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Abstract:

The genome of poxviruses consists of a double-stranded DNA that is flanked by
two AT-rich hairpin ends encoding mismatched nucleotides. These mismatched structures
are composed of incompletely base paired regions forming extra-helical loops. Though
the functionality of these mismatches has not yet been firmly established, their presence
is conserved among all completely sequenced poxviruses. Thus, the focus of this project
has been to study the function(s) of the hairpin ends and the mismatches within them.

These ends of the poxvirus genome have been very difficult to study using
conventional recombination-based genome editing methods. Using synthetic genome
assembly methods, I have modified these ends to remove some of the mismatches. We
showed that simply altering the sequence of the 70bp hairpin ends attenuates the virus.
Specifically, our results showed that removing most of these mismatches suppressed the
growth of the virus. However, these modifications do not affect viral genome replication
nor the resolution reactions that generate monomeric genomes. The most penetrant of
these telomeric mutations caused about a 12-fold increase in the proportion of defective
viral particles. However, these defective particles still packaged DNA. Finally, our
microscopy data suggests that altering the hairpin ends affects virion maturation, causing
the accumulation of defective immature virions in infected cells. We also showed that
these forms of mutant viruses exhibited decreased virulence in immunocompromised
mice. However, these attenuated strains can still be used as vaccines to protect against a

lethal challenge in immunocompetent animals.
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Chapter 1:
Introduction



1. Chapter 1: Introduction
1.1. Poxviruses

1.1.1. Poxvirus taxonomy

Poxviruses are large double-stranded DNA viruses that, unlike most other DNA
viruses, replicate within the cytoplasm. The genome size ranges from 135 to 360kbp (7,
2) and the family is divided into two subfamilies, the chordopoxvirinae which infect
vertebrates, and the entomopoxvirinae that infect insects. Chordopoxviruses are further
divided into more than 10 genera including: avipoxviruses, capripoxviruses,
cervidpoxviruses,  crocodylipoxviruses,  leporipoxviruses, = molluscipoxviruses,
orthopoxviruses, parapoxviruses, suipoxviruses, and yatapoxviruses. These viruses infect
a wide range of animals such as birds, cattle, deer, reptiles, rabbits, swine, rodents, non-
human primates and humans (/, 2). Chordopoxviruses share approximately 90 conserved
genes that are involved in replication, transcription, morphogenesis and assembly (7, 2).
In most of these viruses, the conserved genes are present and arranged in a common order
at the center of the genome, except for avipoxviruses and parapoxvirus (/, 3). The host
range can vary greatly between viruses within the poxviridae family (Table 1). For
example, both variola virus and cowpox virus are orthopoxviruses with the first virus
infecting humans, with the potential ability to infect non-human primates (4, 5), whereas
the latter has a broad range of hosts, including rodents, cattle, cats, dogs, non-human
primates and humans (2) (Table 1). The host-range of poxviruses and virus virulence is
determined by multiple gene families. These gene families include protease inhibitors,
apoptosis inhibitors, tumor-necrosis-factor (TNF) like receptors, and protein kinase

inhibitors (2, 6).



Table 1: Chordopoxviruses and their host range.

The table shows some of the chordopoxviruses genera and a few examples within each
genus. The dots within the host range column indicates the extent of host range of the
virus. A small circle indicates a limited host range, and a large circle indicates a broad
range. Viruses that have been shown to cause infection in humans are noted by red circles.
The table is an adaptation from a figure in Haller S. et al., 2014 (2).

Genus Virus Host Range

Orthopoxviruses Ectromelia virus

Cowpox virus

Monkeypox virus

Camelpox Virus

Variola Virus

Horsepox virus

Vaccinia Virus

Parapoxviruses Orf virus

Leporipoxvirus Shope fibroma virus

Myxoma virus

Molluscipoxvirus Molluscum contagiosum virus

Avipoxvirus Canarypox virus

Fowlpox virus

1.1.2. Orthopoxviruses

Of significant threat to, and impact on, humans are orthopoxviruses, many of which
have been fully sequenced and extensively studied (2). Orthopoxviruses have a wide host
range and can infect mammals including rodents and non-human primates (7, §). Many
of these viruses have also been reported to infect humans, including camelpox virus,

buffalopox virus, monkeypox virus, cowpox virus, vaccinia virus (VACV) and of course
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the causative agent of smallpox, variola virus (7, &) (Table 1). The threat of zoonotic
spread of viruses within the orthopoxvirus genus from animal reservoirs to the human

population remains of significant concern.

1.1.2.1. Variola virus

The most infamous and deadly orthopoxvirus is variola virus, the causative agent of
smallpox. Smallpox is a historic disease possibly dating back to more than 3000 years ago
when discovery of Egyptian mummies showed skin lesions with some resemblance to
smallpox lesions (9). However, those observations are not supported by molecular
evidence since these authors were not able to isolate viral DNA (9). In recent years,
however, multiple discoveries have shown evidence of smallpox infection that have been
confirmed by sequencing data (/0). The earliest sequencing-based evidence for variola
virus dates to 600-1050 CE in Europe. Another study of a mummified child from the mid
17" century also showed DNA evidence of variola virus infection (//, 12). Thus, available
molecular evidence suggests the variola virus lineages date back to at least the 7% century.

Smallpox was a devastating disease with fatality rates of up to 30%. Early attempts of
protection against smallpox were done through a procedure called variolation. Variolation
involved taking infectious crust/scab material from a lesion of a patient and inoculating
another person via scarification in the hope that the patient would get a milder disease

(13).

1.1.2.1.1. Vaccination history

It was not until 1796 that Edward Jenner demonstrated cross-protection from smallpox
following vaccination of patients with material from livestock, infected with cowpox
virus, which caused a milder disease in humans (/4). One of his most famous cases was
the vaccination and infection of an eight-year-old boy (the 17" case described in his
publication) (/4). Jenner took a sample from a lesion of a milkmaid, Sara Nelms, who had
contracted cowpox disease and inoculated the boy, James Phipps, with material from that
lesion (/4). He then inoculated the boy with smallpox material on two different occasions,
but he observed no visible smallpox disease symptoms, suggesting that the boy was

protected from smallpox using material from cowpox-infected livestock (/4). Edward



Jenner’s work laid the foundations of vaccination against smallpox. In 1959 the World
Health Organization (WHO) initiated an eradication program and declared smallpox

eradicated in 1980 (75).

1.1.2.2. Vaccinia virus

1.1.2.2.1. VACYV origins

One of the most studied poxviruses and the prototypic orthopoxvirus is VACV. The
origin of VACV is unknown and there is controversy around whether it originated as a
cowpox or horsepox. Jenner describes using cowpox lesions for his vaccination studies
(14). He even termed the procedure “vaccine inoculation” referring to the cow, which is
vacca in Latin. Thus, the relationship between the widely used VACV and cowpox virus
stems from the observations Jenner made about how the cowpox lesions were able to
protect people from smallpox. This led to the assumption that the smallpox vaccine is the
same virus as cowpox virus and the two terms were used interchangeably for over a
century. However, this idea was challenged in 1939 when immunological studies
established a distinction between the infection caused by the human vaccine strain and
that caused by spontaneous cowpox infections acquired from cattle (16—18).

The other hypothesis proposes that VACV was originally derived from horsepox. This
was partly because “equination”, which is a term used for vaccination using horsepox
(equine) material, was a common practice in Italy in the early 1800s (/9-21). Even Jenner,
in his Inquiry, states that he sometimes used material from the equine disease, termed
grease, which he noted produced lesions in humans resembling smallpox lesions. He
theorized that the horsepox disease could be transferred to cows and then cause disease in
milkers (/4, 22). This theory was complicated (and controversial) since inoculation with
“horsepox” material did not always cause protection against smallpox. The situation could
have arisen due to confusion between the horsepox disease “grease”, caused by a
poxvirus, and a dermatitic disease also called “grease”, which would not have provided
protection against smallpox (22).

Recent sequencing evidence suggest that VACYV shares a common ancestor to the one
known and since eradicated horsepox virus (HPXV) that was isolated in 1976 in Mongolia

(23-25). However, the main difference between VACYV strains and the one known HPXV



sequence is that all of the VACYV strains have deletions within the telomeric ends of the
viruses (23). Moreover, a smallpox vaccine manufactured in 1902 by the Mulford
company, showed 99.7% similarity to horsepox virus (26), but interestingly still encodes
the deletions found in VACV strains. Finally, a recent study of some viral materials
recovered from an 1860°s vaccination kit, from Philadelphia’s Miitter Museum, showed
these viruses also grouped closely to the Mulford 1902 vaccine and both clustered with
the Mongolian HPXYV strain in a phylogenetic analysis (27). This provides some evidence
that VACYV and horsepox virus share a common ancestor. It has been speculated that the
horsepox virus isolated in the 1976 could have been an old strain of vaccinia virus that
had escaped at some point and infected horses (27). However, this theory seems unlikely,
since even the earliest known strains of VACV have deleted portions of the telomeres that
are still present in HPXV (28). Using the sequences encoded within the central conserved
portions of these viruses one can show that the closest common ancestor to the early
VACYV vaccines was a HPXV-like virus, but whether it was a horsepox virus will likely

never be known.

1.1.2.2.2. Modern VACY strains

Multiple factors contributed to the development of different VACV strains, which are
reviewed in (29). These factors include early arm-to-arm vaccination, the absence of
clonal isolation, the co-culturing of strains, propagation on different hosts, and lack of
proper quality control (29). The early vaccine strains were mostly named based on
geographical or historical origins, such as Tian Tan, Copenhagen, Lister, and the New
York City Board of Health (NYCBH) strains (30). The two strains of VACV used in my
studies were the Western Reserve (WR) strain and the Acambis 2000 (A2K) strain, which
both derive from the NYCBH strain (29, 31).

The development of the WR strain is not well documented. We know that a Dr. Rivers
isolated a few attenuated strains, derived from NYCBH strain, by passaging the virus in
chick embryonic tissue and rabbits in the early 1930s (32, 33). These strains, named CVII,
CVI and CVI-78, showed decreased pathogenicity in humans, however, they also showed
a decreased ability to protect against smallpox compared to the earlier NYCBH strain

(34-37). It is thought that this strain was then distributed to other laboratories and acquired



many names such as WR, IHD, and LED-0 (29). Parker et al., at Western Reserve
University, describes passaging the WR strain in mice through intracerebral inoculation
and comparing it to the CVI and CVII strains (38). Both WR and IHD strains showed
increased virulence compared to the other two strains (38). The intracerebral passaging in
mice could explain why the WR virus is highly neuropathogenic and virulent in mice and
rabbits (39). Thus, compared to other second-generation vaccine strains, WR has an
increased pathogenicity in animals.

Dryvax, was another vaccine that was cultured in cows by Wyeth Laboratories and its
predecessors. It also derives from the NYCBH strain (30). Due to the passaging process,
and like many other early smallpox vaccines, Dryvax is a quasispecies vaccine containing
different sub-strains of VACV with different virulence properties (40). Thus, in the early
2000s, plaques were picked from a stock of Dryvax which led to the isolation of a clone
that is less neurovirulent than the original polyclonal Dryvax vaccine (4/). This strain was
passaged and plaque purified through two different cell lines, MRC-5 (47) and then Vero
cells, to give rise to a second-generation vaccine named Acambis 2000 (A2K) (42). The
A2K was shown to be less virulent in animal models and as safe and effective in humans
when compared to the Dryvax vaccine (42—45). Thus, the A2K strain was licensed and
approved by the FDA in 2007 for use in humans as a smallpox vaccine replacing the

Dryvax vaccine.

1.2. VACYV genome structure

1.2.1. Central genome

The poxvirus genome comprises a single molecule of double-stranded DNA. The genome
encodes all the genes encoding the proteins needed for DNA synthesis, transcription, and
replication, giving the virus the ability to replicate outside of the nucleus. Most of those
essential genes are arranged within the center of the genome (Figure 1.1) (/, 3). Given that
the average size of these genes is 1Kbp, the ~190Kbp VACV genome encodes more than 200
genes. The open reading frames (ORFs) are arranged bidirectionally within the genome, and
this directionality is denoted in the gene name by L (left) or R (right). The genes within the
genome are tightly packed with little overlap between them and only a few areas of non-

coding sequence (46). The naming of the genes within the virus was historically done based



on digestion of the Copenhagen VACYV strain genome with the restriction enzyme, HindIIl.
After digestion, the largest fragment was named A and the smallest fragment took the letter
O (47, 48). The genes within each fragment adopted a number representing its position within
the fragment and a letter for the gene direction (46). The problem with this nomenclature is
that the Hindlll restriction sites are not distributed the same way between different
orthopoxviruses, or even between VACV strains (49). Thus, with advances in sequencing,
the genes are now usually numbered beginning from the left to the right end of the genome
(48). However, some genes and homologs in other poxviruses, are still referred to by the

original name based on Copenhagen nomenclature.

qum Essential Genes RITR )

Non-repeat regions
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Hairpin end ~70bp Concatemer resolution site

Figure 1.1:Vaccinia virus genome structure.

The figure shows a schematic of VACV genome structure. The central genome contains
essential genes flanked by non-essential and host range genes and finally the inverted
terminal repeats (ITR) at each end of the genome, left (LITR) and right (RITR). At each
end, there are tandem repeats of 70bp, 125bp and 54bp repeats, and two non-repeat
regions. Finally, the genome is enclosed in two hairpin ends which encode mismatched
nucleotides and the concatemer resolution sites.

1.2.2. Inverted terminal repeats

The presence of inverted terminal repeats flanking the genomes of VACV and rabbitpox
virus was discovered in the 1970s using restriction digests, DNA annealing and cross-
hybridization experiments (50, 5/). From DNA sequencing it is now known that all
poxviruses encode inverted terminal repeat (ITR) regions (Figure 1.1). However, the size of

these repeats varies greatly between different virus species and strains and ranges from
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0.1Kbp to >16Kbp (2, 3). The size of the VACV ITRs also vary, ranging in size from 3.4 to
16Kbp in different strains (2, 3, 46) and even within stocks (40). Many of the genes found in

the ITRs are not essential for viral replication, and they are mostly involved in host-range (2).

1.2.3. Tandem repeats

The ITRs of VACV also contain regions of non-coding tandem repeats at the ends of the
genome (52, 53). The presence of these repeats in VACV genome was first suggested in 1977
(54) and were thought to be involved in genome replication (54, 55). The VACV genome has
multiple sets of repeats, including at least 18 sets of 70bp repeats, two sets of 125bp repeats
and 8 sets of 54 bp repeats (Figure 1.1) (56). These different sets of repeats in VACV have
high sequence similarity suggesting they could have formed due to early cross-over events
(56, 57). Tandem repeats have also been found in other poxviruses. However their sequence,
length and number can vary, with some viruses having only a few copies of the repeats (23,
58—62). These repeat regions are typically flanked (on the core side of the genome) by two
non-repeat regions, NR I and NR II, that seem to be conserved among poxviruses (23, 60—
63). The role of these repeat and non-repeat regions within the genome is not well understood.

They may just be selfish DNA.

1.2.4. Concatemer resolution site and hairpin ends

The VACV genome then terminates in two incompletely base-paired hairpin ends (HP)
that are complementary on each end. Adjacent to the hairpin ends are found a conserved
stretch of bases called the concatemer resolution site (CRS) (Figure 1.1) (53, 64). The CRS
is essential for genome resolution which takes place following replication (see below).

Studies concerning the hairpin ends of poxviruses were first pursued in the early 1980s.
The first report of the different forms of the hairpin ends was published by Baroudy ef al. in
1982 (53). They show that the VACV hairpin ends consisted of two forms, named fast (F)
and slow (S) based on their electrophoretic mobility through a non-denaturing polyacrylamide
gel. Using a Maxam and Gilbert chemical sequencing protocol, they showed that F and S
forms are complementary to each other and can be recovered in equimolar amounts (53). The
most striking feature of these molecules is that because the hairpins appeared to have been
formed from the refolding of imperfect inverted repeats, they encode miss-paired loops and

extrahelical bases (53). A few years later, the Moss laboratory cloned the hairpin ends into a
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bacterial plasmid (as a duplex imperfect inverted repeat) and these clones permitted many
further studies designed to investigate the role of the CRS sites, the hairpin ends, and the
mismatches within them in the life cycle of the virus (64—67). Dr. Grant McFadden’s
laboratory subsequently showed that the SFV hairpin ends also exhibit a similar structure
including the extra-helical bases (63, 68, 69). However, the sequence of the SFV hairpin ends
is not the same as the sequence of the VACV ends, though they are both AT-rich sequences.
In recent years, many other poxviruses, including orthopoxviruses such as monkeypox (70)
and cowpox (71), some capripoxviruses (72), and parapoxviruses (73), have also been shown

to encode similar mismatched hairpin telomeres.

1.3. VACYV life cycle

1.3.1. Viral entry

The two main infectious forms of VACV are mature virions and extracellular virions. The
mature virion is formed within the infected cell where it can sometimes acquire two additional
membranes and creating intracellular wrapped virions. These can then fuse with the outer cell
membrane releasing the extracellular virion form (74, 75). Because of this process, the
extracellular virion acquires one additional membrane compared to the mature virion (i.e.,
two lipid bilayers instead of just one). The way by which virions attach and enter the cell is
not completely understood, partially because of the difference in the composition of proteins
on the surface of these two virion forms. Especially since the fusion machinery is found on
the mature virion (74, 76). There are two main ways by which VACYV virions enter the cell,
one is through binding to host glycosaminoglycans (GAGs) which facilitate membrane fusion
and release of the core into the cell (77, 78). The other mechanism is through internalization
by macropinocytosis (or fluid phase endocytosis) (79, 80) which through the acidity in the

endosome activates viral fusion machinery (87, 82) (Figure 1.2).
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Figure 1.2: Vaccinia virus replication cycle.

