fig. 5.18). As
mentioned in the results section, our northern blot data (Fig. 5.18 and 5.20) would
suggest that are two distinct transcripts that each encodes the F1 orf. The larger transcript
that is approximately 1.8 kb hybridizes with both the F2L and the F/L probe while the
smaller transcript that is under 1 kb hybridizes only to the F'/L probe. The data shows
that the larger transcript comprises of the F2L and FIL orf, while the smaller transcript
encodes only the FIL orf. The northern blots also show a similar timeline for the
appearances of the smaller and the larger transcripts during infection of HeLa cells with
VACV and VACVAE3L. This result was different from what was previously reported by
Fisher el al.’. The difference could be attributed to the difference in strains used in the
two studies. The northern blots on mRNA extracted from HeLa cells infected with
VACVAF2L virus demonstrated that the F/L probe failed to detect any F1 mRNA (Fig.
5.20). This would suggest that in the VACVAF2L mutant used in this study does not
produce the F1 mRNA. Our western blot data supported the northern blot where F1
protein was absent during the infection of HeLa cells with VACVAF2L mutant (Fig.
5.22). These observations suggest that there is a possible bicistronic mRNA that encodes
F2L and FIL orfs. Alternatively, it is likely that in the VACVAF2L mutant, the actual
FIL promoter might have been deleted.

To address the possibility of F2 and F1 being translated from a bicistronic mRNA,

we performed a siRNA experiment. The experiments demonstrated that an siRNA
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targeting the F2 mRNA was able to diminish the expression of F2, but had no effect on
the expression of F1. In contrast, the siRNA targeting FI mRNA diminished the
expression of both F1 and F2. The results from these two experiments demonstrate that
F1 is translated from the smaller monocistronic mRNA. The surprising observation was
that F2 was translated from a bicistronic mRNA. An important result to note is that
though F2 is translated from a bicistronic mRNA that consists of the F2 and F1 orfs, a
majority of F1 is translated from the smaller monocistronic mRNA and not the bicistronic
mRNA. The results from the siRNA experiment would suggest that the promoter of F1
was deleted in the VACVAF2L mutant. This would suggest that promoter of the F/L is
significantly upstream of the F1 start codon, and is located somewhere inside the F2L orf.
Additional experiments will be required to determine the location of the promotor. The
extended distance between the expected start site and the promoter might suggest a long
5’ untranslated region (5’ UTR) is present in the F1 mRNA. This longer 5’-UTR may be
responsible for the increased sensitivity of the F1 message to the activation of PKR.
Additional experiments will be required to understand why the F1 protein is more
sensitive to the activation of PKR. Another important observation from this study is the
lack of a transcriptional terminator between F2 and F1 orfs. This is a unique situation that
exists between these two adjacent genes, and has not previously observed in
Orthopoxvirus. We currently don’t know the reason behind absence of a transcriptional
terminator, and the presence of the bicistronic mRNA that is responsible for encoding one
protein. It would be interesting to understand the evolutionary process behind this unique
gene arrangement. The current study put F1 into a unique category of VACV early

transcripts where the protein is absent during VACVAE3L infection. VACV D9 is the
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only other protein that has previously been demonstrated to be an early protein that is
absent during VACVAE3L infection'?,

In conclusion, we were able to establish that absence of F1 during a VACVAE3L
infection of HeLa cells was responsible for the activation of apoptotic pathway. Better
understanding the sensitivity of the F1 protein to the activation of the PKR pathway will
help improve our understanding how the VACV interacts with the innate immune

responsces.
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