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ABSTRACT

The family Filoviridae is comprised of two genera: Marburgvirus and Ebolavirus. To
date minigenome systems have been developed for two Ebolavirus species (Reston
ebolavirus and Zaire ebolavirus [ZEBOV]) as well as for Lake Victoria marburgvirus,
the sole member of the Marburgvirus genus. The use of these minigenome systems has
helped characterize functions for many viral proteins in both genera as well as having
provided valuable insight towards the development of an infectious clone system in the
case of ZEBOV. The recent development of two such infectious clone systems, one for
ZEBOV and MARV now allow effective strategies for experimental mutagenesis to
study the biology and pathogenesis of one of the most lethal human pathogens.

In order to better understand and optimize the reverse genetic system, we studied
the relatedness of VP35, VP30, NP and viral polymerase (L) for their role in transcription
and replication. We expressed the above mentioned proteins derived from Reston
ebolavirus and Marburg virus, strain Musoke, using the chicken beta actin promoter.
After optimizing the reverse genetic system (nearly 100% rescue), we studied the
capaclity of heterologous support proteins in virus rescue of Zaire ebolavirus, strain
Mayinga. This was done by determining the expression of the heterologous protein(s) in
the cell compared to virus rescue as determined by the cytopathogenic effect and virus
characterization.

We also utilized this genetic system to characterize the gene mutation seen within
the ZEBOV guinea pig adapted virus. In characterizing the gene mutations the nuclear
protein in combination with VP24 mutations produced a viral variant, which was 100%

lethal in guinea pigs. We also demonstrated that signal mutations could not produce lethal

viii



virus genotypes. We also generated a full length ZEBOV guinea pig adapted ¢cDNA
construct. This reverse genetic system is 100% lethal in guinea pig and is now a valuable
tool in the study of filovirus pathogenicity.

In the development of diagnostic tools to help in the study of filoviruses, we
generated a ZEBOV-GFP ¢DNA construct which expresses GFP in infected cells. Using
this newly generated virus we determined the ability of ZEBOV-GFP to be detected in

vivo and in vitro.
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1. LITERATURE REVIEW

1.1. INTRODUCTION

In early August 1967 the first observed case of filoviral disease emerged in
simultaneous outbreaks in both Marburg and Frankfurt, Germany, with later infections
coming in Belgrade, Yugoslavia. This virus Marburg (MARV) named for the town where
illness was initially observed was linked to exposure to African green monkeys
(Cercopithecus aethiops). These monkeys were imported form Uganda and a total of 31
patients were affected (103). Since MARYV appearance in 1967 only sporadic outbreaks
have occurred in Central Africa, with major outbreaks occurring among gold miners in
the Democratic Republic of Congo, and in children within Uigie region of Angola in
2004 / 05.

In 1976 a new type of filovirus hemorrhagic fever emerged in two simultaneous
outbreaks within the continent of Africa. The isolate viruses from these outbreaks would
later be classified as the second species within the family Filoviridae. This virus was
named ebola (EBOV) after a river within the Democratic Republic of Congo.

One of the first outbreaks caused by the most pathogenic species seen in humans
occurred in Northern Zaire within the region of Yambuku. During this outbreak there
were 318 cases with a mortality rate of 88 %. At approximately the same time but
unrelated, another outbreak occurred in Southern Sudan in which there were 284 cases
with a fatality rate of 56 %(1, 2). Following the general nomenclature pattern for naming
filovirus subtypes, both viral isolates were named after the regions in which the outbreaks
originated. Following the same pattern two other species of EBOV were isolated, one in

the Ivory Coast in 1992 in which one human infection was noted (69) and one in Reston



Virginia were imported cynomolgus monkeys from the Philippines were associated with
the only human non-pathogenic strain of EBOV viral hemorrhagic fever (84). EBOV
viruses cause a severe and often fatal viral hemorrhagic fever in which variable degrees
of hemorrhage, marked hepatic involvement, coagulation disorders, and widespread
necrosis of internal organs is seen (123). A similar type of fever is characteristic in only
four viral families: Arenaviridae, Bunyaviridae, Flaviviridae, and Filoviridae.

Filoviruses are classified as Risk Group 4 agents; the potential for human to
human transmission and the lack of prophylaxis or therapeutic treatment make them a
considerable public health concern in both endemic and non-endemic countries.
Worldwide concern continues to rise with respect to their potential use as agents of bio-
terrorism (15, 134).

Since the first isolation of the Ebola virus scientists have attempted to understand
the replication, pathogenic, and evolutionary processes associated with this virus.
Although great advances in the understanding of how the virus causes viral hemorrhagic

fever have been seen in the past decade, there is still much to uncover.

1.2. TAXONOMY AND NOMENCLATURE

With initial findings using electron microscopy, MARYV was proposed as a member of the
family Rhabdoviridae. With the study of both EBOV and MARYV this classification was
challenged based on morphological, morphogenetic physiochemical, and biological
features. With these data the family Filoviridae was established containing a single genus
Filovirus (91) Filoviruses are enveloped, non-segmented, negative-sense RNA viruses
and constitute a separate family within the order Mononegavirales. The family consists of

the genera Marburgvirus (MARV) and Ebolavirus (EBOV). The genus Ebolavirus is



further subdivided into four distinct species: Ivory Coast ebolavirus (ICEBOV), Reston
ebolavirus (REBOV), Sudan ebolavirus (SEBOV) and Zaire ebolavirus (ZEBOV) (42).
Filoviral particles are bacilliform in shape, but can also appear as branched, circular, U-
shaped, 6-shaped, and long filamentous forms (Figure. 1A). There are many features which
distinguish the two genera, including limited antigenic cross reactivity, structural and

genome size difference as well as protein expression strategy differences (48, 141)
1.3. STRUCTURE OF FILOVIRUS PARTICLES

They display a uniform diameter of approximately 80 nm, but vary greatly in length.
Negatively contrasted particles, regardless of serotype or host cell, contain an electron-dense
central axis (19-25 nm in diameter) surrounded by an outer helical layer (45-50 nm in
diameter) with cross-striations at 5 nm intervals. This central core is formed by the RNP
complex, which is surrounded by a lipid envelope derived from the host cell plasma
membrane. Spikes of approximately 7 nm in diameter and spaced at about 5-10 nm intervals
are seen as globular structures on the surface of virions (Figure. 1A) (59, 112, 126). Virus
particles are made of seven structural proteins with presumed identical functions for the
different viruses. Four proteins make up the RNP complex [nucleoprotein (NP), virion
protein (VP) 35, VP30 and RNA-dependent-RNA polymerase (L)] together with the viral
RNA, while the remaining three proteins are membrane-associated [glycoprotein (GP),

VP40, VP24].
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Figure. 1 Structure of filovirus particles. (A) Electron Micrograph. Marburg virus
(MARYV) particles shown here demonstrate a characteristic bacilliform shape. The
electron-dense central axis, formed by the ribonucleoprotein complex and the
surrounding lipid envelope are clearly visible. Additionally, the glycoprotein (GP) can be
observed as projections on the surface of the particles. [altered from (43)] (B) Genome
organization. The gene orders of fully sequenced filovirus genomes are presented. The
intergenic regions are shown by black bars and the open reading frames in light gray
boxes. Open reading frames joined together indicate the positions of the gene overlaps.
Key: GP; = glycoprotein; L = RNA-dependent RNA polymerase; NP = nucleoprotein;
24, 30, 35, 40 = virion proteins (number indicates the molecular weight in kDa). [altered
from (67)]. (C) Schematic of a filoviral particle. Representing all seven structural
proteins VP40 and VP24 are both found in the outer enveloped membrane as well as the
glycoprotein which protrudes out of the membrane. NP, VP30, 35, and L make up the
ribonucleoprotein complex.



The single type I transmembrane glycoprotein (GP) is inserted in the envelope as a
homotrimer and functions in receptor binding and fusion; VP40 has been identified and
characterized as the matrix protein and a main contributor to viral budding. VP24 is still
not very well characterized; however, reports have shown that VP24 has a minor role in
budding and nucleocapsid assembly. EBOV expresses a nonstructural soluble
glycoprotein (sGP) as the primary gene product of the glycoprotein gene, and the delta
peptide, a cleavage product from the expression of sGP. sGP is efficiently secreted from
infected cells and its functions remains unknown (43, 46, 109, 115, 141, 161, 173).

1.3.1 Filovirus proteins

Outlining the proteins involved in the Ebola viral life cycle (Figure. 1B, C), the
first gene product is the nucleoprotein (NP), which is the major structural phosphoprotein
in the virion and is required to form stable virion particles. It has been proposed that the
highly conserved NH,-termini may have a role in protein folding and/or RNA binding
(7). The COOH-termini of Ebola’s NP has been proposed to function in the assembly
process by interacting with the matrix proteins (VP40, VP24) or the other nucleoprotein
VP30 (37). NP has also been demonstrated to spontaneously form nucleocapsids in 293T
cells in conjunction with VP35 and VP24. It was demonstrated that the O-glycosylation
and sialation of NP were necessary for the association of all three proteins (79).

The viral structural protein 35 (VP35) appears to exist in both phosphorylated and
non-phosphorylated forms. This protein has been shown to bind nucleic acids non-
specifically which is consistent with its role as a polymerase cofactor and its localization
around the ribonucleoprotein complex (37). Recently, major contributions illustrating a

function of VP35 as a type I interferon antagonist has been proposed (12). VP35 was able



to block double-stranded RNA- and virus-mediated induction of an IFN-stimulated
response element reporter gene and to block the IFN-beta promoter (12). Further analysis
demonstrated that the blocking effect of VP35 was correlated to its ability to inhibit the
activation of IRF-3, a cellular transcription factor responsible for the initiation of host cell
IFN response (10). This may be an indication that VP35 likely plays a role in virulence
by down regulating expression of host antiviral genes namely interferon beta genes.

The viral structural protein 40 (VP40) is not associated with the ribonucleoprotein
complex and is located beneath the viral membrane. Recent reports demonstrating VP40s
hydrophobic profile, abundance in virion particles, and genomic localization suggests that
VP40 is a major contributor to the budding of progeny virions (37, 85). When expressed
independently of other viral proteins, VP40 is sufficient to induce release of membrane-
bound particles. This has been correlated to interactions with the PPXY motif of VP40
since loss of this motif results in a reduction in particle formation (85). VP40 has also
been implicated in the filamentous formation of filoviruses (120) since expression of
VP40 alone induces filamentous particles which are morphologically identical to wild-
type virus.

The viral structural protein 30 (VP30) is associated with the ribonucleoprotein
complex in which it has been proposed to work as a functional unit in encapsidation of
the RNA genome (90). With its association with the ribonucleoprotein complex VP30 has
been shown to be necessary for replication and transcription, and is considered a minor
phosphoprotein with its main phosphorylation sites residing in amino acid region 40-51
(39, 40). It was shown that serines at position 40 and 42 are critical for interactions

between NP and VP30 (105). VP30s critical role in EBOV-specific transcription was



demonstrated by mutational analysis of a cluster of four leucine residues, located between
amino acids 94 — 112. It was demonstrated that when one of these residues is removed or
changed oligomerization was no longer possible resulting in a molecule which was
deficient in supporting EBOV-specific transcription (72).

Viral structural protein 24 (VP24) is not well understood although, it is known to
be associated with the viral membrane and has a role as a second matrix protein which
may bind to the cytoplasmic tail of GP and/or link the other membrane protein, VP40, to
the ribonucleoprotein complex (37, 90). Results seen in the development of infectious
virus like particles (iVLP) demonstrate this function by implicating VP24 in the
formation of a functional ribonucleoprotein complex (77). VP24 has also been reported to
be a major contributor to host cell adaptation, as viral mutation within both ZEBOV
adapted small animal models carry one or two mutations in VP24 (36, 163).

The glycoprotein (GP) of MARYV in contrast to EBOV, only produces GP,, the
predominant products for all EBOV species are the soluble secreted glycoproteins sGP
and A-peptide, a small carboxyl-terminal peptide generated through cleavage by furin or
a furin-like endoprotease from a precursor (pre-sGP) (168, 169). The transmembrane GP,
found on the surface of mature EBOV particles, is produced through transcriptional RNA
editing (139, 162), while that produced by MARYV results from direct transcription and
translation of the single open reading frame (ORF), and facilitates receptor binding and
fusion with target cells and is associated with host cell cytotoxicity (56, 81, 82, 135, 155,
170, 175). GP is proteolytically processed by furin or a furin-like endoprotease into the
cleavage fragments GP; and GP,, which are disulfide linked and form the mature spike

protein (140, 164). During processing, GP;, becomes partially unstable and the non-



membrane-bound fragment GP; is released from infected cells (167). Recently, it was
shown that another soluble product, GPjsarm, is produced through metalloprotease
cleavage of the membrane-bound mature GP;, (33). The mature GP; is known to form
homotrimers on the surface of particles and it is speculated that trimerization is mediated
through the GP, component of the protein (49, 140). The expression strategy of the
glycoprotein gene and the roles of the different expression products have been
summarized in detail in several review articles (46, 161).

Volchkov and colleagues (166) investigated the importance of the editing site
within the glycoprotein of EBOV. The editing site, which consists of seven consecutive
adenosine residues, is located within the GP gene at nucleotide positions 6918 — 6924
(GeneBank accession #AF 272001). Interestingly, approximately 80 % of the
glycoprotein gene derived mRNA transcripts in infected cells are not edited and direct the
synthesis of the nonstructural glycoproteins sGP and A-peptide (139, 162). Both proteins
are secreted from EBOV infected cells and sGP has also been detected in blood of EBOV
infected patients (139). Using site directed mutagenesis, the seven-adenosine residues
(AAAAAAA) were interrupted by adding two guanidines (AAGAAGAA) and an
additional adenosine to keep the defined open reading frame such that only GPi; is
produced (166). This construct was rescued and the effects of the deficient editing virus
were assayed. It was demonstrated that without editing, effective replication and
transcription were unhindered. However, the increased expression of full-length
glycoprotein did not simultaneously increase viral release as one might have expected,
but revealed a stronger cytopathic effect. It was demonstrated that glycoprotein synthesis

was of an immature precursor with high-mannose type sugars, indicating that
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glycoprotein transport was largely arrested in the endoplasmic reticulum or in an early
Golgi compartment (166). Thus, over-expression of the glycoprotein might lead to cell
death by exhausting the processing machinery of the cells. On the other hand, there is
evidence that GP, , displays cytotoxicity by itself which seems to be associated with the
transmembrane subunit GP; and/or the mucin-like domain found in GP; (176). However,
cytotoxicity depends on the level of glycoprotein expression and, thus, expression of sGP
(non-edited transcripts) seems to control the cytotoxicity associated with the
transmembrane glycoprotein GP;, leading to enhanced virus load and spread in the
infected organism.

Neumann and colleagues (114) have studied the importance of the proteolytic
processing of the transmembrane glycoprotein precursor (pre-GP) for infectivity of
virions. As mentioned above, it had been shown previously that EBOV transmembrane
GP is cleaved by a subtilisin-like endoprotease such as furin (167). Interestingly, studies
with murine leukemia virus (174) and VSV (82) pseudotyped with mutant ZEBOV GPs
lacking a furin recognition site indicated that glycoprotein cleavage was not necessary for
infectivity of the pseudotyped viruses. However, for many viruses, posttranslational
cleavage of membrane glycoproteins by host proteolytic enzymes, including subtilisin-
like proteases such as furin, is a prerequisite for fusion between the viral envelope and
cellular membranes and, therefore, is an important step in pathogenesis (92). In the
Orthomyxoviridae and Paramyxoviridae families, glycoprotein cleavage by furin and
other host cell proteases is required for their infectivity and thus determines the extent of
viral pathogenicity (92). As previously mentioned, MARYV and EBOV are proteolytically

processed by furin or furin-like proteases at a highly conserved sequence (R-X-K/R-R; X,
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any amino acid) (82, 163, 164). Since the glycoprotein amino acid sequence and
structural data of REBOV, the least pathogenic of all EBOV species in humans, deviates
from the optimal furin recognition sequence (Figure. 2A), glycoprotein cleavage has
been thought to be an important determinant of filovirus pathogenicity (46). Using the
infectious clone technique, Neumann and colleagues (114) destroyed the furin
recognition motif at the predictive cleavage site of ZEBOV by site directed mutagenesis.
The resultant rescue of ZEBOV with uncleaved GP indicated that cleavage is not
necessary for in vifro replication. The GP mutant virus was slightly attenuated irn vivo
showing decreased titers in tissue culture growth, indicating that cleavage may enhance
infectivity. The EBOV fusion peptide has an unusual location 28 amino acids from the
amino-terminal end of GP; (81, 140) (Figure. 2B). It also is flanked by two cysteine
residues which are thought to form a disulfide bridge and, thus, expose the fusion peptide
in form of a loop (46, 56). This unusual localization and structure might allow sufficient
exposure of the fusion peptide to interact with the cellular membrane, even if GP remains
uncleaved and thus, could explain the fact/observation that infectivity is largely
independent of cleavage (Figure. 2C). However, the appearance and secretion of GP)
(Figure. 3) is dependent on éleavage of preGP, which might therefore be essential for
pathogenicity since soluble GP; has been postulated as a pathogenic determinant for

filoviruses (46, 47).
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Figure. 2 Structure of Ebola virus GP2 (A) Proteolytic cleavage sites of filovirus
glycoproteins. The amino acid sequences of the cleavage sites are presented from
positions —1 to —4. Proteolytic cleavage occurs at the carboxy-terminus of the arginine
residue at position —1. The relative pathogenicity in human and non-human primates is
indicated. (B) Structural features of fusogenic transmembrane glycoprotein domains.
Structural similarities between EBOV GP, and the transmembrane subunits HA, of the
influenza virus hemagglutinin, gp41 of the HIV env protein and the F1 of the SV5 virus
fusion protein are shown. Four domains can be distinguished in the fusion active state:
the fusion peptide (a), an amino-terminal helix (b), a carboxy-terminal helix (c) and the
membrane anchor (d). The transmembrane proteins assemble into trimers in which the
large amino-terminal helices form an interior, parallel coiled-coil, while the smaller
carboxy-terminal helices pack in an antiparallel fashion at the surface. Therefore, the
fusion peptide and the membrane anchor are located at one end of the rod-like trimers.
(C) Proposed structure of GP2. The ectodomain of GP, contains the fusion peptide
followed by an amino-terminal helix, a peptide loop and a carboxy-terminal helix.
Helices were proposed by the GARNIER program of PC/GENE (IntelliGenetics Inc.).
The fusion peptide is predicted to be exposed on a loop formed by the disulphide linking
of cysteine residues 511 and 556.Key: R= arginine, S= serine, K= lysine, Q= glutamine
A= alanine T=threonine [altered from (46)]
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The large protein, or L protein, is the RNA dependant RNA polymerase which has
been shown to carry three common conserved boxes (A, B, and C) among filovirus,
paramyxovirus and rhabdovirus L proteins. The highly conserved GDNQ motif located in
the COOH-terminal is indicative of other RNA dependant RNA polymerases (147) and
the high leucine and isoleucine content; as well as a net positive charge at neutral pH add
to the similarities shared among non-segmented negative sense, single-stranded (NNS)
RNA viruses (165).

The single negative-sense linear RNA genome of filoviruses does not contain a
poly(A) tail and is noninfectious on its own. Upon entry into the cytoplasm of host cells it is
transcribed by the viral polymerase to generate polyadenylated sub-genomic mRNA species.
Filovirus genomes are approximately 19 kb in length and genes are organized in the
following linear order: 3' leader — NP — VP35 - VP40 — GP - VP30 - VP24 — L - 5’ trailer
(Figure. 1B). Genes are delineated by transcriptional signals at their 3' and 5' ends that have
been identified by their conservation and by sequence analysis of mRNA species.
Transcriptional start and stop signals are conserved among filoviruses, and the sequences 3"
CUNCNUNUAAUU-5" and 3-UNAUUCUUUUU-5' represent the consensus start and stop
motifs, respectively. Filoviral genes are usually separated from each other by intergenic
regions that vary in length and nucleotide composition, but some gene overlap exists at

characteristic positions (Figure. 1B).
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Figure. 3 Filovirus glycoprotein processing. Through a process of transcriptional editing
at a series of 7 adenosine residues EBOV shifts its open reading frame and creates an
mRNA transcript encoding the precursor of the full-length glycoprotein, pre-GP. This
precursor protein is then proteolytically cleaved by furin or furin-like endoprotease into GP,
and GP, which are linked by a disulfide bridge and expressed on the surface of the cell as
GP;,. Destabilization of the disulfide bridge leads to release of a soluble form of GP;. In
addition, metalloprotease cleavage produces another soluble form of the glycoprotein,
GP1amv. Without editing a precursor of a soluble form of GP, pre-sGP, is produced and
subsequently cleaved by furin or a furin-like endoprotease into two secreted products sGP
and A peptide. The function of the secreted protein species is currently unknown, however,
the membrane bound full-length GP; » mediates cell targeting and virus entry. Key: EBOV =
Ebolavirus; ORF = open reading frame; pre-sGP = precursor from which sGP and A peptide
are produced by proteolytic cleavage; pre-GP = precursor from which GP; and GP, are
produced by proteolytic cleavage. Note, MARV does not use RNA editing for the
expression of preGP and, thus, does not express the soluble glycoproteins sGP and A-
peptide. [altered from (46)]

15



The length of the overlaps is limited to five highly conserved nucleotides within the
transcriptional signals (3-UAA4AUU-5") that are found at the internal ends of the conserved
sequences. Most genes tend to possess long non-coding sequences at their 3' and/or 5' ends
which contribute to the increased length of the genome. Extragenic sequences are found at
the 3’-leader and 5’-trailer ends of the genome. The leader and trailer sequences are
complementary to each other at the extreme ends; a feature that is shared by many Negative
non-segmented RNA viruses (43, 109, 141).

During viral replication within a host cell the viral negative sense genome must be
transcribed in order to produce mRNA. Encapsidated RNA acts as a template for the
generation of polyadenylated, monocistronic mRNA which is transcribed in a 3’ to 5’
direction (141). NP mRNA is detectable after 7 hours post infection with a transcription
peak detected approximately 11 hours post infection (137). The host cell provides all the
necessary components for viral transcription and translation leading to their build up within
the cell. Subsequent to the translation of viral proteins there is a switch from transcription to
replication that leads to the synthesis and encapsidation of full-length positive-sense RNA.
This antigenome copy can serve as a template for the synthesis of full-length genomic RNA
that is rapidly Encapsidated by the RNP complex (141). As newly synthesized negative-
sense nucleocapsids in the cytoplasm as well as membrane bound proteins (VP24, VP40,
and GP|,) accumulate, they amalgamate at the plasma membrane where viral assembly can

occur (44, 141) (Figure. 4).
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Figure. 4 Filovirus replication cycle in a susceptible cell line. 1. Viral replication
begins with attachment to a host cell receptor. 2. Viral particles enter the cell and the
nucleocapsid is released into the cytoplasm. Primary transcription results in positive
sense mRNA transcripts from viral genes. 3. Translation of the mRNA takes place using
host cell machinery, 4. In the case of EBOV a soluble glycoprotein sGP is secreted. 5.
The viral RNA (VRNA) is replicated with the aid of the viral RNP complex proteins NP,
VP30, VP35, and L into a positive sense, complementary RNA (cRNA), anti-gemone. 6.
The cRNA is used as a template to generate progeny VRNA which are encapsided by
RNP complex proteins. 7. In the final step of replication the progeny nucleocapsids are
united at the plasma membrane with VP24, VP40, and GP, ; and mature viruses bud from
the cell surface.
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1.4. Clinical Representation and Pathogenesis

1.4.1 Clinical Representation of EBOV Hemorrhagic Fever

Ebola hemorrhagic fever (EHF) begins with the abrupt onset of fever and malaise,
followed by a decrease in blood pressure, which leads to profound shock symptoms and
severe coagulation defects. For some patients their Humoral and cell-mediated immune
responses develop in time to restrict viral replication and bring about survival, otherwise
death occurs in 7-14 days after the onset of symptoms (138). Thus far no antiviral drugs
are available for filoviral infections; however nicotin-monosulfate has showed some
capability to inhibit viral replication with pre or posttreatment of the drug in nanomolar
concentrations (unpublished data). Another treatment which has shown some promise in
the treatment of filoviral infections is the administration of a recombinant nematode
anticoagulant protein c2 (fNAPc2). This is a potent inhibitor of tissue factor-initiated
blood coagulation and has shown some ability to decrease viral pathogenesis during an
infection. Post-exposure protection with INAPc2 against Ebola virus in primates provides
a new foundation for therapeutic regimens that target the disease process rather than viral
replication. Since human clinical studies within the filoviral field has only yielded
fragmented and often-contradictory information. I will focus mainly on laboratory studies
of the uniformly lethal infection caused by ZEBOV in cynomolgus and rehesus
macaques. Fatal illness in human cases include fever, high circulating viral load, a
marked rise in blood neutrophil count and a fall in lymphocytes and platelets,
hypotension and shock, coagulopathy and hemorrhage, and biochemical alterations
suggestive of massive lymophocyte apoptosis (4, 26, 138, 160). All of these symptoms

have also been demonstrated in a filoviral infection within macaques. The coagulopathy

18



in macaques conforms to the definition of disseminated intravascular coagulation (DIC)
(58).
1.4.2 Overview of Pathogenesis:

Filoviruses are able to infect a broad range of primate cells, partly due to
their heavily glycosylated surface glycoprotein which can bind to a variety of target
molecules including cell surface lectins (154). With replication of the virus resulting in
necrosis of infected cells. Studies have demonstrated that two cell types macrophages and
dendritic cells are the major targets of filoviruses. Interestingly, both of these cell types
elicit specific immune responses which when impaired allow for the systemic spread of
the virus. Both cell types are only partially impaired to allow the initiation of the
inflammatory and coagulation responses, which will bring more macrophages and
dendritic cells to the infected area (Figure. 5). This consequence results in the
dissemination of virus to reside in macrophages and dendritic cells in tissue throughout
the body, causing massive release of proinflammatory mediators and vasoactive
substances (75). These host responses produce a syndrome of refractory hypertension
and DIC resembling septic shock (22). The extensive tissue damage caused by the
replication of ZEBOV in macrophages and dendritic cells as well as in parenchymal cells
of the liver and other organs also plays a role in fatal disease (Figure. 5). Natural killer
cells and T lymphocytes remain uninfected, but undergo apoptosis, further impairing the
immune function allowing for viral replication (130). Macrophages play a central role in
inducing the hypotension and shock of EHF, the binding of double-stranded RNA as well
as other viral products, result in the release of proinflammatory cytokines, such as TNF-

o and IL-1P, chemokines, such as MIP-1a, and nitric oxide (NO) (70, 75, 153). These

19



mediators elicit help and attract additional monocytes and macrophages to the site of
infection causing vasodilatation, increased endothelial permeability and expression of
endothelial cell-surface adhesion molecules. This occurrence of vascular changes
throughout the body as a result of the systemic spread of ZEBOV leads to catastrophic
circulatory collapse (22, 61, 102). Macrophages which have been infected by EBOV also
play an important role in initiating DIC by synthesizing cell-surface tissue factor which
can stimulate the extrinsic coagulation pathway leading to deposition of fibrin on the
surface of infected cells (62). Thrombocytopenia does not become evident until day 3-4,
as platelets attach to activated endothelium or become part of nascent thrombi.