The schematic shows steps in VACV replication cycle. (1) and (2) VACV enters the cells
through either direct fusion with the cell membrane releasing the core into the cytoplasm
or through macropinocytosis which activates viral fusion through the increased acidity
within the endosome. (3) Viral DNA replication and virion assembly occurs within the
viral factory. Gene expression occurs in consecutive stages, with early gene expression
occurs immediately following internalization resulting in genome replication. This is
followed by intermediate gene expression occurring during genome replication which is
then followed by late gene expression. Late genes encode many of the structural proteins
that are involved in virion assembly. The viral genome replicates into long concatemers
that then get resolved into monomeric genomes before getting packaged into immature
virions. Virion assembly occurs through first crescent formation that is surrounded by
D13 protein scaffold. After genome packaging, the D13 scaffold is lost and virion
maturation follows. (4) Maturation is characterized by proteolytic processes causing the
transformation of the round immature virion (IV) to adopt the classic brick-shaped form
known as a mature virion (MV). The MV accumulates within the cytoplasm of the cell and
gets released during cell lysis. (5) However, a small percentage can acquire two additional
membranes from the trans-Golgi network forming the wrapped virion (WV). Unlike the
MV, WV can migrate to cell surface and fuse with the cell membrane to release a two
membraned enveloped extracellular virus (EV). This image was adapted from “ZIKA
infection cycle” template and created with BioRender.com.
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1.3.2. Factory formation

The virion contains all the viral proteins needed for early gene transcription. As soon as
the virus core is released into the cell, virus early gene expression starts which is a prerequisite
to genome replication (83, 84). VACV replicates within viral factories in the cytoplasm of
infected cells. The factories appear to be partially wrapped in endoplasmic reticulum (ER)
membranes that are thought to facilitate viral protein synthesis and DNA replication (85).
Each infecting virus particle gives rise to one viral factory that can be detected within an
infected cell approximately two hours post infection (86). These viral factories expand in size
as the DNA replicates and with that expansion, and later during development, the integrity of
the surrounding membranes is compromised (87, 88). Later during the infection, factories can
merge which is required for production of recombinant viruses (89, 90). As viral factories

grow, they serve as sites of genome replication, genome expression and viral assembly (97).

1.3.3. Genome replication

Viral genomes replicate into long head-to-head, head-to-tail, and tail-to-tail concatemers
that are processed into unit-length genomes by the A22 viral resolvase (92—95) (Figure 1.3).
Viral DNA replication is catalyzed by a DNA polymerase encoded by the E9L gene (96-98).
The E9 DNA polymerase can also catalyze repair of double-stranded breaks through a
recombination reaction dependent on the 3’-to-5’ exonuclease activity (96, 99—-101). Other
viral proteins involved in replication include the D5 helicase-primase protein (/02—105), D4
uracil DNA glycosylase (106, 107), A50 viral DNA ligase (/08—110) and G5 endonuclease
(111). A few other essential viral proteins are the A20 processivity factor (//2, 113), which
forms a replication-repair holoenzyme complex with D4 and E9 (//4, [115), and the
scaffolding protein H5, which also associates with the holoenzyme complex (716, 117). The
I3 single-stranded binding protein also plays an essential role in DNA replication, as well as
recombination (//8—122).

A specific origin of replication for poxviruses has not been identified. A self-priming
model of replication has been previously proposed in which a nick introduced near the end of
the genome provides the DNA polymerase with a free 3’0OH end to prime DNA (83).
However, earlier studies have shown that any plasmid transfected into a virus-infected cell is

able to replicate and form high molecular weight DNA concatemers, even if these plasmids
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do not encode any virus DNA sequences (68, 123). This suggests that the viral replication
machinery does not require a specific DNA sequence encoding an origin of replication.
Nonetheless, transfection assays using minichromosomes bearing ~200 bp of VACV DNA
encompassing the hairpins, mismatched bases, and CRS, exhibit a replicative advantage
compared with molecules composed of unrelated DNA (/24). Moreover, using deep
sequencing to detect RNA primed strands revealed an abundance of reads derived from

the hairpin and CRS junction (/25).

1 Replication

l Concatemer formation

1 Resolution

e
/7 7

e
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Figure 1.3: Genome replication and concatemer resolution.

Poxvirus genomes are double stranded molecules enclosed in hairpin ends. The genome
replicates through long concatemers which are believed to subsequently fold into
cruciform junctions at sites encoding the hairpin ends. That forms a series of Holliday
junctions that can then get resolved through cleavage by the A22 viral resolvase. The
nicked junctions are then ligated to form the mature monomeric genome units. The
schematic of viral replication and resolution was adapted from Li et al., 2016 (126).
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1.3.3.1. Genetic recombination

DNA molecular recombination is a process by which genetic material is exchanged
between two related DNA molecules or even within the same DNA molecule. Usually, a
recombination reaction requires similar sequences encoded on the two duplex DNA
strands and is called homologous recombination (/27, 128). However, recombination
between non-homologous sequences can also occur and is sometimes described as
“illegitimate” recombination. Even though most of the recombination catalyzed by
poxviruses is homologous recombination, non-homologous recombination can also be
detected but at a much lower frequency (/28-7137). Homologous recombination is
critically important for DNA damage repair and is intrinsically linked to genome
replication. Consequently, many viral proteins are shared between the two processes.
These proteins include (/28) the E9 viral DNA polymerase (/00), the 13 single-stranded
binding protein (/22), the A22 viral resolvase (/32), the G5 endonuclease (/33) and the
AS50 DNA ligase (88). The links between replication and recombination are not unique to
poxviruses, it’s also seen in cells infected by other viruses and by bacteriophages (728,
134). Studying and separating the processes that catalyze replication from recombination
has been difficult due to the inability to recover mutant viruses that are deficient only in
recombination (/35). Anything that blocks DNA replication (e.g., drugs) also inhibits
recombination. The challenge is best illustrated by the different ways in which the E9
polymerase catalyzes reactions required for both genetic recombination and DNA
replication (100, 101, 136, 137). The E9 5°-3” exonuclease activity catalyzes both the
single-stranded annealing reactions that are essential for recombination repair of double-

stranded breaks (/37, 138).

1.3.3.2. Poxvirus reactivation

Poxvirus DNA is not infectious, meaning that transfecting virus DNA into a cell does not
yield a productive infection. Studies as early as the 1930s showed that a heat-inactivated
poxvirus could be reactivated using an infectious helper virus (728, 139—143). Later, in the
early 1980s Sam and Dumbell show they could reactivate rabbitpox, an Orthopoxvirus, by
transfecting rabbitpox virus DNA into cells infected with ectromelia or VACV, other

Orthopoxviruses (/44). This study demonstrated homologous reactivation, which can also
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promote recombination between genetically similar viruses. Another study by Scheiflinger et
al., was the first to demonstrate reactivation of VACV DNA using a heterologous
Avipoxvirus, in this case fowlpox virus (/45). They screened for reactivated viruses using a
mammalian cell line where fowlpox virus does not grow. This technique permits insertion of
foreign DNA into the reactivated virus through homologous recombination. Subsequently,
this led Yao and Evans to show that a Leporipoxvirus, SFV, could also be used to reactivate
and recombine VACV DNA (746, 147). In this method, the reactivation step was performed
in BGMK cells, which support the growth of both SFV and VACV, and then the reactivated
VACV were isolated using BSC-40 cells that permit only VACV growth. In this study the
reactivation step was coupled with the formation of recombinants composed of overlapping
and co-transfected VACV DNA restriction fragments. This provided a method by which one
can efficiently manipulate large segments of the VACV genome (146, 147). This approach
was later used by Noyce ef al., to reactivate horsepox virus (HPXV) using ten chemically
synthesized and overlapping DNA fragments plus pairs of oligonucleotides encoding the
mismatched hairpin ends (/48). The development of this technology provided the opportunity
to elucidate the function of different poxvirus genomic elements that are inherently hard to

manipulate using traditional molecular techniques.

1.3.4. Genome resolution

Many early studies have looked at the process of concatemer resolution. After the
formation of genome concatemers during replication, the complementary and semi-self-
complementary sequences of hairpin ends permit the formation of the cruciform junction (68,
95, 149) (Figure 1.3). These junctions are Holliday junctions, and such structures can be
cleaved by a dimeric viral resolvase encoded by the A22R (/50). These studies have shown
that the main requirement for concatemer resolution is the presence of a “concatemer
resolution site” or CRS (63, 65—67, 69, 95). The CRS sequence is highly conserved among
poxviruses and is found close to the AT-rich hairpin ends. This motif has also been shown to
encode late promoter activity and concatemer resolution depends on late gene transcription
(66, 151). The presence of a self-complementary sequence lying between the two CRS sites
in a concatemer is required for resolution, however, the intermediary sequence does not seem
to matter (69, 95). Another interesting observation is the fact that a cell infected with a

leporipoxvirus, Shope fibroma virus (SFV), contains machinery able to resolve transfected
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plasmids encoding either SFV or VACV concatemer junctions and CRS elements into linear
units sometimes called minichromosomes. The same reaction is observed in VACV infected
cells, however, in both cases the homologous resolution appears to be slightly more efficient
than heterologous resolution (68). What role the hairpins or mismatches within the hairpin
ends play in this process is not yet understood. However, we know that resolution requires
the presence of a palindromic sequence, even though it can be completely base paired with

no mismatched bases, between two CRS sites (69, 95).

1.3.5. DNA packaging and morphogenesis

1.3.5.1. Crescent formation

The first sign of viral assembly is the appearance of membrane crescents within the viral
factories (/52) (Figure 1.2). These crescents are formed from ER membranes that are
associated with trimers of the scaffold protein D13 (/53—156). D13 is essential for the
formation of the honeycomb lattice that surrounds an immature virion (IV). By interacting
with another membrane binding protein, A17, D13 acts as a scaffold to promote the
remodeling of the membranes into the typical round IV structures (/57-159). Crescent
formation and morphogenesis depend on many other proteins, including A14 (157, 158), L2
(160, 161), A30.5 (155), A1l (162, 163), H7 (164), and A6 (165). As each crescent is
forming and growing the DNA is packaged along with core proteins to create a closed and
spherical IV. The specific processes by which the DNA is packaged and condensed into a
mature nucleoid are not yet completely understood. However, the literature suggests that
VACV A32, A13, and the 16 telomere binding protein are all involved in that process (/66—
168).

1.3.5.2. Virus morphogenesis

During virion assembly and maturation, VACV goes through different forms that exhibit
different characteristics (/52). The first is the immature virus, or virion, (IV) form that is
spherical and packaged with DNA plus associated core proteins. As previously noted, the IV
membrane is acquired with the help of the scaffolding protein D13 (/53—156). The D13
trimer interacts with the N-terminus of the A17 membrane protein (/59). During the
maturation process, the A17 protein is cleaved by 17 protease, which in turn causes the

dissociation of the D13 protein scaffold (/59). Virus maturation involves DNA condensation
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onto core proteins (/69) and also leads to the formation of two additional lateral bodies that
are located between the viral membrane and the core (/52). This transformation causes the
virus to adopt the classic brick-shaped form known as a mature virion (MV). The MV form
is found in the cytoplasm (/70), but it can also acquire another two membranes assembling
what’s called wrapped virions (WV) (171) (Figure 1.2). The wrapped form can exit the cell
via fusion with the cytoplasmic membrane bilayer and produce what’s called the extracellular
virion form (EV) (Figure 1.2). Even though both the EV and MV forms are infectious, viral
dissemination within a host in thought to be primarily driven by the EV form (/72). This is
because the EV form is more resistant to neutralizing antibodies as well as complement (773,
174). A recent paper from our laboratory used super-resolution fluorescence microscopy and
different proteins as markers for the different forms, to measure the proportions and timing of
formation of each viral form over the course of infection (87). The study showed that during
the early stages of infection, the IV with D13 scaffold are most prevalent and found only in
viral factories. By seven hours post infection, the proportion of MV increases to reach a ratio
of almost 1:1 relative to IV and are mostly found in clusters outside of the viral factories (87).
The WV forms appear five to six hours post infection and are mostly found at the cell
periphery. These are less common and make up less than 10% of all virion forms. As the
infection continues the proportion of MV gradually increases and by 24 hours post infection,
the MV form accounts for more than 98% of the virus particles and there can be more than

3500 virions in single infected cell (87).

1.3.5.3. Telomere binding proteins

The hairpin ends of poxviruses appear to be involved in DNA packaging and virion
maturation. Experiments have identified at least two DNA binding proteins, 11 and 16, that
both bind to the telomere ends of the viral DNA (83, 168, 175, 176).

I1 is a DNA binding protein that binds both single-stranded and double-stranded DNA,
with no sequence preference. However, it binds with higher affinity to the telomeric ends of
vaccinia virus if these ends bear extrahelical bases compared to a double stranded DNA that
is completely base paired (/76). Studies using a recombinant virus with inducible I1L gene
expression showed that virion maturation ceased under non-permissive conditions. That arrest

in maturation is not due to a defect in replication, protein expression, nor genome resolution
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or packaging. Consequently, under non-permissive conditions there is an accumulation of
non-infectious particles at the immature virion stage of development.

On the other hand, the 16 protein only binds to hairpin ended molecules bearing
extrahelical bases. At least two extrahelical bases, spaced five bases apart, are required to
efficiently bind 16 to the hairpin. Like I1 protein, 16 does not require a specific sequence to
bind to DNA, however, it does preferentially bind to molecules terminating in viral hairpin
ends compared to non-viral sequences (/76). It is not yet understood if that difference in
binding efficiency is due to the number of extrahelical bases, a requirement for specific viral
sequences, or has something to do with the AT-rich sequences characteristic of viral hairpin
ends. A temperature sensitive [6 mutant showed no defect in replication, gene expression, nor
resolution under non-permissive temperature conditions. However, under non-permissive
growth conditions, there was an arrest in the maturation process that caused the accumulation
of spherical viral particles (/68). These aberrant viral particles lack DNA and cannot be
rescued by a return to permissive temperatures. This suggests that these empty particles are

“dead-end” products, that is they are not functional assembly intermediates (/68).

1.3.5.4. Proteins involved in DNA encapsidation

16 is not the only protein known to play a role in virus DNA packaging. A32 and A13 are
two other proteins that also serve some role in this process (166, 167). Mutations or deletion
of any of these three proteins produces aberrant virions lacking DNA. 16 protein is known to
interact with A32 (83) and this is thought to form a complex that catalyzes the ATP-dependent
translocation of 16-bound DNA into the virion (/77, 178). In this model the mismatch and
hairpin binding properties of 16 could be envisioned to serve as a “flag” that marks A22
resolution products as being ready for packaging. Finally, it has also been proposed that the
membrane bound protein, A13, can act as an anchor on the virion membrane to promote DNA

encapsidation (/79).

1.4. Project rationale

The main objective of my thesis research was to investigate the role the mismatched
nucleotides encoded in poxvirus hairpin telomeres play in the viral life cycle. Earlier
studies have investigated their role in viral replication and concatemer resolution, mostly

using transfection methods. The conclusions that can be drawn from these studies is that
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DNA replication does not depend on any particular virus DNA sequence and that
concatemer resolution requires only the presence of two CRS sites and a complementary
sequence between two sites. It does not require the presence of mismatches (63, 65—67,
69, 95). Thus, it is not yet fully understood if the hairpin ends or the associated mismatches
play a role, if any, in DNA replication or concatemer resolution.

Although the sequence of the hairpin ends is not conserved among poxviruses, all
known complete poxvirus genomes encode mismatched bases near the hairpin ends of the
genome. These mismatches serve as a binding site for two poxvirus telomeric binding
proteins, I1 and 16 (83, 168, 175, 176). These two proteins bind preferentially to hairpin
DNA bearing mismatched nucleotides and play a role in genome packaging. Biochemical
studies have shown they do not seem to require mismatches formed from specific
sequences (/76), although the number of mismatched sites is important as the 16 protein
requires at least two base mismatches to bind to hairpin ended oligonucleotides (/76).
Interestingly, I6L mutants exhibit an arrest in virion maturation, producing non-infectious
immature virus particles that lack DNA (/68). These studies show that the hairpin ends
play an important role in genome packaging and virion maturation.

A major limitation in the studies cited above has been our inability to test some of the
hypotheses arising from these observations by directly manipulating the sequences
encoded at the ends of the genome. All these many earlier studies used transfected
plasmids encoding cloned telomeres to study these structures. However, it is unclear if
that is a true representation of their function or how any alterations might affect virus
growth or fitness. In 2018 our laboratory described a method for reactivating synthetic
Orthopoxviruses (/48). This technique permits the study of genomic elements that have
been hard or impossible to manipulate using conventional methods, including the hairpin
ends. I used the technique to change the sequence of the VACV telomeres and study the
effects these changes had on the virus life cycle and fitness.

This was accomplished by first designing a series of different hairpin oligonucleotides
and then using them to try and reactivate VACV virus. This produced a collection of
viruses encoding different mutant hairpin ends although it proved impossible to make a
virus lacking all the hairpin mismatches. I then used the viruses that I was able to recover

to study what effects these hairpin mutations had on virus fitness and growth. I used one

19



of the hairpin mutants, with the greatest defect in growth, to investigate the reasons for
the defect.

In the main my studies show that the normal structure of the hairpin ends, with its six
mismatched elements, does not play an essential role in virus genome replication or
concatemer resolution. Nor are all the mismatches needed to promote genome packaging.
However, deleting most of the mismatches does affect virion maturation, thus producing
an abundance of immature and non-infectious particles. This leads to the conclusion that
at least a few mismatches are an essential feature of poxvirus telomeres and, moreover,
the full complement of mismatched nucleotides are required to ensure proper virion

maturation
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Chapter 2:
Materials and Methods

Parts of this chapter of the thesis have been published as “Mira M. Shenouda, Ryan S.
Noyce, Stephen Z. Lee, Jun L. Wang, Yi-Chan Lin, Nicole A. Favis, Megan A.
Desaulniers, David H. Evans, The mismatched nucleotides encoded in vaccinia virus flip-
and-flop hairpin telomeres serve an essential role in virion maturation. PLoS Pathog. 18
(2022), doi:10.1371/JOURNAL.PPAT.1010392.”
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2. Chapter 2: Materials and Methods

2.1. Cells and viruses

BSC-40 cells (African green monkey kidney cells) and BGMK cells (Buffalo green
monkey kidney cells) were purchased from American Type Culture Collection (ATCC). BSC-
40 cells were cultured and used between passages 30 and 50. Cells were cultured in Minimum
Essential Media (MEM) supplemented with 1% L-glutamine, non-essential amino acids,
sodium pyruvate and antibiotic-antimycotic. The cell media was supplemented with 5% fetal
bovine serum (FBS) or an FBS substitute Fetalgro (RMBIO) and cells were incubated at 37°C
and 5% CO, atmosphere. The MEM media containing all the supplements along with 5%
serum is referred to for the rest of the report as complete media, while media containing all
supplements, but no serum, is referred to as serum-free media. Both are adherent cell lines
that were propagated on cell culture plates and passaged every two to three days. Propagating
the cells involved washing the plates with phosphate buffered saline (PBS) and then
incubating the cells with 0.25% Trypsin-EDTA (Gibco) for 5-10 min at 37°C until they were
fully detached. Complete media was then added to the cells and the cells were then reseeded
onto new plates to be further passaged or used.

VACYV strain WR, and SFV were purchased from ATCC. VACV strain A2K was a gift
from the late Dr. M. Buller (St. Louis MO). A plaque purified clone of A2K was purified and
sequenced by our laboratory (GenBank MN974380). VACV-AS5-YFP WR strain was
generously provided from Dr. B. Moss (/80).

2.2. Infecting cells with virus and calculating viral titres

The cells were seeded onto cell culture plates and after 24 - 48 hr, and once the cells
reached >90% confluency, the media was aspirated off. The virus stocks were diluted in serum
free media and then the cells were infected with the viral inoculum. The volume of serum free
media used to infect the cells was 25% of the volume normally used in the plate. For example,
if I was infecting a 6-well plate that normally used 2mL media per well, the inoculum was
0.5mL per well. The cells were infected at 37°C in a 5% CO; incubator for 1hr, then the
inoculum was aspirated off, and warmed complete media was added to the cells. In
experiments requiring synchronized infections, the cells were infected on ice for 1hr, and 1%

(10 mM) HEPES buffer was added to the inoculum in serum free media.
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To determine viral titres, BSC-40 cells were infected with media containing different
dilutions of virus, typically ranging from 10~ to 10”. After one hour of infection, the viral
inoculum was aspirated, and the cells were overlayed with complete media containing 1%
carboxymethyl cellulose (CMC). Two-to-three days later the infected cells were fixed and
stained with a crystal violet solution (0.13% crystal violet, 5% ethanol, and 30%
formaldehyde). The cells were fixed for at least an hour, the media was discarded, and the
plates were washed with water. The now visible viral plaques were counted to calculate the

viral titre using the following equation:

Average count of plaques per well

Viral titre =
(Volume of inoculum) x (dilution factor)

2.3. Preparation of virus stocks

To prepare viral stocks, the cells were seeded onto 150mm plates to 90% confluency.
Between 10-to-35 plates were infected with virus at an MOI of 0.03 PFU/cell in complete
media supplemented with 5% Fetalgro. Two-to-three days later, 90% of the cells appeared to
be infected as indicated by the way they were rounding up. The infected cells were harvested
using a cell scraper and recovered by centrifugation at 2000xg for 10 min. The media was
discarded, and the cell pellet was either used immediately or frozen at -80°C to be purified
later. The pellet was resuspended (or thawed and resuspended) in cold 10mM Tris pH 9.0
with 2mM MgCl,, at 150uL/plate to a maximum of 5.5mL and broken with 20-25 strokes of
a tight pestle of a Dounce homogenizer. The homogenate was centrifuged at 2000xg for 10
min, the supernatant was transferred to a clean tube and the pellet was re-extracted with
another 5.5mL of 10mM Tris and centrifuged. The two supernatants were pooled and 50U/mL
of Benzonase (Millipore) was added and then incubated at 37°C for 30 min to digest any
contaminating DNA. The supernatant was centrifuged a third time to remove any residual
particulates and then the volume was increased to 19mL using 10mM Tris pH 9.0 with 2mM
MgCl,. The virus stock was then sucrose purified by carefully overlaying the supernatant onto
19mL of ice cold 36% sucrose in 10mM Tris pH 9.0 buffer. The tube was centrifuged at
26,500%g for 90 min, the supernatant discarded, and the pellet resuspended in 10mM Tris pH
8.0, typically at 100uL per plate to achieve an average of 2x10® PFU/mL. The virus stock was
then sonicated for 1.5 min using a 30s-on-30s of pulse cycle, filtered through a 70 um pre-
wet strainer, aliquoted, and frozen by snap freezing in a dry ice/ethanol bath or in liquid

nitrogen. To determine the titre of the stock, an aliquot was thawed in a warm water bath and
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sonicated for 1.5 min using a 30s-on-30s off cycle. The sample was vortexed, 10~ to 107
dilutions prepared, and titred on BSC-40 cells. This step was repeated two more times and an
average titre was calculated. This protocol was adapted and modified from S. E. Smallwood

etal (181).

2.4. Virus growth

To measure viral growth curves, BSC-40 cells were seeded onto 6-well plates 24hr prior
to infection. One well was used to count the cells and determine cell number. The cells were
infected with an MOI of 0.01 PFU/cell in 0.5mL of serum free media per well for 1hr, then
ImL of complete media (with 5% FBS) was added to each well. At each timepoint, except
zero-hour, the cells were scraped from the wells, transferred to screw-cap tubes, and frozen
at -80°C until ready to be titered. For the zero-hour timepoint, the media was removed and
ImL of complete media (with 5% FBS) was added to the well then 0.5mL of viral inoculum.
Immediately after adding the inoculum, the cells were recovered, transferred to a screw-cap

tube and frozen at -80°C. The samples were titered as described above (Section 2.2).

2.5. DNA isolation

I used two methods to isolate virus DNA. To quickly prepare the DNA needed for
PCR, the infected cells were lysed in cell lysis buffer (1.2% SDS, 50mM Tris pH 8§, 4mM
EDTA, and 4mM CaCl,) supplemented with 0.5ug/ul proteinase K for 4 - 24hr at 37°C.
The solution was then mixed with buffer-saturated phenol and centrifuged. The aqueous layer
was collected and mixed with 2.5% volume of 95% ethanol and 0.1x volume of 3M sodium
acetate pH 5.2 and placed at -80°C for at least 1hr. The sample was centrifuged at 16,000xg
for 30min, the DNA pellet was washed once with 70% ice-cold ethanol, and then air dried.
The pellet was resuspended in either water or 10mM Tris pH 8.5.

To isolate higher quality DNA from a viral stock for reactivation or sequencing
experiments(/82), a 200uL aliquot of virus was lysed in 100uL lysis buffer (50mM Tris-
HCI pH 9.5, 0.7M NaCl, 10mM EDTA, and 1%SDS) for 10 min and then proteinase K was
added to a final concentration of 0.5ug/ul. The solution was incubated at 37°C overnight. For
isolation of DNA from cells for qPCR or Southern blot analysis, the cell lysis step was
followed by the following steps. An ultrapure phenol-chloroform-isoamyl alcohol solution

(25:24:1) was added at a 1:1 ratio to the DNA extract mixture and centrifuged at 16,000xg
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for 10min. The aqueous layer was mixed again with phenol-chloroform-isoamyl alcohol and
centrifuged again. Then, the aqueous layer was added to equal volume of chloroform: isoamyl
alcohol (24:1), mixed and centrifuged. The DNA was ethanol precipitated, recovered, and
resuspended in 10mM Tris pH 8.5 as described above. The solution was incubated at 37 -
50°C for 1hr to ensure the DNA was fully dissolved and then the concentration of DNA was
determined using either a Nanodrop spectrophotometer or a Qubit dsSDNA HS assay kit

(Invitrogen).

2.6. Hairpin design and endonuclease digestion

PAGE-purified and 5’-phosphorylated oligonucleotides were purchased from Integrated
DNA Technologies (IDT). The sequences of the oligonucleotides are shown in Table 2. The
5’-phosphorylated ACA overhang sequence is shown in lower case letters, the concatemer
resolution site is bolded and the terminal hairpin loop is underlined. The lyophilized DNA
was dissolved in water, heated at 95°C for 5 min, and snap cooled on ice for 10 min to facilitate
hairpin formation. The folded structures that these DNAs are assumed to adopt were
calculated using the Mfold web server (/83). To validate the predicted secondary structures,
Iused mung bean endonuclease (Promega). These reactions contained 10U of nuclease, 500ng
of hairpin DNA, and “cutsmart” buffer (New England BioLabs). The reactions were incubated
for 1hr at 37°C and then the DNAs were size fractionated by electrophoresis through a 4%
Ultrapure agarose gel (Invitrogen) alongside a size marker (Ultra Low Range GeneRuler,

ThermoFisher Scientific).
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Table 2: The sequences of synthesized oligonucleotides.
Table was adapted and modified from Shenouda, M et al., 2022 (/84)

Hairpin Name Sequence of the synthesized oligonucleotides (5'-3’)

acaTTTTTTTCTAGACACTAAATAAAATATTTAAAATATAATATTAATGTACT
S AAAACTTATATATTATTAATTTATCTAACTAAAGTTAGTAAATTATATATATA
ATTTTATAATTAATTTAATTTTACTAATTTTATTTAGTGTCTAGAAAAAAA

acaTTTTTTTCTAGACACTAAATAAAATTAAAATATAATATTAATGTACTAAA
SA6 ACTTATATATTATTAATTTATCTAACTAAAGTTAGTAAATTATATATATAATT
TTATAATTAATTTAATTTTAATTTTATTTAGTGTCTAGAAAAAAA

acaTTTTTTTCTAGACACTAAATAAAATTAAAATATTAATGTACTAAAACTTA
SA5-6 TATATTATTAATTTATCTAACTAAAGTTAGTAAATTATATATATAATTTTATA
ATTAATATTTTAATTTTATTTAGTGTCTAGAAAAAAA

acaTTTTTTTCTAGACACTAAATAAAATATTTAAAATATAATATTAATGTACT
SA1-3 AAAATTATATATTAATTTACTAACTAAAGTTAGTAAATTAATATATAATTTTA
TAATTAATTTAATTTTACTAATTTTATTTAGTGTCTAGAAAAAAA

acaTTTTTTTCTAGACACTAAATAAAATTAAAATATTAATTAAAATTATATAT
SA3-6 TATTAATTTATCTAACTAAAGTTAGTAAATTATATATATAATTTTAATTAATA
TTTTAATTTTATTTAGTGTCTAGAAAAAAA

acaTTTTTTTCTAGACACTAAATAAAATATTTAAAATATTAATTAAAATTATA
SA1-5 TATTAATTTACTAACTAAAGTTAGTAAATTAATATATAATTTTAATTAATATT
TTACTAATTTTATTTAGTGTCTAGAAAAAAA

acaTTTTTTTCTAGACACTAAATAAAATTAAAATATTAATTAAAATTATATAT
SA2-6 TAATTTATCTAACTAAAGTTAGTAAATTAATATATAATTTTAATTAATATTTT
AATTTTATTTAGTGTCTAGAAAAAAA

acaTTTTTTTCTAGACACTAAATAAAATTAAAATATTAATTAAAATTATATAT
SA1A3-6 TATTAATTTACTAACTAAAGTTAGTAAATTATATATATAATTTTAATTAATAT
TTTAATTTTATTTAGTGTCTAGAAAAAAA

acaTTTTTTTCTAGACACTAAATAAAATATAAAATTAAATTAATTATAAAATT
SA1-6 ATATATATAATTTACTAACTAAAGTTAGTAAATTATATATATAATTTTATAAT
TAATTTAATTTTATATTTTATTTAGTGTCTAGAAAAAAA

acaTTTTTTTCTAGGGTTATAAATTACTTACATAATGTAATTGATAAAAATTA
SFV ATAAATGATTATATTTATCCTTAAGGATAAATTAACATTTCTATTTTTACATT
ACATTATGTAAGTAATTTATAACCCTAGAAAAAAA

acaTTTTTTTCTAGACACTAAATGGGGCATTCGGGGCATAATGCCGGCGTACC
S-ATto GC GGGGTCCGCGCGCTATCGGCCCGTTCGGTTAAAACCGACGGGCCGTGCGCGCG
GCCCCGTAGCCGGCTTAGCCCCGCTAGCCCCATTTAGTGTCTAGAAAAAAA

acaTTTTTTTATCATAATAAATTTTATATTATGGATCAAATGTTTATAAAGCA
Entomopoxvirus CAATTGCGAGAGTAACTTAATGGACGAGTGCATTTACGTCAAATTAATGTTGA
TCCATACGAATAAAATTTATTATGATAAAAAAA'’

2.7. Viral DNA replication and genome copy numbers

To measure genome replication, a single-step growth curve was established using BSC-
40 cells. The cells were infected with virus at an MOI of 3 PFU/cell and samples were

harvested at different time points over a 24hr period. The DNA was isolated as described
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above, then quantified using a Nanodrop spectrophotometer. The qPCR protocol was adopted
from Baker and Ward 2014 (/85) and used primers and probes targeting the E9L and C23L
genes.

One assay used the E9L polymerase gene to estimate genome copy numbers. The two
primers used were EOL Forward: 5’ - CTCTGCTCCATTTAGTACCGATTC - 3’ and E9L
Reverse: 5’ -TACTCATACGCTTCGGCTAAGA—3 . The internal probe was labeled with a 5’
6-FAM (6-carboxyfluorescin), an internal ZEN and 3’ quencher lowa Black® FQ (5’ /56—
FAM/AGATCATTC/ZEN/TACGTCCTATGGATGTGCAAC/3IABKFQ/ 3’) and was
purchased from IDT. To establish a standard curve containing known amounts of PCR
template, a gene block of the following sequence was used:
5'GGATTGGCAAACCGTAACATACCGTTAGATAACTCTGCTCCATTTAGTACCGATTCTAG
ATACAAGATCATTCTACGTCCTATGGATGTGCAACTCTTAGCCGAAGCGTATGAGTATAGA
GCACTATTTCTAAATCCCATCAGACCATAT-3".

For genome copy numbers based on C23L gene, the primers, probe, and gene block were:
e 5’'-AGACACACGCTTTGAGTTTTG-3'
e 5’'-TCAAGTATGTCGACGGATCG-3"'.
e 5'/56-FAM/AGTGAAGTA/ZEN/TCATCGGTTGCACCTTCA/3IABKFQ/3"
e 5'TCCAATTTCAGATGAATAGAGTTATCGATTCAGACACACGCTTTGAGTTTTGTTG
AATCGATGAGTGAAGTATCATCGGTTGCACCTTCAGATGCCGATCCGTCGACATACT
TGAATCCATCCTTGACCTCAAGTTCAGATGATTCCTTG-3".

The qPCR master mix was prepared at 4% concentration, containing 2 uM each primer
and 1 uM probe. The master mix was aliquoted in black tubes to protect the light-sensitive
fluorophore and stored at -20°C. To prepare the standard curve, the gene block was
resuspended in 10mM Tris pH 8.0 to a concentration of 10ng/uL, this provided a gene block
at a 6.49x10'° gene copies per pL. Three-fold dilutions of the gene block were made starting
with highest concentration of 2x10° copies/uL. To prepare the samples, 2-5uL of DNA was
added to SuL of the 4x primer-probe mix and 10puL of 2x TagMan qPCR master mix (
Quantabio — PerfeCTa Fastmix II) and volume adjusted to 40uL. using water. That gave a
final concentration of 500nM for the primers and 250nM for the probe. The assay was

programed to run at 95°C for 2min, and then 40 cycles of 15s at 95°C, and 30s at 60°C with
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the fluorescence read at the end of each cycle. The standard curve was generated using cycle
quantification (Cq) values from the standard samples and the gene copy number. The standard
curve was then used to calculate the copy numbers of each unknown sample. These

calculations were obtained using Real-Time PCR Analysis software from Bio-Rad.

2.8. Concatemer resolution and Southern blot assays

The DNA prepared for the qPCR analysis was also used to study the kinetics of
concatemer resolution. The DNA was quantified by spectrophotometry and also fractionated
on an agarose gel and stained with SYBR dye to further confirm the amounts. The DNA was
digested with 4/w441 (ThermoFisher Scientific) in FastDigest buffer at 37°C overnight and
then the enzyme was heat inactivated at 80°C for 5 min. Loading dye was added to 20ug of
digested DNA which was then size fractionated on a 0.8% agarose gel with SYBR Safe dye
(Thermofisher Scientific) added to the gel, imaged on Bio-Rad Molecular Imager Gel Doc™
XR" and analyzed using Bio-Rad Image Lab software. The gel was washed in deionized water
and then the DNA was depurinated in 0.25M HCI for 30 min at room temperature. The gel
was rinsed and incubated in a denaturing solution (1.5M NaCl, 0.5M of NaOH, pH 13) for 30
min at room temperature, then washed in water and neutralized in 1.5M NacCl, 1.3M Tris-
HCI, pH 7.5 for 15 min at room temperature. This step was repeated twice. The DNA was
blotted onto a Biodyne B Nylon membrane (ThermoFisher Scientific) through capillary
transfer overnight in 10x SSC (1.5M NaCl, 0.15M sodium citrate pH 7). After transfer, the
membrane was washed in 2x SSC and then the DNA was crosslinked onto the membrane
using a UV Stratolinker. Alternatively, 3ug of DNA was denatured in 0.4M NaOH, 10mM
EDTA for 10 min at 100°C and then applied to a membrane using Bio-Dot SF microfiltration
apparatus (Bio-Rad). To detect the DNA, I used the North2South chemiluminescent
hybridization and detection kit (ThermoFisher scientific) and followed the manufacturer’s
protocol.

I used three different probes to detect the DNA. In the one, I used Biotin-16-dUTP
(added at a 40:60% ratio with dTTP) in a PCR reaction to generate the labelled probe.
The sequence of the primers used were 5’ - GATTCTTCCTCCAAACAGTTAACG and 5 -
AGACACACGCTTTGAGTTTTG.  used the ITR plasmid as a template for the PCR reaction.

The next method involved using Bio-Nick Labeling System (Invitrogen) to nick translate
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a PCR product or plasmid as probes. To generate the plasmid, I cloned an ITR fragment
into pcDNA3.0 vector. The primers I used to generate the ITR fragment were

5" -AAAGGATCCAGACACACGCTTTGAGT and

5’ -AAACTCGAGGATTCTTCCTCCAAACAGTTAAC.