The ability of ZEBOV to disseminate rapidly from its site of entry suggests that
infected cells are unable to produce sufficient amounts of interferon (INF)-o/B or respond
adequately to exogenous types I of II IFN. It has been suggested that VP35 of ZEBOV
blocks IFN production by virus-infected cells by preventing the recognition of dsRNA
that normally leads to phosphorylation of IRF-3 (73). Interestingly, VP24 may contribute
to this process by blocking responses to exogenous IFN (11) These inhibitions would
profoundly impair the anti-viral response, since types I and II IFN are needed to activate
NK cells, assist with the adaptive immunity through stimulation of major
histocompatibility complex and activate macrophages and dendritic cells for effective

anti-microbial function.
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Figure. 5 ZEBOYV infection in macrophages and dendritic cells. Macrophages and
dendritic cells infected with ZEBOV induce the role of many clinical factors which
represent an ebola infection. Secreted cytokines, chemokines and other mediators alter
blood vessel function and elicit an influx of inflammatory cells, including additional
monocytes and macrophages. Synthesis of cell-surface tissue factor stimulates systemic
coagulopathy. Release of virus form infected cells spreads through out the body infecting
similar cell types. This causes infected parenchymal cells in many organs to develop
multifocal tissue necrosis. This type of infection also decreases the host’s ability to
develop an effective adaptive immune response by depleting lymphocytes action.

[Modified from (21)]
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1.4.3 Transmission of EBOV virus:

Human outbreaks of filoviral hemorrhagic fever are propagated via person to
person contact, usually in a nosicomial fashion (141). Health care providers are at
greatest risk with 20% of the total infections during the 1995 ZEBOV Kikwit being
primary care givers (76), (89). Transmission though the aerosol route still remains some
what controversial. Virus has been experimentally transmitted in non-human primates by
the aerosol route with virions being isolated in the lung alveoli of infected monkeys,
however the actual role of this transmission during a human outbreak has never been

proven (60).

1.5. INFECTIOUS ANIMAL MODLES FOR FILOVIRUS

1.5.1 Introduction and evidence of filoviral host: Since the first ebola out-break
in 1976 the wild reservoir has remained a mystery. Recently a publication in nature has
shown evidence that fruit bats may be the elusive host. Three fruit bat species
Hypsignathus monstrosus, Epomops franqueti, and Myonycteris torquata are suspect to
carrying ebola virus like RNA. Further evidence supporting fruit bats as the possible host
is illustrated by migration patterns which follow most regions of sporadic filoviral
infections within central Africa. One troubling result which should be address is the in
ability of researchers to isolate live infectious ebola virus from these bat species.
However, the virus may need an outside stimulus to cause viral replication and virion
production to take place (98).

1.5.2 In Mice: Adult immunocompetent mice are resistant to filovirus infection.

Serial passageing of an Ebola Zaire *76 virus variant initially inoculated in suckling mice
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and then transferred to progressively older mice resulted in a mouse adapted virus
variant. This adapted virus which was developed in BALB/C mice is lethal for adult
SCID and adult BALB/C mice, as well as C57BL/6 inbred, and ICR (CD-1) mice.
However, the induced disease differs from the human, primate and guinea pig infection
models (20).

Adult immunocompetent mice infected with adapted virus develop ruffled fur,
progressive lethargy and weight loss. Death occurs around day six to eight post-infection.
Hemorrhagic manifestations like bleeding from the orbits, bladder, gastrointestinal tract,
and abdominal cavity before death can also be observed in some infected animals. Mice
previously inoculated with one plague forming unit (PFU) of non-adapted Zaire Ebola
virus are protected against challenge with adapted Zaire Ebola virus, whereas it has been
demonstrated that heat-inactivated or irradiated virus does not induce immunity (19).

There is currently a reverse genetic system which was adapted from the original
ZEBOV reverse genetic system (114) for the mouse adapted virus (36).

1.5.3 Guinea Pig infection: When experimentally infected with ZEBOV Dunkin-
Hartley guinea pigs develop only a mild febrile disease, and most survive the infection.
Serial passaging of the virus in guinea pigs leads to virus adaptation. The incubation time
decreases, and the disease becomes more severe from passage to passage. By the fourth
passage every newly infected guinea pig dies (17).

The developing leukocytosis is due to increasing neutrophilia. Concomitant
absolute lymphopenia and thrombocytopenia develops as seen in other animal models
and during a EHF infections. Hemoglobin, hematocrit, and erythrocyte counts remain

normal. Serum alkaline phosphatase activity levels rise sharply in the terminal stage of
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disease. Blood urea nitrogen and serum creatiﬁine levels also rise with progression of the
animal’s disease to death (28). Since the guinea pig adapted model demonstrated
similarities to a human EHF infections the development of more advanced methodologies
and experimental procedures are needed to full utilize this small animal model.

1.5.4 In Primates: After the initial outbreak in 1967 of Marburg, researchers
rapidly learned that Marburg virus caused severe lethal infection in nonhuman primates
that resembled a human infection (146, 150). It has been demonstrated that experimental
infection with ZEBOV caused illness in vervet monkeys (Cercopithecus aethiops), rthesus
macaques (Macaca mulatta), the common squirrel monkeys (Saimiri sciureus), and
Cynomolgus macaques (Macaca fascimlans) and proved to be 100% fatal between days
seven and nine post-infection. All monkeys developed a febrile illness independent of
dose or route of inoculation (8, 17, 50, 51).

1.5.5 Viral course in humans and non-human primates: Since primates and
humans are only dead end host for EBOV infection, there has been no opportunity for the
evolution of effective defenses mechanism against the filoviruses; this is demonstrated by
the poor immune response or in some cases a damaging immune response. Since much
experimentation has been carried out using macaques, they provide us with an excellent
‘worse case scenario’ as only a very small dose of ZEBOV causes uniform lethality (83,
87). In contrast to some human infections which begin to show clinical improvements
during the second week of illness and ultimately recover from their infection. Survival
seems to depend on the development of antigen-specific immune response (4, 138).

The different disease course may reflect differences seem in the host response to a

ZEBOV infection. For example, ZEBOV infection, of macaques results in a continuing
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increase in circulating proinflammatory cytokines over the course of illness, in the
absence of anti-inflammatory mediators, such as IL-10, while blood samples from human
cases have shown the presence of both proinflammatory cytokines such as TNF-o and
IL-6, and anti-inflammatory mediators, such as IL-10 and IL-1f receptor antagonist (4,
5). As seen in cases of bacterial septic shock, fatal infection of humans appears to be
associated with an elevation of anti-proinflammatory cytokines. This suggests that the
balance and timing of early responses may play a critical role in determining disease

outcome (22).

1.6. REVERSE GENETICS

Reverse genetic systems can be broadly grouped into two categories: minigenome and
infectious clone systems. Both utilize cloned ¢cDNA to either mediate expression of
reporter genes (minigenome systems) or produce infectious virus (infectious clone
systems). Together they provide excellent tools for studying replication and transcription
as well as infectivity and pathogenicity. The first reverse genetic systems were
established for positive-sense, single stranded RNA viruses (127, 156) where transfection
of the full-length genomic RNA transcripts into eukaryotic cells resulted in viral protein
expression, viral replication, particle formation and release. The development of reverse
genetic systems for these viruses was favored by the fact that the genomic RNA of
positive-sense RNA viruses can directly serve as the template for the expression of viral
proteins through the cellular machinery. In contrast, negative-sense RNA viruses first
need to transcribe their genomes into positive-sense RNA prior to translation of viral

proteins; this step that is dependent on the presence of a functional viral replicase
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complex, since cells lack the necessary enzymes to mediate (-)RNA -> (+)RNA
synthesis.

In the past decade, several reverse genetic systems have been developed for
negative-sense RNA viruses (117) with the establishment of a minigenome system
generally preceding the development of the infectious clone system, although this is not
always the case. Reverse genetics systems have been developed for representatives of the
negative-strand RNA virus families Orthomyxoviridae, Bunyaviridae, Arenaviridae,
Rhabdoviridae, Paramyxoviridae, Filoviridae and Bornaviridae (29, 30, 34, 54, 65, 81,
95, 110, 111, 122, 131, 132) either in the form of minigenome systems and/or infectious
clone systems. In each case the technology used reflects both the particular requirements
of the virus as well as the availability of established methodologies.

The first negative-sense RNA virus minigenome system was developed by Palese
and colleagues in 1989 (101), in which they modified the influenza A virus by the
addition of a reporter chloramphenicol acetyltransferase (CAT) gene, cloned between the
5’ and 3’ non-coding viral RNA segment sequences. The reporter gene construct was
flanked by a promoter region for the T7 RNA polymerase and a restriction enzyme
recognition site, which allowed for the formation of authentic viral 3’ ends. Following
runoff in vitro transcription of the viral-like RNA and the addition of purified polymerase
and nucleoprotein, a reconstituted ribonucleoprotein (RNP) complex was produced.
Subsequent transfection of the RNP complexes and infection with helper influenza virus
was undertaken and a virus containing the virus-like RNA encoding CAT, in addition to

the other influenza vRNAs, was generated. Although these experiments demonstrated the
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ability to generate modified infectious viruses, the particular system used requires a
selection system to distinguish modified viruses from helper viruses (101).

The generation of recombinant rabies virus by Conzelmann and colleagues in
1994 (143) demonstrated for the first time that generating a non-segmented negative-
sense single-stranded (NNS) RNA virus entirely from a cDNA was possible. The cDNA
encoding the full-length positive-sense genome of rabies virus along with the
nucleoprotein, phosphoprotein and RNA-dependent RNA polymerase, all under the
control of a T7 RNA polymerase promoter, were transfected into eukaryotic cells.
Infecting the transfected cells with recombinant vaccinia virus provided the T7
polymerase. This study helped initiate the development of other genetic systems for
members of Mononegavirales, including other members of Rhabdoviridae (29, 30, 95,
122, 131, 132) as well as Paramyxoviridae (6, 24, 27, 57, 74, 121, 129), which were
based on T7 polymerase supplied by infection with ‘modified vaccinia virus Ankara’
(MVA-T7). In addition, more effective methods of providing the T7 RNA polymerase
were also investigated and included the use of plasmids expressing the protein (97, 114),
expression of the polymerase from a stably transfected cell line (24, 129), and a heat
shock method, which was shown to increase rescue efficiencies (121). The utility of
these alternative methods of supplying T7 RNA polymerase were illustrated by the
development of infectious clone systems for filoviruses. The first system developed for
Zaire ebolavirus by Volchkov et al. in 2001 (166) was based on transfection of T7-driven
plasmids encoding the genome as well as the nucleoprotein (NP), virion protein (VP) 35,
VP30 and RNA-dependent RNA polymerase (L) into BSR T7/5 cells, which stably

expressed the T7 polymerase. Shortly thereafter, Neumann and colleagues (114)
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demonstrated that T7 could be supplied via an additional plasmid, which encodes the T7
polymerase under the control of a eukaryotic promoter. Recently an infectious clone
system for Borna disease virus has also been generated in which it was illustrated that
¢DNA constructs carrying the published genome sequence are functional but that the
rescued viruses are strongly attenuated, and that regulatory sequences of the viral genome
determine virulence (142). This illustrates a possibility of developing an attenuated
ZEBOV virus using the reverse genetic system, although the usage of such a virus would
most certainly be questioned!

Infectious clone systems for segmented RNA viruses, although more complex,
saw a breakthrough in 1996 when Bridgen and Elliott showed that the segmented
Bunyamwera virus could be rescued using three anti-genome encoding plasmids in
addition to viral protein expression plasmids (23). This was the first rescue of a
segmented negative-sense virus solely from cDNA. The establishment of minigenome
and infectious clone system for influenza virus based on this technology followed these
results. However, this system needed to be modified to deliver the vRNAs to the nucleus
of transfected cells, where influenza virus replication naturally occurs. This was
overcome by the establishment of an RNA polymerase I based system (55, 116, 118). In
the case of the infectious clone system the optimized system required eight RNA
polymerase 1 driven plasmids encoding the eight VRNA segments, in addition to four
RNA polymerase Il driven plasmids encoding the polymerase components (PA, PB1 and
PB2) and the nucleoprotein (55, 116). Recently Hoffmann and Webster have modified
the RNA polymerase system allowing both negative VRNA and positive-sense mRNA

transcripts to be synthesized from the same template, and thereby decreasing the plasmids
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required for influenza rescue to eight (78). Reverse genetics systems (minigenomes)
have been published for other bunyaviruses such as Toscana and Rift Valley fever virus
(genus Phlebovirus) (3, 100) and, more recently, Hantaan virus (52) and Crimean-Congo
hemorrhagic fever (CCHF) virus (53), members of the genera Hantavirus and Nairovirus,
respectively. While no infectious clone system has been developed to date for members
of the family Arenaviridae, the recent development of a minigenome system for
lymphocytic choriomengitis virus (LCMV) (96) and Tacaribe virus (99) is promising for

the development of such a system in the near future.

1.7. MINIGENOME SYSTEMS FOR FILOVIRUSES

In the case of filoviruses, minigenome systems for MARV (strain Musoke) and ZEBOV
(strain Mayinga) were developed based on the T7 RNA polymerase to synthesize
negative-sense VRNA transcripts from ¢cDNA (110, 111). Initially, the cDNA constructs
contained the leader 3°, the non-coding region of the NP gene, the 5’ non-coding region
of the L gene and the 5’ trailer sequences of the genome flanking the single reporter gene
CAT (Figure. 6). These minigenome systems were driven either by a helper virus
infection or transfection of plasmid DNA encoding the RNP complex proteins to provide
the necessary machinery for transcription and replication. In the past 5 years, both
systems have allowed the study of different aspects of filovirus franscription and

replication.
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Figure. 6 Transcription and replication steps in a minigenome system. To examine
replication and transcription in a minigenome system, cells have to be transfected with a
minigenome plasmid (A) that contains a reporter gene flanked by the genomic leader and
trailer regions under control of either a T7 or a Pol I promoter. The T7-driven
minigenome contains an additional hepatitis delta virus ribozyme sequence, which results
in transcript cleavage to generate and authentic genome end. In the case the T7-driven
constructs, T7 polymerase has to be present in the cells either by transfecting a plasmid
coding for it, infection with a recombinantly T7 expressing vaccinia virus, or by using
cell lines that express this protein constitutively. Once generated further transcription and
replication of viral RNA-like species can be driven either by helper plasmid encoded
ribonucleoprotein (RNP) complex components [nucleoprotein (NP), virion protein (VP)
35, VP30, RNA-dependent RNA polymerase (L)] (B) or by infection with live virus
(helper virus) (C). The transfected ¢cDNA is transcribed into a virus-like VRNA in
negative orientation by either the T7 or the Pol I polymerase. Subsequently, this VRNA is
replicated by the proteins of the viral RNP complex into cRNAs in positive and vVRNAs
in negative orientation. Transcription of reporter mRNA transcripts from the vVRNA-like
minigenomes by the RNP complex proteins and subsequent translation leads to
expression of the reporter gene. Key: HDV = hepatitis delta virus ribozyme; L = RNA-
dependent RNA polymerase; N = nucleus; NP = nucleoprotein; Pol I = RNA polymerase
I, T7 = bacteriophage T7 RNA polymerase; Ter = terminator; 24, 30, 35, 40 = virion
proteins (number indicates the molecular weight in kDa).
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Using the minigenome systems it was established that only three of the four-
nucleocapsid proteins, NP, VP35 and L, were necessary to support replication and
transcription of the monocistronic MARV minigenomes (110). This is in agreement with
data obtained from various paramyxovirus and rhabdovirus systems where others had
determined that the nucleoprotein (N), phosphoprotein (P) and the RNA-dependent RNA
polymerase (L) are the minimum proteins required for replication (31, 35, 68, 88, 128,
151, 178). Minigenome systems developed for members of the family Bunyaviridae (tri-
segmented negative-sense RNA viruses) could be transcribed and replicated using the NP
and L protein (34, 52-54, 100).

The minigenome system for ZEBOV, which was subsequently generated using the same
strategy as for the MARV system, required all four of the nucleocapsid proteins NP,
VP35, VP30 and L for efficient replication and transcription of the monocistronic
minigenomes (111). It was further shown utilizing the plasmid based minigenome system
that VP30 of ZEBOV could efficiently enhance transcription of ZEBOV minigenome
(106). The presence of VP30 might resolve or cover RNA secondary structures either by
RNA binding or by directing an additional co-factor to the folding RNA. However, thus
far, RNA binding activity for VP30 has not been described, and since the ZEBOV
genome is bound by NP, secondary structure formation may not occur. The only naked
RNA species present are the positive-sense mRNA transcripts which have been shown to
form secondary structures. Thus, it could be possible for VP30 to have an effect on these
secondary structures at the mRNA level (171). Our knowledge of VP30 was extended
when VP30 was found to contain two N-terminal serine clusters, which positively

regulated the binding of VP30 to NP, and in doing so negatively regulated the
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transcription activation function of VP30. It was also shown that VP30 is a target for
cellular protein phosphatases PP1 and PP2A. In a reconstituted minigenome system,
ZEBOV specific transcripts were blocked by okadaic acid, which is known to inhibit PPI
and PP2A. Treatment of ZEBOV infected cells with okadaic acid also inhibited ZEBOV
growth, which could be compensated for by the expression of a non-phosphorylated
VP30 in trans (106). All these results taken together illustrate that VP30 phosphorylation

is a regulatory factor in the replication cycle of ZEBOV.

1.8. Minigenome Systems for other Mononegavirales

A literature search revealed that several attempts have been made to investigate
whether non-segmented negative-sense, single strand RNA virus replication complexes
were able to recognize heterologous RNA templates in vivo. It was reported that human
parainfluenza virus (hPIV) type 1 and type 3 could accept a Sendai virus minigenome as
a template for replication, whereas measles virus could not. The same rescue results were
also seen when others utilized a plasmid-based artificial replication system (124).
However, the rescue of the hPIV type 3 minigenome could not be supported by
respiratory syncytial virus (RSV) or, unexpectedly, by bovine PIV type 3 (32). For
Toscana and Rift Valley fever virus (genus Phlebovirus, family Bunyaviridae) 1t was
demonstrated that the transcription complexes were active on heterologous template (3),
and for VSV it was shown that replication of defective interfering particle RNAs from
serotypes New Jersey and Indiana was possible but only when the replication complex
was supplied by VSV Indiana (108). These data illustrate that the specificity of the

replicase complex to the target sequences is not absolute and depends on the virus
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system. In  general, MARV/ZEBOV  minigenome  systems  supported
transcription/replication of homologous but not heterologous RNA templates, regardless
if helper virus or transfected nucleocapsid complex protein expression plasmids were
used for transcription/replication of the minigenome system. As an exception, MARV
VP30 could replace ZEBOV VP30 in the ZEBOV minigenome system, although this
switch did result in lower activity than the native VP30 ZEBOV protein (111). However,
a chimeric minigenome system containing the ZEBOV leader and the MARYV trailer was
shown to be encapsidated, replicated, transcribed, and packaged by both viruses (111).

Recently, our group has developed a minigenome system for REBOV (64) employing an
alternative to the classical T7-driven approach used with MARV and ZEBOV. This
system was based on an initial transcription step mediated by RNA polymerase (Pol) I, an
endogenous host polymerase. Thus, minigenome transcription by Pol I eliminates the
need to introduce a source of the polymerase into mammalian cells (see Table 1 for a
comparison of the respective polymerase properties). While introduction of T7 into
mammalian cells can be achieved in a number of ways, the need to do so presents a
potential limitation if the entire population of cells is not targeted. Minigenome
transcription by Pol I also overcomes a number of limitations of the T7-driven system
relating to the production of authentic, non-modified transcripts which have correct

sequences at their termini (Table 1).
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Table 1:

T7 RNA Polymerase RNA Polymerase I
Origin Bacteriophage Eukaryotic
Methods of Introduction MVA-T7 infection, N/A
Transient or stable
transfection
Localization Cytoplamic Nuclear
mRNA modification 5’capping and 3’ poly A* No
Initiation/Termination Addition 5 and 3° No additional nucleotides

nucleotides

Table 1: Comparison of polymerase properties. Characteristics of the bacteriophage
T7 RNA polymerase and the eukaryotic RNA polymerase I with respect to origin,
localization and transcriptional properties are outlined. Key: MVA-T7 = modified
vaccina virus Ankara recombinantly expressing the bacteriophage T7 polymerase.

Despite the exclusively cytoplasmic replication of filoviruses, the nucleolar localization
of Pol I within host cells does not appear to present a barrier to successful rescue of high
levels of reporter activity from this system as has been shown previously with several
bunyavirus systems (52-54). To the contrary, our data indicate that a Pol I-driven
REBOV minigenome generates both a higher level of reporter activity and a higher
signal-to-noise ratio than did a comparable T7-driven REBOV construct and, thus, this
system seems to help overcome some of the technical limitations of T7-mediated
transcription (64). The successful establishment of a REBOV minigenome system is of

particular interest as a tool to study transcription and replication of this virus in

comparison to other more pathogenic filoviruses.

1.9. INFECTIOUS CLONE SYSTEMS FOR FILOVIRUSES

As noted earlier, minigenome systems are the building blocks for an infectious clone.

These systems utilize the same principles as a minigenome system, but rather than a
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reporter gene being expressed, the full viral genome is replicated and transcribed
producing live infectious, fully functional viruses (Figure. 7). Two such reverse genetic
systems have been developed for ZEBOV. The first system developed by Volchkov and
colleagues, utilized a cell line which stably expressed the T7 polymerase (BSR T7/5)
(166). The T7 polymerase drives the transcription of the cDNA copy of ZEBOV
producing a negative-sense RNA molecule. This RNA species can be used for the
replication of an antigenomic template (positive-sense RNA) producing both RNA
species used in viral transcription and replication. Neumann and colleagues (114)
developed a ZEBOV reverse genetic system, which successfully utilized a plasmid driven
T7-RNA polymerase rather than the BSR T7/5 cell line (Figure. 7). These two methods
are both sufficient to provide the T7 RNA polymerase. For the development of previous
systems, the T7 RNA polymerase has been commonly provided by infection with a
recombinant vaccinia virus (113, 117). However, this system has the disadvantage of
requiring separation of the recombinant viruses of interest from progeny of the
recombinant vaccinia virus. Recently we have optimized the infectious clone system
developed by Neumann and colleagues (114) to a rescuability of nearly 100 % (158).
This system can now be more reliably used for the generation and analysis of mutants,
particularly if rescues are unsuccessful due to incompatibility of the mutations with virus

replication.
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Figure. 7 Zaire ebolavirus infectious clone system. The scheme illustrates the
components of the system and the steps involved in the rescue of infectious virus. (1) Co-
transfection of the plasmid carrying the full-length ZEBOV genome and the expression
plasmids for the bacteriophage T7 RNA polymerase (T7 Pol) and the four ZEBOV
proteins associated in the ribonucleoprotein complex (L, NP, VP30, VP35); (2) —
expression of the viral support proteins and the bacteriophage T7 RNA polymerase under
the control of the chicken B-actin promoter; (3) — transcription of the ZEBOV genome
under the control of the bacteriophage T7 RNA polymerase promoter; (4) — formation of
the ribonucleoprotein complex, transcription and replication; (5) — virus maturation at the
plasma membrane and subsequent budding of infectious virus particles. Key: L = RNA-
dependent RNA polymerase; N = nucleus; NP = nucleoprotein, VP = virion protein 30
and 35 kDa. [altered from (158)]

The ZEBOV infectious clone systems have been used in the past to address
questions regarding the pathogenic potential of the transmembrane glycoprotein (GP),

which is encoded by gene 4 of the linear arranged genome (Figure. 3).
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1.10. PAST AND FUTURE CHALLENGES USING A REVERSE GENETIC SYSTEM

Major problems with the infectious clone systems relate to the handling of the larger
plasmids such as the genomic plasmid and the plasmid encoding the L protein. One
common occurrence is spontaneous mutations, which have occurred in the generation
process of the two existing systems. The first system (166) carried a single mutation in
the genomic clone at nucleotide position 18227 (within the L-gene) which can be
attributed to a polymerase error during RT-PCR in the original development. This
mutation was silent and did not have a recognizable effect in viral rescue or viral
transcription or replication. The ¢cDNA clone that was developed, by Neumann and
colleagues (114) showed three nucleotide changes. The first mutation was an A insertion
between nucleotide positions 9744 and 9745. Another A insertion was found between
nucleotides 18495 and 18496 and an A-to-T replacement was detected at position 18226.
Interestingly, all of the mutations found in the cDNA full-length clone had been reported
to be present in the functional ZEBOV minigenome (111) or have been found with other
ZEBOV strains (see data bank sequences) and are, therefore, considered naturally
occurring variants. Neither the insertions nor the replacement mutations had an effect on
the virus once rescued, indicating that some minor mutations seem to be tolerated within
the cDNA full length constructs without effecting rescuability. Volchkov and colleagues
(166) took advantage of this by intentionally inserting a silent mutation at nucleotide
position 6180 to create a unique Sall restriction enzyme site, which subsequently was

used to identify rescued mutant viruses from wild-type ZEBOV.
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These mutational problems not only occur when developing a cDNA viral genome copy
but have been a recurring event when cassette mutagenesis and full length ¢cDNA re-
cloning are carried out. To alleviate this problem a new cDNA full-length reverse genetic
clone has been established for ZEBOV, which encodes a pBR322 origin (36). This
change decreased the plasmid copy number and has thus decreased the probability of a
spontaneous mutation occurring when mutagenizing cDNA fragments. Another method,
which has been used in mutatgensis strategies when working with these large plasmids, is
developing smaller cassettes of the cDNA plasmid. These cassettes can then be easily
mutagenized and re-cloned into the full-length cDNA viral plasmid allowing for easier

cloning and development of mutant viruses.

In conclusion, reverse genetics for filoviruses are likely to become extremely valuable
research tools in the future. The existing minigenome systems for ZEBOV (111),
REBOV (66), and MARV (110) are first choices for deciphering the mechanisms of viral
replication and transcription; work that has already made great progress since the
development of the systems (see above). In addition, they will be helpful for screening
antiviral drugs targeting the replicasé complex of filoviruses, a priority for the response
capacity against A List bioterrorism agents such as EBOV and MARV (15, 18). The
infectious clone systems, existing for ZEBOV (wild-type) and since 2006 for Marburg
virus (114, 166) will become key elements for pathogenesis studies and might be helpful
for vaccine development. Pathogenesis studies are dependent on animal models. Since the
rodent models for filoviruses are dependent on adapted virus strains, it will be important

to develop infectious clone systems for the mouse-adapted ZEBOV (20), and the guinea
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pig-adapted ZEBOV (28), which are both currently under development (36). Recently, a
Marburg virus reverse genetic system was developed,(41) this was exciting news as this
tool not only will advance our knowledge about the Marburg virus itself; it will allow for
the comparison of all genera within the family Filoviridae. Comparisons of these viruses
may help to answer many long standing questions from viral evolution to host cell

adaptation.
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2.0 Materials and Methods
2.1 Cells
2.1.1 Eukaryotic Cell lines:

2.1.1.a Vero E6 (African green monkey kidney) epithelial cells (ATCC CRL-
1586) were grown in Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma)
supplemented with 10% (w/v) fetal bovine serum (FBS) and 1% (w/v)
penicillin/streptomycin (Gibco/BRL, Rockville, MD, USA). Cells were maintained at
37°C in 5% CO..