2.9. Flow virometry

All solutions and buffers were passed through a 0.1pm Acrodisc syringe filter (Pall
Corporation) before use. Serial dilutions of the virus stock were prepared in filtered PBS and
then 9 pL of 4% paraformaldehyde (PFA) in PBS was added to 9uL of each diluted virus
sample to a final concentration of 2% PFA. The solution was mixed and fixed on ice for 20
min. To stain the virus DNA, 2uL of a 25% solution of SYBR gold (Thermofisher Scientific)
in filtered PBS was added to the fixed virus and stained on ice for a further 30 min in the dark.
If the staining step was to be omitted, 2uL. of PBS was added instead. The solution was then
diluted 10-fold by adding 180uL of PBS to the 20uL of virus and immediately applied to a
BD Cytoflex flow cytometer. The data was collected and analyzed using FlowJo (version

10.6.0).

2.10. Super-resolution fluorescence microscopy

Cells were seeded onto glass coverslips (previously sterilized using 95% ethanol) and
located in 24-well plates. The cells were incubated overnight until they reached 50-70%
confluency and then infected with an MOI of 3 PFU/cell on ice to synchronize the infection.
After one hour, the cells were washed with PBS and warm media was added. This marked the
zero-hour time point. At different time points post infection, the coverslips were transferred
to a new 24-well plate containing a PBS wash buffer. The PBS was aspirated, 4% PFA in
PBS was added to the well, and the cells were fixed for at least 30 min at 4°C. The fixative
was then removed and discarded. A quenching agent (0.1M glycine, 0.1% Triton X-100 in
PBS) was added to the cells and further incubated at room temperature for 20 min. The
quenching solution was removed, the cells were washed three times in PBS-T (0.1% Tween
20 in PBS), blocking buffer was added (3% BSA in PBS-T), and the cells incubated for at
least another 30 min at room temperature or at 4°C overnight.

To detect cell and/or virus antigens, the fixed and infected cells were then incubated with

primary antibody in blocking buffer at room temperature for 1.5hr or overnight at 4°C. The
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cells were washed three times with PBS-T buffer and then incubated with a secondary
antibody at a dilution of 1:2000 and a DNA stain (DAPI or Hoechst) at a dilution of 1:500 to
1:1000 in blocking buffer for at least 45 min at room temperature. The primary and secondary
antibodies used are listed in Table 3. The excess antibodies and dyes were removed by
washing three times with PBS-T. To mount the coverslips, the coverslips were first dipped
into water and tapped onto a Kimwipe to remove excess water. The coverslips were then
mounted using SlowFade Gold antifade reagent (Invitrogen) and sealed with clear nail polish.
Alternatively, ProLong Glass Antifade mountant (Invitrogen) was used and left to cure at
room temperature for 24 hours. The cells were then imaged using a Deltavision OMX super
resolution microscope and the data analyzed and processed using SoftWoRx image
processing software.

To image viral particles (/86), sterile fibronectin coated coverslips (GG-12-Fibronectin
— Neuvitro) were inserted into 12-well plates and hydrated by soaking with PBS. The virus
was sonicated, diluted in PBS, and 100uL of inoculum was spotted onto the center of each
coverslip and incubated at room temperature for lhr. The inoculum was removed with a
pipette, 4% PFA fixative was added, and incubated for 30 min on ice. After fixing the sample,
the same quenching, blocking and DNA staining and coverslip mounting protocol was

followed as described in the paragraph above.

Table 3: List of antibodies used and their dilutions.

Protein detected Origin Source Dilution
VACV D13 Rabbit Dr. B. Moss 1:500
VACV I3 . )
(10D11) Mouse ProSci 1:10000
VACV B5 Mouse Dr. S. Isaacs 1:10000
Anti-mouse Goat Invitrogen 1:2000
Anti-rabbit Goat Invitrogen 1:2000
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2.11. Electron microscopy

ACLAR sheets (provided from the Cell Imaging core facility) were cut into 1.3 cm
squares, sterilized using 95% ethanol, and left to dry completely. BSC-40 cells were seeded
onto the ACLAR sheets in 12-well plates and cultured until they reached 90-95% confluency.
The cells were infected with virus on ice for 1 hour, the inoculum was aspirated off, and warm
media was added. At different timepoints, the ACLAR sheets were moved to a new plate
containing PBS in the wells. To fix the cells, the PBS was removed and 500uL of fixative
(2% paraformaldehyde, 2.5% glutaraldehyde in 0.1M sodium-cacodylate buffer with 2mM
CaCl,, at pH 7.4) was added to each well. The cells were incubated in this fixative for 20 min
at room temperature and stored at 4°C overnight.

Alternatively, to evaluate viral binding and entry into cells, BSC-40 cells were seeded in
6-well plates and allowed to grow to 90-95% confluency. The cells were washed in PBS then
incubated in ImL Versine (0.48mM EDTA in PBS) for 15 min at 37°C. A pipette was used
to break up the cells and then they were further incubated for another 5-10 min at 37°C. The
cells were recovered by centrifugation, the media discarded, and resuspended in ImL of
serum-free media and counted. The cells were infected in suspension in a 15mL Falcon tube
with viral inoculum at an MOI of 10 PFU/cell on ice for 1hr. Warm complete media was
added to the tubes and then the virus-cell suspension was incubated for another 30 min at
37°C. The cells were recovered by centrifugation at 300xg for 5 min and the media discarded.
Fixative was added (2% paraformaldehyde, 2.5% glutaraldehyde in 0.1 M sodium-cacodylate
buffer with 2mM CaCl2, at pH 7.4) and the cells were incubated overnight at 4°C. The cells
were washed 3x with 0.1M sodium cacodylate buffer and resuspended in 7% low gelling
agarose in water. The agarose was allowed to set and then processed as described below.

To analyze viral particles, a sucrose-purified virus pellet was fixed in 2.5% glutaraldehyde
in cacodylate buffer for 20 min at 37°C and then for 40 min at 20°C without disrupting the
virus pellet. The pellet was then gently washed three times in cacodylate buffer and
resuspended in 7% low gelling agarose.

The fixed samples were post-fixed and stained in freshly made 1% K4FeCNg and 1%
OsO4 in 0.1M sodium cacodylate buffer for 30 min followed by a wash in 0.1M sodium
cacodylate buffer and 0.1M sodium acetate buffer pH 5.2. Then the samples were treated with
2% uranyl acetate in 0.1M sodium acetate buffer for 15 min and again washed in 0.1M sodium

acetate buffer followed by deionized water. The cells were dehydrated using progressively
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increasing ethanol concentrations from 30-90%, and then twice at the 100% concentration.
The samples were infiltrated with mixtures of ethanol plus Spurr’s resin (EMS #14300)
composed of 2:1, 1:1, and 1:2 ethanol-to-resin followed by three exchanges using 100% resin.
Finally, the samples were polymerized in a fourth change of resin at 65°C for 48 hours. The
blocks were sectioned to 70nm with a Leica EM UC6 ultramicrotome and post-stained with
uranyl acetate and lead citrate. The images were acquired using a JEOL F21000
transmission electron microscope equipped with Gatan Orius digital camera at 200kV
acceleration voltage. All work was carried out in the Faculty of Medicine and Dentistry’s Cell

Imaging core facility with the assistance of Ms. S. Amidian.

2.12. Animal Care

All mice were housed in Biosafety Level 2 containment at the University of Alberta. The
experiments were reviewed and approved by the University of Alberta’s Research Ethics
Office, Animal Care and Use Committee, in accordance with the guidelines and policies of

the Canadian Council on Animal Care (https://www.ccac.ca).

All viruses used to infect animals were viral stocks that were sucrose cushioned,
benzonase treated, filtered, aliquoted and titred as described in section 2.3. To confirm the
viral titer after dilution for use in animals, three different aliquots were thawed, sonicated and
diluted in PBS. After dilution the virus was titred and an average was used to accurately
determine the titre of the virus after dilution.

Immunocompromised female Nu:Nu nude mice and NCI SCID-NCr mice were purchased
from Charles River Laboratories at 6-8 weeks of age. The former exhibits a defect in the T
lymphocytes population while the latter are defective in B and T lymphocytes. Both strains
still express intact innate cell populations, such as normal NK cells, macrophage, and
dendritic cells. At day zero the mice were anesthetized using gaseous isoflurane and 5Sul of
PBS or viral inoculum at a dose ranging from 10* to 3x10” PFU/mL was applied to a 1cm
fresh scarification zone near the base of the tail. The inoculum was left to dry for 5 min and
then the mice were placed in a recovery chamber to monitor for signs of distress. Once a week
the tail scars were photographed. The mice were subsequently monitored and evaluated daily
for body weight, physical appearance, mobility, responsiveness, and the presence of poxvirus

lesions. Each category was scored out of three, with three denoting the worst condition in that
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category. The mice were euthanized if they reached a total clinical score of seven, or a score
of three on any of the individual criteria, or if they lost >20% of their initial body weight.

The lesions found on the tail at the scarification site were dissected at euthanasia and
stored frozen at -80°C. The samples were subsequently thawed, placed in a pre-wetted 70pm
cell strainer, and mashed through the strainer using the end of a syringe plunger followed by
two washes with 0.5mL each of Hank’s Balanced Salt Solution (GIBCO). Any cell-associated
viruses were released from the cells that had passed-through the strainer by freeze-thaw and
recovered by plating on BSC-40 cells.

Immunocompetent female Balb/c mice were purchased from Charles River Laboratories
at 6-8 weeks of age and immunized (10° PFU) on day zero using tail scarification as described
above. On day 28 post-vaccination the mice were anesthetized and challenged intranasally
with 10uL of a lethal (10° PFU) dose of VACV WR strain in PBS. The mice were
subsequently weighed and monitored daily for signs of disease and distress as described

above.
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Chapter 3:
Investigating the effects of deleting extra-helical loops from the VACV
hairpin ends

Parts of this chapter of the thesis have been published as “Mira M. Shenouda, Ryan S.
Noyce, Stephen Z. Lee, Jun L. Wang, Yi-Chan Lin, Nicole A. Favis, Megan A.
Desaulniers, David H. Evans, The mismatched nucleotides encoded in vaccinia virus flip-

and-flop hairpin telomeres serve an essential role in virion maturation. PLoS Pathog. 18
(2022), doi:10.1371/JOURNAL.PPAT.1010392.”

Contributions to this chapter:

MS - Development of methodology, performed experiments, writing and manuscript
preparation

RN - Study supervision, conceptualization, development of methodology, technical and
experimental assistance, funding acquisition, editorial revisions, manuscript preparation
MD - Methodology, technical & experimental assistance

NF - Technical & experimental assistance and animal support

DE - Study supervision, conceptualization, project administration, resources, editorial
revisions, manuscript preparation
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3. Chapter 3: Investigating the effects of deleting extra-helical loops from the
VACY hairpin ends
Introduction and Summary:

Our laboratory has developed a method that can be used to reactivate
Orthopoxviruses using DNA fragments of synthetic origin. This method was first used to
reactivate horsepox virus (/46, 148) and provided a tool that can also be used to study
the hairpin ends of poxvirus genomes. Dr. Noyce designed nine overlapping fragments of
DNA using a sequenced sample of VACV strain ACAM 2K (A2K) as a guide. These
synthetic fragments included one that has an insertion of a gene encoding yellow
fluorescent protein and guanosine phosphoribosyl transferase (YFP/gpt) inserted into the
thymidine kinase (TK) J2R locus. This modification helped with screening plaques for
the reactivated viruses. Thus, all the reactivated viruses encoded a J2R gene deletion,
although for some experiments recombination was used to repair the J2R gene after
isolating and sequencing the fluorescent primary isolates. The left and right inverted
terminal repeats fragments (LITR and RITR) lack the 70bp repeats but still included the
125 and 54 bp repeats which comprise 682bp of the fragments. Dr. Noyce’s previous
studies have shown that deleting the 70bp repeats does not affect viral fitness in vitro.
Consequently, for all the experiments described below, I omitted the repeats from the
LITR and RITR fragments used in the reactivation reactions. I also substituted the hairpin
ends encoded by VACYV strain WR, even though the WR and A2K hairpin ends differ by
7 nucleotides. The WR hairpins were used since the sequence has been previously
reported and studied in the context of minichromosomes (63, 67, 69, 92).

The studies described within this chapter focus on the reactivation of VACYV using
different hairpin ends and the effects of these modifications on the virus growth and

viability.

3.1. Reactivation of a synthetic chimeric Acambis 2000 virus (ScA2K)

The A2K virus sequence was divided into nine fragments ranging from 17 to 29Kbp
in size (Figure 3.1A). These fragments were synthesized by GeneArt (Life Technologies
— Burlington, Ontario) with an overlap of 1Kbp between the fragments. To help with the

assembly and cloning the Bsal and Aarl sites were silently mutated in fragments one to
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seven, but not in the ITRs. Each fragment was cloned into a plasmid and flanked by I-
Scel restriction site to permit cutting the fragments out of the plasmid. Fragment three
encodes the J2R locus which was removed and replaced with a YFP/gpt gene sequence to
allow for ease of screening of the reactivated viruses. For the ITRs, a Sapl restriction site
was inserted upstream of the I-Scel site, at the hairpin ends. This digest formed a 3°-CCA
overhang that would ligate to the 5’-TGG overhang of a duplex piece of DNA (WR DUP)
(Figure 3.1B). This piece of DNA encodes a stretch of 64bp found in the WR sequence
between the hairpin and the ITR sequence. For the purposes of my studies, I did not add
the 70bp repeats section of the genome onto my synthesized viruses.

To reactivate the virus, the hairpin ends were ligated to the WR DUP sequence at 1:1
ratio overnight at 16°C then heat inactivated at 65°C for 10 min. I then ran the ligation
reaction on a 3% ultrapure agarose gel and isolated the ligated DNA from the gel using a
gel purification kit. In the meantime, the ITR plasmids where digested with both I-Scel
and Sapl at 37°C for 2 hr then inactivated at 65°C for 20 min. After the digestion, FastAP
thermosensitive alkaline phosphatase was added to the reaction for lhr at 37°C then
inactivated at 65°C for 20 min. Then 133ng of hairpin/DUP purified fragment was ligated
to 1pg of digested ITR at 16°C overnight. Finally, fragments one through seven were
digested for 2hr with I-Scel at 37°C then heat inactivated at 65°C for 20 min (Figure 3.2).

To reactivate the virus, Buffalo green monkey kidney (BGMK) cells were infected
with SFV at an MOI of 0.05 to 0.08 PFU/cell for 2-3 hours, then the cells were transfected
with total of Sug of the DNA fragments. The cells were harvested at 4-5 days post
infection, and after three freeze/thaw cycles the cell lysate was plated on BSC-40 cells.
BGMK cells were used for the infection/transfection since they support the growth of both
SFV and VACV, whereas SFV grows at much slower rate on BSC-40 cells which is why
they were used for screening the reactivated VACV (Figure 3.2).
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Figure 3.1. The design of the synthetic chimeric VACV (ScA2K).

(A) shows the division of the VACV A2K genome into nine fragments with 1Kbp overlap
between the fragments. Fragment three encodes the YFP/gpt gene in the TK (J2R) locus
(green). (B) the end of the genome encodes the 125/54 bp repeats (red) within the ITR
fragments, which then get ligated to a hairpin duplex of WR strain (WR DUP) (pink) and
then is ligated onto the hairpin ends of the virus. The predicted secondary structure of the
hairpin with the extra-helical loops is shown at the bottom of the figure and was obtained

using Mfold (/83). This figure was adapted and modified from Shenouda, M et al., 2022
(184)
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Figure 3.2. Diagram showing the reactivation of a synthetic virus.

The plasmids encoding the synthetic DNA fragments are digested with restriction
enzymes and then the ITRs are ligated to the hairpin/DUP sequences. BGMK cells are
infected with SFV helper virus and 2hr post infection the digested and ligated DNA is
transfected into the cells. After four days, the cells are harvested, and the cell lysate is
used to infect BSC-40 cells. The cell monolayer is then screened for fluorescent
reactivated viruses, which are then plaque purified.

3.2. Reactivation of ScA2K with either the flip or flop ends (F or S)

As previously described, poxviruses encode two complementary forms of the hairpin
ends, flip and flop, which have also been referred to as fast (F) and slow (S) according to
their electrophoretic migration properties. It is difficult to determine if the hairpin forms
have a certain orientation within the viral genome. It is clear, however, that both forms
are present in equimolar amounts. Previously, we have ligated each hairpin end form to
both ITRs, essentially producing four different fragments, which were then added to the
reactivation. This was done to ensure efficient reactivation and eliminate any variability
or bias in the preference of one or the other on the viral end. Because homologous
recombination occurs throughout the viral genome and because of the way the terminal
Holliday junctions are resolved, we predicted that if we provided only one form of the
hairpin end, then the other complementary form would also be recreated after the genomes

are replicated (Figure 3.3)
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I first tested the ability to reactivate the virus with only one type of hairpin
oligonucleotide ligated onto both the left and right ITRs. As anticipated, I was able to
reactivate a virus using either the F or S forms ligated onto both the left and right ITRs.
When we sequenced the virus that was reactivated using only S hairpins, I could detect
both F and S hairpin sequences in equimolar amounts. Therefore, we can assume that
within a population of viral DNA molecules, some molecules would have S on both ends,
F on both ends, or S and F on either end of the viral DNA molecule (Figure 3.3). For all
subsequent studies I used only the S hairpin oligonucleotide (or its derivatives) to
reactivate the virus just for ease of experimental design. For the rest of the report, “S”

denotes the slow form of the WR strain hairpin end.
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Figure 3.3. Resolution of the viral Holliday junction and hairpin rearrangement.
(A) shows the secondary structure of the S and F hairpin ends of WR VACYV strain
predicted using Mfold (/83). (B) depicts the replication and concatemer resolution
reactions that rearrange the hairpin ends. If we assume the S is represented by the blue
and F is represented by the red labeling, then this resolution can yield genomes that have
both S ends (1&3), both F ends (2&4) or one on each side (1&4 and 2&3). Section (B) of
the figure was outlined and drawn by Dr. Evans. This figure was adapted and modified

from Shenouda, M et al., 2022 (184)
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3.3. Reactivation of ScA2K with Shope fibroma virus hairpin ends

Previous transfection studies have shown that VACV can resolve minichromosomes
with both homologous and heterologous hairpin ends, VACV and SFV hairpin ends, but
the resolution seemed to be less efficient if the substrate is a heterologous hairpin end
plasmid. Because it is very difficult to mutate the hairpin sequence within the viruses,
these studies have typically used exogenous plasmid DNA encoding variations of the
hairpin and concatemer resolution end sequence. It is not clear whether this system truly
represents the function of these hairpins within the viral genome, and the extent of their
involvement in viability and fitness of the virus. I took advantage of the methods
previously described to reactivate an A2K virus with SFV hairpin and concatemer
resolution sequence. Both hairpins encode mismatches, however the S (WR strain) hairpin
is longer than SFV hairpin and harbours more predicted extra-helical loops (Figure 3.4.A).
I successfully reactivated a chimeric A2K VACV with SFV hairpin ends and that was
confirmed by genome sequencing. I next tested how well the virus grows compared to
synthetic A2K with WR hairpin. The virus did not exhibit a growth defect in a multi-step
growth curve assay on BSC-40 cells (Figure 3.4.B). This suggests that the hairpin ends,

though different between the two viruses, truly are interchangeable.
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Figure 3.4. Substituting the SFV hairpin for the ScA2K hairpin does not affect viral
growth.

(A) shows the difference in the predicted secondary structure of the S (WR) hairpin end
of VACV and that of SFV. The computational structures were obtained using Mfold (/83)
and the black section represents the conserved concatemer resolution sites. (B) BSC-40
cells were infected with either SCA2K-AJ2YFP/ePt.S or ScA2K-AJ2YFPePSFV virus at an
MOI of 0.01 PFU/cell. At different time points the cells were harvested and frozen. After
three freeze/thaw cycles the samples were titered and plotted as shown. This data
represents three independently done experiments. This figure was adapted and modified
from Shenouda, M et al., 2022 (184)
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3.4. The telomeric repeats of A2K virus are not essential

As previously noted, the synthetic virus that I reactivated lacked the 70bp repeats that
were present in the original A2K sequence. However, when designing the left and right
ITRs, the synthetic DNA fragments still included the 682bp of 125 and 54bp repeats
(Figure 3.1B). Dr. Noyce’s studies showed that omitting the 70bp repeats did not affect
the ability to recover viruses, nor affect viral growth in vitro. However, we did not know
what effect deleting the 125 and 54bp repeats would have on these viruses, especially
because it would greatly decrease the distance between the first ORF and the hairpin ends.
Thus, to delete this fragment from the virus, I used PCR to design and amplify a 1Kbp
DNA fragment that would overlap with the first ORF within the ITRs (Figure 3.5A). I
then ligated the hairpin ends and the WR DUP to the amplified DNA fragment. This
ligated product was then used in the reactivation reaction. The reactivation products were
expected to include the ligated fragment, the ITRs, and the seven other DNA fragments.
For the reactivation of the virus to occur, the ligated PCR product must recombine with
the ITR fragments resulting in the deletion of the 125 and 54bp repeats regions. [ was able
to reactivate a virus and confirmed its sequence using Illumina sequencing. I then
generated a multi-step growth curve which showed that the resulting viruses exhibited no

defects in growth (Figure 3.5B).
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Figure 3.5. Deleting the 125 and 54bp repeats does not affect viral growth.

Panel (A) shows the position of the two primers that were used, flanking the first ORF
(VACAC2-001), to amplify the 1Kbp fragment and delete the 125/54 repeats. (B) shows
how the PCR product was then ligated to the WR hairpin extension (WR DUP) using the
Sapl sites. (C) BSC-40 cells were infected with either SCA2K-AJ2YFP/#pt. S or ScA2K-
AJ2YFP/ert_A125/54Repeats - S at an MOI of 0.01 PFU/cell, then the cells were harvested
at different time points and frozen. After three freeze/thaw cycles the samples were titered
and plotted as shown. These data represents three independent experiments.
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3.5. Extra-helical loops are essential for viral viability and reactivation

The presence of extra-helical terminal loops is conserved among all the poxviruses
where this has been examined. This points to the importance of their presence within the
hairpin end. The mismatches may provide a degree of instability within the hairpin to
allow for the formation of the cruciform Holliday junction within the replication cycle
(Figure 3.3). They could also provide targets for telomeric binding proteins, such as 16
and I1, to bind to hairpin end (168, 176). To examine these questions, we first tested to
see if we can reactivate a virus that did not encode extra-helical loops. To design this
hairpin end, I deleted only the nucleotides that would not have a complementary bases on
the second strand of the hairpin. This was done to retain as much of the sequence of the
hairpin as possible while creating a fully base paired self-complementary form of the
hairpin. This hairpin oligonucleotide, named SA1-6, was completely complementary
except for the terminal hairpin loop (Figure 3.6). The reactivation experiment was
repeated three times and I was not able to recover a virus that lacked all extra-helical

bases.

Figure 3.6. Design of a completely base-paired hairpin end.

The secondary structure of the hairpin oligonucleotide after deleting the extra-helical
nucleotides of the SA1-6 compared to the WT of hairpin S. The structures were modelled
using Mfold (/83).
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3.6. Designing different hairpin ends by deleting extra-helical loops

My inability to reactivate a virus without any extra-helical loops suggests that they
are essential for the reactivation of a virus. I next designed a series of different hairpin
ends by deleting complete mismatched-loops (i.e., sequences located on both strands of
each mismatched loop) and asking whether the number of extra-helical loops is important
for viral viability. The WR S hairpin contained six different extra-helical loops, aside from
the terminal loop, based on the computational structure obtained using Mfold (/83). These
loops were numbered 1 through 6, starting from the hairpin end loop as depicted in Figure
3.7A. 1T designed different hairpin ends, some with deletions close to the concatemer
resolution site and some deletions closer to the terminal loop. The naming of the
oligonucleotides was based on which loop has been deleted. For example, oligonucleotide
SAG6 lacks loop number 6 furthest from the terminal hairpin and SA4-6 lacks all three loops
numbered 4, 5 and 6. Using a single-strand specific endonuclease, mung bean nuclease,
to digest the loops, I confirmed that the predicted secondary structure of each hairpin

corresponds with the digest produced by the nuclease (Figure 3.7B).

3.7. Reactivating viruses using different hairpin ends

I used these oligonucleotides to reactivate synthetic chimeric A2K virus bearing
different hairpin ends. I could reactivate viruses using oligonucleotides that contained two
or more loops (Figure 3.7A). However, for the oligonucleotides that only had one loop,
only viruses harbouring the SA1A3-6 ends were recovered from the reactivation. Of the
other two hairpin ends, one had only one nucleotide mismatch, and the other had loop
number six which was furthest from the hairpin end. This led us to speculate that not only
the number of nucleotide mismatches is important but also their position within the hairpin
end. Moreover, our inability to recover virus from the SA2-6 that has only one nucleotide
mismatch, coincides with previous reports showing that the telomere end binging protein
16 requires at least 2 or more nucleotide mismatches to bind to the hairpin (/76). All the
recovered viruses were sequenced to confirm the addition of their respective hairpin ends

and the absence of any other mutations or substitutions.
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Figure 3.7. Hairpin oligonucleotide secondary structure.

(A) shows the different hairpin secondary structures, the number of extra-helical loops in
each, and their reactivation status. (B) shows the products produced by nuclease digestion
of the hairpins. The hairpin DNA was prepared by heating at 95°C then cooled on ice.
The DNA, 0.5pug, was incubated for 1 hour with or without mung bean nuclease and then
fractionated on a 4% agarose gel. The DNA ladder is an Ultra-Low Range marker made
by Invitrogen. This figure was adapted and modified from Shenouda, M et al., 2022 (/84)
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3.8. The number of extra-helical loops affect virus fitness and growth

During the construction process I saw that viruses bearing fewer extra-helical loops
seemed to be recovered in lower yields from the reactivation step. Therefore, to
investigate the effects of the deletions on viral fitness I measured the ability of these
viruses to grow on BSC-40 cells. A low MOI growth curve showed that decreasing the
number of extra-helical loops caused a decrease in viral growth (Figure 3.8), suggesting
that their number affects viral fitness. The one virus that showed the most significant
growth defect, almost 20-fold, was the virus harboring only one loop hairpin, SA1A3-6.
Thus, for all the studies described in the following chapters, this virus, referred to as the
mutant virus, was used to further investigate the effects of the loop deletions on the life

cycle of the virus.
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Figure 3.8. The number of extra-helical loops within the hairpin ends affects ScA2K

growth.

BSC-40 cells were infected with the different viruses at an MOI of 0.01 PFU/cell, then
the cells were harvested at different time points and frozen. After three freeze/thaw cycles
the samples were titered and the virus yield plotted as shown. These data represent three
independent experiments. This figure was adapted and modified from Shenouda, M et al.,
2022 (184)
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3.9. Increasing the GC content of the hairpin end does not yield a viable virus

The sequence of the hairpin ends of poxviruses are highly AT-rich. Based on this
observation, we suspected that the base composition (or melting point) of the hairpin end
is an important characteristic. To test that, I designed a GC-rich oligonucleotide hairpin
substituting every adenine with a guanine and every thymine with a cytosine. However, I
did not change the nucleotides within the extra-helical loops, nor change the sequence of
the highly conserved concatemer resolution site. I then used a nuclease digest to confirm
the presence of single-stranded loops within the hairpin (Figure 3.9B). My efforts to
recover a virus bearing the GC-rich hairpin ends were unsuccessful. (Although I tried this
experiment only once, I could still recover reactivated viruses from an experimental
control that was performed in parallel and employed WT hairpin ends.) Finally, I tried to
rescue a virus using a hairpin oligonucleotide based upon the telomeres of a recently
sequenced alphaentomopoxvirus. This was also unsuccessful. The predicted structure of
that hairpin end is unusual (Figure 3.9A), which raises the question of whether secondary
structures other than just the presence of extra-helical loops and bases also affect viral
fitness. It is also possible that the calculated secondary structure of this hairpin
oligonucleotide, as drawn in Figure 3.9B, is inaccurate since the mung bean nuclease
digest did not yield a 24bp piece of double stranded DNA bearing the concatemer

resolution site (shown in black).
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Figure 3.9. The secondary structure of novel hairpins.

Panel (A) shows the predicted secondary structure of the GC rich hairpin end as well as
the alphaentomopoxvirus telomere that was sequenced and published in 2014 (183, 187).
(B) shows a digest of the different hairpin oligonucleotides. The oligonucleotides were
digested with mung bean nuclease for 1 hour with or without the nuclease, and then
fractionated on a 4% agarose gel. A GeneRuler 1 Kb Plus DNA ladder from Thermo
Scientific was used as a size standard marker.
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Conclusions:

In this chapter I have shown that the extra-helical bases encoded in the hairpin ends
of vaccinia virus serve an essential role. Progressively decreasing the number of these
features creates growth defects that, beyond a certain point, are so severe as to preclude
the recovery of mutant viruses. These data, along with data obtained using a chimeric
virus encoding SFV hairpin ends, suggests that the presence of the extra-helical loops and
their position within the hairpins, is far more important than the sequence, as long as the
sequence is A-T rich. This study is the first of its kind in showing the importance of the
hairpin loops within a poxvirus genome. In the next chapter, I will focus on the cause of
the growth defect seen when too many of the mismatches are eliminated. I will specifically
describe data examining the steps in the viral life cycle that could be affected by the

deletion of the hairpin extra-helical loops.
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Chapter 4:
Exploring the effects of hairpin mutations
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4. Chapter 4: Exploring the effects of hairpin mutations

Introduction and Summary:

In the previous chapter I described the effects of different hairpin mutations on the
viability and fitness of VACV. I concluded that beyond a certain point, a decrease in the
number of extra-helical loops greatly affects viral growth. Among the viruses that were
significantly attenuated was the virus bearing SA1A3-6 hairpin ends. This virus showed
the greatest decrease in yield over a multistep growth curve. Therefore, for this next
chapter I focus on the effects of the SA1A3-6 mutant hairpins, on other aspects of the life
cycle of the virus. I first investigated the effects on viral plaque size, replication, and
concatemer resolution, and then examined viral maturation and the formation of infectious

viral particles.

4.1. Tagging the virus with a fluorescent marker protein

To help visualize and study the effects of hairpin mutations throughout the viral life
cycle, I needed to tag the viruses with an encapsidated fluorescent protein. The most
efficient way to do this was to tag the AS core protein with yellow fluorescent protein
(YFP), since our laboratory already had a stock of VACV strain WR encoding YFP fused
to the AS N-terminus (/80). The A5 core protein is found in all forms of viral particles,
including immature, mature and enveloped particles, which allowed us to track the virus
through all stages of infection. To be able to use the YFP tag I first had to delete the
diffusible fluorescent marker from the TK locus. This was done by reinserting an intact
copy of the J2R gene into the reactivated ScA2K-S and ScA2K-SA1A3-6 genomes using
homologous recombination and selecting for non-fluorescent plaques. Homologous
recombination was also used to insert the A5-YFP gene into these viruses. Briefly, [ used
PCR to amplify a fragment of DNA encoding A5-YFP from the recombinant WR strain
and flanked with 500bp of homologous sequences. This DNA was then transfected into
cells infected with SCA2K-S or ScA2K-SA1A3-6 viruses. After plaque purification, DNA
sequencing was used to confirm that the A5-YFP gene was inserted into the ASL gene

locus.
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4.2. The SA1A3-6 mutant virus has a decreased plaque size

When I reactivated the viruses with different hairpin ends, as described in section 3.7,
I noticed a difference in plaque sizes. To quantify that difference, I infected BSC-40 cells
with either S (WT) or SA1A3-6 (mutant) viruses on ice for one hour to synchronize the
infection and allow for binding of the viruses at 4°C. For this experiment, I used the AS5-
YFP tagged viruses to visualize the plaques during the infection. After an hour on ice, |
overlaid the cells with semi-solid media containing carboxymethyl cellulose (CMC),
returned the plates to the incubator and two day later the cells were fixed and stained with
crystal violet. I then scanned the plates and used ImageJ (Fiji Version 2.0.0-rc-69/1.52p)
(188) to measure the relative areas of 30 randomly selected plaques. The data show a
visible and quantitative difference in plaque size between the mutant and WT viruses

(Figure 4.1).
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Figure 4.1: Mutant viruses exhibit a smaller plaque size phenotype.

BSC-40 cells were infected with either SCA2K-AS5/YFP-S or ScCA2K-AS5/YFP- SA1A3-6
viruses at 4°C for one hour. Warm media was added, and the cells incubated for 48 hours.
After the cells were fixed and stained, the plates were scanned, and plaque areas were
measured using ImageJ. The data were graphed using GraphPad Prism. A P value <
0.0001 was calculated using an unpaired t-test.
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4.3. The hairpin mutations cause no defect in DNA synthesis

4.3.1. Genome copy number determined using the E9L gene

I first examined whether the growth defect was due to defective genome replication.
I infected cells with either the SCA2K-AJ2YFP/2PLS virus or the mutant SCA2K-AJ2YFP/ept.
SA1A3-6 virus at a MOI of 3 PFU/cell. The cells were harvested at different times and a
mix of cell and virus DNA isolated from whole cell lysates. Using qPCR, I quantified
genome copy numbers using primers targeting the DNA polymerase gene (E9L). The E9L
gene was used since it is commonly used to measure copy number (/85). The data show
no significant difference between the numbers of genomes formed over the course of a
single-step growth curve in cells infected with mutant and control viruses (Figure 4.2).

Thus, the defect is not explained by a difference in genome replication.

4.3.2. Genome copy number based on the C23L gene

To confirm the data obtained above, I also designed primers that amplify sequences
encoding the C23L gene. The C23L gene is the first/last ORF encoded within the viral
ITRs, the closest gene to the hairpin ends. It has been suggested that the hairpin ends
might encode origins of replication (/25) and we were concerned that these mutations
might more greatly affect the replication of DNA located near telomere ends compared to
the replication of genes like EOL which are closer to the centre of the genome. I then used
the same DNA isolated in the previous experiment and qPCR to calculate the C23L-based
genome copy numbers. Again, there was no significant difference between the genome
copy numbers measured within cells infected with virus harboring the S hairpin versus

the mutant SA1A3-6 hairpin (Figure 4.2).
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Figure 4.2: Mutant and WT viruses replicate DNA equally well.

BSC-40 cells were infected with the indicated viruses at MOI of 3 PFU/cell, and samples
of whole cell DNA were retrieved and purified at different time points. The genome copy
number was calculated using qPCR and primers designed to amplify 150bp of either the
E9L or C23L genes. The genome copy numbers were calculated based on standard curves
obtained using known concentrations of the E9L and C23L 150bp gene blocks. Part of
this figure was adapted and modified from Shenouda, M et al., 2022 (/84)

Interestingly, the absolute copy number of both samples differed depending upon
whether the qPCR targeted the E9L versus C23L gene (Figure 4.2). I tested whether this
phenomenon is due to C23L being so close to the hairpin end, that the “snapback” DNA
is interfering with the denaturation/annealing PCR step. To do so, I digested the 24-hour
samples with EcoRI or EcoRI + Nhel. The first (EcoRI alone) would digest the DNA at
58 sites but keep C23L linked to the hairpin while the latter deletes the hairpin from DNA
encoding C23L (along with another 10 sites). The DNA was purified using QIAEXII
beads (QIAGEN) and qPCR was performed using either E9L or C23L primer sets.
Undigested samples (without the post-digestion purification step) were used as a control.
The difference between samples cut with EcoRI and EcoRI + Nhel was not substantial
and did not explain the difference seen between the undigested samples, using E9L or
C23L (Figure 4.3). Any treatment with EcoRI +/- Nhel eliminated the differences in copy
number measured with the two different primer sets (Figure 4.3). This suggests that the
difference between E9L and C23L qPCR data is due to some differences relating to

sample preparation, purity, and/or qPCR efficiency rather than an absolute difference in
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the genome copy number. Regardless of the reason(s), the data showed that there is no
significant difference in the amounts of replication, between the WT virus with S hairpins

and mutant virus with SA1A3-6 hairpins.
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Figure 4.3. Sample preparation affects the measurement of genome copy number.

The samples prepared for Figure 4.2 were either undigested, digested with EcoRI or
digested with EcoRI + Nhel. The digested samples were further purified using a QIAEXII
PCR purification kit by QIAGEN. Genome copy numbers were determined using qPCR
and primers targeting the C23L (black/grey) or E9L (maroon/red) genes.