2.1.1.b 293T (Human embryonic kidney) cells were maintained in DMEM which
was supplemented with 10% FBS and 1% penicillin/streptomycin. When working with
293T cells plates were coated with Poly-D-lysine (1mg/ml, Sigma) for 30min at 37°C to
increase cell attachment by steric interaction. Poly-D-lysine was removed and culture
flasks or culture plates were washed twice with sterile water before cells were seeded.
Cells were maintained at 37°C in 5% CO,.

2.1.1.c U-937 (Human monocyte) cells (ATCC CRL-1593.2) were supplemented
with RPM1 1640, 10% FBS, 1% penicillin/streptomycin and maintained at 37°C in 5%

CO,.

2.1.2. Prokaryotic cell lines - Escherichia coli (E.coli):
All E.coli strains were made competent by adding an overnight culture to 200ml Lauria
broth (LB) Lenox (0.5% (w/v) NaCl). Cells were incubated at 37°C with shaking for

approximately 4 hours until an optical density of 0.5 to 0.7 at 600nm has been reached.
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Cells were then stored on ice for 10 min and centrifuged at 4000 rpm, 10 min, at 4°C.

Supernatants were discarded and the pellet was resuspended in ice-cold 0.1 M CaCl,

16% (w/v) glycerol, 5% (w/v) dimethyl sulfoxide (DMSO) and 50 mM MgCl.

Resuspending cells in 2 ml per 50 ml original culture, cells were aliquoted as 200 pl

samples and stored at -80°C for later use.

Table 2: E.coli strains used in these projects.

Cell line Genotype Application Source/Reference
DH5a F supE44 AlacU169 (980 Maintain clones Invitrogen
lacAM15) hsdR17 recAl Common cloning (71)
endA1 gyrA96 thi-1 relAl Glycerol stocks
XL-1 Blue recAl endAl gyrA96 thi- Site directed Stratagene
1 hsdR17 supE44 relAl Mutagenesis (25)
lac[F’ proAB lacl®ZAM15
Tn10 (tet")]
BL21-Gold F ompT hsdS(rg'mg’) Site directed Stratagene
dem” Tet" gal endA Hte Mutagenesis (172)
Large plasmid
mutagenesis
XL10-Gold recAl endAl gyrA96 thi- Site directed Stratagene
1 hsdR17 supE44 relAl Mutagenesis (86)
lac[F’ proAB lacl'ZAM15 Large plasmid
Tnl0 (tet")] mutagenesis
TOP-10 F[Lacl, Tnl10(Tet")] TOPO cloning Invitrogen
merA A(mrr-hsdRMS- Common cloning (145)
merBC) ©80/acZAM15 Glycerol stocks
DlacX74 recAl araD139
D(ara-leu)7697 galU
galK rpsL. (Str®) endAl
nupG
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2.2 Viruses

2.2.1 Virus Strains:

The following viruses were used for this study: Zaire ebolavirus, strain Mayinga; Reston
ebolavirus, strain Pennsylvania; Lake Victoria marburgvirus, strain Musoke (accession
numbers AF272001, AF522874, Z12132, respectively). Viruses were propagated in
biocontainment level 4 (BSL-4) in Vero E6 cells supplemented with DMEM (10% FBS
1% (w/v) penicillin/Streptomycin). Infection was performed with a multiplicity of
infection (MOI) of 0.01 (unless otherwise specified). Infections were carried out for 30
min at 37°C, cells were then washed with DMEM (no additives) to remove any unbound
virus. Viruses were harvested when the cytopathic effect (CPE) was approximately 70%
or higher, purified by low speed centrifugation to remove cellular debris followed by
ultra centrifugation through a 20% (w/v) sucrose cushion.

2.2.2  Virus Inactivation Protocols and RNA isolation protocols:

Biocontainment and inactivated viruses are the only two ways with which to work with
these highly pathogenic viruses. Thus our inactivation protocols are extremely stringent.

2.2.2.a Trizol LS (Gibco/BRL, Rockville, MD, USA):

Virus was inactivated following treatment with Trizol LS reagent (Gibco/BRL,
Rockville, MD, USA), samples were diluted in a 3:1 ratio or 1 ml Trizol LS per 1x10°
cells. Once removed from biocontainment samples were frozen overnight before
processing, this step has allowed for increased RNA concentrations compared to
processing the sample without freezing. 0.2 ml of chloroform per 0.75 ml of Trizol LS

used in sample was added to disrupt protein structures. Samples were centrifuged (12000
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xg, 5 min, 4°C) and the aqueous phase was collected. Aqueous RNA was precipitated and
resuspended using normal isolation procedures (136). Samples were inactivated before

removal from biocontainment.

2.2.2.b RLT buffer Quanidinium isothiocyanate (QIAGEN, Mississauga, Ontario,

Canada):

RNeasy kits are designed to isolate total RNA from but not inclusive to, quanidinium
isothiocyanate inactivated viruses. The RNA can be isolated from small quantities of
starting material such as tissue culture or serum from infected animals. Following the
manufacturer’s procedures, RNA from infected samples was isolated and RNA
concentration was determined using a NanoDrop® ND-1000 UV-Vis spectrophotometer
(NanoDrop Technologies).

2.2.2.¢ SDS Loading buffer inactivation:

For western blot analysis, samples were heat treated at 100°C in 5x SDS gel-loading
buffer (100mM Tris-Cl (pH 6.8), 200 mM dithiothreitol, 10% SDS, 0.2% bromophenol
blue, 20% glycerol) for 15 min prior to a tube change and removal from level 4 for
molecular analysis.

2.2.2.d Formalin/paraformaldehyde fixation:

In order to visualize infected samples using fluorescence microscopy, infected cells were
fixed and inactivated with 4% paraformaldehyde or 10% formalin in PBS for 2 days with
one fixative exchange. Samples were then bagged and flooded in 10% formalin, heat

sealed in level 4 and removed for analysis.
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2.3 Molecular Techniques:

2.3.1 Plasmid Cloning Vectors:

Table 3: Vector Descriptions

Vector Base Pairs Promoter Resistance Reference
pBR322 4,361 Prokaryotic Ampicillin, (14)
Tetracyclin
pUC19 2,686 Prokaryotic Ampicillin (177
With lacZa
pBK-CMV 4,518 Eukaryotic Neomycin (144)
With lacZa Kanamycin
pBluescript 1| 2,958 Prokaryotic Ampicillin (144)
SK*" With lacZa
pTM1 5,357 Prokaryotic Ampicillin (107)
Kanamycin
pCAGGS 4,746 Eukaryotic Ampicillin (93,119)
pSP72 2,462 Prokaryotic Ampicillin (94)
pSP64 3,030 Prokaryotic Ampicillin (104)
pCR4Blunt- 3,957 Prokaryotic Ampicillin (145)
TOPO With lacZa Kanamycin
pCR2.1-TOPO 3,931 Prokaryotic Ampicillin (145)
With lacZo Kanamycin

All vectors which were stored in glycerol were transformed in DHS5a bacterial cell line

for storage at -80°C.
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2.3.2 Cloning

2.3.2b ZEBOV clone development:

ZEBOV Filovirus plasmid constructs expressing viral support proteins (NP, VP35, VP30,
and L) were cloned or sub-cloned into the eukaryotic expression vectors or prokaryotic
expression vectors (Table 3). The generation of the full length ZEBOV, strain Mayinga,
reverse genetic clone used for the infectious clone system was developed by Neumann et.

al. in 2002 (114).

2.3.3 Ligation reaction
Ligation were generally carried out using insert to vector rations of 3:1, 5:1, and 10:1 in a
molar ratio with a T7 DNA ligase concentration of 5U/ul. Ligation were incubated

between 12° C-16° C overnight.

2.3.4. Polymerase Chain Reaction (PCR)

PCR reactions were performed using Pfu Turbo polymerase (Stratgene). This polymerase
provides robust amplification of long, complex genomic targets. This enhanced version of
polymerase is a mixture of Pfu DNA polymerase and a thermostable ArchaeMAxx
polymerase enhancing factor which enhances PCR product yields and increases target

length capability without altering DNA replication fidelity.
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Table 4: Optimized parameters for PCR reaction conditions:

Parameter Target DNA size Target DNA size
<10 kb >10kb

Extension time 1 min per kb 2 min per kb

Pfu polymerase 2.5U 5.0U

Input template 100ng 200ng

Forward primer 150ng 150ng

Reverse primer 150ng 150ng

dNTP 250uM 250uM

Sterile distilled water Up to 50ul Up to 50ul

Table 5: PCR cycling parameters:

Number of cycles Temperature Duration Function

1X 95°C 2 minutes Denaturation

25-50X 95°C 1 minute Denaturation
45-70°C* 1 minute Annealing
72°C 1 — 12 minutes Elongation

1X 72°C 10 minutes Elongation

Pause 4°C 1 minute — | Stabilization

overnight

* Temperature is dependant on melting temperature of primers used
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2.3.5 Reverse Transcription PCR

RT-PCR was carried out using a Qiagen OneStep RT-PCR kit. This kit utilizes
two reverse transcriptases Omniscript and Sensiscript which together provide a highly
efficient reverse transcription of RNA quantities in the 1 pg — 2 ng range. Once the RT
reaction is complete and RNA template has been copied into cDNA, HotStartTaqg DNA
polymerase becomes active. This enzyme must be heated to 95°C for 15 minutes before
becoming active, which in turn inactivates the reverse transcriptases. Reaction conditions
are listed below in Table 6

Table 6: Standard protocol for RT-PCR reaction

Components Amount
RNase-free water Up to 50ul
5X QIAGEN Onestep RT-PCR Buffer 10.0ul
dNTP Mix (10mM each dNTPO 2.0ul
Forward primer 200ng
Reverse primer 200ng
Qiagen OneStep RT-PCR Enzyme mix 2.0ul
Template DNA 10-100ng

All tubes were kept on ice while all components were added to ensure full fidelity of the

enzymes. A typical thermocycling protocol is listed below in Table 7

Table 7. Standard cycling protocol for RT-PCR reaction

Number of Cycles Conditions

1X 50°C for 30 min
1X 95°C for 15 min
30-40X 94°C for 30 sec

50-68°C for 30 sec (range is for melting
temperature of primers)
72°C for 1 min

1X 72°C for 7 min

HOLD 4°C
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2.3.6 PCR Screening:
Since most of the cloning within these projects revolves around the generation of
c¢DNA mutants, we used PCR screening to analyze large numbers of transformants.

Briefly, A PCR master mix was prepared as described in Table 8

Table 8: Standard reaction components

Amount Reaction components

3ul 10X reaction buffer (500mM KCL; 100mM Tris-HCL pH 8.3; 0.01%
(w/v) Triton X-100; 15mM MgCl,; ddH,0

2.5 ul dNTP mix (10mM stock solution)

0.3 ul Forward primer 200ng/pl

0.3 ul Reverse primer 200ng/ul

0.2 ul Taq DNA polymerase 1U/pl

23.7 pl Sterile distilled water

This master mix was used to lyse bacterial cells which had been picked from the
transformation plates and placed into a sterile eppendoff tube. Once colonies were picked
and sub-colonized on a LB+ ampicillin (100 mg/ml) plate which has been grided to
ensure proper order of colonies picked and PCR samples run using the standard PCR
protocol. Any positive PCR samples were further analysed using restriction digest and

concentrated using MINI prep technologies (QIAGEN).

2.3.7 Site Directed Mutagenesis:
The QuikChangery XL site directed mutagenesis system was used to make point
mutations within the cDNA fragment of interest. Following the manufacturer’s protocols

we generated all mutations using this PCR based system.
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2.3.8 Taq Polymerase generation:

Since most of the work carried out within this project revolved around the
generation of PCR mutants we generated our own Taq polymerase to carryout PCR
screening. Briefly, two pre-cultures of strain DH1/pTaq was grown in LB medium with
100 mg/ml of ampicillin. Cultures were grown at 37°C centrifuged to collect the bacterial
pellet and washed once with Buffer A (50mM Tris-HCL pH 7.9, 50mM glucose, 1mM
EDTA) and frozen at -80°C. Cells were then thawed and resuspended in 50ml of buffer A
with 200mg of lysozyme. Equal amounts of lysis buffer (10 mM Tris-HCL pH 7.9, 50
mM KCL, 1 mM EDTA, 1 mM PMSF, 0.5% (w/v) Tween 20, 0.5% (w/v) Nonidet P40)
was added to mixture and incubated at 75°C for 1 hour. Solution was clarified by
centrifugation (15000 rpm, 10min) removing cellular debris. Solid streptomycin was
added to the crude extract to a final concentration of 2.5% (w/v). Supernatants were
removed after centrifugation. Solid ammonium sulfate was added to a final concentration
of 15% (w/v) (15 g/ 100 ml), supernatants were removed after centrifugation. And an
additional 22 g / 100 ml of solid ammonium sulfate was added for a final concentration of
50% (w/v). Centrifugation of the sample separated the precipitated protein from the
supernatant. The precipitated protein was resuspended in buffer A and the sample was
dialzed with two changes of storage buffer (50 mM Tris-HCL pH 7.9, 50 mM KCL, 0.1
mM EDTA, 1 mM DTT, 0.5 mM PMSF, 50% glycerol) at 4°C. After dialysis the solution

was diluted to 10 ml final volume and stored at -80°C.
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2.3.9 Immunofluorescence assay (IFA):

Vero E6 cells were grown on cover slips and infected with rescued ZEBOV at an MOI of
0.1. Following an incubation of 4 days, the infected cells were fixed and inactivated with
2% (w/v) paraformaldehyde in PBS for 2 days with one fixative exchange. For
immunoflorescence analyses, the following protocol was applied. Briefly, cells were
permeabilized with 0.1% (w/v) Triton X-100 in PBS for 15 minutes, washed three times
with PBS, incubated with a polyclonal rabbit serum directed against ZEBOV VP40
(1:200 dilution in PBS) for 1 hour at 37°C, washed three times with PBS, incubated with
a FITC-labeled anti-rabbit conjugate (1:500 dilution in PBS) (Sigma, St. Louis, USA) for
1 hour at 37°C, and washed three times with PBS. The cover slips were mounted and

analyzed using an Axioplan 2 Fluorescence microscope (Zeiss, Germany).

2.3.10 Dot-matrix comparison:

Dot-matrix comparisons were carried out using DNA Star (Megaline Lasergene
program). Comparisons between ZEBOV and REBOV or MARV were based on the
percent matches, in which similarities are represented by the color of the line. Blue

indicates the weakest matches and red the strongest.

2.4 Fluorescence detection systems:

2.4.1 Immunoplaque assay:
The detection and titration of infectious ZEBOV-GFP was performed by infecting Vero

E6 cells which were grown on cover slips using a 10-fold dilution series. Following virus
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adsorption for 30 min at 37°C, the cells were washed three times with PBS. The infected
cells were then overlaid with DMEM containing 1.5% (w/v) carboxymethyl-cellulose
(CMC) and 2% (w/v) fetal calf serum with 1% (w/v) penicillin/streptomycin (GIBCO).
Following an incubation of 5 to 7 days, the infected cells were fixed and inactivated with
4% (w/v) paraformaldehyde in PBS for 2 days with one fixative exchange. The cover
slips were mounted and analyzed using an Axioplan 2 Fluorescence microscope (Zeiss,

Germany).

2.4.2 FACS analysis: Blood samples were collected from infected STAT-1 mice at
defined days 1, 3 & 5 and placed in EDTA tubes during blood extraction. Blood samples
were processed by normal FACS lysis protocol. Samples were resuspended and
inactivated by adding 4% (w/v) paraformaldehyde and stored at 4°C for 24 hours.
Samples were pelleted and fresh 4% (w/v) paraformaldehyde was added to resuspended
fixed cells. Tissues from infected mice were homogenized and supernatants from
homogenized tissue were added to FACS lysis solution, which removes all red blood

cells. Inactivated samples were then assayed using the FACS caliber program.

2.5 Reverse Genetics

2.5.1 ZEBOY reverse genetic system:
The generation of infectious ZEBOV was performed in BSL-4 containment. Using a
50/50 split of 5x10° Vero E6/293T cells, we transfected this 80% confluent layer of cells

with 1 pg of the ZEBOV genomic clone ¢cDNA and 1 ug of the T7 RNA polymerase

expression plasmid. Simultaneously, the support proteins (NP- 1 ug, VP35- 0.5 pg,
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VP30- 0.3 pg, and L- 1 ug) were transfected. The plasmid ratios were kept the same for
all rescue attempts using support proteins. Three days post-transfection, the supernatants
were collected and used to infect fresh Vero E6 cells. Subsequently, the cells were
monitored for CPE over a period of 14 days. After positive rescue virus stocks were
prepared on Vero E6 cells (T-75) for seven days, aliquoted and stored in liquid nitrogen

within level 4.
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3.1 Heterologous Protein Switching

3.1.1 Introduction

The filovirus genome encodes seven genes, which are transcribed into seven (MARV) or
eight (EBOV) monocistronic polyadenylated mRNA transcripts encoding seven structural
proteins and, in the case of EBOV, a single additional non-structural protein. Four of
these proteins, the nucleoprotein (NP), the virion structural proteins (VP) 30 and 35 and
the RNA-dependent RNA polymerase (L), constitute the ribonucleoprotein (RNP)
complex in association with the genomic RNA (Figure. 1). The other three structural
proteins are the surface glycoprotein (GP), the matrix protein (VP40), and VP24. The risk
posed by these agents has prompted research and development of tools to identify steps in
virus replication and viral pathogenicity. Minigenome-based reverse genetic systems for
filoviruses were recently developed (110, 111) (Figure 6). On the basis of these studies,
the infectious clone system for ZEBOV has been established, which now allows for the
study of virus biology and pathogenesis in the context of infectious virus mutants in

tissue culture and animal models (114, 166)

Hypothesis and Objectives of this study:

Transcription and replication of negative-stranded RNA viruses is thought to be
a highly specific driven only by the homologous RNA polymerase and its cofactors. The
current lack of an infectious clone system for any other EBOV species raises the question
to what extent the existing ZEBOV system would be useful in rescuing heterologous
EBOV genomes and, thus, rescue wild-type or mutant REBOV, SEBOV, or ICEBOV.

For this, the ZEBOV infectious clone system was used to switch the proteins which drive
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viral replication. This would allow us to gain insight into specificity of
transcription/replication and further might allow us to rescue different EBOV species in

the future.

3.1.2 RESULTS and DISCUSSION

3.1.2a Molecular Clones:

REBOV strain Pennsylvania (AF522874) was grown in 10xT-150 tissue culture
flasks on Vero E6 cells for approximately 10 days or until viral CPE was 70%. Viral
genomic RNA was extracted using the Qiagen RNA extraction protocol (see Materials
and Methods). For REBOV, following extraction of viral genomic RNA the open reading
frames of NP, VP35, VP30, and L were transcribed with Superscript II reverse
transcriptase (Invitrogen) and amplified with Pwo DNA polymerase using specific
primers for the amplification of viral proteins. These fragments were then cloned into a
eukaryotic expression vector pCAGGS, DNA was isolated from positive transformants
and standardized to 1pg/ul for use in a reverse genetic rescue.

ZEBOV strain Mayinga (AF272001) was used as a template for the amplification
of viral open reading frames (NP, VP35, VP30, and L). The full length clone was also
derived from this Ebola template which was previously described (114).

The open reading frames of MARV Musoke (AFZ12132) were sub-cloned from
previously existing plasmid constructs (45), into the eukaryotic expression vector

pCAGGS.
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Plasmids containing the open reading frames of VSV P, N, L were kindly provided by
JK. Rose, Yale University (95). These plasmids are under the control of the

bacteriophage T7 RNA polymerase promoter.

3.1.2b Optimizing the Reverse Genetic System

In order to better interpret negative rescues, particularly when heterologous
support proteins are used, the rescue efficiency of the ZEBOV infectious clone system
was first optimized. Plasmid concentrations were standardized to 1pg/ul when used in a
reverse genetic rescue attempts. Plasmids were transfected into a 1:1 mixture of 293T and
Vero E6 cells. 293T cells were used as they are highly transfectable and Vero E6 cells
have been shown to promote virus replication efficiently (114). Transformations were
carried out using 2l ransIT®-LT1 (Mirus) transfection reagent per 1 pg of the
standardized DNA. In order to optimize the reverse genetic system a wide range of
plasmid concentrations were tested (0.2 pug — 2 pg) to determine what ratios of RNP
components would yield a 100 % rescue efficiency. Using the RNP complex proteins at
the following concentrations, pCEZ-NP 1 pg/pl, pCEZ-30 0.3 pg/ul, pCEZ-35 0.5 pg/pl,
pCEZ-L 1 pg/ul, pCT7 Pol 1 pg/ul, and pTM Ebo-Rib 1 pg/ul gave 100 % efficiency in
more then fifty rescue attempts using the ZEBOV reverse genetic system. If one of the
RNP complex proteins are removed, virus rescue cannot be attained using the reverse

genetic system (Figure. 8).
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Figure. 8 Rescue efficiencies using ZEBOV RNP component proteins for
optimization of the ZEBOV reverse genetic system. The presence of all four support
proteins is indicated by ‘All’ and the lack of support proteins by ‘-’. When one RNP
protein is removed from the rescue attempt no detectable virus was present 14 days post
transformation passage. Positive rescue of the ZEBOV reverse genetic system was attend
using all RNP complex proteins 100% out of 50 rescues. In contrast, 50 attempts per
priming plasmid removal experiments never resulted in a positive rescue.

Samples were brought into level 4 for evaluation of virus rescue immediately after
plasmid transformation. In general, the supernatants of transfected cells were passaged
onto Vero E6 cells on day 3 post-transfection due to the acidification of the media from
the death of the 293T cells. Also, at this point virus proteins produced solely from the
infectious clone could already be detected by indirect immunofluorescence assay (IFA)
(Figure. 9A) in the cells. With the ZEBOV infectious clone system, positive rescue as
determined by the presence of cytopathic effect was achieved between day 4 and 6 after

passaging (Figure. 9B). The identity of the rescued virus was verified by IFA using rabbit

serum against the ZEBOV-VP40 (Figure. 9A).
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IFA Bright field

Figure. 9 Positive and negative rescue using the ZEBOV reverse genetic system A)
Indirect immunofluorescence assay of a culture, 5 days post-passaging onto Vero E6
cells. The identity of the rescued virus was verified using an anti-ZEBOV-VP40 (1:200
dilution in PBS). A FITC anti-rabbit secondary antibody (dilution 1:500 in PBS) was
used for the fluorescence assay. Background for the secondary labelled antibody was
tested and proved to be minimal (data not shown). B) Brightfield view of cytopathic
effect in a Vero E6 cell culture 6 days post-passaging of the transfected supernatant onto
Vero E6 cells. C) Indirect immunofluorescence assay of a negative rescue attempt.
Rescue attempts were deemed negative after a 14 day incubation period with no resulting
cytopathic effect or positive immunofluorescence. D) Bright field view of negative
control in a Vero E6 cell culture 6 days post passage. Photos in A - B and C — D
respectively were taken from the same plate but in different locations.
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A rescue attempt was deemed negative after an incubation period of 14 days without
showing CPE or positive IFA results (Figure. 9 C, D).

To assess the rescuability of the ZEBOV reverse genetic system using REBOV-
derived expression plasmids, the same amounts and ratios among support proteins which
was established and optimized for the rescue of the ZEBOV reverse genetic system were
applied (158). The following rescue attempts using heterologous RNP support proteins
were performed: Within each table the far left column represents the RNP complex
proteins, and within the rows preceding the protein name is the species name of the virus

type used in the rescue.
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TABLE 9
NP ZEBOV i ZEBOV | ZEBOV ZEBOV ZEBOV i ZEBOV
VP30 ZEBOV ZEBOV i ZEBOV i ZEBOV ZEBOV i ZEBOV i REBOV i REBOV §  eam---
VP35 ZEBOV ZEBOV ZEBOV : ZEBOV ZEBOV ZEBOV
L ZEBOV ZEBOV i ZEBOV ZEBOV i ZEBOV | ZEBOV
Rescue
CPE 20f6 60f 6 6of 6 20f6 20f 6 60of 6 20f 6 3of6 Jof6 3of6 6 of 6 0of 6
IFA
Results iPositive Positive  iPositive  iPositive iPositive  iPositive  iPositive  iPositive  iPositive iPositive  iPositive  iNegative
TABLE 10
NP ZEBOV i ZEBOV i ZEBOV ZEBOV ZEBOV i ZEBOV
VP30 ZEBOV ZEBOV i ZEBOV | ZEBOV ZEBOV | ZEBOV -
VP35 ZEBOV ZEBOV ZEBOV | ZEBOV ZEBOV ZEBOV
L ZEBOV ZEBOV i ZEBOV ZEBOV i ZEBOV | ZEBOV
Rescue
CPE 00of 6 0of 6 0of 6 0of 6 0of 6 0of 6 0of 6 30f6 30f6 4o0f 6 4 of 6 0 of 6
IFA
Results : Negative Negative  Negative Negative ; Negative Negative ; Negative :Positive Positive | Positive | Positive  Negative




Table 9 and 10: ZEBOV rescue using REBOV and MARYV RNP complex plasmids.

A) REBOV plasmids are in orange, ZEBOV plasmids are in black. Positive rescues out
of six possible rescues are illustrated in the rescue CPE row. Positive or negative IFA results are
illustrated in the bottom row. REBOV VP30 and 35 resulted in 100% or (6/6) rescue efficiency
where as NP and L single switches resulted in only 33% or (2/6) rescue efficiency. ZEBOV
rescue using double REBOV RNP complex plasmids. The combination of REBOV VP30 and
VP35 resulted in 100% rescue, NP and VP35 only showed 50% or (3/6) rescue efficiency. NP in
combination with L and VP30 resulted in 33% or (2/6) rescue efficiency. The combination of
REBOV L and VP35 or VP30 resulted in 33% or (2/6) rescue efficiency, When all REBOV RNP
complex plasmids were used 100% rescue efficiency was achieved six out of six times. Removal
of one REBOV RNP complex protein resulted in 0% (0/6) rescue. All rescues were analysised
after one passage in Vero E6 cells.