4.4. Telomere resolution is not affected by the mutant SA1A3-6 hairpin

I next tested if the hairpin mutant virus exhibits a defect in concatemer resolution. The
DNA isolated for the DNA replication studies, in section 4.3, was digested with Alw441
restriction enzyme. This enzyme cuts the genome at 11 sites and yields a 2.25Kbp piece
encoding the telomeres. If the junctions between the ends of the newly replicated
concatemeric genomes are not resolved into mature hairpins, the size of the unresolved
fragment is 4.5Kbp (as depicted in Figure 4.4A). Mature hairpins produce fragments half
that size (2.2Kbp). After digestion, I sized the DNAs on an agarose gel, transferred the
DNA to a membrane, and blotted with a probe targeting sequences encoding the terminal

end region. These experiments followed a protocol supplied with a North2South
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Chemiluminescent kit (Thermofisher). I tried three different ways to generate the labeled
probe. In one I used Biotin-16-dUTP (added at a 40:60% ratio with dTTP) in a PCR
reaction to generate the labelled probe. I also used a Bio-Nick Labeling System
(Invitrogen) to nick translate a PCR product or plasmid as probes. The PCR method
worked best as illustrated by dot blotting against 3ug of DNA using a Bio-Dot SF
apparatus (Figure 4.4B).

I then used the PCR labeled probe and Southern blots to examine the kinetics of
telomere resolution. These data showed that both viruses could resolve the concatemer
junction and I did not observe any obvious delay in resolution (Figure 4.4C). The data
thus far suggested that the growth defect was not due to a defect in replication or

concatemer resolution.
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Figure 4.4. Concatemer resolution is unaffected by hairpin mutations.

Panel (A) shows the principle behind the assay for concatemer resolution. The junction is
flanked by Alw44l sites and resolution converts a 4.5Kbp fragment to two 2.25Kbp
pieces. The figure was adapted and modified from H. Li et al. (/26). (B) Different labeling
methods yielded different quality probes. All three membranes were imaged
simultaneously and using the same exposure time. The PCR labelling method proved best.
(C) DNA was extracted from infected BSC-40 cells at the indicated times, digested with
Alw44l, fractionated on 0.8% agarose gel, SYBR stained and imaged (lower image), and
then transferred to a membrane, Southern blotted and reimaged (upper image). The arrows
indicate the fragments encoding the unresolved concatemer junction (4.5Kbp — blue
arrow) and the mature telomeres (2.25Kbp — green arrow). Part C of this figure was
adapted and modified from Shenouda, M et al., 2022 (/84)
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4.5. Stocks of SA1A3-6 hairpin mutant viruses contain increased amounts of
defective particles

4.5.1. Using Flow virometry to detect difference in particle count

While preparing viral stocks, I noted that stocks of the mutant viruses were always
cloudier than stocks of the WT virus, when adjusted to contain the same concentration of
PFU/mL. To investigate whether the cloudiness is due to an increase in particle count, I
used flow virometry as a method of counting viral particles.

First, I prepared new stocks for both the mutant and WT viruses simultaneously to
eliminate bias from sample preparation. Briefly, I infected BSC-40 cells using an MOI of
0.01 PFU/cell and after 48-72 hours I harvested both samples. Using the protocol
described in Chapter 2, I lysed the infected cells using a Dounce homogenizer, and then
used a sucrose cushion to separate the virus particles from most of the cellular nuclear
debris. The stocks were titered and adjusted to contain equal titers of virus (although these
studies were limited by the fact that the highest concentration of the mutant that could be
obtained was 4x10® PFU/mL.) I then diluted these partially purified stocks of virus and
fixed them using 4% PFA. Ten-fold serial dilutions of the samples were prepared and
analyzed using a Beckman Coulter CytoFLEX flow cytometer. Using violet side scatter,
I was able to detect and resolve particles as small as 100nm. The flow virometry data
showed that stocks of the hairpin mutant virus contained a much high number of particles
per mL compared to the control virus, when adjusted to contain the same number of
PFU/mL. This suggested that the mutant stocks contained higher number of defective
particles.

By running different dilutions through the flow cytometer, I noticed that at higher
particle concentrations the particle number per mL plateaus, suggesting that an upper limit
of detection is reached at higher concentrations. To get an accurate representation of the
particle/PFU ratio for the mutant versus the WT virus, I repeated the experiment with
multiple different dilutions of virus (Figure 4.5A). This allowed us to get a more accurate
representation of the particle/PFU ratio by eliminating a bias caused by underestimating
or overestimating particle counts. The lower limit of detection was highly depended on
the background particle count within the blank sample and appears to be caused by dust
or other cell debris left in the samples (Figure 4.5D). These data showed that the

60



cloudiness seen in the mutant virus preparations is due to an increase in particle count
compared to the WT sample at the same infectious concentration. These experiments were
repeated with different viral stocks (Figure 4.5B) and using the viruses expressing AS5-
YFP as that permitted detecting viral particles using both violet side scatter and virus-
borne YFP using the FITC channel (Figure 4.5C). The lower limit of detection was much
lower using the A5-YFP viruses because when gating on the FITC-positive viral particles,
we eliminated any background impurities if they did not fluoresce in the FITC channel.
This was also seen when we stained DNA within viral particles with SYBR Gold, which
will be described in the next section. The results obtained showed similar patterns and an
average fold difference of 12 between the WT and mutant particle/PFU ratio (Figure
4.5E).
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Figure 4.5: The hairpin mutant (SA1A3-6) virus exhibits a 12-fold higher particle/PFU
ratio compared to WT virus.

The figures show data acquired using flow virometry experiments. The viral particles
were diluted, fixed in 4%PFA then analyzed using a Cytoflex Cytometer (Beckman). The
data were analyzed using FlowJo and the tabulated numbers were graphed using
GraphPad Prism. (A-C) Three different viral samples were analyzed. The data were
graphed, and a non-linear fit of a sigmoidal curve was used to calculate the particle/PFU
ratio for each experiment. (D) A flow dot plot of a blank sample showing that back
calculation of the background particle count is 107 which is the lower limit of the graph
in (A). (E) shows the fold difference between the mutant and WT particle/PFU ratio in
three different experiments. This was calculated by dividing the particle/PFU ratios
calculated in the experiments depicted in A-C of hairpin mutant virus by the WT virus.
This figure was adapted and modified from Shenouda, M et al., 2022 (/84)
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4.5.2. Using fluorescence microscopy to visualize difference in particle
count

To obtain visual confirmation of the above data, I used fluorescence microscopy to
image the A5-YFP-labeled viral particles. Briefly, I incubated the viruses on fibronectin
coated coverslips for one hour at room temperature (166, 186). I then removed the media
and fixed the slides in 4% PFA for 30 min, then mounted the coverslips onto a slide and
imaged the samples using an OMX super resolution microscopy (Deltavision). The data
showed that in samples prepared using viruses diluted to 10’ PFU/ml, there are more
particles in the hairpin mutant virus compared to the WT virus. In fact, visually, the
numbers of particles in the mutant sample more closely resembled the numbers seen in

the WT sample at 108 PFU/ml dilution (Figure 4.6).

ScA2K—A5-YFP — SA1A3-6 ScA2K—A5-YFP - S ScA2K-AS-YFP - S
(107 PFU/ml) (107 PFU/ml) (108 PFU/mI)

Figure 4.6. Microscopy images showing the increased particle concentration in the
mutant viral stocks compared to WT.

The figure shows a visual representation of the difference in particle number between the
mutant virus, SCA2K-A5/YFP-SA1A3-6, and the WT virus ScA2K-AS5/YFP-S. Each viral
inoculum at the same PFU/mL were bound to fibronectin coated cover slips, fixed, and
imaged using an OMX super resolution microscopy (Deltavision). The image on the right
shows the WT virus at 10x higher PFU concentration. The signal detected was the A5-
YFP signal on the FITC channel.
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4.6. The defective particles in the hairpin mutant virus contain DNA

4.6.1. Using flow virometry to detect DNA packaging

I also used flow virometry to look at the DNA packaging efficiency of the hairpin
mutant virus compared to the WT virus. Virus samples were diluted, fixed, and then
treated with SYBR Gold for 30 min on ice to stain any DNA within the viral particle. The
results showed that less that 2% of virus-sized particles remained unstained by SYBR
Gold (Figure 4.7A). This suggested that DNA packaging into virions was unaffected by
the mutant hairpins. Because the stained particles were gated away from the debris, the
lower limit of detection in stained particles was 10° particles/mL (Figure 4.7B-C)
compared to 107 particles/mL in the unstained samples (Figure 4.5A-B). Nonetheless,
whether the samples were stained for DNA or not the fold difference of particle/PFU ratio
between the mutant and control viruses remained the same at an average of 12-fold

difference.
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Figure 4.7. Greater than 98% of viral particles are stained with SYBR Gold.

Panel (A) The figure shows flow dot plots of viral particles stained with SYBR Gold. The
unstained gate (bottom axis in each plot) was determined using the unstained samples
analyzed alongside the stained samples and the vertical boundaries of the gates captured
poxvirus-sized particles of >180 nm. The figure shows different dilutions (in PFU/mL) of
the samples from each virus. The highest PFU obtained for the mutant virus was 4x108
PFU/mL, thus there was no sample analyzed that concentration. The bottom right figure
in Panel (A) shows the 4x10° Pfu/mL WT sample overlaid with the unstained sample
(blue). (B-C) Two different viral samples were analyzed using SYBR Gold staining and
flow cytometry. The data were graphed, and a non-linear fit sigmoidal curve was
estimated to calculate the particle/PFU ratio. This figure was adapted and modified from
Shenouda, M et al., 2022 (184)
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4.6.2. Using qPCR to detect DNA packaged in viral particles

To further address the DNA packaging question, I used qPCR to measure the
number of genome copies within known numbers of infectious plaque forming units. I
titered the viruses and then isolated DNA from different dilutions of these viruses.
Quantitative PCR and E9L primers were then used to measure genome copy number in
each sample. Because the extraction step can cause the loss of unknown quantities of
DNA, I also performed the qPCR adding 2ul of diluted but intact viruses to each PCR
reaction. The data acquired in both experiments were very similar and showed that all of
the viruses contained packaged DNA but there was a 4-7-fold difference between the WT
and mutant when one considers the relative ratio of PFU to E9L copy number (Figure
4.8). There are some data points at the higher and lower concentrations that do not fit the
curves, probably because these fall outside the range where PCR can provide an accurate
measure of DNA levels or is affected by inhibitors in the samples. Nonetheless, the data
still show that the mutant viral stocks contain relatively higher quantities of DNA-

containing defective particles.
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Figure 4.8. The mutant viral particles contain relatively more DNA when normalized
to PFU.

Either whole virions or DNA isolated from virions were used for qPCR to calculate the
genome copy number. The data shows the mutant virus stock contained a greater quantity
of DNA at the same PFU. The lower limit of detection was estimated from the blank
sample. This figure was adapted and modified from Shenouda, M et al., 2022 (/84)
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4.7. The formation and assembly of a D13 lattice is not affected by the hairpin
mutations

During poxvirus assembly a protein lattice is formed around membranes that are
destined to become the mature virus envelope. These first appear as crescent-shaped
structures, and then the growing lattice promotes formation of empty immature virions.
DNA is then packaged into a spherical virion particle. The lattice consists of D13 trimers
which further assemble into hexamers and then into a honeycombed spherical structure.
After the formation of the immature virion, the D13 scaffold is lost, and the maturation
process begins, leading to the formation of the mature, infectious, and classic brick shaped
particles. To study whether there is a defect in the assembly or turnover of that D13 lattice,
I infected cells with either WT or hairpin mutant virus, fixed the cells at different time
points, and then stained for D13 using rabbit polyclonal antibodies (generously provided
from Dr. Bernard Moss). Our results showed that there is no defect in D13 expression,
formation of the D13 rings, nor the turnover of D13 during the maturation process. This
suggested that the defect lay in a step downstream of immature virus particle formation
(Figure 4.9 — blue arrows). Moreover, like the WT virus, the mutant virus also forms

inclusion bodies of D13 at 24 hours post infection (Figure 4.9 — yellow arrows).
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Figure 4.9. There is no alteration in D13 expression or lattice formation.

BSC-40 cells were infected with either SCA2K-AS5/YFP-S or ScCA2K-AS5/YFP-SA1A3-6
viruses. At different time points the cells were fixed, incubated with a primary polyclonal
antibody against D13 followed by secondary antibody directed against the rabbit
antibody. Hoechst dye was used to stain DNA and the cells were imaged using an OMX
super resolution microscope (Deltavision). The last columns show a magnified field of
the D13 channel. This shows the rings formed by D13 within the viral factory (blue
arrows) as well as the inclusion bodies that are seen at 24hr (yellow arrows).

68



4.8. Localization and expression of other viral proteins during an infection

I also stained the infected cells for other proteins to look at the overall effects of the
hairpin mutations on the viral life cycle. These included an envelope protein, BS, that can
be used as a marker for intracellular enveloped virions and the single-stranded DNA
binding protein, I3, that is expressed throughout the infection. The envelope protein B5
formed ring structures as seen in both the WT and mutant virus infections at 24 hours
(Figure 4.10). As for the I3 protein, the data shows that there is no delay in the I3
expression between the viruses (Figure 4.11). Thus, there is no apparent difference of

expression between the WT and hairpin mutant of either BS or I3.

DNA AS BS BS
ScA2K-AS/YFP- S

24 hrs

24 hrs

Figure 4.10. The behavior of the B5 envelope protein
mutations.

BSC-40 cells were infected with either of the two viruses and cultured for 24 hours. The
cells were then fixed and incubated with a monoclonal mouse antibody directed against
B5, and then stained with Hoechst and a secondary antibody against mouse mAb. The last
column shows a magnified image of the BS channel showing the BS rings.

is unaffected by hairpin
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DNA I3 DNA I3
ScA2K-AS/YFP-S ScA2K-AS5/YFP- SA1A3-6

4 hrs

5 hrs

Figure 4.11. The expression of 13 single stranded DNA binding protein is unaffected
by the hairpin mutations.

BSC-40 cells were infected with either of the two viruses, then fixed and incubated with
a monoclonal mouse antibody directed against I3. The cells were then stained with
Hoechst dye plus a secondary anti-mouse mAb antibody. I3 appears to be expressed at
comparable levels and shows a similar distribution pattern within the viral factories at
four and five hours post infection in cells infected with WT and hairpin mutant virus.

Interestingly, the AS5-YFP core protein formed aggregates in cells infected with the
mutant virus and imaged 24hr post infection ( Figure 4.12 — red arrows). The appearance
of these aggregates might indicate a defect in viral core assembly, perhaps causing the
accumulation of unbound and unpackaged A5-YFP protein. One can also see that at 2 hr
post infection, there were much greater numbers of AS-YFP-labeled particles in cells
infected by the mutant virus compared to almost no signal in cells infected with the control
virus ( Figure 4.12). AS is a late protein that begins to be expressed five to six hours post
infection (87). The cells were infected with equal numbers of infectious particles (MOI =
3 PFU/cell) and so the signal that is seen at two hours post-infection is likely because
there are many more YFP-tagged but non-infectious viral particles in the mutant viral

stock.
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ScA2K-AS/YFP- SA1A3-6
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Figure 4.12. The hairpin mutations cause formation of A5-YFP protein aggregates by
24 hours post infection.

BSC-40 cells were infected with the indicated viruses and then fixed and stained for DNA
using Hoechst stain. Aggregates of the A5-YFP core protein (red arrows) are seen at 24
hours post infection (bottom panels) and these are much more abundant in cells infected
with the mutant virus.
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4.9. The SA1A3-6 mutant virus exhibits a defect in a late maturation step

Lastly, I used electron microscopy (EM) to study viral entry, and the structures of

viruses present at 24 hours post infection, and after virus purification.

4.9.1. Presence of immature virions at viral entry

BSC-40 cells were infected with either mutant or control virus for 1hr on ice, to
promote virus attachment, and then warm media was added. Thirty minutes later the cells
were scraped off the dishes, fixed in a pellet, and processed for EM imaging. These
experiments were conducted with the help of Drs. Noyce and Lin, and the EM imaging
and processing was performed in the Faculty of Medicine & Dentistry imaging facility at
University of Alberta by Ms. Sara Amidian.

These thin sectioned images showed many immature round viral particles attached
to the edges of the cells in the hairpin mutant infected samples (Figure 4.13, blue arrows).
The same thing was seen in cells infected with WT virus, but the particles exhibited typical
mature brick-shaped structures including a darker dumbbell-shaped core (Figure 4.13, red
arrows). We also noted that many more particles were seen surrounding the cells infected
with mutant viruses, which was not unexpected since although the cells were infected with
a MOI of 10 PFU/cell, this was not corrected for the 10-12-fold greater particle numbers
in the hairpin mutant sample. This showed that the viral particles in the hairpin mutant
samples are of the immature morphological form, which would account for the increase in

viral particles and decrease in the infectivity of the virus.
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Figure 4.13. Immature virions are seen during the entry stage of infection by hairpin
mutant virus.

BSC-40 cells were infected at MOI of 10 PFU/cell with the indicated viruses. After 1hr
at 4°, warm media was added to the cells and then they were incubated for another 30 min
at 37°. The cells were then scraped into the media, fixed, and processed for EM imaging
by embedding in plastic, thin sectioning, and staining. The round immature particles are
indicated with the blue arrows and the mature particles are depicted by the red arrows.
The red boxes represent a magnified field within the image above it. The samples were
prepared with the help of Drs. Noyce and Lin and then processed and imaged by Ms.
Amidian.
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4.9.2. An abundance of immature viral particles are seen at 24 hours post
infection

The cells were cultured on ACLAR sheets for 24 hours and then infected with
virus at a MOI of 3 PFU/cell for 24 hours. At that point they were fixed, sectioned, and
processed for EM. The EM images showed a greatly increased proportion of round
immature viral particles in the cells infected with a hairpin mutant virus compared to the
WT virus. We also rarely detected any mature virions in cells infected with the SA1A3-6
hairpin mutant virus, while these were the predominant form seen in cells infected with
WT virus. This suggests that there is a defect in the maturation process that converts
immature virions into mature virions (Figure 4.14). This experiment was repeated twice
with similar outcomes observed. The defect in viral assembly and maturation would
account for the increase in the particle-to-PFU ratio detected in stocks of the SA1A3-6

hairpin mutant virus.
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Figure 4.14. Cells infected with mutant viruses contain a greater proportion of IV
particles.

BSC-40 cells were infected with a MOI of 3 PFU/cell of either WT or mutant virus. After
24 hours, the cells were fixed and processed for imaging by EM. The top panel shows an
example of a cell infected with WT virus. Most of the viral particles exhibit a mature
morphology (MV) although a few are round immature virions (IV). The bottom panels
show cells infected with the SA1A3-6 mutant virus containing mostly round immature
particles (IV). The images with red outline are digitally magnified. Samples were
processed for EM and imaged by Ms. Amidian. This figure was adapted and modified from
Shenouda, M et al., 2022 (184)
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4.9.3. Mutant viral stocks contain mostly immature virions

Finally, we used EM to look at the virus particles that are found in extracted viral stocks.
This confirmed that the abundance of round immature viral particles seen within infected
cells creates stocks of viruses containing large numbers of defective particles. Dr. Lin
grew the viruses on BSC-40 cells, purified them using sucrose cushions and these stocks
were then fixed, embedded in agarose and processed for EM imaging by Ms. Amidian.
The data were analyzed and calculated by Drs. Lin and Evans. These data provided a
visual confirmation that stocks of the hairpin mutant virus contained increased amounts
of immature round particles, containing only a small percentage of mature virus forms.
(Figure 4.15). By counting the spherical and brick-shaped particles, it was found that
about 97% of the particles in the hairpin mutant viral stock comprised the spherical,
immature form of the virus. In contrast, the WT viral stock is composed of 96-98% mature
virions. These studies show that a 12-fold decrease in infectivity, and increase in defective

particles, can be attributed to a defect in morphological processing of the virus.
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Figure 4.15. Difference in morphology between mutant viral particles compared to WT
virus.

The transmission EM images were prepared using purified samples of sucrose cushioned
mutant and WT viruses. The WT particles are mostly mature brick-shaped particles (red
arrows) whereas the sample of mutant virus contains a significant amount of round
immature particles (blue arrows). The virus stocks were prepared by Dr. Lin and the
samples were processed for EM and imaged by Ms. Amidian. This figure was adapted and
modified from Shenouda, M et al., 2022 (/84)
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Conclusions:

I have shown in this chapter that mutant viruses bearing extra-helical loop deletions
do not exhibit a defect in DNA replication nor concatemer resolution. However, the harpin
mutant viruses, with SA1A3-6 hairpin, do display a profound defect in viral assembly,
leading to an increase in the relative proportion of defective particles produced by the
virus. These defective particles have the same appearance as immature DNA-containing
viral particles, there does not appear to be a defect in DNA packaging. The defect seemed
to be related to a problem that arises after DNA encapsidation and which prevented its
proper condensation to form mature virions. The next chapter looks at the effects these

mutations on the virulence of the virus in animal models.
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Chapter 5:
The effects of the hairpin end mutations on the virulence of the ScA2K-
SAIA3-6 virus in animal models

Parts of this chapter of the thesis have been published as “Mira M. Shenouda, Ryan S.
Noyce, Stephen Z. Lee, Jun L. Wang, Yi-Chan Lin, Nicole A. Favis, Megan A.
Desaulniers, David H. Evans, The mismatched nucleotides encoded in vaccinia virus flip-
and-flop hairpin telomeres serve an essential role in virion maturation. PLoS Pathog. 18
(2022), doi:10.1371/JOURNAL.PPAT.1010392.”

Contributions to this chapter:

MS - Development of methodology, performed experiments, writing and manuscript
preparation

RN - Study supervision, conceptualization, development of methodology, technical and
experimental assistance, funding acquisition, editorial revisions, manuscript preparation
NF - Technical & experimental assistance and animal support

DE - Study supervision, conceptualization, project administration, resources, editorial
revisions, manuscript preparation

79



5. Chapter S: The effects of the hairpin end mutations on the virulence of the

ScA2K-SA1A3-6 virus in animal models
Introduction and Summary:

The last aim of my project was to look at the effects of the loop deletions within
the hairpin ends on the virulence of VACV in animals. The mutant virus, with the SA1A3-
6 hairpin, exhibits a growth in vitro, which we can attribute to a defect in virion
maturation. Therefore, I expected to see a decrease in virulence in animals. In the first
experiment, I used the Nu:Nu nude animal model to do a dose escalation study using a
synthetic TK- A2K virus bearing WR hairpin ends. The A2K virus causes a mild infection
in this model with very slow progression and we did not observe weight loss as a result
of the infection. This could be attributed to the fact that these animals still have intact
innate cell populations as well as B-cells, sufficient to provide resistance to viral infection.
For the next pilot experiment, I used SCID-NCr mice which bear defects in both B-cell
and T-cell populations and again conducted a dose-escalation trial. In this experiment I
also addressed a complication relating to the fact that TK mutations also attenuate
poxvirus infections in animals. This was addressed by repairing the TK loci in the viruses
being studied. These animals proved susceptible to infection with the J2R* A2K WT virus.
I then used the SCID-NCr mice to investigate the effects of loop deletion on the virulence
of mutant viruses. Moreover, for the second experiment I replaced the A2K WT control
with a synthetic version of the virus. The synthetic A2K virus lacks the 70bp repeats and
terminates in WR hairpin sequences instead of A2K hairpin sequences. This ensured we
were comparing an otherwise isogenic synthetic A2K strain with a mutant bearing SA1A3-
6 hairpin ends.

Lastly, I used immune competent Balb/c mice to test whether the hairpin mutant virus,
with the SA1A3-6 hairpin, could provide protection when used as a vaccine against a lethal
challenge. As noted above the A2K virus strain causes a mild infection in Balb/c mice at
any practical dose, whereas the VACV WR strain is lethal in an intranasal challenge at
doses >10° PFU.

For all the studies described below, female mice were used for ease of housing.
Although there is only a very slight difference in susceptibility of female mice to VACV

infection when compared to male mice (/89), this could still be a limitation to our studies.
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However, female mice were used here as an example to look at the difference in viral

virulence and vaccine potential of the mutant virus.

5.1. Effect of extra-helical loop deletions on VACYV virulence in
immunocompromised mice

5.1.1. Virulence of the synthetic VACV A2K strain in Nu:Nu nude mice

The VACV A2K strain of virus is much less virulent than the WR strain in mice,
so to test the effects of the hairpin deletions I elected to study A2K virulence using
immunocompromised animals. The first model I tested was the Nu:Nu nude mouse, which
lacks a functional T-cell population because of a spontaneous mutation in the nude locus,
the Foxnl gene. This mutation causes a defect in the development of a the thymic
epithelium (/90). To test the virulence of the virus, I used escalating doses of ScCA2K-
AJ2YFP/ept S comprising 3x10°, 1x107 or 3x107 PFU. Three mice per group were infected
via tail scarification. Only one mouse in the 1x107 dose group lost weight and was
euthanized on Day 51 (Figure 5.1 — orange arrow). That mouse had developed a snout
scab likely from grooming which could have affected its ability to eat. All the animals in
all three groups developed a prolonged infection at the tail site that did not heal by the end
of the experiment (example - Figure 5.2). However, not all animals had the same degree
of severity at the infection site as shown in Figure 5.3. This showed that in Nu:Nu nude
animals, although they developed a prolonged infection at the scarification site, the
disease is not lethal during the experimental time course. Therefore, it is not the right

animal model to detect the difference in virulence between WT and hairpin mutant virus.
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Dose escalation study in Nu:Nu nude mice
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Figure 5.1. Synthetic VACV strain A2K is not lethal in Nu:Nu nude mice.

Three mice per group were infected with the SCA2K-AJ2YFPerle S virus at three different
doses. PBS was used as a control (black). The viruses were administered by tail
scarification and mice were monitored for weight and clinical score. The figure shows the
percent change in the weights of the mice (mean and SEM) relative to day zero. One
mouse was euthanized for weight loss, labored breathing and low mobility leading to a
total clinical score of 7 at day 51 in the 10’ PFU group (orange arrow).
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Figure 5.2. Nu:Nu nude mice develop a prolonged infection at the inoculation site.
The lesions at the infection site were imaged every week. Shown is a representative image
from one mouse at the 3x107 PFU group as well as the PBS control.
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Mouse # ScA2K-AJ2YFP/gpt.§  ScA2K-AJ2YFP/igpt.S  ScA2K-AJ2YFP/gpt S
(D49) (3x109) (1x107) (3x107)

Figure 5.3. Tail lesions in different Nu:Nu nude mice.

The figure shows an image of the tail lesions of all the mice in all three infection groups
at day 49 of the experiment. All of the mice developed lesions at the infection site,
however the severity of the lesions varied greatly.

5.1.2. Virulence of mutant and WT A2K viruses in SCID-NCr Mice

For the next experiment, I performed a dose escalation trial using SCID-NCr
immunocompromised mice. These bear a defect in both B and T lymphocytes due to a
recessive mutation in the DNA-dependent protein kinase gene, Prkdc* < (191, 192).
These animals showed an enhanced sensitivity to viral infection. In addition, I reinserted
the J2R gene into the ScA2K-A J2YFP2P_SA1A3-6 synthetic mutant virus and used the WT
(i.e., non-synthetic) ACAM2000 strain as a control. The mice were infected by tail
scarification with the two viruses at three different doses (104, 10°, or 10° PFU) and PBS
was used as a control. All the groups infected with ACAM2000 showed a decrease in
weight and increase in clinical score and these mice reached end point between day 21
and day 57. In contrast the mice infected with the ScA2K-SA1A3-6 mutant virus
eventually showed a moderate weight loss (although that was not consistently seen across

all mice within a group) but not enough to require euthanasia (Figure 5.4).
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Figure 5.4. Dose escalation study comparing mutant and wildtype viruses using SCID-
NCr mice.

(A) SCID-NCr female mice were infected via tail scarification with mutant (ScA2K-
SA1A3-6) or WT (A2K) viruses at doses of 10%, 10°, or 10® PFU. Each cohort comprised
5 mice and the animals were monitored to record weights and clinical scores. The PBS
control is show in black. The graph shows percent change in weight (mean and SEM). (B)
Survival curve showing the groups shown in panel A. (C) Five SCID-NCr mice per group
were infected with SCA2K-SA1A3-6 virus at three different doses. The graph shows
percentage change in weight. The PBS control (black) is the same group shown in panel
A but has been plotted again for reference. This figure was adapted and modified from
Shenouda, M et al., 2022 (184)

To confirm that there is no difference in the viral growth in vitro due to reinsertion
of the TK gene, I also reinserted the TK gene into the synthetic A2K strain with WT

hairpin end, the ScA2K-A J2YFP/ePS virus. Compared to each parent strain there was no
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difference in virus growth in vitro between viruses with or without the AJ2R deletion

(Figure 5.5).

Low MOI growth curve in BSC-40 cells
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Figure 5.5. Repair of the thymidine kinase gene (J2R) does not alter virus growth in
vitro.

BSC-40 cells were infected with the indicated viruses at an MOI of 0.01 PFU/cell and
then the cells were harvested at different time points and frozen. After three freeze/thaw
cycles the samples were titered and plotted. These data represent three independent
experiments with each titre determined in triplicate.

5.1.3. Comparison of the diseases caused by synthetic A2K and hairpin
mutant viruses in SCID-NCr mice

As previously mentioned, there are some genetic differences between the WT A2K
strain and the synthetic viruses. These include the presence/absence of 70bp repeats, slight
differences in the hairpin end sequence (the A2K hairpin is not quite the same as the WR
hairpin from which the SA1A3-6 hairpin derives), and there are silent substitution

mutations distributed across the synthetic genome. Besides the differences between the
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hairpin ends, they are still not otherwise isogenic. Therefore, to properly compare the
effects of the hairpin end deletions alone on virulence, for the last animal trial I used the
synthetic A2K with WR hairpin ends and repaired J2R gene as the control. This is the
ScA2K-S virus. A dose of 10° PFU was used in the following experiment based on the
previous dose escalation study (Figure 4.5). The mice were scored for clinical signs of
illness and monitored for weight loss for 70 days. The mice that were infected with the
ScA2K-S hairpin virus started losing weight at around day 14 and between day 28 and
day 35 all five mice within the group reached their end points and had to be euthanized.
However, only one mouse in the SCA2K-SA1A3-6 hairpin cohort started losing weight on
day 48 and the weight loss mostly stabilized until the end of the experiment (Figure 5.6).
None of the mice in the SA1A3-6 group had to be euthanized by the end of the experiment.
These mice did develop lesions at the infection site, and this was monitored by taking
pictures once per week. All the 5 mice in the S group developed lesions that quickly
deteriorated, however, only 3/5 mice from the SA1A3-6 developed lesions. A picture of a
tail of a mouse from each group is shown (Figure 5.7). These results showed that a
mutation in just the hairpin ends of the virus could significantly attenuate the virus in
susceptible mice. Moreover, only 3 out of 5 mice in the SA1A3-6 group developed lesions
at the infection site, suggesting that the mutant virus has a lower infectivity rate than WT.
I suspect that the mice that developed lesions might well have eventually succumbed to

the infection in the absence of an adaptive immune response.
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Figure 5.6. The ScA2K-SA1A3-6 virus is less virulent in immunocompromised SCID-
NCr mice.

Groups of five female mice were infected via tail scarification with 10° PFU of either
ScA2K-S (WT) or ScA2K-SA1A3-6 (hairpin mutant) viruses at day zero. Mice were
monitored for weight loss and changes in clinical score. The PBS control is show in black.
The top panel shows the percent change in weight where each line represents an individual
mouse. The bottom panel shows the different survival curves for each cohort. This figure
was adapted and modified from Shenouda, M et al., 2022 (184)
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Figure 5.7. Some SCID-NCr mice developed a progressive pox lesion at the infection
site.

The tail lesions were imaged once each week. Shown is a representative image from one
mouse in each group. Three out of five mice infected with ScA2K-SA1A3-6 (mutant)
developed a lesion at the infection site. All five mice in the ScA2K-S (WT) group
developed lesions and none of these mice survived past day 35 of the experiment. This
figure was adapted and modified from Shenouda, M et al., 2022 (/84)



5.2. Viruses recovered from the infection site showed potential mutations in the
hairpin ends

The mice infected with the mutant hairpin viruses exhibited a prolonged infection that
lasted up to seventy days post-infection. Some also seem relatively healthy until partway
through the experiment. This situation would permit many rounds of virus infection and
growth and so provide an opportunity for more virulent mutants to arise. By isolating the
viruses at the end of the study I hoped to see if the mutant telomeres are stable or whether
they can revert to encoding more functional hairpins, likely encoding more mismatches.
To test this question, I cultured viruses from six different tail scabs at day 70 from mutant-
infected SCID-NCr mice. The mice studied exhibited different degrees of weight loss
(Figure 5.8). The viruses were cultured separately and then the DNA was extracted from
each pool of viruses (one pool per mouse) and sequenced. It is difficult to sequence and
map hairpin ends using Illumina sequencing methods, especially using a pool of virus, as
only a small number of reads are retrieved encoding the hairpin region. However, four out
of the six sequences seemed to include reads that showed an insertion or deletion of
nucleotides at the hairpin end (Figure 5.9). These alterations did not correlate to the
severity of the disease. For example, mouse 3.2 had no apparent deletions or insertions in
the telomeres but it lost about 9% body weight by day 70. Another example was mouse
number 3.4 that also lost weight but acquired a duplication of sequences within the hairpin
that are predicted to lead to the formation of another mismatch. This does not provide
enough evidence to conclude that the mutant hairpin ends are unstable over the course of
these unusually extended in vivo infections. Further investigations will be required to

investigate hairpin stability and evolution under these conditions.
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Figure 5.8. Weight change observed in individual SCID-NCr mice infected with the
mutant ScA2K-A1A3-6 virus.

The figure shows percentage weight change in six individual mice infected with different
doses of SCA2K-A1A3-6 virus. This experiment is described in section 5./ and shown in
Figure 5.4. All six mice developed a tail lesion that was collected at the end of the
experiment and used to isolate viruses.
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Figure 5.9. Sequence of hairpin ends of viruses isolated from mice infected with ScA2K-
AIA3-6 virus.

The viruses were isolated from the mice shown in Figure 5.8 and sequenced using
[llumina sequencing. Panel (A) shows overall alignment of the hairpin ends with the
original SA1A3-6 hairpin. (B) shows the sequence alignment with the different insertions
and deletions. The sequence acquired for samples 3.1 and 3.5, did not cover the whole
hairpin.
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5.3. The hairpin mutant virus still protects against a lethal VACV challenge in
immunocompetent mice

As a final experiment I tested whether the hairpin mutant virus can protect
immunocompetent mice against a lethal VACV challenge. Balb/c mice were vaccinated
via tail scarification with 10° PFU of either SCA2K- S or ScA2K- SA1A3-6 viruses or with
PBS as a control. At day 28 post infection, the mice were challenged with 10® PFU of
VACYV strain WR, a dose that is always lethal in Balb/c mice. The mice were monitored
for weight loss and clinical signs of disease. Both vaccinated groups showed only transient
weight loss and recovered quickly within 2 days post-vaccination. In contrast, the PBS
control mice lost weight and their clinical score increased quickly. All these animals had

to be euthanized by day 6 post challenge (Figure 5.10).

VACV WR Challenge in Balb/c mice

30 o PBS

=+ ScA2K-S (108 PFU)
-8 ScA2K- S A1A3-6 (108 PFU)

20 |

Change in Weight (%)

0 5 10 15
Days (Post WR Challenge)

Figure 5.10. Mutant ScA2K-SA1A3-6 virus protects against a lethal challenge as well
as the WT ScA2K-S virus.