B) ZEBOV rescue using single MARV RNP complex plasmids. MARYV plasmids are in
orange, ZEBOV plasmids are in black. Positive rescues out of six possible rescues are illustrated
in the rescue CPE row. Positive and negative IFA results are shown in the bottom row. No single
MARV protein when substituted for a ZEBOV protein, could rescue the ZEBOV reverse genetic
system. ZEBOV rescue using double MARV RNP complex plasmids. The combinations of
MARV NP and VP30 or VP35 resulted in 0% or (0/6) rescue. This result was also seen with the
combination of VP30 and VP35. The combination of NP and VP35 did result in a rescue
efficiency of 50% (3/6). The combination of MARV L and VP35 or VP30 resulted in 50% or
(3/6) and 66% or (4/6) rescue efficiency respectively. When all MARV RNP complex plasmids
were used 66%% or (4/6) rescue efficiency was achieved. When one MARV RNP complex
protein was removed (VP30) 0% or (0/6) rescue was seen.
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Infectious clone systems have been developed for several members of Mononegavirales
over the past ten years, beginning with the infectious clone for rabies virus (143) and
followed by several other systems (6, 27, 95). The infectious clone system developed by
our group (114) is based on the simultaneous transfection of a plasmid containing the
ZEBOV genome under the control of the bacteriophage T7 RNA polymerase promoter
and five plasmids expressing the four RNP complex-associated viral proteins (NP, VP35,
VP30, L) and the bacteriophage T7 RNA polymerase under the control of the chicken f3-
actin promoter (119). After successful transcription of negative sense RNA by the T7
RNA polymerase, the viral nucleoprotein encapsidates the template and associates with
the other protein components to form a functional RNP complex, which is subsequently
used to generate infectious ZEBOV (Figure. 7).

In total, 100 % rescue efficiency for ZEBOV wild-type (50/50) was obtained. As
expected from previous work (111), the lack of a single protein component (NP, VP35,
VP30 or L) of the ZEBOV RNP complex (Figure. 8) completely abolished the rescue of
the ZEBOV genome confirming the necessity of all four proteins for transcription and/or
replication (Figure. 8). In addition, the transfection of the ZEBOV genome without any
support proteins but with the plasmid encoding for the T7 RNA polymerase did not result
in the rescue of infectious ZEBOV.

Apart from the ZEBOV and MARV sequences, only the REBOV full-length
genome sequence is available (67, 80). REBOV belongs to the same genus as ZEBOV
but represents a different species with an amino acid similarity to ZEBOV ranging from
71 to 81 % for the RNP complex associated proteins. Therefore, it seemed logical to first

study rescue efficiency of ZEBOV using heterologous support proteins derived from this
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virus species. The corresponding open reading frames were cloned under the control of
the chicken B-actin promoter and the expression of NP, VP35, VP30, and L was verified
using the REBOV minigenome system which has recently been established within our
group (65).

Rescue of ZEBOV was achieved in 6/6 attempts with only REBOV-derived
support proteins indicating that, in general, the functional domains of these proteins are
highly conserved and can substitute for their counterparts. In comparison to the ZEBOV
system, the rescue efficiency was slightly reduced as can be seen by indirect
immunofluorescence assay results 3 days post transfection (Figure. 10). Single
substitutions of ZEBOV support proteins by a heterologous protein derived from REBOV
resulted in a rescue efficiency of 100 % (6/6) for VP30 and VP35 but dropped to 33 %
(2/6) for NP and L (Figure. 11). This trend continued if a combination of 2 support
proteins from each species was used. In the case of a combination of VP30 and VP35,
ZEBOV was rescued in 100 % of the experiments (6/6), whereas all other combinations
resulted in lower rescue efficiencies ranging from 33 to 50 % (Figure. 11). Collectively,
these data indicate that the function of the replicase complex may be more dependent on
specific protein-protein interactions than on protein-RNA interactions (6/6 positive

rescues if all REBOV support proteins were used).
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Figure. 10. Indirect immunofluorescence assay demonstrating the rescue of the
ZEBOV reverse genetic system using homologous and heterologous support
proteins. The rescue presented here were performed with four support proteins derived
from the same virus (MARV, lake Victoria marburgvirus strain Musoke; REBOV Reston
ebolavirus strain Pennsylvania; ZEBOV, Zaire ebolavirus strain Mayinga). The IFA was
performed on formalin-fixed cells (2%) at the indicated time points. For
immunodetection a rabbit antiserum directed against ZEBOV VP40 (dilution 1:200 in
PBS) with a FITC anti-rabbit secondary antibody (dilution 1:500 in PBS) used for
fluorescence. (A-C) demonstrated the rescue efficacy 3 days after transfection of the
original 293T/Vero E6 cell culture. (E-G) and (I-K) show virus growth on 3 and 7 days
after passaging the transfection supernatants onto Vero E6 cells, respectively. D, H, and L
are the corresponding negative controls.
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Figure. 11. Rescue efficiency of ZEBOYV using different combinations of homologous
and heterologous support proteins. Plasmids supplied from a heterologous virus
species are indicated along the x-axis in red (REBOV) and blue (MARV) with the
remaining plasmids (black) form ZEBOV. Each transfection introduced NP, VP35,
VP30, and L in various combinations. Plasmid supplied from a heterologous virus species
are indicated along the x-axis with remaining plasmids derived from ZEBOV. All
experiments were performed six times using independent transfections. Data for
substitutions involving MARV-derived proteins are shown as blue bars while those for
REBOV are shown as red bars. Control rescues involving only ZEBOV proteins are
shown as a gray bar. Key: MARV, lake Victoria marburgvirus strain Musoke; REBOV
Reston ebolavirus strain Pennsylvania; ZEBOV, Zaire ebolavirus strain Mayinga; L,
RNA-dependent RNA polymerase; NP, nucleoprotein; VP virion protein 30 and 35 KDa.

Subsequently, we investigated the rescue efficiency of ZEBOV using
heterologous support proteins from MARYV, a more distantly related filovirus with amino

acid similarity to ZEBOV ranging from 46 to 58 % for the RNP complex associated
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proteins. The corresponding open reading frames were cloned under the control of the
chicken B-actin promoter and the expression was verified by immunoblot and/or
immunofluorescence analysis. The rescue of ZEBOV using only MARV-derived support
proteins was successful in 66 % of experiments (4/6) (Figure. 11). The lower rescue
efficiency is also demonstrated by IFA results 3 days post transfection (Figure. 10). No
rescue was achieved when single support proteins were exchanged (Figure. 11). The
combination of two support proteins from each virus resulted in rescue efficiencies
ranging from 0 to 66 % with the highest values obtained for the combination of VP30/L
(66 %), followed by VP35/L and VP35/NP (both 50 %). No rescue was obtained using
the combinations VP30/VP35, NP/L, or VP30/NP (Figure. 11). Replacement of VP30 in
the ZEBOV reverse genetics system by its MARV counterpart completely abolished
rescue (Figure. 11). This is in contrast to the ZEBOV minigenome system where MARV
VP30 was able to maintain a low level of transcriptional activity (111). Previously, it was
reported that VP30 was not needed for transcription and replication in the MARV
minigenome system but required for transcription in the ZEBOV minigenome system
(110, 111). However, no ZEBOV rescue was observed (0/6) when only NP, VP35 and L
derived from MARV were used for rescue attempts (Table 10). Taken together, the data
for MARV-derived support proteins again seem to support the notion that protein-protein
interactions are more critical than protein-RNA interactions as indicated by the higher
rescue efficiency when more than one heterologous protein was added to the system.
Amino acid identities for the RNP complex associated proteins were compared
between ZEBOV and REBOV as well as MARV using the National Center for

Biotechnology Information BLAST search programs. In general, ZEBOV and REBOV
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shared a higher degree of amino acid identities (62 %, 64 %, 65 % and 71 % for NP,
VP35, VP30 and L, respectively) than ZEBOV and MARYV (35 %, 36 %, 34 % and 43 %
for NP, VP35, VP30 and L, respectively). Despite clear distinctions among the three
viruses in the nucleotide and amino acid sequences, all proteins seemed to show
similarities as demonstrated by dot-matrix comparison. These conserved regions likely
contain the functional domains of these proteins (Figure. 12). Interestingly, VP35 and
VP30 of REBOV and ZEBOV, but not NP and L, were very similar in dot-matrix
comparison explaining the unaltered rescue efficacy when VP35 and VP30 were switched
(100 %) versus a drastic reduction when NP and L were exchanged (33 %) (Figure. 11).
Dot-matrix comparisons between ZEBOV and MARV proteins resulted in reduced
similarities for NP, VP35 and L (Figure. 10). This may explain the overall lower rescue
efficiency when heterologous support proteins derived from MARV were used to rescue
ZEBOV (Figure. 11). Surprisingly, MARV VP30 showed a remarkable similarity to
ZEBOV VP30 despite its inability to rescue ZEBOV (Figures. 11, 12). In general, rescue
was more likely to be successful if NP and VP35 and/or L and VP35 were derived from
the same virus species. This supports the model previously hypothesized for MARV
transcription and replication (13) which was based on independent interactions of NP and
L with VP35, with VP35 being the link between NP and L which otherwise did not
interact. On the basis of the dot-matrix comparison (Figure. 12) one might assume that
critical domains for protein-protein interactions might be located in the amino-terminal

portion of VP35 and the carboxyl-termini of NP and L.
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Figure. 12. Dot-matrix comparisons of ZEBOV vs. REBOV or MARYV support
proteins. In the dot-matrix comparison, each match meeting the specific similarity within
the specified group of residues is displayed as a line on the plot. The comparison was
carried out using the Lipmann and Wilbur methods with the following parameters: %
match = 20; minimum window = 1; and window = 30 using the PAM 250 matrix. The
color of the line reflects the degree of similarity, taking into account both the percent

match and the match length. Blue indicates the weakest matches and red the strongest.

The three exceptions from the model [VP30 & VP35 of REBOV and NP & L of ZEBOV

(6/6 rescues); REBOV VP35 and NP, VP30 & L of ZEBOV (6/6 rescues; REBOV VP30

and NP, VP35 & L of ZEBOV (6/6 rescues)] (Figure. 12) could be explained by the high

similarity of VP35 and VP30 among the two EBOV species as discussed above (Figure.
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11). In contrast to previously published work (111), REBOV and MARV RNP associated
proteins were clearly able to recognize heterologous ZEBOV RNA reemphasizing that
protein-protein interactions are more critical than protein-RNA interactions.

The rescue of ZEBOV using heterologous support proteins from other
filoviruses was surprising. Therefore, we investigated if support proteins from even more
distantly related viruses could substitute for ZEBOV support proteins. For this purpose
vesicular stomatitis virus (VSV), (genus Vesiculovirus, family Rhabdoviridae, order
Mononegavirales) was used. Exchanging the ZEBOV support proteins in various
combinations, as described above for REBOV and MARY, did not result in any positive
rescue of the ZEBOV genome. This was also the case if all support proteins were derived
from VSV (Figure. 13).

Our data clearly demonstrate that rescue with heterologous support proteins
derived from a virus of a different species or different genus within the same family is
achievable. Earlier it was reported that rescue of Sendai virus cDNA templates could be
achieved with cDNA clones expressing parainfluenza virus type 1 and 3 N, P and L
proteins (125). However, rescue of a recombinant virus from plasmid DNA using
heterologous support proteins derived from a virus of a different genus has never been
reported to our knowledge. The results further demonstrate that transcription and/or
replication are not strictly species-specific but require a certain degree of specificity. By
evaluating all the different combinations that were tested in this study, the interaction
between homologous NP/VP35 and L/VP35 (proteins from the same virus species, not
necessarily ZEBOV) seems to be the most critical step. The importance of these

interactions was further demonstrated by co-expression studies; using RNP complex
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protein, derived from a eukaryotic expression vector. Interaction between NP/VP35,
L/VP35 as well as L/VP30 were demonstrated in both heterologous and homologous

RNP complex switching which, were demonstrated by co-localization (63).

VSV RNP complex protein
VSV Wild-Type Rescue Rescue in the ZEBOV genetic

o

IFA Anti-VP40

C

Figure. 13. ZEBOYV rescue using all VSV RNP complex plasmids. N,P, and L were
transfected in 1 pg, 1 pg, and 2 pg plasmid concentration respectively. ZEBOV rescues
using VSV plasmid could not be produced. A) VSV rescue using the VSV reverse genetic
system, CPE was seen 24-48 hours after transfection. B) Determination of rescue ability
of VSV RNP complex protein to drive the ZEBOV revere genetic system, VSV RNP
complex plasmids were transfected in 1 mg (N), 1 pug (P), and 2 pg (L). Cytopathic effect
was not seen in all rescue attempts, demonstrating that VSV RNP complex proteins
cannot cause ebola replication in the ZEBOV reverse genetic system. C) Indirect
immunofluorescence assay was carried out to ensure no live ZEBOV is present. Samples
were treated with an anti-VP40 antibody (1:200 dilution in PBS) and FITC (1:500
dilution in PBS)staining for visualization. Some auto-fluorescence is seen in floating
dead cells.
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The presence of VP30 was critical for the rescue of ZEBOV, which confirms previous
observations that found VP30 to be important for the replication of ZEBOV but not for
the replication of MARV minigenome systems (111). In addition, the use of only MARV-
derived NP, VP35 and L, which are sufficient to drive transcription in the MARV
minigenome system, are not sufficient to rescue ZEBOV using the infectious clone
system, which confirms recently published data obtained from the MARV infectious
clone system(41). In contrast to previous data derived from the filoviral minigenome
systems (111), heterologous RNP complex associated proteins (support proteins) were
able to complement heterologous filovirus RNA and rescue ZEBOV. The differences
between the minigenome and the infections clone system using heterologous support
proteins [e.g., lack of CAT activity as shown in (111) and positive rescue as demonstrated
here] may be explained by the sensitivities of the read-out systems. CAT activity
(minigenome read-out) must be expressed in a specific quantity to result in a positive
signal whereas a single event could drive the rescue of virus in an infectious clone system
because it is based on multiple amplification cycles thereafter. Thus, the infectious clone
system appears to be more sensitive in this respect. However, the minigenome genetic
systems are more easily manipulated (BSL2 vs. BSL4) and, thus, both systems are

extremely helpful tools for many applications.

3.1.3 Future Direction

Heterologous protein switching has demonstrated that reverse genetic systems are less

stringent then previously thought. One future goal from this work is to generate chimeric
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proteins, which would allow us to determine regions critical for both transcription and
replication of ZEBOV. Also since the development of the Marburg reverse genetic
system the possibility to determine the interactions between MARYV viral transcription
and replication with ZEBOV RNP complex proteins is now possible. These experiments
will give us more insight into the transcription and replication patterns of filoviruses.
Another direction this research could take is to determine the functional regions within
the RNP complex proteins. Since all filoviruses share sequence similarities nucleotide
alignment may provide possible unique binding motifs within the RNP complex protein.
The possibility for future studies using genome clones from REBOV, SEBOV,
and ICEBOV could potentially be rescued using the well established ZEBOV system.
This would avoid the issues associated with a functional L protein which is difficult to

express and to characterize.
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3.2 Cell Free Cloning

3.2.1 Introduction

In the past decade, several reverse genetic systems have been developed for negative-
sense RNA viruses (101) with the establishment of a mini-replicon system generally
preceding the development of the infectious clone system. In each case the technology
used reflects both the particular requirements of the virus as well as the availability of
established methodologies. Both utilize cloned ¢cDNA to either mediate expression of
reporter genes (mini-replicon systems) or produce infectious virus particles (infectious
clone systems). Together they provide excellent tools for studying replication and
transcription as well as infectivity and pathogenicity. Since the establishment of the first
ZEBOV reverse genetic systems (114, 166) an inherent problem with the infectious clone
system has been identified with regard/respect to the handling of the larger plasmids such
as the genomic plasmid and the plasmid encoding the RNA dependant RNA polymerase
protein. One common occurrence is spontaneous mutations, which have occurred in the
process of generating the two existing ZEBOV systems as well as other genetic systems.
The first system (166) carried a single mutation in the genomic clone at nucleotide
position 18227 (within the L-gene) which can be attributed to a polymerase error during
RT-PCR in the original development. This mutation was silent and did not have a
recognizable effect in viral rescue or viral transcription or replication. The cDNA clone
that was developed by Neumann and colleagues (114) showed three nucleotide changes.
The first mutation was an A insertion between nucleotide positions 9744 and 9743.

Another A insertion was found between nucleotides 18495 and 18496 and an A-to-T
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replacement was detected at position 18226. Interestingly, all of the mutations found in
the ¢cDNA full-length clone had been reported to be present in the functional ZEBOV
minigenome (111) or have been found with other ZEBOV strains (see data bank
sequences) and are, therefore, considered naturally occurring variants. These natural
variants represent regions known as mutational hotspot within the ZEBOV genome.
Neither the insertions nor the replacement mutations had an effect on the virus once
rescued, indicating that some minor mutations seem to be tolerated within the full length
cDNA construct without effecting rescuability. Volchkov and colleagues (166) took
advantage of this by intentionally inserting a silent mutation at nucleotide position 6180
to create a unique Sall restriction enzyme site which subsequently was used to identify
rescued mutant viruses from wild-type ZEBOV. Although some minor mutations are
tolerated in this system, generally an authentic sequence is desired. These mutational
problems not only occur when developing a cDNA viral genome copy but have been a
recurring event when cassette mutagenesis and full length cDNA re-cloning are carried
out. To help alleviate this problem a new cDNA full-length reverse genetic clone has
been established for ZEBOV, which encodes a pBR322 origin of replication. This change
decreased the plasmid copy number during replication due to expression controls which
are found within the pBR322 origin of replication. This decrease in expression will
remove some selective pressure on the ZEBOV cDNA construct decreased the
probability of a spontaneous mutation occurring when mutagenizing cDNA fragments.
Another method which has been used in mutatgenesis strategies when working with these
large plasmids is the development of smaller cassettes of the cDNA plasmid. These

cassettes can be easily mutagenized and re-cloned into the full-length cDNA viral
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plasmid allowing for easier cloning and development of mutant viruses. Regardless of the
methodologies used to establish the genetic system, mutagenizing the cDNA follows the
same general protocols. Using the second method, cassette building, we developed a new
method of mutant clone generation, called ‘cell free cloning’. This new cloning strategy
removed the propagation steps in normal cloning practices thereby decreasing the chance

of spontaneous mutations and allowing for quicker clone generation.

Main hypothesis and objectives of study:

Our main hypothesis was to generate a novel ‘cell free cloning system’ that would
alleviate the occurrence of unwanted spontaneous mutation when manipulating large
plasmids using the reverse genetic system for ZEBOV. Our objective was to develop a
system which limited the amount of bacterial propagation in generating a mutant cDNA
construct. Resulting in fewer spontaneous mutations which are usually generated by the

semi-error prone bacterial polymerase.

3.2.1a Current Techniques for Viral Mutagenesis:

A common current method used to generate a mutant cDNA reverse genetic clone is
shown schematically in Figure. 14. Briefly, the region of interest is digested with
compatible restriction enzymes and sub-cloned into a replicating plasmid. This is to

facilitate propagation in bacteria increasing the amount of plasmid construct.
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Figure. 14. An illustration of a normal cloning technique used in generating cDNA
mutants using large plasmids. 1) Cut the cDNA construct with compatible restriction
enzymes. 2) Agarose gel purify the desired fragment, and clone into a prokaryotic
expression vector [a bacterial propagation step is needed here to increase plasmid DNA
concentration. 3) Develop mutant using site directed mutagenesis (PCR based) 4)
propagate in bacteria. 5) Restriction digest the mutagenized fragment and agarose gel
purify. 6) Ligation of original cDNA construct which was digested and the mutagenized
fragment. 7) This generates a cDNA construct which carries a specific mutation, 8) which
can be used for virus rescue and mutant characterization.

The plasmid is re-isolated using transformation and plasmid DNA isolation kits (Qiagen),
and a mutation is generated using PCR based site directed mutagenesis. Breaking down
the large cDNA ZEBOV full-length clone into smaller fragments (sub-cloning) is

required for generating correct mutations due to polymerase restrictions. Unique
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restrictions sites and the fidelity of polymerases become the limiting factors when
developing mutations in any plasmid. An example of this is demonstrated by the ZEBOV
cDNA plasmid, which has only seventeen unique restriction sites in 23313 bp, making
this system extremely difficult to work with. Additionally most polymerases can only
replicate small fragments (1000-4000 bp) of DNA efficiently. The longer the fragment
size, the greater the chance of non-specific mutations resulting within the cDNA copy. In
a reverse genetic system this usually results in the generation of a ¢cDNA clone that
cannot successfully produce virus. After mutagenesis, increasing the DNA concentration
via propagation within a bacterial cell is required. Following isolation of plasmid DNA
the insert fragment is removed from the vector using the same restriction enzymes used to
clone the insert. Once the insert is isolated using DEAE cellulose it can be re-introduced
into the original Ebo-Rib clone. The construct is propagated again in bacteria to increase

DNA concentrations for rescue attempts.

3.2.2 Results and Discussion

3.2.2a Steps in cell free cloning:

Cell free cloning, (Figure. 15) which we have termed this new cloning method, utilizes
normal procedures in cloning with various modifications of currently used protocols and
buffering systems. This new protocol was developed to allow mutagenesis in large cDNA
plasmids, without the need for propagation in bacteria and thus abolished the need for
sub-cloning into a replicating plasmid. This decreases the chance of spontaneous

mutations when generating cDNA constructs.
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Figure. 15. Schematic diagram of ‘Cell free cloning’. Step 1) Using unique restriction
sites within the ZEBOV c¢DNA construct, digestion of a fragment with isolation and
purification of both band fragments. The fragment and the remaining cDNA construct
Step 2) Ligation of a DNA fragment to a linker piece of DNA which carries restriction
sites at both the 3” and 5’ ends. Step 3) Using PCR based mutagenesis, mutations were
made with a region of interest within the fragment. Removal of parental DNA was carried
out by the addition of Dpnl. Step 4) Removal of the linker from the mutated fragment
using the same restriction enzymes used in the excision. Once isolated the fragment can
be reinserted back into the ZEBOV full-length clone. Patent number # IP 80.02.508

This system utilizes conventional cloning techniques with the help of a DNA linker (a
small piece of DNA with multiple restriction enzyme recognition sites) and different

buffer concentrations/components to digest, ligate, mutate, re-digest, and re-ligate the
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DNA fragment in a matter of a few steps. The first step in cell-free cloning involves the
restriction digest of the cDNA plasmid using two enzymes that will allow for the removal
of the desired region. The second step involves the ligation of the cDNA fragment to a
linker piece of DNA generating a circular fragment. Step three involves site-directed
mutagenesis of the fragment of interest using normal PCR based mutagenesis. Once the
mutations are generated, the parental cDNA is removed using the Dpnl restriction
enzyme that only digests methylated DNA or DNA which has been propagated in
bacteria. Step four involves removing the linker from the cDNA fragment using the same
restriction enzymes that were used to ligate them together. Finally, purification of the
fragment for final ligation back into the full length cDNA replicating plasmid is carried
out. As illustrated above, both systems work for generating mutant cDNA viral genome
copies, but current methods are more time consuming and require sub-cloning steps
which increase the possibility of spontaneous mutations. The greatest advantage of cell-
free cloning is that it can be used to generate mutants very quickly by eliminating the
sub-cloning steps and combining the ligation and mutagenesis steps. Utilizing this new
system we have generated numerous mutant constructs which are devoid of polymerase
error mutations.

In developing this cloning system we first determined where some key problems
existed in normal cloning methods which were used in the development of mutant
constructs (Figure. 14). One main problem was identified with the propagation of large
plasmids in E.coli cells and the time involved in generating mutations in the reverse
genetic system clones. The schematic in Figure. 15 represents the experimental design for

cell free cloning. This method was developed to allow mutagenesis in large cDNA
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plasmids, without the need for propagation in bacteria and abolishing the need for
cassette building. This system utilizes conventional cloning techniques with the help of a
linker along with different buffer concentrations/components to digest, ligate, mutate, re-

digest, and re-ligate the DNA fragment in a few steps.

Step I: The first step in linker cloning is to restriction digest the full length cDNA
construct using unique restriction enzymes. In these experiments the generation of a Ebo-
Rib clone which lacks the Kpnl site at 14677 was used. This clone was developed using
the sub-cloning vector pBluescriptSK+EcoRV'5220" (Figure. 16), which was developed
by restriction digest of Ebo-Rib with EcoRV (Figure. 17), gel extracted, and cloned into
pBluescriptSK+. Using this clone, site directed mutagenesis was carried out to generate a

Kpnl’14677° deletion mutant using the following primers.

KpnID'14677'f: CATTGGCACTAGCAGTACCGCAGGTGCTTGGAGGG

KpnID'14677'r: CCCTCCAAGCACCTGCGGTACTGCTAGTGCCAATG
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Figure. 16. Generation of the sub-cloning vector pBlue'EcoRV'5220¢. This clone was
generated by digestion of the full length cDNA construct Ebo-Rib with EcoRV. Isolating
the band at 5220 and sub-cloning it into pBlueScript SK+. Lane 1) 1Kb+ ladder
(Invitrogen), Lanes 2-4) contain three clones of pBlue’EcoRV’5220, digest with EcoRV
lane 1 was used for further experiments. Lane 5) negative control, Lane 6) PCR
amplification and cloning of GFP open reading frame into TOPO 2.1 sample was cut with

Sacl to verify restriction enzyme cutting. Lanes 7, 8) digestion of pPCAGGS with Sacl for
GFP insertion.
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Figure 17. Restriction digest of Ebo-Rib with EcoRV. Lane 1) Marker 1Kb ladder
(Invitrogen), Lanes 1-7) Ebo-Rib ¢cDNA construct was restriction digested with EcoRYV,
Once digested, samples were electrophoresed using a 1 % agarose gel. Resulting bands
were located at 13069, 5221, 2762, 1346, and 915 bp

After mutagenesis, the ECORV fragment was re-cloned into Ebo-Rib. To verify the full
length clone carried the newly introduced mutation, a digestion of the Ebo-
RibA(KpnI‘14677bp’) clones with Kpnl and BssSI (Figure. 18) was carried out. This
band (3.5 kb long) was agarose gel extracted using DEAE cellulose (136) for the ligation

reaction in step 2. This fragment corresponds to a region within Ebo-Rib that carries most

of the glycoprotein and VP30 open reading frames.
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Figure. 18. Agarose electrophoresis gel of Ebo-Rib(Kpnl‘14677bp’ deletion). Lanes
1-3. Restriction digest of Ebo-Rib with BssSI and Kpnl. This digestion excised a
fragment which corresponds to the 3.3 Kb band. Both bands were removed from the
agarose gel and purified using Qiagen DNA gel extraction kit. Lane 4. 1 Kb+ ladder
(Invitrogen). Arrows indicate the SKb and 3Kb bands from the 1Kb ladder.

Step 2: The Kpnl/BssSI fragment was ligated using SU of Roche ligase to a linker DNA
fragment with corresponding restriction enzyme sites. The linker fragment used in this
experimental assay was a 106 bp fragment, which contained the restriction enzymes
BssSI and Kpnl on 5° and 3’ ends respectfully (Figure. 19). This linker allows for the
circularization of the Kpnl/BssSI fragment in preparation for the mutagenesis of the

plasmid.
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BssS Sph Sal BstAP
GC CACGAG ATT GCATGC ATT GTC GAC ATT GCACCCGCTGEC

H
Fau
Afel Sacl PshAl Apal
AGCGCT ATT GAGCTC ATT GACCGCGGTC ATT GGGCCC ATT
e
BstUI
SnaB Hap Pac

PSR = Ty,
TACGTA ATT GTTAAC ATT TTAATTAA GCCis

Figure. 19. Linker design for cell free cloning. Illustrated in color are restriction
recognition sites for digestion of this linker. This linker was cloned into the multiple
cloning site of TOPO-2.1. This was used as a vector to allow for the propagation of the
linker DNA as well as allowing for the proper removal and thus restriction site
presentation of the linker to the fragment.