Group of 5 Balb/c mice were vaccinated using tail scarification with 10° PFU of the
indicated viruses or with PBS as a control. After 28 days, the mice were challenged
intranasally with 10% PFU of VACV strain WR (day zero in this plot). The figure shows
percent change in weight after WR challenge. All the PBS control mice were euthanized

by six days post-challenge. This figure was adapted and modified from Shenouda, M et al.,
2022 (184)
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Conclusion:

The studies described in this chapter provided us with an understanding of how
hairpin mutations affect the fitness and virulence of VACV in animal models. Mutating
the ~70bp hairpin end of a non-coding area within viral genome had a significant effect
on its virulence. However, this did not affect the ability to protect against a lethal VACV
challenge. One of the limitations of the study is that in animal models the dosing was
calculated based upon the PFU, not number of particles. Based on previous studies,
(Chapter 0) we know that the mutant virus has a 12-fold higher particle/ PFU ratio. Thus,
in the vaccination studies the mice were infected with approximately 12-fold more
particles, but the same number of infectious units. That limitation does not allow us to
interpret whether the protection is due to the reduced infectivity of the virus or to the
greater number of non-infectious particles. Regardless, the study shows that the mutant
virus is safer to use in immunocompromised animals and can still induce a protective
immune response against a lethal challenge. Further studies are needed to delineate the

mechanism of protection provided by the mutant vaccine.
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6. Chapter 6: Discussion and future directions

6.1. General conclusions and key findings

My project explored the role served by the secondary structure of the hairpin ends in
the poxviral life cycle. The presence of mismatches within the ends of poxvirus genomes
has been known since 1982 (53), however, what purpose was served by these structures
has not yet been elucidated. This dissertation discusses our findings with a particular focus
on the role served by base mismatches in virion maturation.

I first showed that in order to reactivate a viral genome, we only needed to attach to
each end one of the two complementary forms of the hairpins. Based on our knowledge
of how Holliday junctions are resolved (92, 93), this is perhaps not too surprising a
discovery. However, it showed that a single viral genome was viable even if it encoded
identical, rather than “flip and flop”, forms of the hairpin on the two ends. Very likely,
poxvirus stocks contain four different forms of the virus, each genome encoding some
combination of the two variant ends.

I next discussed how one can mutate the hairpin ends by deleting extra-helical bases
and sequentially extending the completely base-paired portions of the hairpins. The
viruses recovered, and those that could not be recovered, provided insights into the
importance of these mismatches. A negative correlation was observed between the
number of mismatches and the yield of virus, pointing to the fact that the number of the
mismatches, or the number of extra-helical loops, is in some way affecting virus
replication and/or assembly. Although a negative result doesn’t necessarily prove it; the
fact one cannot recover a virus using a completely base paired hairpin, strongly suggested
that at least some of these mismatches are essential for telomere function.

Finally, I used one of the mutant viruses, which exhibited the lowest virus yield in a
low multiplicity of infection growth curve, to study the role of these mismatches within
different stages of the viral life cycle (Figure 6.1). I showed that the hairpin mutant had a
defect in virion maturation, producing an abundance of immature defective viral particles.
Different mutants grew to different final titers and it would be worth testing whether
differences in the production of immature defective particles were creating a range of
different particle/PFU ratios. Finally, that defect in growth also aligned with a decrease in

virulence in immunocompromised animals but when these mutant viruses were used as
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vaccines, they could still provide protection against a lethal virus challenge in

immunocompetent animals.

Virus enters through
direct fusion or
endocytosis
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Figure 6.1: Schematic of key findings during infection with ScA2K-SA1A3-6 hairpin
mutant virus.

Our investigations show that during infection with ScA2K hairpin mutant virus that lacks
5 of the 6 extra-helical hairpin loops, SA1A3-6. The results show that there is no defect in
genome replication, concatemer resolution nor with immature virion assembly and DNA
packaging. There is also no defect in D13 expression, scaffold ring formation nor the loss
of the D13 scaffold preceding maturation. The defect is within virion maturation step
which leads to the accumulation of immature defective particles that are packaged with
DNA within the cytoplasm. This image was adapted from and created with
BioRender.com.
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6.2. Recovering reactivated virus with different hairpin ends

I approached the design of the hairpin oligonucleotides in two ways. The first was to
sequentially decrease the number of extra-helical loops away from the CRS site and then
away from the terminal loop. The results from these experiments suggest that the further
the remaining extra-helical loops are from the terminal end, for example the SA1-5 hairpin
end, the less likely it is that one can recover viable virus. Even if the virus is viable this
still creates a decrease in viral fitness, such as in the case of the SA1-3 virus. It is also
possible that fitness is affected by not only the length of the completely base paired region
between the terminal loop and the first extra-helical loop, but that perhaps the total number
of loops within the hairpin end is important. To address this question, we could add some
more double-stranded DNA between the terminal loop and the first loop, while still
retaining all the rest of the following loops and see if that affects virus recovery or fitness.
That would provide insights into whether the stability of the hairpin terminal end or the
number of extrahelical loops are responsible for the phenotype we see.

There are many other ways to design the hairpin oligonucleotides that might
collectively provide insights into the importance of mismatch spacing and loop numbers.
For example, another design would involve deleting loops numbered 2-5, especially since
I could not recover viruses that have SA2-6 or SA1-5 hairpin ends. This could tell us if the
position of certain loops or perhaps the spacing between them is important for viral
replication, not just their number. In conjunction with these studies, it would also be
important to test the binding affinity of the telomeric binding proteins I1 and 16 towards
these different hairpin oligonucleotides. This would test whether there are correlations
between the functional capacity to make a virus, versus the structural features of the
hairpin element (loops, sequence, spacing), and the biochemical protein binding

properties.

6.3. Hairpin stability and structure

An interesting question concerns whether the thermodynamic stability of the hairpin
ends affects its role in the viral life cycle. For example, does it alter the ability to bind
telomeric binding proteins or form stable cruciform structures? We hypothesized that an

increase in thermal stability might affect the ability to rescue a viable virus. Indeed, we

98



could not recover a virus using hairpins that contained a higher CG content in the duplex
portions, while still bearing all the extra-helical loops. However, this observation could
also be explained if the I1 and 16 telomeric binding proteins preferentially bind to AT rich
sequences. We have only done this experiment once and further studied are required to
decipher the difference. Another feature of the hairpin loop that was never examined
closely is the terminal loop at the hairpin end. This loop could have significant effects on
the stability of the hairpin. The WR hairpin terminal loop is a predicted to be a tetraloop,
with four bases forming the loops. These are more stable that a “triloop” terminal hairpin
composed of three bases (/93). Studies have also shown that the CG closing base pair,
which is found at the base of the loop in WR hairpin ends, provides higher stability than
other base pairs, including GC, AT and TA pairs (/93, 194). Thus, would changing that
terminal loop to a triloop or pentaloop, or changing the closing base pair, change the
hairpin stability and potentially viral fitness?

We also examined whether the SA1A3-6 hairpin mutation is genetically stable. To
address this question, we sequenced viruses isolated from the tail lesions of mice
persistently infected with mutant viruses. These viruses are expected to have undergone
multiple rounds of infection in the absence of an immune response to the virus. It is
difficult to draw firm conclusions from the sequencing of these viruses, as some hairpins
appeared to have drifted in sequence and some did not. Moreover, the changes we saw
did not seem to correlate with the disease state in animals. However, the mutations that
were detected are expected to have restored some of the mismatches and it requires further

investigation to test what effect this had on the growth of these “pseudo revertant” viruses.

6.4. Interactions between the hairpin ends and telomere binding proteins

We suspect that the phenotype exhibited by our mutant viruses is due to effects on the
binding to the two known DNA binding proteins 16 and I1. As previously noted (Section
1.3.5.3), inhibiting the expression of either 16 or I1 leads to an accumulation of immature
particles. An I6 mutant produces aberrant IV-like particles that lack DNA, whereas an 11
mutant produces an abundance of immature virions (IMV). Infecting cells with an I1L
mutant virus under non-permissive conditions produces an effect that closely resembles

the phenotype seen with our hairpin mutant virus. Thus, my colleagues in our laboratory
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have studied the binding of I1 protein to the different hairpin oligonucleotides that I used
to construct different mutant viruses (/84). Briefly, hiss-tagged 11 protein was expressed
in bacteria, purified by affinity chromatography, and gel shift assays were used to monitor
protein binding to fluorescently labeled DNAs. Like what has been previously described
(175), this recombinant form of Il protein bound to all forms of the hairpin
oligonucleotides tested, even hairpin molecules lacking any mismatched bases. These gel-
shift assays were also used to test the stability and relative affinity for binding of 11 to
different hairpin ends compared to the WT S hairpin. These data showed that the 11
protein, has a greater affinity for the WT S hairpin than the SA1A3-6 form, for example
(184). However, we observed similar avidity of I1 for the SA1-3 hairpin when compared
to the WT S hairpin, even though a virus encoding SA1-3 hairpin ends exhibited a growth
defect (184).

The interactions between 16 and the hairpin oligonucleotides used in our study have
not yet been characterized as we were not able to express and purify recombinant 16
protein. However, the experiments described above showed that I1 generally bound with
lower affinity to mutant hairpins, which could explain why the SA1A3-6 mutant virus
exhibits a phenotype resembling an I1 mutant under non-permissive conditions. Since we
have not yet tested 16 binding to the hairpin oligonucleotide, we cannot say with certainty
that the phenotype exhibited by our SA1A3-6 mutant is just due to reduced binding of I1.
It is noteworthy that I1 can still bind to double stranded DNA sequences in vitro, but we
still couldn’t recover virus with completely base-paired hairpin ends. It would be worth
investigating whether the immature virions formed by our SA1A3-6 hairpin mutant still
package I1 protein.

Other studies have shown that 16 binds with the highest affinity to viral hairpins,
although it can still bind to non-viral hairpin hairpins bearing two base mismatches. We
must assume that our SA1A3-6 hairpin ends still suffice to support the binding of 16
because preventing the expression of 16 (and thus 16 binding) produces empty virus
particles, which is not the phenotype we see with this mutant virus. (In genetic terms 16
must function before 11, to package DNA, thuds 16 is epistatic to I1.) Of course, it is quite
possible that both 16 and I1 bind to the same hairpin end structures with one protein

binding closer to the terminal loop while the other binds closer to the CRS. Given this
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complexity, it seems likely that the phenotype exhibited by our SA1A3-6 mutant reflects
a combination of factors. The binding of I1 is of critical importance for virus maturation,
but that that binding could well be altered in more subtle ways by alterations in the prior
binding of 16, perhaps near the hairpin ends. Further binding and DNA foot printing
studies, using different hairpin oligonucleotides and recombinant proteins, could provide
further insights into the binding of these proteins to DNA and their potential interactions

with other proteins.

6.5. The role of the hairpin ends in genome packaging

The exact process by which viral DNA is packaged into immature virions is not yet
well understood. However, in a recent review by Greseth and Traktman (83), a model for
genome encapsidation was proposed (Figure 6.2) in which the 16 protein bind to the
monomeric genomes through the hairpin extrahelical bases. This protein-DNA complex
then interacts with the A32 protein and then this complex interacts with the Al3
transmembrane protein. This interaction causes the activation of the A32 ATPase, causing
the translocation of the [6-DNA complex into the empty virion. This hypothesis suggests
that the extra-helical bases might serve as a packaging signal to mark the genome for
encapsidation. Since, we still do not yet know the binding affinity of our mutant hairpin
oligonucleotide to the 16 protein, we cannot determine whether our observations support
this hypothesis. However, our inability to recover a virus encoding completely base paired
hairpin ends, could be explained by this hypothesis. The SA1A3-6 mutant that we could
make exhibited no defect in genome packaging, suggesting that as few as one extra-helical

loop might suffice to support genome packaging.
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Figure 6.2: Proposed model for genome packaging.

The schematic shows a proposed model for genome encapsidation and the role of 16, A32
and A13 in the process. The figure was adapted from review by Greseth and Traktman
(83). 16 protein (in green) binds to the extra-helical loops on monomeric genomes. This
protein-DNA complex then interacts with the A32 protein (red) and then this complex
interacts with the A13 transmembrane protein (yellow). This interaction causes the
activation of the A32 ATPase, causing the translocation of the [6-DNA complex into the
immature virion. This image was created with BioRender.com.

6.6. The role of the hairpin ends in virion maturation

Virion maturation involves a complex process involving the formation of lateral
bodies and a core encapsidating the DNA. A critical part of that transition involves
proteolytic processing of several core protein. Three main core proteins, A10 (also known
as 4a), A3 (also known as 4b) and L4, have been identified where they all possess a
common cleavage site that is processed by the 17 protease (152, 195, 196). That
proteolysis occurs during the transition from IV to MV and thus a reduction or blockade
of proteolytic processing has been used as an indicator of maturation arrest and the
concomitant accumulation of immature virions. Genetic analysis has shown that 11

mutants under non-permissive conditions exhibit little to no proteolytic processing of
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those three proteins (/75). Moreover, the precursors of these proteins were seen to
accumulate in particles obtained from an infection with an 16 mutant (zs16-12) under non-
permissive conditions (/68). Likewise, the data from our laboratory showed that only 30%
of the core protein A3 (p4b to 4b) is cleaved in particles isolated from cells infected with
an SA1A3-6 mutant virus compared to > 90% cleaved in the WT stock (/84).

How mutations in the virus hairpin could possibly affect the processing of virus core
proteins is not yet understood. However, it is clear that the decrease in the number of
extra-helical loops, and the presumed disruption of an I1-containing complex, led to an
arrest in the maturation process prior to the proteolytic processing of the core proteins and

thus core condensation.

6.7. The animal models

As discussed in the Chapter 5, our mutant viruses exhibited decreased virulence in
immunocompromised animal models, specifically SCID-NCr mice. The choice of this
model was necessitated by the fact that aside from VACV strain WR, which was subjected
to selection for virulence in mice, most other VACV strains don’t produce much disease
in mice even at very high doses. The susceptibility of SCID-NCr mice to the parent strain
of virus, SCA2K-WT, is consistent with other data in the literature showing a progressive
infection of VACYV in mice inoculated by tail scarification associated with 30-40 days
(197). The similarities between the two studies is not that surprising as Fisher et al. used
the Dryvax strain of vaccinia virus (/97). SCID-NCr mice lack functional T-cells and B-
cells and thus even though our mutant virus is better tolerated by these mice than the
ScA2K-WT parent, the hairpin mutants still produce a disease that over a considerably
extended time course causes the mice to eventually succumb to the infection.

Although we have seen that the mutant hairpin virus is attenuated in
immunocompromised mice, it still effective as a vaccine against a lethal viral challenge
in BALB/c mice. However, because we vaccinated the mice with the same number of
PFU’s, without correcting for the increased particle numbers, we cannot say with certainty
that the protection is dependent purely on viral growth. Non-replicating VACV, like
modified vaccinia virus Ankara (MVA) or a replication defective derivative of vaccinia

strain Lister (ddV-L), can also still protect against a lethal challenge with cowpox or
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ectromelia viruses in mice (798, 199). However, two doses in a prime-boost immunization
are needed to produce robust long-term infection with these two viruses (798, 199)
whereas SA1A3-6 required only a single dose. The difference may reflect the fact that the
SA1A3-6 mutant virus still produces an abundance of early and late viral antigens and
some infectious progeny to further propagate the infection, whereas viruses like MVA
produce an abortive infection in human cells that does not progress beyond the early
stages of the virus life cycle. Interestingly, MV A can still provide protection in mice with
partial immune deficiencies, such as mice lacking CD4 or CD8 T-cells (200). Therefore,
it would be interesting to see if our SA1A3-6 virus can also provide protection against a

lethal challenge in partially immune-deficient mice.

6.8. Hairpin ends in other DNA viruses

The mismatches found within the hairpin ends of poxviruses are not unique to
poxviruses. They have also been found in other large double stranded DNA viruses such
as members of the asfarviridae family, in African swine fever virus (207), and the
phycodnaviridae family, in Chlorella virus (202). Interestingly, even the ends of members
of the single-stranded parvoviridae family, minute virus of mice (203) and human B19
parvovirus (204), encode mismatches within their termini. These mismatches are essential
for efficient viral replication and their removal significantly affects viral growth (203).
Moreover, the sequence within the mismatches is not critical to replication (203).

Thus, the conservation of mismatched structures within the hairpin ends of these
different viruses could provide some interesting insights into the evolutionary role(s) that
these structures might play within these virus life cycles (205). It is interesting that these
viruses share such a common feature, even though poxviruses and asfarviruses replicate
in the cytoplasm while phycodnaviruses and parvoviruses in the nucleus (205). However,
the evolutionary relationships between these viruses, many of which are members of the
NucleoCytoplasmic Large DNA Viruses (NCLDV’s or Megavirales), remains poorly
understood, even though these viruses in this proposed Order share some common
conserved genes (205, 206). Genome packaging is an essential and ancient aspect of the
lifecycle of any virus, and it may not be surprising if future studies show that the processes

used by poxviruses are conserved in other members of the Megavirales order.
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6.9. Using synthetic biology to study different genomic elements within the
poxvirus genome

In this dissertation, I was able to take advantage of advances in synthetic biology to
study conserved elements of the virus genome. Our method for reactivating poxviruses
can be used to manipulate and study features of these virus genomes that would be
difficult to manipulate using conventional methods (/48). For example, I showed that the
tandemly repeated regions of the vaccinia virus genome are dispensable in vitro and the
70bp repeats are dispensable also in vivo. Though further studies are needed to confirm
that the 125bp and 54bp repeats are also not essential for virulence in vivo. Furthermore,
we can now easily manipulate the conserved non-repeat region 1 (NR1) between the
hairpin and repeats (Figure 1.1), by removing the WR DNA duplex, and reactivating virus.
Even though the CRS and neighboring DNA regions have been well studied using
transfection assays, is would still be worthwhile making viruses that actually encoded
some of the same mutations. This would show how the mutations that are proposed to be
important, affect different aspects of viral growth (63, 69).

These methods also make it possible to precisely delete significant portions of virus
and then study the effects this has on the virus. For example, the VV811 virus from the
parental Copenhagen strain was constructed using molecular genetic methods which
removed a block of 55 open reading frames (207). This produced a virus exhibiting a
defect in viral replication (208). Our reactivation technique could be used to continue to
sequentially delete different regions in the genome and examine the question of how little
of a poxvirus genome is needed to still produce viable virus? It could also be used to
selectively delete families of genes which collectively suppress a specific innate immune
defense such as the NF-kB signaling pathways. This is regulated by at least 18 genes (by
one estimate) (209), and such a project might help uncover additional inhibitors as well
as new insights into why a virus would encode so many genes with apparently overlapping
functions. Perhaps most importantly, poxviruses find many uses as vaccine vectors and
as cancer therapeutics. Synthetic biology offers an extraordinarily powerful tool for
rapidly and precisely manipulating the genetic composition of the viruses that are used in

these applications.
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