Step 3: The ligated linker and Kpnl/BssSI fragment was used to generate mutations
within the glycoprotein region of the plasmid. Using the following primer sets that were
generated four glycoprotein mutant constructs using site directed mutagenesis.
sGP’6915°f ACTAAAAAAACCTGACTAGAAAAATTCG

sGP’6915’r CGAATTTTTCTAGTCAGGTTTTTTTAGT

A-peptide’7017’f  CTTCCGACCCAGTAGCCAACACAACAAC

A-peptide’7017’r  GTTGTTGTGTTGGCTACTGGGTCGGAAG

Editing’6908’f TGGGAAACTAAGAAGAACCTCACTAGAA

&3



Editing’6908’r TTCTAGTGAGGTTCTTCTTAGTTTCCCA
Cleavage’7520°f GGCGGGGCAGGTACTCGCAGCAGAAGCA

Cleavage’7520’r TGCTTCTGCTGCGAGTACCTGCCCCGCC

Mutagenic primers were extended using PFU turbo (Stratagene). Once the PCR reaction
was completed the parental DNA was removed by adding 1pl of Dpnl (10 U/ul), and
incubated at 37°C for 1 hour. After 1 hour the temperature was raised to 65°C to
inactivate any enzyme. Since buffer 2 is not removed and ligase inactivation showed
varying results, the following components were added to ensure the highest fidelity of
mutagenesis. Using 1 ug of DNA the following reaction components were added. PCR
primers were added at a concentration of 250 ng with 2.5 unit (or 1 pl) of PFU turbo
polymerase enzyme and 2 ul dNTPs (100 pg/ul) per 50 pl volume. The following ions
were added to stabilize the DNA and ensure divalent cation activity was at its maximum
for polymerase activity. (10X reaction buffer, 20 mM MgCl,, 100 mM KCL, 100 mM
(NH4)2804)

Step 4: In the last step the linker was removed from the DNA fragment using the
Kpnl/BssSI restriction enzymes and the fragment was purified using DEAE cellulose
(136). The mutagenized fragment concentrations were determined (Nanodrop) and
ligations were carried out with the Ebo-RibA(Kpnl‘14677bp’) cut with Kpnl/BssSI.
Ligations were set up in vector to insert ratios of 1:5 and 1:10. Ligation reactions were
transformed into XL1 Blue cells and grown on LB-AMP plates at 30°C. DNA was
isolated (Mini-prep kit Qiagen) from transformed colonies and digested with EcoRV to

ensure proper full length orientation was seen (Figure. 20).
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Figure. 20. Glycoprotein fragment religation into ZEBOV ¢DNA construct using cell
free cloning method. Lanes 1 and 14) 1Kb ladder (Invitrogen). All positive religations
will result in a five band pattern when a complete ZEBOV ¢DNA construct is digested
with EcoRV. Lanes 2-4) sGP mutant within the Ebo-Rib backbone digested with EcoRV.
Lanes 5-7) Delta-peptide mutant within the Ebo-Rib backbone digested with EcoRV.
Lane 8-10) Editing site mutation within the glycoprotein region within the Ebo-Rib
backbone digested with EcoRV. Lanes 11-13) Glycoprotein proteolytic cleavage site
mutation within the Ebo-Rib backbone digested with EcoRV.

Positive clones were prepared and sent for in-house sequencing (Figure. 21). Once
sequences were confirmed mutant ZEBOV cDNA constructs were transformed into
eukaryotic cells Vero E6/293T along with Ebo-Rib (full length) and rescue was examined

for 14 days.
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* AAACTAA-ARAAACCTCACTAGARARATTCGCAGIGAAGAGTTGICTTTCACAGTTGTATCAA?
A ARACTAA-AAAAACCTCACTAGAAARATTCGCAGTGARGAGT TGTCTTTCACAGTTGTATCARL
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AAACTAA-AAAAACCTgACTAGAAAAATTCGCAGTGAAGAGT TGTCTTTCACAGTTGTATCAAA

.

Editing mutant - M)

AAACTAAGAAGAACCTCACTAGAAAAATTCGCAGTGAAGAGTTGTCTTTCACAGTTGTATCAAA

% CCGACCCAGGGACCAACACAACAACTGAAGACCACAAAATCATGGCTTCAGAAL
A CCGACCCAGGGACCAACACAACAACTGAAGACCACARAAATCATGGCTTCAGAAL

3 Delta peptide

AIRA'E S S'YE 88 AR

mutant CCGACCCAGtGACCAACACAACAACTGAAGACCACARAATCATGGCTTCAGAAA
* AGGACTGATCACAGGCGGGAGAAGAACTCGAAGAGAAGCAATTGTCAATGCTCAACCC
A AGGACTGATCACAGGCGGGAGAAGAACTCGAAGAGAAGCAATTGTCAATGCTCAACCC
4 Cleavage all /| all firh,
mutant ‘ 1Y LYY XN Y VY YRV VE XV BV LYY L )

AGGACTGATCACAGGCGGGYCAGGLACTCGCAGCAGAAGCAATTGTCAATGCTCAACCC

444

Figure. 21. DNA sequence of glycoprotein mutants generated using cell free cloning.
Sequence of ZEBOV 76 strain Mayinga, and recombinant ZEBOV virus (Ebo-Rib) were
used as reference sequences. Mutations which were generated within the glycoprotein are
illustrated by red arrows. 1) A stop codon generated within the sGP region. This will
abolish the production of sGP during glycoprotein transcription. 2) Editing mutation
generated by the insertion of two guanine residues in place of two adenine residues,
disrupting normal glycoprotein processing. 3) A stop codon was generated within the
delta peptide region of the glycoprotein, truncating the peptide possibly disrupting it
function 4) A Cleavage mutation was generated by the insertion of multiple nucleotides

%

disrupting the binding motif for the proteolytic enzyme furin. Key: represents the

ZEBOV 76 viral sequence as well as <™’ which represents the ZEBOV reverse genetic
system recombinant virus.

Once positive rescue was assessed by cytopathic effect and indirect immunofluorescence
assay (anti-VP40) virus stocks were grown and virus titers were determined using an

immunoplaque focus forming unit assay (Figure. 22).
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Figure. 22. Viral titration of glycoprotein mutants. Titrations were performed in
biocontainment level 4 in Vero E6 cells with samples being assayed for viral titres on
days 1-3, 5, and 7. Titrations were performed using a 10-fold dilution series of viral
stocks, 1 ml of each dilution series were used to infect Vero E6 cells in a 96 well plate.
Infected cells were overlaid with DMEM containing 1.5% carboxymethyl-cellulose
(CMC) and 2% (v/v) fetal calf serum. Indirect immunofluorescence assay was performed
on formalin-fixed cells (2%) 5 to 7 days post infection. For immunodetection a rabbit
antiserum directed against ZEBOV VP40 (dilution 1:200 in PBS) with a FITC anti-rabbit
secondary antibody (dilution 1:500 in PBS) was used for fluorescence. Infected cells
were analyzed using an Axioplan 2 fluorescence microscope, titers were determined by
counting positive fluorescence plagues (Focus forming unit). Four glycoprotein mutants
were assayed (sGP, delta peptide, editing site mutant, and cleavage site mutant).

Recent developments in mutagenesis technologies now allow for the mutagenesis of
specific regions within viral cDNA copies. The manipulation of viral receptors and viral
pathogenic factors are currently being studied, in systems for members of the negative-

stranded RNA virus families Orthomyxoviridae, Bunyaviridae, Arenaviridae,
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Rhabdoviridae, Paramyxoviridae, Filoviridae, and Bornaviridae (114, 157). Inherent
problems exist within all negative stranded RNA groups when generating mutations
within the large cDNA constructs and many methods have been adopted to increase the
probability of successful clone development. Within this project we have demonstrated a
new method of mutant clone development named °‘cell free cloning’. As the name
indicates, this method of cloning lacks the requirement of multiple clonal selection steps
which decreases the chance of spontaneous mutations and plasmid rejection. This new
method of cloning, when used to make reverse genetic mutants provides tremendous
advantages in the time it takes to generate clones and the reduction of spontaneous
mutation rates.

Defining the pathogenic effects of ZEBOV glycoprotein products has been a focal
point in Ebola research for the past decade. With this in mind, and the need to test the
new cloning method of ‘cell free cloning’, we developed four cDNA viral clones
encoding mutations within the glycoprotein gene. Utilizing the ZEBOV reverse genetic
system and cell free cloning, sGP and A-peptide mutants were generated by inserting stop
codons in the open reading frame of the gene products. This would abolish the production
of sGP and A-peptide. Editing and cleavage site mutants were also generate which, would
change the (Figure. 21). Interestingly, all mutant viruses grew to a fairly high titer ~108 -
107 (FFU), with the exception of sGP which could only be grown to a titer of 10° (FFU)
(Figure. 22). In generating these glycoprotein mutant clones we have developed tools
which could assay the physiological difference between wild-type and mutant viruses

both in biology and pathogenesis.
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3.2.3 Future studies
Since the generation of the glycoprotein mutants was achieved to assess the ability of cell
free cloning, there are many aspects to study using these mutant viruses, including:

1. Assessment of mutant viruses for changes in levels of production of mutated

protein.

2. Assessment of mutants in vivo (immunodeficient mice)
As my studies progressed, it soon became apparent that developing glycoprotein mutants
in the ZEBOV’ 76 (strain Mayinga) reverse genetic system limited us to experiments
using tissue culture methodologies, immunodeficient mice, or primates (Cynomolgus
macaque). We realized this inherent problem could be resolved by developing a reverse
genetic system for a small animal model. Which would allow for pathogenic studies to be
carried out using a small animal model which closely resembles a EHF infection in
humans. We utilized the system described above to generate a reverse genetic clone for
the ZEBOV’ 76 strain Mayinga guinea pig adapted virus described in the following

chapter.
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3.3 Guinea Pig Adapted ZEBOY reverse genetic clone
3.3.1 Introduction

Historically guinea pigs have an interesting past with filoviruses. The first
Marburg patient who was infected in 1967 was suspected to have either rickettsia or one
of the leptospira species. Common practices for diagnosis of these diseases in the 1960’s
was to injected Dunkin-Hartly guinea pigs with patient blood and monitor for clinical
signs of either disease. Interestingly, the guinea pigs developed a fever, lost weight and
soon recovered (150). These results as well as electron microscopy results demonstrated
that this was a new virus. With these results, passaging of the virus within guinea pigs
was carried out. It was determined that three passages of the filovirus within guinea pigs
resulted in a virus that caused 100% lethality (150).

A few decades later, increases in the number of animal models and newly
developed techniques have advanced the study of filoviral infection in guinea pigs.
Currently, little is known about the pathogenesis of filovirus infections. Previous studies
of natural human outbreaks or of experimentally infected primates have described the
clinical signs, histopathologic lesions, pathophysiologic changes, coagulopathies, and
viral antigen distribution (9, 16, 51). These investigations have shed little light on the
pathogenesis of filovirus infection before death. It has become apparent during the last
decade of study in the filoviral field that a reliable small animal model is needed to
determine the physiological effects of filoviruses infections.

The adaptation of Ebola subtype Zaire (Mayinga) to produce a lethal infection in
guinea pigs was carried out by serial passage of the virus within guinea pig spleens. To

achieve uniform lethality, guinea pigs were inoculated subcutaneously with a passage one
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virus from a human serum specimen (057931). Seven days after inoculation guinea pigs
were euthanized and their spleens were homogenized and used as an inoculum for
infection of more guinea pigs. This process was repeated until uniform lethality was
achieved (28).

Hypothesis and objectives of study:

Guinea pig adaptation is based on specific mutations in the genes encoding
interferon antagonistic gene products such as VP35 and VP24. Our hypothesis was to
determine if these mutations are required for interferon inhibition allowing for the
infection of a new host. Our main objectives were to sequence the guinea pig adapted
virus and develop a reverse genetic system based on that sequence. Once complete we
could test the specific mutations needed for adaptation to the new host. Since filoviruses
normally do not cause disease in guinea pigs, one or all of the mutations found in the
guinea pig adapted virus could be needed to adapt to its new host. With this in mind we
will develop single, double, and triple mutations of the guinea pig adapted changes, using

the ZEBOV guinea pig reverse genetic system.

3.3.2 Results and Discussion
3.3.2a Sequencing of the guinea pig adapted virus

Vero E6 cells were infected with the guinea pig adapted virus until, it has caused
apoptosis in 60% of the cells infected, (2+ cytopathic effect), which usually occurs
between days 7-10 p.i.. Viral RNA was isolated using Trizol LS extraction, and RNA
concentration was determined using NanoDrop ND-1000 UV-Vis spectrophotometer

(NanoDrop Technologies). To determine the entire sequence of the guinea pig adapted
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genome we subjected the RNA to complete nucleotide sequence analysis. Using the
primary sequence of the full-length genomic RNA for ZEBOV (GenBank Accession
No.AF086833) (165), we generated primers which were designed to generate 1 Kb
fragments covering the complete genome of the guinea pig adapted virus (See Appendix).

The complete nucleotide sequence was determined in triplicate by sequencing the
RT-PCR fragments and compiling the sequence data in SegMan (DNA Star) (See
appendix for complete sequence). Sequencing demonstrated ten single mutations

covering five genes, of which seven caused amino acid changes (Table 11).

Table 11:

Position in Nucleotide change Amino acid
genome [change

NP (2411) T — C Phe — Leu
VP40 (4437) T — C Ile — Thr
VP40 (5053) cC—-T Thr — Ile
GP (6424) T — C Ile — Thr
GP (7668) T — C Ile — Thr
VP24 (10420) |C —-T Leu — Phe
VP24 (10741) lc—a His — Asn
L (13053) lc - a Arg — Arg
L (13968) A — G Ser — Ser
|L (14040) A — C Thr — Thr

Table 11. Single nucleotide changes in the full sequence of the guinea pig adapted
virus. Position within genome (see appendix) is in the first column, nucleotide and amino
acid changes follow. Ten mutations were found within five of the genes encoding
structural proteins within the ZEBOV genome. Three of these mutations were contained
within the L region and were silent mutants with no amino acid change. Since silent
mutations unusually have no effect on protein production or function we decided to omit
these three mutations from the signal nucleotide change study.

92



3.3.2b Generation of reverse genetic guinea pig adapted cDNA construct:

To generate the full length guinea pig adapted reverse genetic clone, we first generated
primers which encompassed regions containing mutations (Table 11), flanked by unique
restriction sites (Figure. 23). Primers used to generate fragments are as follows:

Sphl ‘2534’f GCTCAACCAGCCCTCGCATGCTGACACCAATTAACG

Sphl ‘6159°r CAGATGTAAGCATGCAGGCAATTTGAGG

Sall ‘6566°f GGTTAGTGATGTCGACAAACTAG

Sacl’11327°'r CGGGTTCTTGGAGCTCCACCAGAAAACCC

Sacll’12245° CCTGTTGAGCCGCGGTGCCAACAGTTC

Hpal’14626° GGTTTGCCGAGTGTTAACTGTCCAAGG

Using RNA from the guinea pig adapted virus we amplified three fragments designated
1C, 4C, and 5C using RT-PCR (QIAGEN) which were sub-cloned into the existing
ZEBOV reverse genetic cDNA construct cut with the corresponding restriction enzymes
(Figure. 23). Once all mutant fragments were generated and cloned into the Ebo-Rib
backbone, we confirmed the sequence of each fragment and attempted to rescue the

viruses using the ZEBOV reverse genetic system.
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Figure. 23. The generation of the Guinea pig adapted cDNA construct. A) Using
ZEBOV guinea pig adapted RNA derived form infected Vero E6 cells, three fragments
were amplified using RT-PCR. B) Fragments were amplified using the listed primers, the
corresponding bands were isolated using Qiagen gel extraction kit. C) These fragments
were sub-cloned into the ZEBOV c¢DNA (Ebo-Rib) backbone using the prescribed
restriction sites assembling the guinea pig adapted cDNA construct which, was confirmed
by EcoRYV restriction digest. Key: 1C = mutations found in the L region, 4C = mutations
found in the GP and VP24 regions, 5C = mutations found in the NP and VP40 regions.

Transfections were carried out using 2l transIT®-LT1 (Mirus) transfection reagent per
lpg of the standardized DNA, using the optimized plasmid concentration (Figure. 24).

Transfections were carried out using a 1:1 ratio of Vero E6 and 293T cells and incubated
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at 37°C in the BSL4. Supernatants were collected three days post transfection and
passaged onto 80 % confluent Vero E6 cells.

Brightfield

Blind passage 3-
days
Post tra_r?lsfection

Ultraviolet light

Guinea pig adapt 11

Wild-Type

C Guinea pig adapt 33

Figure. 24. Illustration of reverse genetic rescue of ZEBOV guinea pig adapted
¢DNA constructs. A) Reverse genetic rescue of ZEBOV guinea pig adapted viruses. The
RNP complex proteins (NP, VP35, VP30, and L) were transfected into VeorE6/293T
cells using the optimized plasmid ratios (lug, 0.5ug, 0.3ug, and lug respectively) of
DNA. B) Brightfield view of reverse genetic rescue 10-days post transfection. Cytopathic
effect is seen demonstrating viral infection C) Indirect immunofluorescence assay of
rescued ZEBOV guinea pig adapted viruses. Infectious particles were detected using
FITC anti-rabbit (1:500 dilution in PBS) staining against Anti-VP40 (1:200 diluted in
PBS). D) ZEBOV ‘76’ reverse genetic system positive control, infectious particles were
detected using indirect immunofluorescence assay against anti-VP40. Brightfield and
Indirect immunofluorescence assay are presented.
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Viral titer (Focus forming units)

Cells were monitored for 14 days for CPE. The guinea pig adapted rescue showed two
clones which caused CPE on day 10 post passage (Figure. 24). Both viruses, G-pig adapt
11, and G-pig adapt 33, could grow to a viral titer between 10° — 107 (FFU) (Figure. 25).
Once rescued and titered, both newly developed viruses were assayed for their ability to

infect and cause disease in guinea pigs.

Guinea pig adapted viral titer (FFU)
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Figure. 25. In vitro titration of guinea pig adapted viruses. Kinetic growth studies
guinea pig adapt 11, guinea pig adapt 33, guinea pig adapted, and ZEBOV 76 (wild-
type). Viruses were titered in 96 well plates using Vero E6. Samples were assayed for
viral titres on days 1- 3, 5, and 7. Viruses were propagated in biocontainment level 4,
using a ten-fold dilution series of viral stocks, 1 ml of each dilution series were used to
infect Vero E6 cells. Infected cells were overlaid with DMEM containing 1.5%
carboxymethyl-cellulose (CMC) and 2% (v/v) fetal calf serum. Following an incubation
of seven days, the infected cells were fixed and inactivated with 4% paraformaldehyde
buffered in PBS for two days with one fixative exchange. Indirect immunofluorescence
assay of infected cells using anti-VP40 (1:200 dilution in PBS) was carried out and
fluorescence was produced with a FITC anti-rabbit antibody (1:500 dilution in PBS).
Infected cells were analyzed using an Axioplan 2 fluorescence microscope, titers were
determined by counting positive fluorescence plagues (Focus forming unit).
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Three groups of six Dunkin Hartley Guinea pigs were infected with 1000 FFU of
either G-Pig Adapt 11, G-Pig Adapt 33, or guinea pig adapted EBOV. Disease

progression was monitored by weight and death rates were determined (Figure. 26).

Guinea Pig Adapted ZEBOV
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5 =
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Figure. 26. Kaplan-Meier survival curve of virulence for the recombinant guinea pig
adapted viruses. /n vivo infection of six Dunkin-Hartley guinea pigs with 1000 FFU of
either Guinea pig adapt 11, Guinea pig adapt 33, and guinea pig adapted virus. Guinea
pigs were monitored for weight loss and lethality caused by virus infection. Illustrated
above is the percentage survival rate for all three viruses. Blood and organs (spleen, liver,
and lung) were removed to determine serology for infection and virus isolation for
sequence comparison between input and output viruses. Positive RT-PCR from virus
infection was positive in sera and organs for all three viruses.

The guinea pig adapted virus was seen to be uniformly lethal by day 8 post infection,
where as both recombinant guinea pig adapted viruses demonstrated lethality by day 11
post infection. All animals followed the same general disease pattern, a decrease in water
and food consumption resulting in weight loss and death, in the most severe cases a

prolapsed rectum would occur (animals were euthanized) demonstrating DIC and internal

hemorrhage. The difference in time between the adapted virus and the recombinant virus
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producing death in this model may be explained by clonal selection which would have
occurred in the adapted virus. Since a rescued virus will only have one virus type this

could play a role in producing a slight lag in viral production.

3.3.2¢ Determination of key mutations for guinea pig conversion.

To determine the key changes in the nucleotide sequence of the guinea pig adapted virus,
which may be responsible for adaptation, we performed single mutational analysis using
seven of the ten mutations. Using Ebo-Rib sub-clones (Figure. 23) which correspond to
sections 1C, 4C, and 5C, we generated single mutations by cell free cloning as described
in Chapter Two. Briefly, using a linker piece of DNA which carried three unique
restriction sites (Sphl... Sacll ...Sall) on the 5’and three (Hpal...Sacl...Sphl) on the 3°
end separated by 90 nucleotides. The following primers (forward primers only) were used
to generate fragments of DNA which were ligated to the above linker. Single mutations
were generated within the fragments using ‘cell free cloning” and PCR based site directed
mutagenesis.

NP(2411) GTCAGAACACTCTCTTGAGGAGATGTATCGCC

VP40(4437) GAGAGTGTTTTTTCACTAACCTTCATCTITG

VP40(5053) GCTGCAACATGGATCGATGACACTCCAACAGG

GP(6424) CCAGACGGGACTCGGGGCTTCCCCCGGTG

GP(7668) GCAGCCGAGGGAATTTACACAGAGGGGCTAATGC

VP24(10420) GGTTGTCTTAAGCGACTTCTGTAACTTCTITAG

VP24(10741) CCAACACTAACAATTTCAACARGCGAACAC

98



All single mutations were re-cloned into the Ebo-Rib backbone using unique restriction

sits corresponding to sections 1C, 4C, and 5C (Figure. 27).

Figure. 27. A 1% agarose gel representing the re-insertion of all single mutations for
the development of a recombinant guinea pig adapted virus. cDNA constructs were
digested with EcoRV and visualized on an agarose gel. Lane 1,9) DNA Marker 1Kb
ladder (Invitrogen) Lanes 2-8 demonstrates reinsertion of single mutagenized fragments
for, (2) NP, (3) VP40(4437), (4) unsuccessful reinsertion, (5) GP(6425), (6) GP(7669), (7)
VP24(10421), (8) VP24(10767) (10) VP40(5053) back into the Ebo-Rib backbone for
analysis.

Rescue attempts were made as described in Figure. 24 using the ZEBOV reverse genetics
system. Once rescued, samples were assayed for the production of ZEBOV VP40
(Figure. 28), and titered using a Focus Forming Unit assay described in Chapter 2

(Figure. 29).
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Figure. 28. Development of single guinea pig adapted nucleotide changes within the
reverse genetic system. Positive rescue after the development of (NP, VP40(4437),
VP40(5053), GP(6424), GP(7668), VP24(10420), and VP24(10741) single guinea pig
adapted mutations was determined by indirect immunofluorescence assay. All single
mutations were rescued using the ZEBOV reverse genetic system demonstrated by the
positive immunofluorescence results which were detected using FITC staining (1:500
dilution of antibody in PBS) against anti-VP40 (1:200 dilution in PBS) in column B.
Column A represents a bright field view verifying cell confluence and cytopathic effect.
Column A and B represent the same infected plate with pictures taken at different
locations.
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Figure. 29. Kinetic growth studies of all single guinea pig adapted mutations within
the ZEBOYV reverse genetic backbone. Viruses were propagated in Vero E6 cells with
samples being assayed for viral titres on days 1-3, 5, and 7. Titrations were performed
using ten-fold dilution series of viral stocks, 1 ml of each dilution series were used to
infect Vero E6 cells. Infected cells were overlaid with DMEM containing 1.5 % (v/v)
] carboxymethyl-cellulose (CMC) and 2 % (v/v) fetal calf serum. Following an incubation
"] of seven days, the infected cells were fixed and inactivated with 4% paraformaldehyde
; buffered in PBS for two days with one fixative exchange. Indirect immunofluorescence
assay of infected cells using anti-VP40 (1:200 dilution in PBS) and FITC anti-rabbit
staining (1:500 dilution in PBS) was used for fluorescence detection. Infected cells were
analyzed using an Axioplan 2 fluorescence microscope, titers were determined by
counting positive fluorescence plagues (Focus forming unit).

Viruses were re-sequenced to ensure mutation were still present in the infectious virus.
All single mutations were tested for infectivity and lethality in guinea pigs. To assess this
six guinea pigs were injected with 1000 FFU of one of the seven single mutations.

\
e f Animals were weighed for the first 14 days and monitored for a total of 21 days after
|
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infection (Figure. 30). All animals infected with single guinea pig mutations survived

with no weight loss for the full 21 days.

Percent survival assay of single adaptation mutants
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Figure. 30. Kaplan-Meier survival curve for single guinea pig adapted mutants. /n
vivo infection of six Dunkin-Hartley guinea pigs with 1000 FFU, of all seven single
adapting nucleotide changes and the guinea pig adapted virus. Guinea pigs were
monitored for weight loss and lethality caused by virus infection. Illustrated above is the
percentage survival rate for all seven viruses and guinea pig adapted. Blood and organs
(spleen, liver, and lung) were removed to determine serology from the infection. RT-PCR
from virus infections was negative in sera for all seven single adapting viruses.

Double mutations were generated as described above, using the single mutation
sub-clones. We generated four double mutants and one triple mutant (Table 12) to help

define the nucleotides which allow for the adaptation of ZEBOV to guinea pigs.
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Table 12:

Mutant Virus rescue Virus titer
NP, VP24(10420) Day 9 10°

NP, VP24(10741) Day 10 10>
GP(6424),GP(7668) | Day 9 10°°
VP24(10420), Day 8 10°
VP24(10741)

NP,VP24(10420), Day 10 10°°
VP24(10741)

Table 12. To define the nucleotides responsible for the conversion from ZEBOV-
wild-type to guinea pig adapted ZEBOV. We generated five mutant variations
containing two or three guinea pig nucleotide conversions. Virus constructs were
generated using RT-PCR and cell free cloning, transfection were carried out using
optimized rescue transfections (see material and methods). Viral titers were
carried out in BSL-4; briefly, samples were diluted in ten-fold increments, and
were used to infect a 96 well plate of 80% confluent Vero E6 cells. All wells were
cover with DMEM containing 1.5 % carboxymethyl-cellulose (CMC) and 2 %
(v/v) fetal calf serum. Following an incubation of seven days, the infected cells
were fixed and inactivated with 4% paraformaldehyde buffered in PBS for two
days with one fixative exchange. Indirect immunofluorescence assay was used to
detect infectious particles using FITC anti-rabbit (1:500 dilution in PBS) staining
against Anti-VP40 (1:200 diluted in PBS). Infected cells were analyzed using an
Axioplan 2 fluorescence microscope, titers were determined by counting positive
fluorescence plagues (Focus forming unit).

All of the double mutant viruses could be rescued (Figures. 31) and could grow to a high

titer (Figure. 32) in Vero E6 cells.
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Figure. 31. Development of multiple guinea pig adapted nucleotide changes within
the ZEBOYV reverse genetic backbone. Positive rescue identification for all mutations
was carried out by indirect immunofluorescence assay using anti-VP40 (dilution 1:200 in
PBS). Fluorescence was generated using FITC labelled antibody (1:500 dilution in PBS).
All mutations were rescued using the ZEBOV reverse genetic system demonstrated by
the positive immunofluorescence results in column B. Column A represents a bright field
view verifying cell confluence and cytopathic effect. Column A and B represent the same
infected plate with pictures taken at different locations within the plate.
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Figure. 32. Kinetic growth studies of multiple guinea pig adapted mutations within
the ZEBOYV reverse genetic backbone. Viruses were propagated in Vero E6 cells with
samples being assayed for viral titres on days 1-3, 5, and 7. Infections was performed
using a ten-fold dilution series of viral stocks, 1 ml of each dilution series was used to
infect 80% confluent Vero E6 cells. Infected cells were overlaid with DMEM containing
1.5 % (v/v) carboxymethyl-cellulose (CMC) and 2 % (v/v) fetal calf serum. Following an
incubation of seven days, the infected cells were fixed and inactivated with 4%
paraformaldehyde buffered in PBS for two days with one fixative exchange. Indirect
immunofluorescence assay of rescued ZEBOV guinea pig adapted viruses. Infectious
particles were detected using FITC anti-rabbit (1:500 dilution in PBS) staining against
Anti-VP40 (1:200 diluted in PBS). Infected cells were analyzed using an Axioplan 2
fluorescence microscope, titers were determined by counting positive fluorescence
plagues (Focus forming unit).

Using these viruses we injected six groups of six Dunkin-Hartley guinea pigs with 1000
FFU of the viruses listed in Table 12. Guinea pigs were weighed for the first 14 days and
monitored for 21 days after infection (Figure. 33). Generally, guinea pigs infected with
the guinea pig adapted virus succumbed to the infection by day seven, while animals
infected with mutant viruses succumb to infection between seven and nine days post-

infection.
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Figure. 33. Kaplan-Meier survival curve for guinea pig adapted double and triple
mutations within the Ebo-Rib background using Dunkin-Hartly guinea pigs. /n vivo
infection of six Dunkin-Hartley guinea pigs with 1000 FFU of either Guinea pig adapted
mutation listed in the key. Guinea pigs were monitored for weight loss and lethality
caused by virus infection. Illustrated above is the percentage survival rate for all six
viruses. Blood and organs (spleen, liver, and lung) were removed to determine serology
for infection and virus isolation for sequence comparison between input and output
viruses. RT-PCR from animals who had visible signs of disease was positive. Virus
isolation was also possible from the sera and organs of animals showing signs of disease.
As illustrated above double mutations containing NP and VP24 in combination produced
a lethal infection within seven to nine days. Wild-type guinea pig virus resulted in a lethal
infection within 4 to 7 days. There was 100% survival for double mutations (VP24) and
(GP).

Summarizing our experiments we used the existing ZEBOV reverse genetic system to
generate a reverse genetic copy which carries all nucleotide mutations seen in the guinea
pig adapted virus (Table 11). Using RT-PCR and unique restriction sites we generated

three fragments which cover all regions of mutations. Two positive clones were used to
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test their ability to infect and grow in Vero E6 cells (Figure. 25). Both G-pig adapt 11 and
G-pig adapt 33 could infect and replicate in Vero E6 cell producing a viral titer of 1057 -
10%*(FFU), respectively. Since these guinea pig adapted constructs produced CPE in
tissue culture and were positive for the presence of ZEBOV VP40 (Figure. 24), we
attempted to determine the lethality of these rescued viruses in vivo. Three groups of six
Dunkin-Hartley guinea pigs were infected with 1000 FFU of G-pig adapt 11, G-pig adapt
33, and guinea pig adapted virus to determine the percentage death rate (Figure. 26). Both
guinea pig adapted recombinant viruses produced 100 % lethality when injected i.p. into
guinea pigs demonstrating the successful development of a guinea pig adapted cDNA
clone. Interestingly, these two clones had varying rates of death, G-pig adapt 33 produced
100% lethality by day 11, whereas G-pig adapt 11 had a progression of death starting at
day 6 and progressing until the last death on day 11 (Figure. 26). The time of death varies
with the guinea pig adapted virus, which produced 100% lethality by day 8. The
phenomena of a delay in lethality between the adapted guinea pig virus and the
recombinant guinea pig viruses can be explained by clonal selection. Within our
infectious dilutions for both recombinant viruses only one genotype will exists, thus
causing a lag in replication. Whereas the guinea pig adapted virus will have many
quasispecies which will allow for a more rapid replication pattern.

Once the guinea pig adapted virus was constructed we wanted to determine,
which and how many of the nucleotide changes were required for the adaptation from a
non-infectious guinea pig virus to an infectious virus. To answer this question we
developed seven single guinea pig adaptive mutations within the ZEBOV reverse genetic

backbone. Each construct carried one nucleotide change. After rescuing these mutant
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viruses (Figure. 28) we determined that all rescued viruses could grow to high viral titers
indicating that the single mutations did not interfere with the normal replication processes
of the virus (Figure. 29). Using these viruses we determined that no single mutation could
cause lethality in guinea pigs (Figure. 30). From information gathered from the ZEBOV
mouse adapted virus it was determined that the nucleoprotein and VP24 were two of the
key proteins involved in the adaptation from primates to mice (36). Using this
information, we concentrated our first efforts on developing double mutants which
involved VP24 and NP (Table 12). Since NP contained only one mutation and VP24
contained two, we developed a double mutant of VP24(10420) and VP24(10741). This
viral construct was rescued and could produce a high viral titer in vitro (Figure. 32), but
was non-lethal to guinea pigs (Figure. 33). We generated three combinations (NP, VP24
(10420); NP, VP24 (10741); NP, VP24 (10420), VP24 (10741)). To further test the roles
of these two proteins in the adaptation of the guinea pig adapted virus. When two
mutations were present with combinations of NP and either VP24, the virus achieved 100
% lethality in infected guinea pigs (Figure. 33). Interestingly, viruses with a single NP
and a single VP24 mutation seemed to display an attenuated phenotype (Figure. 33).
When NP and both VP24 mutations were added the resulting virus was lethal in guinea
pigs, which was similar to wild-type. This illustrates that mutations in NP and VP24 are
also important in the adaptation to guinea pigs.

Since the glycoprotein has been linked to pathogenicity in filoviruses, we also
generated a double mutant containing both glycoprotein mutations. As seen with the
double VP24 mutations, the double glycoprotein mutation was non-lethal in guinea pigs.

Taken together these results demonstrate the importance of NP and VP24 in the
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adaptation from species to species. Interestingly, it has been suggested that VP24 may act
as an inhibitor of the signally pathway for the JAK-STAT pathway. The mechanism of
inhibition was due to blocks in the phosphorylation of both Janus kinases, Jak1 and Tyk2,
during IFN-a. signaling and at least a failure of Jakl phosphorylation following IFN-y
stimulation (77). This result of IFN inhibition may be in direct relation with the
adaptation results seen within this thesis. Mutations seen within VP24 of both mouse and
guinea pig adapted models demonstrate the importance of this inhibition to allow viral
infection and propagation within a normally non-infectable host. The responsibility, of
NP is clearly a factor but is yet unknown, as both guinea pig adapted VP24 mutations
when expressed in the reverse genetic system did not produce a lethal genotype.
However, recent and previous research has demonstrated that NP plays a central role in
virus replication. As well NP together with the minor matrix protein VP24 and
polymerase cofactor VP35, are necessary and sufficient for the formation of
nucleocapsid-like structures that are morphologically indistinguishable from those seen in
EBOV-infected cells (79). It was also shown that NP is O glycosylated, and sialylated,
and that these modifications are important for interaction between NP and VP35 (79) as
well as VP24 (personal communication Kawaoka). The roll of NP interaction with other
RNP complex proteins and the importance in viral adaptation is certainly linked to VP24
and VP35. The results presented here are only the beginning in our understanding of the

complex interactions between NP, VP24, and the other RNP complex proteins.

3.3.3 Future goals using the guinea pig adapted reverse genetic system
The development of this reverse genetic system will allow researchers to

investigate pathogenic factors in a small animal model which closely represents human
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infection. The next step for this project would be investigate the interactions of all
mutations. Constructs which are currently being constructed include:

(NP, VP40(4437) VP40(5053 );

VP40 (4437), VP40 (5053), VP24 (10420), VP24 (10741);

NP, GP (6424), GP (7668);

VP40 (4437), VP40 (5053), GP (6424), GP (7668).

These mutant constructs will allow for the characterization of the remaining mutations
within the guinea pig adapted virus.

Another interesting project which has arisen form this research includes the
determination and characterization of the possible INF inhibiting domains which, seem to
be present in VP24 and will very likely be the key region for host adaptation. The
interaction between NP and VP24 is also part of the key elements for viral adaptation,
defining these regions of interaction and mutagenizing them to determine the

physiological effect in vivo may help us in our understanding of filoviral adaptation.
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3.4 Construction of a recombinant Ebola virus expressing GFP

3.4.1 Introduction

In order to study the processes of viral entry and infection we developed a recombinant
ZEBOV virus expressing GFP. The ability to detect viral particles in vitro or in vivo has
become a commonly sought after tool when studying viral entry and localization.
Currently, indirect immunofluorescence assays (IFA) are the favored tools for
experimental assays of filovirus infection (38, 149). Since filoviruses do not
hemagglutinate human and guinea pig thrombocytes (148), immunofluorescence assays
are frequently used to detect filoviral antigen in tissue cultures and impression smears
from organs of nonhuman primates (133). Monoclonal antibodies to filoviral antigen of
specific strains have been developed for IFA and ELISA, further enhancing these
techniques. The technology of immunofluorescence has advanced since the initial
development of fluorescence techniques. Break through work being carried out using the
canine distemper virus (CDV) has demonstrated that these tools could be used for any
application which would allow for GFP visualization of quantification. Descried in a
recent publication a CDV which expresses GFP was used to detect replication in
lymphoid organs which allowed for the spread to the epithelial{Messling, 2004 #1053}.
Advances have also been seen in the filoviral field one of these advancements was
illustrated in a recent publication, were Towner et al. describes the generation of a
recombinant ZEBOV which was engineered to express a foreign protein, eGFP. This type
of virus was developed to provide a rapid and sensitive means to monitor virus
replication in infected cells. This genetically engineered virus represents the first

insertion of a foreign gene into ZEBOV. This virus was used to demonstrate that EBOV-
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eGFP virus can be detected in known infected cells and serves as an ideal model to screen

antiviral compounds in less time than any previously published assay (159).

Hypothesis and current objectives:

With current successes in the development of tools to study aspects of ZEBOV
infection and cellular topism, we propose to further these successes by developing a
ZEBOV c¢DNA construct which carries a unique open reading frame. Using this open
reading frame we propose to insert a GFP gene which, when expressed will allow us to

study viral tropism, viral entry, and, viral pathogenesis.

3.4.2 Results and Discussion

Reverse genetics has provided a new way to develop diagnostic and quantitative
tools for the study of filoviruses. The ability to mutate specific regions or even add entire
unique open reading frames is now possible. A key component to studying viruses is the
development of tools which characterize virus infection.

Generation of ZEBOV-GFP full length clone:

To determine the effectiveness of an EBOV virus which expresses a green
fluorescence protein as a readout method; we generated a ZEBOV reverse genetic clone
which carries an additional ORF encoding a GFP. The original full-length clone was used
as a template (114), to insert a unique open reading frame and the GFP gene. We used
extension PCR mutagenesis to introduce a BssHII site in the untranslated region between
NP and VP35 (Figure. 34) with the primers:

Ebo3005(f) >CGTTTTATAATTAAGAAAAAAGCGCGC 3’
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Ebo3048(r) 5 GGTTTTAATCTTCATCGCGCGC 3’

where the BssHII site is shown in red.

The sub-cloning vector pUC19ZE’Sph3.6’ was generated by the digestion of Ebo-Rib
with Sphl, and this fragment was sub-cloned into the vector pUC19 which was digested
with Sphl. The GFP insert was generated using a sub-cloning vector TOPO2.1’BssHII’;
which contained the NP transcriptional start and stop sequences and separated by a Sacl
site flanked by BssHII sites (Figure. 34A). The GFP ORF was amplified using the
following primers:

GFP’Sacl’(f) GCG TCC GAG CTC ATG GTG AGC AAG GGC GAG GAGC
GFP’Sacl’(r) GCG TCC GAG CTC TTA GTG ATG GTG ATG GTG ATG

This fragment was ligated into the Sacl site of TOPO2.1’BssHII’. The GFP ORF was
cloned into the pUC19’Sphl’ construct using the Sacl restriction site. Once constructed
the pUC19°’GFP’ construct was digested with BssHII and cloned into the ZEBOV full
length clone (Figure. 34B).

Using the ZEBOV reverse genetic system transfections were performed using 2 pl
transIT®-LT1 (Mirus) transfection reagent per 1 pg of the standardized DNA, as
described in section 3.1.2 (Figure. 35). Transfections were performed with a 1:1 ratio of
Vero E6 and 293T cells and incubated at 37°C in BSL4. Supernatants were collected
three days post transfection and passaged onto 80 % confluent Vero E6 cells. Cells
transfected with ZEBOV ‘wild-type’ and ZEBOV’GFP’ showed cytopathic effect before

day 14. ZEBOV-Wild-Type was harvested on day 5 and ZEBOV-GFP was harvested on
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day 10. Using an aliquot from the rescued ZEBOV Wild-Type and ZEBOV-GFP, we

infected Vero E6 cells to determine if ZEBOV-GFP could be detected under UV light.

A NON-CODING
NP NP STOP REGION VP35

A OTA AT AR ]

VP35 Start
NON-((:;(I)(?'LNG
RE
BssHII site

NP NP STOP VP35

AR 6GGCGC A

w [ - -

B Poly A Tail VP35 Start
NP  BssHI # BssHII VP35

CGCGC'GAGGAAGATTAA GA'GCTC ATTAAGAAAAAX GCGC GO

Transcriptional Start

Transcriptional Stop

Sacl Sacl

GAGCTC AGCTC

Figure. 34. Schematic of BssHII development and GFP insertion for the generation
of a ZEBOV-GFP c¢DNA construct. A) This clone was developed by extension PCR
using the primers which carried the restriction site BssHII in place of the non-coding
region found between NP and VP35. The restriction sit was used as the point of insertion
for a new transcriptional start and a transcriptional stop separated by the open reading
frame of the eGFP. The final construct was digested to ensure proper GFP orientation as
well as being digested with BssHII to ensure single GFP insertion.
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Figure. 35. Illustration of reverse genetic rescue of ZEBOV-GFP cDNA constructs.
A) Reverse genetic rescue of ZEBOV-GFP, the RNP complex proteins (NP, VP35,
VP30, and L) were transfected into Vero E6/293T cells using the optimized plasmid
ratios (lug, 0.5ug, 0.3ug, and 1ug respectively) of DNA. B) Brightfield view of reverse
genetic rescue 10-days post transfection demonstrating slight cytopathic effect. C)
Florescence microscopy of cells transfected with ZEBOV-GFP. This demonstrates the
expression of GFP from infected cells D) ZEBOV ‘76 reverse genetic system positive
control, infected cells were assayed using indirect immunofluorescence against anti-VP40
(1:200 dilution in PBS), and 1:500 dilution of FITC labelled secondary antibody in PBS.
Brightfield and FITC stained(VP40) are illustrated together.

Following an incubation of 4 days, the infected cells were fixed and inactivated with 4 %
paraformaldehyde in PBS for 2 days with one fixative exchange before being removed
from level 4. For indirect immunofluorescence analyses of ZEBOV wild-type, see

materials and methods section 2.3.9 for full description of protocol.
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Figure. 36. Viral growth Kinetics of ZEBOV-GFP viruses in Vero E6 African green
monkey (A) and U937 human macrophage (B) cell lines. Vero E6 and U937 cells were
infected at an MOI of 0.1 with samples being assayed for viral titres on days 1 through 7
for Vero E6 cells and days 1-3, 5, and 7 for U937 cells. Viruses were propagated in
biocontainment level 4. Titrations were performed using a 10-fold dilution series of viral
stocks, 1 ml of each dilution series were used to infect Vero E6 cells in a 96 well plate.
Infected cells were overlaid with DMEM containing 1.5% carboxymethyl-cellulose
(CMC) and 2% (v/v) fetal calf serum. Following an incubation of eight days, the infected
cells were fixed and inactivated with 4% paraformaldehyde. Indirect
immunofluorescence assay of ZEBOV *76 infected cells using anti-VP40 (1:200 dilution
in PBS) was carried out. ZEBOV’76’ and ZEBOV-GFP recombinant viruses were
analyzed using an Axioplan 2 fluorescence microscope, titers were determined by
counting positive fluorescence plagues (Focus forming unit). All virus types (ZEBOV-
GFP’s and recombinant ZEBOV)) grew within one log of each other in both cell types.
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Analysis was carried using an Axioplan 2 Fluorescence microscope (Zeiss, Germany).
For ZEBOV-GFP viruses cells were washed with PBS and analyzed under UV (Figure.
350).

Characterization of ZEBOV-GFP: To our advantage our collaborators (Y. Kawaoka
University of Wisconsin) also developed a ZEBOV-GFP reverse genetic construct. This
virus construct contains the eGFP open reading frame between within the intergenic
region between VP30 and VP24. Titrations of both viruses were carried out using an
immunoplaque assay. Vero E6 cells and a human macrophage cell lines (U937) were
grown in 96 well plates and titrated (Figure. 36). Both cell lines could be infected with
ZEBOV and produced high viral titers which ranged from 10*° to 10" FFU. This
demonstrates that both ZEBOV-GFP viruses can infect and propagate as well as wild-
type with no adverse effects because of their cDNA origin.

Stablility of GFP open reading g frame: In order to ensure the GFP construct was stable
in the full-length construct we carried out stability assays to determine the percentage of
infected cell which expressed GFP. We infected 80% confluent Vero E6 cells with an
MOI of 0.1, samples were visualized using indirect immunofluorescence analyses for
ZEBOV-GFP stability, (Figure. 37). Stability was assayed since the introduction of a
foreign gene product into a replicating virus has been previously shown to remove the

foreign product by polymerase exclusion (152).
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Figure. 37. ZEBOV-GFP (NP insertional version) stability assay in Vero E6 cells. A)
Panel 1, represents an indirect immunofluorescence assay of ZEBOV-(NP) GFP infected
cells detected with anti-ZEBOV glycoprotein (1:1000 dilution in PBS) and visualized
using Texas Red. Panel 2, Infected cells seen through UV light. Panel 3, represents a
merge of panel A and B illustrating the stability of this intracellular expressed GFP
protein during an infection.

B) Vero E6 cells were infected with ZEBOV-GFP-NP, cells were grown for 5 days and
assayed for GFP expression and ZEBOV glycoprotein stained with texas red (1:500
dilution in PBS) using indirect immunofluorescence assay. GP/GFP percentage co-
expression was determined in a microscopic view point by counting cells which co-
expressed GFP and texas red. ‘Key’ represents passage number of Vero E6 cell infected
with ZEBOV-GFP-NP.

Demonstrated in figure. 37 stability of the ZEBOV-GFP viruses was stable up to and past
nine cellular passages showing great stability of this foreign insertion. Interestingly, this
result and the fact that EBOV have a long filamentous structure, we can hypothesis that

EBOV should be able to house much larger gene insertions simple to its structure.

Animal experiments using ZEBOV-GFP: STAT-1 knockout mice were housed in level 4
for fourteen days prior to injection for acclimation. Three groups of nine mice were each
injected IP with 1000 FFU of ZEBOV-GFP-NP, ZEBOV-GFP-24, and wild-type.

Blood, liver, and spleens were collected from both GFP viruses and the control mice
positive and negative on days 1, 3, and 5. These samples were divided into two groups,

the first group was homogenized and fixed for FACS analysis (Figure. 38).
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Figure. 38. FACS analysis of organs from infected STAT-1 mice. Animals were
infected with 1000 PFU and sampled on days 1, 3, and 5. Organs including the liver and
spleen were assayed for GFP expression. Organs were removed from infected animals on
prescribed days, homogenized and fixed using 4% paraformaldehyde. Panel A, illustrates
the FACS result from spleen infected with ZEBOV-GFP(NP). Graph shows both GFP
viruses could be detected in the spleens of infected animals. Panel B, illustrates the
FACS results for infected livers with ZEBOV-GFP(NP).

The second sample was used for organ smears for GFP detection under UV light
in BSL-4. Briefly, organs were pressed between two glass slides, breaking organs into

single cells. Samples were mounted and visualized under UV light (Figure. 39).
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Figure. 39. Glass slide smears of ZEBOV-GFP-NP and ZEBOV-GFP-24 infected
organs. Blood samples and organs were collected at defined days (1, 3 & 5). Blood
samples were aliquoted in EDTA tubes during blood extraction periods, and processed by
normal FACS lysis protocol. Samples were resuspended by adding 4% (w/v)
paraformaldehyde and stored at 40°C for 24 hours. Samples were pelleted and fresh 4%
(w/v) paraformaldehyde was added to resuspended fixed cells. Tissues from infected
mice were collected on days 1, 3, and 5 and homogenized. Supernatants from
homogenized tissue were added to FACS lyse solution to lysis red blood cells.

STAT-1 mice who were infected with either ZEBOV-GFP-NP or ZEBOV-GFP-24.
Organ sections were smeared on glass slides and photographed within BSL 4 using a
(Zeiss) fluorescent microscopy. Organs samples above were collected on day 5. Both
ZEBOV-GFP viruses showed organ infection and GFP expression, Panels A, B and C for
ZEBOV-GFP-24 and D, E and F for ZEBOV-GFP-NP. Negative control for all organs
are found in panels G, H, and 1.



FACS analysis of infected organs and blood demonstrated a very useful application for
these ZEBOV-GFP viruses. Since no other staining procedure is needed to visualize GFP
expression autofluorescence is eliminated from secondary antibody staining, leaving only
cellular autofluorescence to contend with. Also since these ZEBOV-GFP viruses show
the same cellular topism as wild-type ZEBOV Figure. 36 we could follow the natural
viral path in-vivo using online imaging technologies. Since the ability to stain many
different cell types using commercial antibodies is available, the possibility to isolate and
study specific cell types which preferentially harbor EBOV infection is now possible
using these GFP viruses. Organ smears have demonstrated that detection of infectious
ZEBOV-GFP is possible within immunodeficient mice. The use of immunodeficient was
needed as mice with an intact IFN response pathway will ultimately remove infectious
virus. This is another point which further illustrates the importance of IFN anatagonism
in viral adaptation and infection of mice and guinea pigs. Virus RNA and virus isolation
was possible from blood of all infected mice as well as in all organs (spleen, liver, and
lung) sampled.

Also demonstrated here is the Lethal Dose (LD) 50 of both GFP-expressing viruses.
Viruses were diluted from 102 — 10”7 (FFU) and inoculated IP into three groups of three
| STAT-1 knockout mice. Both, ZEBOV-GFP viruses, ZEBOV-GFP-NP, ZEBOV-GFP-

24, as well as ZEBOV-Wild-Type were assayed (Figure. 40)..
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Figure. 40. Kaplan-Meier survival curve demonstrating the Lethal Dose (LD) 50 of
ZEBOV-GFP-24 and ZEBOV-GFP-NP viruses and ZEBOV wild-type 76’. A)
Groups of three STAT-1 mice were infected IP with six serial dilutions (10%-107) of
ZEBOV-GFP-NP virus. The LDsy for ZEBOV-GFP-NP was determined to be 10%3
(FFU). B) Groups of three STAT-1 mice were infected IP six serial dilutions (10%-107) of
ZEBOV-GFP-24 virus. The LDso for ZEBOV-GFP-24 was determined to be 10° (FFU).
Also as seen with ZEBOV-GFP-NP higher viral load allows for some survival of
animals. C) Groups of three STAT-1 mice were infected IP with six serial dilutions (10%-
10'% of ZEBOV *76’ virus (aka I-2). The LDs for ZEBOV *76° was determined to be
103 (FFU). Also as seen with the other LDs experiments a higher viral load allowed for
the survival of some animals. All animals were monitored for weight loss and signs of
disease, death was from acute shock.

The results seem in the all the LD50 experiments using STAT-1 demonstrate an
interesting phenomenon. It is seen that a high viral load has limited ability to generate
disease and thus death in this mouse model. This can be partial explained by the
activation of the mouse innate immunity which includes natural killer cells. These cells
when activated by a large intake of foreign material (antigen) are unregulated and
activated to travel to the infection site. With this mobilization of these innate response
elements, mice seem to be able to advert the infection and clear it from their system. This
process seems to differ on an individual bases, most likely being dependant on how fit the
mouse is immunologically. With lethality being present uniformly in lower dilution one
can ascertain that with a lower initial concentration of antigen being infected into the

mice does not over stimulate the innate natural killer cell response.
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In order to build advanced tools to study the viral life cycle and the localization of
infected cells in vivo, we developed a ZEBOV reverse genetic clone which expresses a
green fluorescent protein (ZEBOV-GFP). This construct has given us the ability to detect
virus infection in vitro and in vivo using fluorescence microscopy as seen in the CDV
system{Messling, 2004 #1053}. One of the greatest advantages in using a virus which
expresses its own fluorescent marker is the ease of detection and the speed with which
virus infection can be confirmed, making this an extremely useful tool for studying anti-
virals and in vivo infections.

Our collaborators have also generated a ZEBOV-GFP virus. Using these two
ZEBOV-GFP (ZEBOV-NP and ZEBOV-24) we determined the effect of 5’ or 3’
proximal gene insertion in the viral genome. Both viruses were characterized for GFP
stability (Figure. 37), to demonstrate that all infected cells express GFP. Stability was
attained in both viruses 98% of the time (Figure. 37). To determine the replicative fitness
of both GFP viruses growth kinetics experiments were performed and compared to
ZEBOV-wild-type. Interestingly, ZEBOV-GFP-NP was slightly attenuated when
compared to ZEBOV-wild-type and ZEBOV-GFP-24 which both grew to a titer greater
then 10° (FFU) (Figure. 36). Viruses were also assayed for their ability to infect and grow
in macrophages (Figure. 36). As illustrated in both kinetic experiments there was a slight
attenuation observed for ZEBOV-GFP-NP when compared to ZEBOV-GFP-24 and
ZEBOV-wild-type, but both viruses could infect human macrophages and grow to a high
titers (Figure. 36). The attenuation seen with ZEBOV-NP may be the result of the
insertion of GFP within the non-coding region between NP and VP35. This attenuated

phenotype is seen in vitro (Figure. 36). However, when the lethal dose was determined in
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STAT-1 mice, there was a characteristic high titer survival among infected mice (Figure.
40). This phenomenon has been observed in previous experiments when dealing with
high concentrations of virus were inoculated into mice (unpublished data). This result is
thought to be indirect relation to the innate immune response and the activaton of natural
killer cells.

In our initial design of these GFP viruses we were building tools which could be
used to infect and detect infectious virus in vivo and in vitro allowing for the use as a
diagnostic tool. We developed a ZEBOV-GFP-NP construct which could be detected in
both tissue culture and within a STAT-1 knockout mouse model. STAT1 knockout mice
were used as they are deficient in the INF o/f response, which allows for the infection
with wild-type filoviruses. As seen above both ZEBOV-GFP viruses where infectious
and detectable in tissue culture and the STAT-1 knockout model illustrating that this

system can be used to quantitatively measure infectious virus within infected samples.

3.4.3 Future Work

The next step in generating detection tools for the study of filoviruses would be to
generate fusion protein constructs. Fusion of Green Fluorescence Protein, Blue
Fluorescence Protein, or Red Fluorescence Protein to viral proteins 24, 30, and 35 as well

as NP could allow for tracking of these viral proteins in vivo. A fusion protein would be
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retained with the virus, in contrast to the current GFP virus which exogenously produces
GFP within the infected cell.

The generation of a green fluorescent fusion protein has been attempted with VP24.
Unfortunately, all virus rescue attempts failed, illustrating that VP24 role in the virus life

cycle was being interrupted by the addition of GFP.

4.0 Closing Statements

The main focus of this thesis was the utilization of the ZEBOV reverse genetic system to
analysis the pathogenic factors relating to EBOV infection. Our first goal was to optimize
the reverse genetic system and determine what type of efficacy it had? In doing so we
determined that heterologous proteins from closely related family members were able to
drive the replication of the reverse genetic system and thus produce an infections ZEBOV
virus. These were interesting results as replication and transcription was always thought
to be species specific! These results also presented a valuable tool, since there is cross
reaction between the RNP complex protein within the genera filovirus. We can use the
use the ZEBOV system to assay proteins from REBOV, ICEBOV, and SEBOV which
will not only help in the development of new reverse genetic and mini-genome systems
but, will answer key questions about filovirus structural protein interactions.

While working with the ZEBOV reverse genetic system it soon became apparent
that generation of mutant cDNA constructs was limited because of spontaneous mutations
which, were generated during bacterial propagation. This problem drove us to develop a
cloning system which limited the use of bacteria to propagate the cDNA construct. Cell
free cloning which we have named this method utilizes common mutagenic techniques to

mutagenize a cDNA construct in 4 step within one eppendoff tube. This method when
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used with the ZEBOV system has allow us to generate mutant in 1/ 10™ of the time
normally needed and with very little to no spontaneous mutations. Currently this method
is patented and under review for commercial production.

A demonstration of its use was presented in this thesis for the development of four
glycoprotein mutations. Since the glycoprotein of filoviruses, and its gene products have
been proposed to be in some part responsible for the overwhelming pathogenic effect
seen during infection. To help answer these questions more fully we generated four
glycoprotein mutations which would remove key structures of the glycoprotein which
maybe responsible for pathogenicity. Further studies are currently being carried out to
determine the effect of these mutations in vivo.

With the advent of cell free cloning we were able to develop two independent
systems to study filovirus infection and cellular topism. The ZEBOV-GFP was generated
to assist in our understanding of cellular infection and also tropism. Using this virus we
demonstrated that FACS analysis and fluorescence microscopy can be used to follow
viral infection patterns. As well this virus has provided us with a tool which could be
used for fast readout of infection within experimental methods.

In the development and utilization of the reverse genetics system we realized
there was a limitation in the animal work which we could carry out. Realizing that guinea
pigs presented an infection which is similar to human infection we choose to develop a
guinea pig adapted reverse genetics system to study the effects of viral tropism and
pathogenicity. During the development of this system it became apparent that NP and
VP24 are key components for the generation of a lethal genotype. This result is linked to

IFN inhibition which may be in direct relation to the adaptation results seen in the
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nucleotide sequence. Mutations seen within VP24 of both mouse and guinea pig adapted
models demonstrate the importance of this inhibition to allow viral infection and
propagation within a normally non-infectable host. The responsibility, of NP is clearly a
factor but is yet unknown, as both guinea pig adapted VP24 mutations when expressed in
the reverse genetic system did not produce a lethal genotype.

This thesis has advanced the filoviral field by demonstrating the usefulness of the
reverse genetic system, by answering key questions about cellular tropism and viral

adaptation to a new host.
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6.0

Appendix:

Primer list for full clone sequencing project

Primer name | Location base | Sequence Region
pair within

genome

S1f I~ CTA TAG CGG ACA CAC Leader region

S2r ~897 CGG CAT TAG CTT CAG NP

S3f 483~ CTC AGA AAA TCT GGA TGC NP

Sdr ~483 CCA TCC AGA TTT TCT GAG Leader region

S5f 897~ CTG AAG CTA ATG CCG NP

Sér ~1895 ATC TGG TGC ATT CAT GCC NP

S7f 1531~ CCA ACA ATA TGC CGA GT NP

S8r <1531 CTC TGC ATA TTG TTG G NP

SOf 1895~ GGC ATG AAT GCA CCA GAT NP

S10r ~2840 GGC TAG TAA TAA TAA GC Intergenic
region

S11f 2380~ GGA CAG TGA CAA CAC CC Intergenic
region

S12r ~2380 GGG TGT TGT CAC TGT CC NP

S13f 2840~ GCT TAT TAT TAC TAG CC VP35

S14r ~3834 GGT GGA AAG CAG TTC C VP35

S15f 3331~ CGC GCA ACA GTC AAA CCC VP35

S16r ~3331 GGG TTT GAC TGT TGC VP35




S17f 3834~ GGA ACT GCT TTC CAC C VP35

S18r ~4830 GGT GAT AGT GTA TGA AGC VP40

S19f 4331~ GGA GCTATATCTCTGACAG | VP40

S20r ~4331 CTG TCAGAG ATATAGCTCC | VP40

S21f 4830~ GCT TCA TAC ACT ATC ACC VP40

S22r ~5831 CCT AGA AAT GGG TCC CG VP40

S23f 5333~ CCC TGT TCT TTT GCC VP40

S24r ~5333 GGC AAA AGA ACA GGG VP40

S25f 5831~ CGG GAC CCA TTT CTA GG Intergenic
region

S26r ~6829 GGT ATT GCT CCT TTT CC GP

S27f 6326~ GGT CAA TTA TGA AGC GP

S28r ~6326 GCT TCA TAA TTG ACC GP

S29f 6829~ GGA AAA GGA GCA ATA CC GP

S30r ~7840 GGT CCC AGA ATG TGG GP

S31f 7331~ GCA GAG AAC ACC AAC ACG GP

S32r ~7331 CGT GTT GGT GTT CTC TGC GP

S33f 7840~ CCA CAT TCT GGG ACC GP

S34r ~8823 CCA CAA GTC TTA CGG VP30

S35f 8336~ CCT TGA TTC TAC AAT C VP30

S36r ~8336 GAT TGT AGA ATC AAG G VP30

S37f 8823~ CCG TAA GAC TTG TGG VP30

S38r ~9842 CCT CTT GAA ACA AG Intergenic
region

S39¢f 9321~ GGA AGC TTC AAC CAA CC Intergenic

region




S40r ~9321 GGT TGG TTG AAG CTT CC VP30
S41f 9842~ CTT GTT TCA AGA GG Intergenic
: region
S42r ~10836 CGA CAT GTA GAG CAT CC vp24
S43f 10321~ CCA AGC AAG ACC TGA G Vpb24
Sddr ~10321 CTC AGG TCT TGC TTG G VP24
S45¢ 10836~ GGA TGC TCT ACA TGT CG VP24
S46r ~11826 GCC TGA CAG TGC C Intergenic
region
S47f 11338~ GCTTTATTATAT G Intergenic
region
S48r ~11338 CAT ATA ATA AAG C Intergenic
region
S491 11826~ GGC ACT GTC AGG C Polymerase
S50r ~12850 CTG TAC CAA GAT CC Polymerase
S51f 12319~ CGA TTC AAC ACA AC Polymerase
S52r ~12319 GTT GTG TTG AAT CG Polymerase
S53f 12850~ GGA TCT TGG TAC AG Polymerase
S54r ~13839 GCT CGTCTG CGT C Polymerase
S55f 13336~ GCT AAA GCATTT CC Polymerase
S56r ~13336 GGA AAT GCT TTA GC Polymerase
S57f 13839~ GAC GCA GAC GAG C Polymerase
S58r ~14822 CCA TAG GCT CCA CC Polymerase
S59f 14318~ CCT TCT TGA ATC CTG Polymerase
S60r ~14318 CAG GAT TCA AGA AGG Polymerase
S61f 14822~ GGT GGA GCC TAT GG Polymerase
S62r ~15828 CCA GAT AAG TGA GGC Polymerase




S63f 15332~ GTG TTC AAG AAA TAC Polymerase
S64r ~15332 GTA TTT CTT GAA CAC Polymerase
S65f 15828~ GCC TCA CTT ATC TGG Polymerase
S66r ~16826 CCTTCC CTCTTG G Polymerase
S67f 16234~ GAG GGT CAA AAC CC Polymerase
S68r ~16324 GGG TTT TGA CC&: TC Polymerase
S69f 16826~ CCA AGA GGG AAG G Polymerase
S70r ~17818 GAG ACT AGT GGA CC Polymerase
S71f 17323~ GCA AGG CTA CCT AAG C Polymerase
S72r ~17323 GCT TAG GTAGCC TTG C Polymerase
S73f 17818~ GGT CCA CTA GTC TC Polymerase
S74r ~18841 GCG TGG TCA ATG TC Trailer

S751 18343~ CGA AAG GAG TCC C Trailer

S76r ~18343 GGG ACTCCTTTC G Trailer

Table 15. List of sequencing primers used to sequence the entire guinea pig adapted

virus genome
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gcgaattctaatacgactcactatagcggacacacaaaaagaaagaagaatttttaggat
—————————————————————————— “cggacacacaaaaagaaagaagaatttttaggat

cttttgtgtgcgaataactatgaggaagattaataattttcctctcattgaaatttatat
cttttogtgtgcgaataactatgaggaagattaataattttectetcattgaaatitatat

ttaaattgaaattgttac
cggaatttaaattgaaattgt

aaagatagagaacaacctaggtctccgaagggagcaagggcatcagtgtgctcagttgaa
aaagatagagaacaacctaggtctccgaagggagcaagggcatcagtgtgctcagttgaa

aatcccttgtcaacacctaggtcttatcacatcacaagttccacctcagactchcaggg
aatccettgtcaacacctaggtcttatcacatcacaagttccacctcagactetgcagag

tgatccaacaaccttaatagaaacattattgttaaaggacagcattagttcacagtcaaa
tgatccaacaaccttaatagaaacattattgttaaaggacagcattagttcacagtcaaa
caagcaagattgagaattaaccttggttttgaacttgaacacttaggggattgaagatte
caagcaagattgagaattaaccttggttttgaacttgaacacttaggggattgaagatte

aacaaccctaaagcttggggtaaaacattggaaatagttaaaagacaaattgctcggaat
aacaaccctaaagettggggtaaaacattggaaatagttaaaagacaaattgctcggaat

cacaaaattccgagtatggattctcgtcctcagaaaatctggatggcgccgagtctcact
cacaaaattccgagtatggattctegtectcagaaaatctggatggegecgagtecteact

gaatctgacatggattaccacaagatcttgacagcaggtctgtccgttcaacaggggatt
gaatctgacatggattaccacaagatecttgacagcaggtetgtccgttcaacaggggatt

ttcggcaaagagtcatcccagtgtatcaagtaaacaatcttgaagaaatttgccaactt
gttcggcaaagagtcatceccagtgtatcaagtaaacaatcttgaagaaatttgecaactt



I-2 seq
G~pig Win

I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win

I-2 seq
G-pig Win

1021 ¢

635

1081 af 131
695 atgcttt

1141
755

1201 &ge
815 o

1261

875

1321 ct
935 ct

1381 at
995 a!

1441
1055

1501

Page 2

o} agcaggtgttgattttcaagagagtgcggacagtttc'”u“ >
‘fagcaggtgttgattttcaagagagtgcggacagtttcmWtctg

1115 T;Miﬂﬂj'”*”'

1561

1175 g

1621‘W

1235

1681 Gawstes

1741

1355 t:
L80L &

1861 gttg

1475

1921
1535

1981
1595

2041
1655

2101
1715

2161
1775

2221
1835

actctaagaaaagagcgcctggccaagctgacagaagctatcactgctgcgtcactgccc

aaéaCaanggacat-acgatgatga»gacgacattccctttccaggacccatcaatgat
aaaacaagtggacattacgatgatgatgacgacattcecctttceaggacccatcaatgat

gacgacaatcctggccatcaagatgatgatccgactgactcacaggatacgaccattcee
gacgacaatcctggccatcaagatgatgatccgactgactcacaggatacgaccattcee

gatgtggtggttgatcccgatgatggaagctacggcgaataccagagttactcggaaaac
gatgtggtggttgatcecgatgatggaagctacggcgaataccagagttactecggaaaac



I-2 seq
G-pig Win

I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seg
G-pig Win
I-2 seqg
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seqg
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seqg
G-pig Win
I-2 seq
G-pig Win
1-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win

I-2 seqg
G-pig Win

2281
1895

2341 aa

1955

2401
2015

2461

2075

2521 tea

2135

2581
2195

2641
2255

2701 &as

2315

2761
2375

2821
2435

2881
2495

2941
2555

3001 g

2615

3061
2675

3121
2735

3181
2795

3241
2855

3301
2915

3361
2975

3421
3035

3481
3095
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'“[ftaatagatcgaccaagggtggacaacagaagaacagtcaaaagggccag
ctaatagatcgaccaagggtggacaacagaagaacagtcaaaagggcecag

gacgacgagacgtctagcc tccgcccttggagtcagatgatgaagagcaggacagggac
gacgacgagacgtctagccttecacecttggagtcagatgatgaagagcaggacagggac

caacatcatcagtgaatgagcatggaacaatgggatgattcaaccgacaaatagctaaca
caacatcatcagtgaatgagcatggaacaatgggatgattcaaccgacaaatagctaaca

cacaataaaagtgattcttatttttgaatttaaagctagcttattattactagccgtttt
cacaataaaagtgattcttatttttgaatttaaagctagcttattattactagcegtttt

tcaaagttcaatttgagtcttaatgcaaataggcgttaagccacagttatagccataatt
tcaaagttcaatttgagtcttaatgcaaataggcgttaagecacagttatageccataatt

gtaactcaatattctaactagcgatttatctaaattaaattacattatgcttttataact
gtaactcaatattctaactagegatttatctaaattaaattacattatgcttttataact

tacctactagcctgcccaacatttacacgatcgttttataattaagaaaaaactaatgat
tacctactagcctgcccaacatttacacgatcgttttataattaagaaaaaactaatgat

gaagattaaaaccttcatcatccttacgtcaattgaattctctagcactcgaagcttatt
gaagattaaaaccttcatcatccttacgtcaattgaattctctagcactcgaagettatt

gtcttcaatgtaaaagaaaagctggtctaacaagatgacaactagaacaaagggcagggg
gtcttcaatgtaaaagaaaagctggtctaacaagatgacaactagaacaaagggcagggd



I-2 seq
G-pig Win

I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seg
G-pig Win
I-2 seg
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-plg Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seqg
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G~pig Win
I-2 seq
G-pig Win
1-2 seq
G~pig Win

I-2 seq
G-pig Win

3541
3155

3601
3215

3661
3275

3721
3335

3781
3395

3841
3455

3901
3515

3961
3575

4021
3635

4081
3695

4141
3755

4201
3815

4261
3875

4321
3935

4381
3995

4441
4055

4501
4115

4561
4175

4621
4235

4681
4295

4741
4355
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ccatactgcggccacgactcaaaacgacagaatgccaggccctgagctttcgggctggat
ccatactgeggccacgactcaaaacgacagaatgecaggecctgagetttegggectggat

ctctgagcagctaatgaccggaagaattcctgtaagcgacatcttctgtgatattgagaa
ctctgagcagetaatgaccggaagaattectgtaagegacatettctgtgatattgagaa

caatccaggattatgctacgcatcccaaatgcaacaaacgaagccaaacccgaagacgcg
caatccaggattatgctacgcatcccaaatgecaacaaacgaagccaaacecgaadgacygceg

caacagtcaaacccaaacggacccaatttgcaatcatagttttgaggaggtagtacaaac
caacagtcaaacccaaacggacccaatttgcaatcatagttttgaggaggtagtacaaac

atcgcatcagaatcattagaaca
attggcttcattggctactgttgtgcaacaacaaaccatcgcatcagaatcattagaaca

acgcattacgagtcttgagaatggtctaaagccagtt”atgatatggcaaaaacaatctc
acgcattacgagtcttgagaatggtctaaagccagtttatgatatggcaaaaacaatcte

ctcattgaacagggtttgtgctgagatggttgcaaaatatgatcttctggtgatgacaac
ctcattgaacagggtttgtgctgagatggttgcaaaatatgatetictggtgatgacaac

cggtcgggeaacagcaacegetgcggeaacty “tgggccgaacatggtcaace
cggtcgggcaac gecaaccgctgcggcaactgaggettattgggecgaacatggteaace

accacctggaccatcactttatgaagaaagtgcgattcggggtaagattgaatctagaga

tgagaccgtccctcaaagtgttagggaggcattcaacaatctaaacagtaccacttcact
tgagaccgtccctcaaagtgttagggaggcattcaacaatctaaacagtaccacttcact
aactgaggaaaattttgggaaacctgacatttcggcaaaggatttgagaaacattaﬁgta
aactgaggaaaattttgggaaacctgacatttcggcaaaggatttgagaaacattatgta

tgatcacttgcctggttttggaactgctttccaccaattagtacaagtgatttgtaaatt
tgatcacttgcctggttttggaactgctttccaccaattagtacaagtgatttgtaaatt

gggaaaagatagcaactcattggacatc

catcattcatgctgagtte
gggaaaagatagcaactcattggacat

jagt aggccagcctggetga
attcatgctgagttee

aggccagectggetaa

aggagactctcctcaatgtgccctaattcaaattacaaaaagagttccaatcttccaaga

tgctgctccacctgtcatccacatccgctctcgaggtgffattccccgagcttgccagaa
tgctgetccacctgtcatccacatcegetctegaggtgacatteceegagettgccagaa

aagcttgcgtccagtcccaccatcgcccaagattgatcgaggttgggtatgtgtttttca
aagcttgcgtecagteccaccategeccaagattgatcgagattgggtatgtgtttttca

gcttcaagatggtaaaacacttggactcaaaatttgagccaatctcccttccctccgaaa
gettcaagatggtaaaacacttggactcaaaatttgagccaatctcececttcectecgaaa

gaggcgaataatagcagaggcttcaactgctgaactatagggtacgttacattaatgata
gaggcgaataatagcagaggcttcaactgctgaactatagggtacgttacattaatgata

cacttgtgagtatcagccctggataatataagtcaattaaacgaccaagataaaattgtt
cacttgtgagtatcagecctggataatataagtcaattaaacgaccaagataaaattgtt

catatctcgctagcagcttaaaatataaatgtaataggagctatatctctgacagtatta
catatctcgctagecagettaaaatataaatgtaataggagctatatctctgacagtatia
taatcaattgttattaagtaacccaaaccaaaagtgatgaagattaagaaaaacctacct
taatcaattgttattaagtaacccaaaccaaaagtgatgaagattaagaaaaacctacet



1-2 seqg
G-pig Win

I-2 seq
G-pig Win
I1-2 seq
G-pig Win
I-2 seqg
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seqg
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
1-2 seq
G-pig Win
I-2 seq
G~pig Win
I-2 seq
G-pig Win

I-2 seq
G-pig Win

4801
4415

4861
4475

4921 to

4535

4981 gga

4595

5041’

4655

5101 Sastete

4715

5161 EQ
4775

5221 af
4835 a

5281

1895 tcctggaate
5341 ¢

4955

5401 ca
5015 ca

5461
5075

5521 ca
5135 ¢

5581
5195

5641 GESEAES

5255

5701
5315

5761
5375

5821
5435

5881
5495

5941
5555

6001
5615
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¢ggctgagagagtgttttttcattaaccttcatettgtaaacgttgagcaaaattgttaa
cagctgagagagtgtttittcactaaccttca cttgtaaacqgttgagcaaaattgttaa

aaatatgaggcgggttatattgcctactgctcctcct““”tatatggaggccatataccc

tgccgatgacaccat

tccttgaagc?atggt

‘;tcctcca
cctcca

aataatgactf
aataatgact‘

-tccaattgatccaaccaaaaatatcat
gttccaattgatccaaccaaaaatatcat

aaatggacaaccaatcatccctgttettttgecaaagtacattgggttggacceggtage
aaatggacaaccaatcatccetgttettttgeccaaagt cattgggttggacccggtage

tccaggagacctcaccatggtaatcacacaggattgtgw acgtgtcattctcctgcaag
tccaggagacctcaccatggtaatcacacaggattgtgacacgtagtcattcectectgcaag

tcttccagctgtgattgagaagtaattgcaataattgactcagatccagttttatagaat
tcttccagctgtgattgagaagtaattgcaataattgactcagatccagttttatagaat

cttctcagggatagtgataacatctatttagtaatccgtccattagaggagacactttta
cttcteagggatagtgataacatctatttagtaatccgtccattagaggagacactttta

attgatcaatatactaaaggtgctttacaccattgtcttttttctctcctaaatgtagaa
attgatcaatatactaaaggtgctttacaccattgtcttttttctetcctaaatgtagaa

cttaacaaaagactcataatatacttgtttttaaaggattgattgatgaaagatcataac
cttaacaaaagactcataatatacttgtttttaaaggattgattgatgaaagatcataac



I-2 seq
G-pig Win

I-2 seq
G~pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seg
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seqg
G-pig Win
I-2 seq
G-pig Win
I-2 seg
G-pig Win
I-2 seq
G-pig Win
I-2 seqg
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seg
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G~pig Win
I-2 seq
G-pig Win

I-2 seqg
G-pig Win

6061
5675

6121
5735

6181
5795

6241
5855

6301
5915

6361
5975

6421
6035

6481
6095

6541
6155

6601
6215

6661
6275

6721
6335

6781
6395

6841
6455

6901
6515

6961
6575

7021
6635

7081
6695

7141
6755

7201
6815

7261
6875
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taataacattacaaataatcctactataatcaatacggtgattcaaatgttaatctttct
taataacattacaaataatcctactataatcaatacggtgattcaaatgttaatetttct

cattgcacatactttttgcccttatcctcaaattgcctgcatgcttacatctgaggatag
cattgcacatactttttgecccttatcctcaaattgectgcatgcttacatetgaggatag

ccagtgtgacttggattggaaatgtggagaaaaaatcgggacccatttctaggttgttca
ccagtgtgacttggattggaaatgtggagaaaaaatcgggacccatttctaggttattca

caatccaagtacagacattgcccttctaattaagaaaaaatcggcgatgaagattaagcc
caatccaagtacagacattgccecttctaattaagaaaaaatcggegatgaagattaagee

gacagtgagcgtaatcttcatctctcttagattatttgttttccagagtaggggtcgtca
gacagtgagcgtaatcttcatctctcttagattatttgttttccagagtaggggtcgtca

ggtccttttcaatcgtgtaaccaaaataaactccactagaaggatattgtggggcaacaa
ggtccttttcaatcgtgtaaccaaaataaactccactagaaggatattgtggggcaacaa

cacaatgggcgttacaggaatattgcagttacctcgtgatcgattcaagaggacatcatt
cacaatgggcgttacaggaatattgcagttacctegtgatcgattcaagaggacatcatt

ctttctttgggtaattatccttttccaaagaacattttccatcccacttggagtcatcca
ctttetttgggtaattateecttttccaaagaacattttccatceccacttggagteateca

caatagcacattacaggttagtgatgtcgacaaactagtttgtcgtgacaaactgtcatc
caatagcacattacaggttagtgatgtcgacaaactagtttgtcgtgacaaactgtcate

cacaaatcaattgagatcaqttggactgaatctcgaagggaatggagtggcaactgacgt
cacaaatcaattgagatcagttggactgaatctegaagggaatggagtggcaactgacgt

gccatctgcaactaaaagatggggcttcaggtccggtgtcccaccaaaggtggtcaatta
gccatctgcaactaaaagatggggcttcaggtecggtatcccaccaaaggtggtcaatta

tgaagctggtgaatgggctgaaaactgctacaatcttgaaatcaaaaaacctgacgggag
tgaagctggtgaatgggctgaaaactgctacaatettgaaatcaaaaaacctgacgggad

tgagtgtctaccagcagcgccagacgggattcggggL_tgccccggtgccggtatgtgca
tgagtgtctaccagcagogecagacgggacteggggeticecceccggtacecggtatgtgca

caaagtatcaggaacgggaccgtgtgccggagactttgccttccataaagagggtgcttt
caaagtatcaggaacgggaccgtgtgecggagactttgecttccataaagagggtgcttt

cttcctgtatgatcgacttgcttccacagttatctaccgaggaacgactttcgctgaagg
cttectgtatgatcgacttgettccacagttatctaccgaggaacgactttegetgaagg

tgtcgttgcatttctgatactgccccaagctaagaaggacttcttcagctcacacccctt
tgtcgttgcatttctgatactgccccaagetaagaaggacttcticagetecacaccectt

gagagagccggtcaatgcaacggaggacccgtctagtggctactattctaccacaattag
gagagagccggtcaatgcaacggaggaccegtcotagtggetactatictaccacaattag

atatcaggctaccggttttggaaccaatgagacagagtacttgttcgaggttgacaattt
atatcaggctaccggttttggaaccaatgagacagagtacttgttcgaggttgacaattt

gacctacgtccaacttgaatcaagattcacaccacagtttctgctccagctgaatgagac
gacctacgtccaacttgaatcaagattcacaccacagtttetgetccagetgaatgagac

aatatatacaagtgggaaaaggagcaataccacgggaaaactaatttggaaggtcaaccc
aatatatacaagtgggaaaaggagcaataccacgggaaaactaatttggaaggtcaacec
cgaaattgatacaécaathgggagtgggécttétgggéaactaaaaaaacctCaétaga
cgaaattgatacaacaatcggggagtgggccttctgggaaactaaaaaaacctcactaga



I-2 seq
G-pig Win

I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seg
G~plg Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
1-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G~-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win

I-2 seq
G-pig Win

7321
6935

7381
6995

7441
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aaaattcgcagtgaagagttgtctttcacagttgtatcaaacggagccaaaaacatcagt
aaaattcgcagtgaagagttgtctttcacagttgtatcaaacggagccaaaaacatcagt

ggtcagagtccggcgcgaacttcttccgacccagggaccaacacaacaactgaagaccac
ggtcagagtccggcgcgaacttcttccgacccagggaccaacacaacaactgaagaccac

2055 ;ﬁ”;wy,ﬂ

7501 GEEGE

7115

7561

7175 accaaa

7621
7235

7681
7295

7741YWﬂwwwwmw

7355

7801
7415

7861
7475

7921
7535

7981
7595

8041 ga

7655

8101
7715

8161 cacacettttoaatacte

7775

8221
7835

8281
7895

8341
7955

8401
8015

8461
8075

8521
8135

gaggca”ctm"“"fwmffv' W“W ’ ’
gaggcaact aagttgaacaacatcaccgcagaacagacaacgacagcacagcctccgac

Tagaagagagtgccagcagcgggaagcta
agaagagagtgccagcageggoaagcta

' a dctgatcacaggcgggagaagaact
ggcttaattaccaatactattgctggagtcgcagga-tgatcacaggcgggagaagaact

cgaaga'aagcaattgtcaatgctcaacccaaatgcaaccctaatttacattactggact
cgaagagaagcaattgtcaatgctcaacccaaatgcaac ctaatttacattactggact

actcaggatgaaggtgctgcaatcggactggcctggataccatatttcgggccagcagcc
actcaggatgaaggtgctgcaatcggactggcctggataccatatttcgggccagcagcc

ggaatttacatagagda J< 2ggatd a
gagggaaT:, cacagaggygs Lgcacs caagatggt g

cagctggccaacgagacgactcaagctcttcaactgttcc,gagagccacaactgagcta
cagctggccaacgagacgactcaagctcttcaactgttchgagagccacaactgagcta

gctgcagegatggggegge
tgcagegatggagcggc

acatgccacattctgggaccggactgctgtatcgaaccacatgattggaccaagaacata
acatgccacattctgggaccggactgctgtatcgaaccacatgattggaccaagaacata

acagacaaaattgatcagattattcatgattttgttgataaaacccttccggaccagggg
acagacaaaattgatcagattattcatgattttgttgataaaacccttccggaccagggy

gacaatgacaattggtggacaggatggagacaatggataccggcaggtattggagttaca
gacaatgacaattggtggacaggatggagacaatggataccggcaggtattggagttaca

ggcgttataattgcagttatcgctttattctgtatatgcaaatttgtcttttagtttttc
ggcgttataattgcagttatcgetitattctgtatatgecaaatttgtettttagttttte

ttcagattgcttcatggaaaagctcagcctcaaatcaatgaaaccaggatttaattatat
ttcagattgcttcatggaaaagctcagcctcaaatcaatgaaaccaggatttaattatat

ggattacttgaatctaagattacttgacaaatgataatataatacactggagctttaaac
ggattacttgaatctaagattacttgacaaatgataatataatacactggagctttaaac



I-2 seq
G-pig Win

I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seqg
G-pig Win
I-2 seg
G-pig Win
I-2 seq
G-pig Win
I—2'seq
G-pig Win
I-2 seg
G-pig Win
I-2 seq
G-~pig Win
I-2 seg
G-pig Win
I-2 seq
G-plig Win
I-2 seq
G-pig Win
I-2 seqg
G-pig Win
I-2 seq
G~pig Win
I-2 seqg
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win

I-2 seqg
G-pig Win

8581
8195

8641 ff,
8255 caatc

8701 teg

8315

8761 gt

8375

8821 t¢
8435 ¢

8881
8495

8941,Mm,

8555
9001

8615 gag
9061 aga

8675

9121
8735
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atagccaatgtgattctaactecttta

, gtge : -t aactcacagttaatcataaacaaggtttgacat
atagccaatgtgattctaactecttt

aactcacagttaatcataaacaaggtttgacat

gagacaacttttaas
gagacaacttttaaa

”,gagc gccagacagc

“ccagagagaattatc

9181 ctgatagggaat
9181 SEGEEALHD

9241 ta
8855 t:

9301 F&ga:
8915 aagage

9361
8975

9421 ENEE

9035

9481
9095

9541
9155

9601
9215

9661
9275

9721
9335

9781
93985

'ccaacngtgatgafw f:f:f
atccaacggctgatga oY

gacaagacatcagaaccatagaggattcaaaattaagagcattgttgactctatgtgetg
gacaagacatcagaaccatagaggattcaaaattaagagcattgttgactctatgtgctg

gcgaggggcttgggcaaga' aggcagaacccgttctcgaagtatatcaacgattacaca
gcgagggacttgggcaagatcaggecagaaccegttctcgaagtatatcaacgattacaca

gtgataaaggaggcagttttgaagctgcactatggcaacaatgggaccgacaatccctaa
gtgataaaggaggcagttttgaagctgcactatggcaacaatgggaccgacaatcectaa

ttatgtttatcactgcattc
ttatgtttatcactgcat

ktgaatattgctctccagttaccgtgtgaaagttctgctg
tgaatattgctctecagttaccgtgtgaaagttctgctg

tcgttgtttcagggttaagaacattggttcctcaatcagataatgaggaagcttcaacca
tegttgtttcagggttaagaacattggttcctcaatcagataatgaggaagettcaacca

acccggggacatgctcatggtctgatgagggtaccccttaataaggctgactaaaacact
acccaggggacatgctcatggtetgatgagggtaccecttaataaggetgactaaaacact

atataaccttctacttgatcacaatactccgtatacctatcatcatatatttaatcaaga
atataaccttctacttgatcacaatactccgtatacctatcatcatatatttaatcaaga



I-2 seq
G-pig Win

I-2 seqg
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I1-2 seq
G-pig Win
I-2 seqg
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 segq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seqg
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win

I-2 seq
G-pig Win

9841 ¢
9455

9901
9515

9961
9575

10021‘”ff
9635 itd
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'cctttaaaacttattcagtactataatcact”tcgtttcaaattaataagatgt

caggaggtagcaacgatccatcc:

10081 aagt: cttactaatg ”f;¢,taaaatattaagaaaaactgcggaacataaa
9695 aagta atgacttactaatgatctcttaaaat
10141 tte ‘tgcttcaagetgtggaggaggtgtttggtattggetattigt

9755 ,Q,tcaagctgtggaggaggtgtttggtattggctattgtt
10201

9815 aa

10261 taa

9875

10321 agges

9935

10381

9995

10441 taagctaaattggtctgtacace ) aata

10055 taagctaaattggtctgtacacatcccatacattgtattaggggcaataatatctaattg
10501 -taaaatttagtgcataaatctgggctaacaccaccaggtcaactccat
10115 ttaaaatttagtgcataaatctgggctaacaccaccaggtcaactccat
10561 t

10175 t

10621 cgcaaggtttcaaggttgaactgagagtgtctaga
10235 gcgcaaggtttcaaggttgaactgagagtgtetaga
10681 ctgagaaaaaaccatggctaaage
10295 ‘

10741 tacgggacgatacaatctaatatcgcccaaaaaggacctggagaaaggggttgtcttaag
10355 tacgggacgatacaatctaatatcgcccaaaaaggacctggagaaaggggttgtcttaag
10801 cgacctctgtaacttcttagttagccaaactattcaggggtggaaggtttattgggctgg
10415 cgacttctgtaacttcttagttagecaaactattcaggaggtggaaggtttattgggctag
10861 tattgagtttgatgtgactcacaaaggaatggccctattgcatagactgaaaactaatga
10475 tattgagtttgatgtgactcacaaaggaatggccctattgcatagactgaaaactaataa
10921 ctttgcccctgcatggtcaatgacaaggaatctctttcctcatttatttcaaaatccgaa
10535 ctttgeccctgcatggtcaatgacaaggaatctcttitectcatttatttcaaaatececgaa
10981 ttccacaattgaatcaccgctgtgggcattgagagtcatccttgcagcagggatacagga
10595 ttccacaattgaatcaccgctgtagggcattgagagtcatccttgcagecagggatacagga
11041 ccagctgattgaccagtctttgattgaacccttagcaggagcccttggtctgatctctga
10655 ccagctgattgaccagtctttgattgaacccttagcaggageccttggtctgatetetga



I-2 seq
G~pig Win

I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seqg
G-pig Win
I-2 seqg
G-pig Win
I-2 seqg
G-pig Win
I-2 seq
G~pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
1-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win

I-2 seq
G-pig Win

11101
10715

1116l
10775

11221 GESE

10835

11281

10895 aaat
11341 cgat

10955

11401
11015

11461 a

11075

11521hfm¢
11135 tat

11581
11195

11761
11375
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ttggctgeta: 2
ttggctgctaacaaccaacacta ccatttcaacatgcgaacacaacgtgtcaaggaaca

ttgaaattggaactca
ttgaaattggaactca

tcgacacgaatgcaaagtttgattcttga
ctecgacacgaatgcaaagtitgattcttga

“"aggtaga tacttcatattgagCtaathata

taaataaatactcat
taaataaat

ctatatactaaatggttaattgtaactga cgcaggtcacatgtgttaggtttcacag

ctatatactaaatggttaattgtaactgaacccgcaggtcacatgtgttaggtttcacag

11821 at
11435 at

11881
11495

11841
11555

12001
11615

12061
11675

12121
11735

12181
11795

12241
11855

12301
11915

agcctgaggaagattaagaaaaactgcttattgggtctttccgtgttttagatgaagcag
agcctgaggaagattaagaaaaactgcttattgggtctttccgtgttttagatgaagcag

ttgaaattcttcctcf'

gttatcatcaccaattgtattggaccaatgtgacctag actagagcttgcgggttata
gttatcatcaccaattgtattggaccaatgtgacctagtcactagagettgecgggttata

ttcatcatactcccttaatccgcaactacgcaactgtaaactcccgaaacatatctaccg
ttcatcatactcecttaatccgecaactacgecaactgtaaactcccgaaacatatctaceg

tttgaaatacgatgtaactgttaccaagttcttgagtgatgtaccagtggcgacattgcc
tttgaaatacgatgtaactagttaccaagttcttgagtgatgtaccagtggecgacattace

catagatttcatagtcccagttcttctcaaggcactgtcaggcaatggattctgtcctgt
catagatttcatagtcccagttcttctcaaggcactgtecaggcaatggattctgtectgt

tgagccgcggtgccaacagttcttagatgaaatcattaagtacacaatgcaagatgctct
tgagcegeggtgecaacagttettagatgaaatcattaagtacacaatgcaagatgctct

cttcttgaaatattatctcaaaaatgtgggtgctcaagaagactgtgttgatgaacactt
cttcttgaaatattatctcaaaaatgtgggtgctcaagaagactgtgttgatgaacactt



i-2 seq
G-pig Win

I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
1-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seqg
G~pig Win
I-2 seqg
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seg
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pilg Win
I-2 seq
G-plg Win
1I-2 seg
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win

I-2 seq
G-pig Win

12361
11975

12421
12035

12481 #i;ﬁmwﬁw,nw,w,_m

12095

12541 ga
12155 ga

12601
12215

12661
12275

12721
12335

12781
12395

12841 taaa:

12455

12901
12515

12961
12575

13021
12635

13081 &

tcaagagaaaatcttatw“tcaattcagggcaawga*Nttttacff'f?f""ﬂww””ﬁq”
tcaagagaaaatcttatcttcaattcagggcaatga \tcaaatgtttitctg

"ctcgaaggggtagattaaatcgaggaaactctagatcaac
yactcgaaggggtagattaaatcgaggaaactetagatcaac

taatagacatcttaggctatggggactatgttttttggaa
taatagacatcttaggctatggggactatgttttittggaa

aatctcaaaaatagce
aatctcaaaaatgf

attaagttectc

”ttgtgcttggccaaaattcaattatgctcaaagta
jaagttcctcgaaccattgtqcttggccaaaattcaattatqctcaaagta

cactgagaggaagggccgattct aacacaaatgcatttagctgtaaatcacaccctaga
cactgagaggaaagggccgattcttaac caaatgcatttagctgtaaatcacaccctaga

agaaattacagaaatgcgtgcactaaagk "caggctcaaaagatccgtgaattcca
agaaattacagaaatgcgtgcactaaagccttcacaggctcaaaagatccgtgaattcca

tagaacattgataaggctggagatgacgccacaacaactttgtgagctattttccattca
tagaacattgataaggctggagatgacgccacaacaactttgtgagceta -ttccattca

12695 az

13141
12755

13201 SEAEAGEEEES

12815

13261
12875

13321
12935

13381
12995

13441
13055

13501
13115

13561
13175

tQCtacggngctaaaagcattacgccctatagtgattttcgagacatactgtgtttttaa
tgétadggtgctaaaagcattacgccctatagtgaUtttcgagacatactgtgtttttaa

tatagtat gatct ,“thttacttcaga
atatagtattgccaaaca atat

taggaatctaacaccgggtcttaattcttatatcaaaagaaatcaattccctccgttgcc

taggaatctaacaccgggtcttaattcttatatcaaaagaaatcaaticecteegttgee

aatgattaaagaactactatgggaattttaccaccttgaccaccctccacttttctcaac
aatgattaaagaactactatgggaattttaccaccettgaccaccetecacttttctcaae

caaaattattagtgacttaagtatttttataaaagacagagctaccgcagtagaaaggac
caaaattattagtgacttaagtatttttataaaagacagagctaccgcagtagaaagaac

atgctgggatgcagtattcgagcctaatgttctaggatataatccacctcacaaatttag
atgctgggatgcagtattcgagectaatattctaggatataatccacetcacaaatttag

tactaaacgtgtaccggaacaatttttagagcaagaaaacttttctattgagaatgttct
tactaaacgtgtaccggaacaatttttagagcaagaaaacttttctattgagaatgttct

ttcctacgcacaaaaactcgagtatctactaccacaatatcggaacttttctttctcatt
ttcctacgcacaaaaactcgagtatctactaccacaatatcggaacttttctttctcatt



1-2 seq
G-pig Win

I-2 seq

G-pig Win

I-2 seq
G-pig Win

I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seg
G-pig Win
I-2 seq
G-pig Win
1-2 seg
G-pig Win
I-2 seq
G-pig Win
I-2 seg
G-pig Win
I-2 seqg
G-pig Win
I-2 seq
G-plg Win
1-2 seqg
G-pig Win
i~-2 seg
G-pig Win
I-2 seq
G-pig Win
I-2 seg
G-pig Win

I-2 seq
G-pig Win

13621
13235

13681
13295

13741
13355

13801
13415

13861 EEESGEGaES

13475

13921  ””“”§tt§QHW£§§#gH7

13535
13981

14041 ¢
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éééaéééédééégﬁﬁéaaféﬁad&iéé??¢¢tfé§§ééééfﬁgdttfatcééééiégééé
qaaaQagaaaQaqttgaatgtaggtagaagcttcggaagattQCcttatqqgathgi a

tgttcaaacactttgtgaage
tgttcaaacactttgtgaage

t&tétﬁagétgé€§§£¢ttg¢£aééécét£tccté§féé
tctgttagctgatggtcttgctaaageatttectageaa

tatgatggtag
tatgatggtag

ccaca

ccacacaagtgatgattttggtgaaca

caaccgttgctatggtg

13655 caa

14101
13715

14161
13775

14221 ¢

13835

14281
13895

14341 attt
13955 at

14401
14015

14461
14075

14521
14135

14581
14195

14641
14255

14701
14315

14761
14375

14821

cttattgcatcaagcatcatg
cttattgcatcaagcatc

gcaccttttatagaatattg
gcaccttttatagaatattg

rtgl atgtttttaattggatgcattatacaatccea
ttaagaatgtttttaattggatgcattatacaatecea

atgggagggattgaaggactgca
tatgggagggattgaaggactgea

acadaaactctggacaagtattt
acaaaaactctggacaagtat
ttttaagttac agctgt :
ttttaagttacgctcagetgtgatgggt

igctgtgatgggtgacaatcagtgcattac agte
gacaatcagtgcattactgttttatcagtct

cgagcaggaacagagegeegaagacaatgcagegagggt

cecettagagactgacgcagacgageaggaacagagegecgaagacaatgcagegagggt

gébégéCa9c¢f?99€aéé§fﬁécéagﬁécétéﬁégéaﬁﬁitﬁtté?éé¢¢fééﬁééééé
ggcc@cCanCtagcaéaagtta¢aagtgcctgtggaatqtttttaaaacctgatgaaac

gcctcagtcecttaaaacy
gcectcagteccttaaaacgge
tettcaaggga
tcttcaaggga
acatatcttt
acatatcttt

gcaatatca

tttgg:

« tgaatggggtocaatt
tttggaaaaagacaa ggg

tatttgaatggggtccaatt

acaagaatgg gtctgatgcaatttttgatga

accagaatggcaccattgtctgatgcaatttttgatga

ggéactgcttttgagcgatecatctetgagacacg
aggcactgcttttgagcgatccatctctgagacacg

ccttgcaggataaccgcagetttecatacgtitttttcggtgagaatett

ccttgeaggataaccgcagetttccatacgttttttteggtgagaatett

catctegggttcaataaaggttttgaccttggacagttaacacteggcaa

gcaatatcatcatctcgggttcaataaaggttttgaccttggacagttaacacteggeaa

acctctggattteggaac

atatcattggcactagcggtaccgcaggtgcttggagggtt

acctctggatttqggaaqaatatcattggcactachétaccqcaggtgcttggadggtt

atéétﬁéttgaét¢Ct§é§aaététttCEaéégéaéﬁqtégéagatécaQtt&édfcégg

atc¢ttcttgaatQCtgagaaatgtttctaccggaatCtaggagatcCagttacctcagg

cttattccagttaaaaacttatctccgaatgattgagatggatgatttattottaccttt

cttattccagttaaaaacttatctccgaatgattgagatggatgatttattcttaccttt

aattgcgaagaacectgggaactgcactgocattgactttgtgctaaatectageggatt

14435 aattQCgaagaaGQthggaactgcactgccattgactttgtgctaaathtagcggatt
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I-2 seqg 14881 aaatgtccctgggtcgcaagact ttaac

G-pig Win 14495 aaatgtccctgggtegecaaga

I-2 seq 14941 cacecctaagtgcee

G-pig Win 14555 caccctaagtge

I-2 seq 15001 agac

G-pig Win 14615 aga

I-2 seq 15061 cgat

G-pig Win 14675 co

I-2 seqg 15121

G-pig Win 14735 |

1-2 seqg 15181

G-pig Win 14795

I-2 seq 15241

G-pig Win 14855

I-2 seq 15301 -

G-pig Win 14915

I-2 seq 15361 cc

G-pig Win 14975 ¢«

I-2 seq 15421 gt

G-pig Win 15035 gto

I-2 seq 15481

G-pig Win 15095

I-2 seg 15541

G-pig Win 15155

I-2 seq 15601

G-pig Win 15215

I-2 seq 15661 cagttcgaacagtgacttce

G-pig Win 15275 cagttcgaacagtgacttg

I-2 seq 15721 tcaagaaa

G-pig Win 15335 tcaagaaal

I-2 seq 15781 cgatcs

G-pig Win 15395

I-2 seq 15841 gattgtttctacaaacactttaggtgagttttcaggaggtggccagtctgcacgcgacag
G-pig Win 15455 gattgtttctacaaacactttaggtgagttttcaggaagtggccagtctgcacgecgacad
I-2 seq 15901 caatattattttccagaatgttataaattatgcagttg“actgttcgatattaaatttag
G-pig Win 15515 caatattattttccagaatgttataaattatgcagttgcactgttcgatattaaatttag
I-2 seq 15961 aaacactgaggctacagatatccaatataatcgtgctcaccttcatctaactaagtgttg
G-pig Win 15575 aaacactgaggctacagatatccaatataatcgtgctcaccttcatctaactaagtgttg
I-2 seq 16021 caccegggaagtaccagctcagtatttaacatacacatctacattggatttagatttaac
G-pig Win 15635 cacccgggaagtaccagctcagtatttaacatacacatctacattggatttagatttaac
I-2 seq 16081 aagataccgagaaaacgaattgatttatgacagtaatcctctaaaaggaggactcaattg

G-pig Win 15695 aagataccgagaaaacgaattgatttatgacagtaatcctctaaaaggaggactcaattyg



I-2 seq
G-pig Win

iI-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seqg
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G~pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seg
G-pig Win
I-2 seqg
G-pig Win
I-2 seq
G-pig Win

I1-2 seqg
G-pig Win

16141
15755

16201
15815

16261

15875 ta

16321
15935

16381 a

15995

16441
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caatatctcattcgataatccatttttccaaggtaaacggctgaacattatagaagatga
caatatctcattcgataatccatttttccaaggtaaacggctgaacattatagaagatga

tcttattcgactgcctcacttatctggatgggagctagccaagaccatcatgcaatcaat
tcttattegactgcctcacttatctggatgggagectageccaagaccatcatgcaatcaat

"k,agcaacaattcatctacagacccaattagcagtggagaaacaagatc, t

16055 at.

16501 aacs
16115 aa

16561

16175 tte

16621

16235 aac

16681
16295

16741‘

16355

16801
16415

16861 cage:
16475 cag

16921
16535

16981

16595 tgagag

17041
16655

17101
16715

1716l
16775

17221
16835

17281
16895

17341
16955

taccataagtgatcatgtacatcctc
taccataagtgatcatgtacatcctcacgacaatcttgtttacacatgtaagagtacagc

aaaatacttggcaagagactcttcaactggatca g;,caaacaacagtgatggt
aaaatacttggcaagagactcttcaactggatcaagcacaaacaacagtgatggtcatat

“atgatggcactgaacggaatce:
g,gatggcactgaacggaatctagt

cctacaaatgagccatgaaataaaaagaacgacaattccacaagaaaacacgca‘caggg
¢cctacaaatgagccatgaaataaaaagaacgacaattccacaagaaaacacdcaccagygg

tccgtcgttccagtcctttctaagtgactctgcttgtggtacagcaaatccaaaactaaa
tcecgtecgttcecagtectitectaagtgactctgettgtggtacagcaaatccaaaactaaa

tttcgatcgatcgagacacaatgtgaaatttcaggatcataactcggcatccaagaggga
tttcgatcgatcgagacacaatgtgaaatttcaggatcataacteggeatccaagaggga

aggtcatcaaataatctcacaccgtctagtcctacctttctttacattatctcaagggac
aggtcatcaaataatctcacaccgtetagtcctacctttetttacattatctcaagggac

acgccaattaacgtcatccaatgagtcacaaacccaagacgagatatcaaagtacttacg
acgccaattaacgtcatccaatgagtcacaaacccaagacgagatatcaaagtacttacg

gcaattgagatccgtcattgataccacagtttattgtagatttaccggtatagtctcgtc
gcaattgagatccgtcattgataccacagtttattgtagatttaccggtatagtetegte



I-2 seq
G-pig Win

I-2 seq
G-plg Win
1-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-plg Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I1-2 seqg
G-pig Win
I-2 seqg
G-pig Win
I-2 seqg
G-pig Win
1-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G~pig Win
I-2 seq
G-pig Win
1-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win

I-2 seq
G-pig Win

17401
17015
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catgcattacaaacttgatgaggtcctttgggaaatagag”gtttcaagtcgg'tgtg”f
catgcattacaaacttgatgaggtcctttgggaaatagagagtttcaagtcggctgtgac

17461 gctage

17075

17521
17135

17581 gacta

17195

17641 ta

17255

17701 ccaa:

17315

17761
17375

17821 tc
17435

17881
17495

17941 gt

17555

18001
17615

18061
17675

18121

17735 a

18181
17795

18241
17855

18301
17915

18361
17975

18421
18035

18481
18095

18541
18155

18601
18215

cttattt
¢ttatttuwmvmwwg,w;m

ccatggatgcagagacaacaga
catggatgcagagacaacaga

gtacgaa 'tgtatataaattgatcttacaccatattga
tgtacgaagctgtatataaattgatcttacaccatattga

‘ JaLactgagggta" -
Wjatactgagggtatgut

'ttaattaagccaataac

agtgctagatctag %agtggtatctttgtctgacgaacttcttatcaactacacg
: gac 1t tgtctgacgaacttcttatcaactacacg

gcaaa‘ caa agccc, actggctaagtcatttaactcagtatgctgactgtgagtt
gcaaattcaacgaagcccatactagctaagtcatttaa tcagtatgctgactgtgagtt

taacctcgteg tcaaaaagaggtccactagtctctatcactcagcacttagcacaf
taa¢chgtcgattcaaaaagaggtccactagtctctatcactcagcacttagcacaﬁct

tagagcagagattcgagaattas
tagagcagagattcgaga

jattataatcaacagcgac
tataatcaacagcgacas

gtcggactca
‘agtcggactca

aacatatcactttattcgtactgcaaaaggacgaatcacaa actagtcaatgatta~"“
aacatatcactttattcgtactgcaaaaggacgaatcacaaaactagtcaatgattattt

aaaattctttcttattgtgcaagcattaaaacataatgggacatggcaagctgagtttaa
aaaattctttettattgtgcaagecattaaaacataatgggacatggcaagetgagtttaa

gaaattaccagagttgattagtgtgtgcaataggttctaccatattagagattgcaattg
gaaattaccagagttgattagtgtgtgcaataggttctaccatattagagattgcaattq

tgaagaacgtttcttagttcaaaccttatatttacatagaatgcaggattctgaagttaa
tgaagaacgtttcttagttcaaaccttatatttacatagaatgcaggattctgaagttaa

gcttatcgaaaggctgacagggcttctgagtttatttccggatggtctctacaggtttga
gcttatcgaaaggctgacagggcttctgagttiatttccggatggtetctacaggtttga

ttgaattaccgagcatagtatcctgatacttgcaaaggttggttattaacatacagatta
ttgaattaccgagcatagtatcctgatacttgcaaaggttggttattaacatacagatta



I-2 seq
G-pig Win

I-2 seq
G-plg Win
I-2 seq
G-pig Win
I-2 seq
G~pig Win
I-2 seq
G-pig Win
I-2 seqg
G-pig Win
I1-2 seq
G~pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I1-2 seq
G-pig Win
I-2 seq
G~pig Win
I-2 seq
G-pig Win
1I-2 seq
G-pig Win

I-2 seqg
G-pig Win

atttcttctwttutgtgtg _W,
ctgggcatccgaaggaggacgtcgtccactcggatggctaagggagagecttctagacgta
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I-2 seq
G-pig Win

I-2 seq
G-pig Win
1-2 seg
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seg
G~pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G~pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win

I-2 seq
G-pig Win
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atgttgtgtcgttagataaaccgtttatgtattttgaggaaattgataatgagttagatt
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I-2 seq
G-pig Win

I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seqg
G-pig Win
I-2 seq
G~pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G~pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seg
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win

I-2 seq
G-pig Win
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acccctatttgtttatttttctaaatacattcaaatatgtatccgctcatgagacaataa
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I-2 seq
G-pig Win

1-2 segq
G-pilg Win
1-2 seq
G-pig Win
1-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seqg
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G~pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win
I-2 seq
G-pig Win

I-2 seq
G-pig Win
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cagataccaaatactgtccttctagtgtagccgtagttaggccaccacttcaagaactct
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